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Abstract 15 

It has been hypothesized that the visual system anticipates upcoming visual input 16 

contingent on the execution of saccadic eye movements. In line with this idea, it has been 17 

shown that changes in visual input across saccades elicit stronger post-saccadic fixation-18 

locked neural responses compared to no-change conditions; an effect known as the 19 

preview effect. In the present study, we demonstrate that this preview effect depends on 20 

active vision and cannot be explained by either classical or spatiotopic adaptation. In a 21 

gaze-contingent experiment, in which participants were cued to make saccades to object 22 

stimuli, we concurrently recorded magnetoencephalography (MEG) and eye-tracking data. 23 

The source-localized MEG signal was deconvolved with stimulus onset and eye movement 24 

events in order to account for systematic variation in gaze behavior related to the no-25 

change (valid preview) and change (invalid preview) conditions. Crucially, preview effects in 26 

the primary visual and in ventral-occipital cortices were markedly larger when participants 27 

made saccades compared to replay blocks in which we simulated the visual consequences 28 

of saccades absent saccade execution, demonstrating that the preview effect cannot be 29 

simply explained by classic adaptation. A further control condition ruled out spatiotopic 30 

adaptation. Our results show that early visual cortical areas which are not known to exhibit 31 

saccadic remapping neurons still show signs of sequential neural history effects across 32 

saccades. Previous research might have overlooked this influence of active vision because 33 

of the lack of an invalid preview condition which breaks the correspondence between pre-34 

saccadic extrafoveal and post-saccadic foveal stimulation.  35 
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Introduction 36 

Humans make about three to four saccadic eye movements per second in daily life and it 37 

has been hypothesized that, across each of these saccades, the visual system predicts 38 

upcoming visual input (1–17). This anticipatory process is thought to be based on input from 39 

extrafoveal regions of the visual field, the motor command for an eye movement, and 40 

learning about the change in visual appearance from pre-saccadic extrafoveal to post-41 

saccadic foveal input (10,17–25). Consistent with this idea, we and others have previously 42 

shown that changing a stimulus during the saccade that is directed to that stimulus, aka an 43 

invalid preview condition, leads to discrimination performance decrements and a larger 44 

post-saccadic neural response compared to a no-change, valid preview, condition (26–28). 45 

This preview effect is reminiscent of the preview effect in reading research (29–37) and 46 

could be interpreted in terms of neural surprise within a predictive processing framework 47 

(7,11,16). 48 

At present, it is, however, unclear how the neural preview effect comes about. 49 

Previous research suggests that neurons in V1 and higher up along the ventral visual stream 50 

respond largely in the same way to visual input that is brought about by a saccade 51 

compared to conditions in which the eyes remain fixed and saccade-like control conditions 52 

are achieved through various types of simulated saccade and fixation onsets (38–41). 53 

Studies that find differences between simulated and actual saccade conditions (e.g. 42,43) 54 

did not always control perfectly for intra-saccadic stimulation (1,44). Consequently, 55 

saccade-independent repetition suppression (45,46), visual mismatch responses (47–51), 56 

and neural adaptation (52–54) within the visual cortex could well explain the more 57 

pronounced post-saccadic response that was observed in invalid compared to valid 58 

preview conditions, meaning that the preview effect would be independent from active 59 

vision. 60 

In particular two types of adaptation could explain the neural preview effect: first, 61 

adaptation of neurons with very large receptive fields, here called classic adaptation (e.g. 62 
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52), and second, craniotopic or temporarily-spatiotopic adaptation (6,55) (see also 56). 63 

Although strictly retinotopic adaptation can be ruled out a priori because of the different 64 

retinal locations of the pre-saccadic peripheral and the post-saccadic foveal stimulus 65 

locations, neurons in particular along the ventral visual stream show receptive fields that are 66 

large enough to span both pre- and post-saccadic locations in many preview designs. For 67 

instance, neurons in the inferotemporal cortex (IT) of macaque monkeys show large 68 

variation in receptive field sizes from a few degrees up to 30-40° (57–60). In humans, 69 

evidence from population receptive field mapping using fMRI suggests receptive field sizes 70 

of 2-12° (61; in particular Figure 6) or 4-8° (62) in lateral occipital and ventral visual areas. 71 

Thus, adaptation of neurons with large receptive fields could explain the reduced response 72 

for valid compared to invalid previews. 73 

For spatiotopic adaptation, the adaptor and test stimuli have to appear in the same 74 

spatiotopic coordinates before and after a saccade and exactly that is the case for pre- and 75 

post-saccadic stimuli in preview designs and in ecologically valid contexts. Evidence for 76 

spatiotopic adaptation comes primarily from perceptual studies using tilt aftereffects (55) 77 

and the neural basis for this effect has been located in ventral visual areas (63) which are 78 

close to or even overlap with the above-mentioned visual areas exhibiting very large 79 

receptive fields. However, compared to retinotopic adaptation effects, spatiotopic 80 

adaptation shows a distinct feature: it needs time, meaning that spatiotopic adaptation 81 

increases with increased time in the form of a blank screen between adaptor and test stimuli 82 

(55,63,64). 83 

To examine whether the sequential history effects elicited by a trans-saccadic 84 

preview could be explained by classic adaptation or spatiotopic adaptation, we conducted 85 

a gaze-contingent experiment in which participants made cued saccades to objects in three 86 

different blocked viewing conditions while we coregistered magnetoencephalography (MEG) 87 

and eye-tracking data. In the saccade viewing blocks, participants actively made saccades 88 

to an extrafoveally presented object. In the replay viewing blocks, participants kept their 89 
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gaze fixed at the center of the screen and instead of moving their eyes, the object moved to 90 

the center of the screen. This condition mimicked the visual input obtained in the saccade 91 

blocks as well as possible without actual saccade execution. If the preview effect was due 92 

to adaptation of neurons with very large receptive fields, it should be the same in these 93 

replay blocks compared to the saccade blocks, because the same visually responsive 94 

neurons would be triggered in both viewing conditions. In order to make the visual input 95 

temporally predictable, as it was in the saccade blocks because of the oculomotor 96 

efference copy, object motion was always played-back after a fixed delay. The third type of 97 

viewing blocks was the same as the saccade blocks, except that we presented a blank 98 

screen between the preview and the target onset and called them blank blocks. The preview 99 

effect should be larger in these blank blocks compared to the saccade blocks, if it resulted 100 

from spatiotopic adaptation, because spatiotopic adaptation increases with a blank interval 101 

between adaptor and test stimuli (55). Given that perception and visual action in the form of 102 

eye movements are tightly intertwined (21,44,65), it would not be surprising if the preview 103 

effect could not completely be explained by adaptation but depended on saccade 104 

execution. 105 

Our experimental design contains active eye movements or simulated replay 106 

equivalents and gaze-contingent trans-saccadic changes which means that one trial 107 

contains more than one stimulus onset with potential follow-up saccades and fixations. 108 

Each event triggers an MEG-response and to separate these temporally overlapping 109 

responses we used temporal deconvolution (66,67,see also 68,69). This method provides 110 

the additional advantage of being able to explicitly model any systematic variation in gaze 111 

behavior across conditions which we observed in our experiment. 112 

To preview our preview results, we found a more pronounced difference between 113 

valid and invalid preview conditions in the saccade blocks than in the replay blocks and no 114 

preview effects in the blank blocks in the primary visual (V1) and the ventral occipital (VO) 115 

cortex. These results suggest that early visual cortices are more sensitive to pre-saccadic 116 
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extrafoveal information when participants make saccades, compared to when the same 117 

visual input is provided without making a saccade. 118 

Results 119 

Preview effects in eye movements and behavior necessitate temporal 120 

deconvolution of MEG data 121 

To determine whether the neural preview effect could be explained by classic adaptation, 122 

spatiotopic adaptation, or active vision, we measured the source-localized MEG signal time-123 

locked to target foveation in three different types of viewing blocks (Figure 1). However, the 124 

preview conditions and viewing blocks did not only affect the MEG signal but also the 125 

participants’ eye movements. In the saccade and blank blocks, where participants made a 126 

cued saccade to a pre-saccadic object (valid preview) or phase-scrambled and blurred 127 

version of the same object (invalid preview) (Figure 1A, 1C, 1D), the saccade amplitudes 128 

were minimally (by 0.22°), but very consistently, greater for valid (8.13°) than for invalid 129 

previews (7.91°, F(1,35) = 39.71, p < .001, Figure 1F). We, therefore, included each trial’s 130 

saccade amplitude as covariate in the MEG temporal deconvolution model to explicitly 131 

capture the effect of saccade amplitudes on the first post-saccadic EEG/MEG component, 132 

aka the lambda response (66,67,70–72), because the lambda response extends into the 133 

time window of 100-300 ms where preview effects are usually found. 134 

Interestingly, the preview conditions did not only affect saccade amplitudes but also 135 

the follow-up gaze behavior after the initial target fixation and, crucially, this effect varied 136 

across viewing blocks. With an invalid preview, participants were more likely to make a 137 

follow-up saccade than with a valid preview (Figure 1G), but only in the saccade block (t(35) 138 

= 3.11, p < .010). In the replay block, this effect was reversed (interaction F(1,35) = 11.04, p 139 

= .002). In the blank block, the effect was comparable to the saccade condition (interaction 140 

F(1,35) = 0.01, p = .912) considering first the onset of the blank screen. The subsequent 141 

target onset did not appear to further modulate follow-up saccades (interaction with 142 
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saccade condition, F(1,35) = 6.44, p = .016, invalid 875 ms, valid 873 ms, t(35) = 0.14, p = 143 

.890). If a follow-up saccade was made, the time until this saccade happened, that is the 144 

duration of the first fixation on the target (Figure 1H), showed the opposite pattern in the 145 

saccade (t(35) = 9.56, p < .001) compared to the replay block (t(35) = 4.21, p < .001, 146 

interaction F(1,35) = 107.99, p < .001). In the blank blocks, there are two first fixation onsets 147 

because of the intermediate blank screen, one on the blank screen and one on the target. 148 

For the blank screen onset, the timing of follow-up saccades was similar as in the saccade 149 

blocks but less extreme (interaction F(1,35) = 62.50, p < .001). After the onset of the target, 150 

which followed the 400-ms blank screen, there was no evidence anymore for an effect of 151 

the preview (t(35) = 0.79, p = .436, interaction with saccade blocks F(1,35) = 54.77, p < 152 

.001). Because of these patterns in eye movements, we included follow-up saccades as 153 

additional events in our deconvolution model. This allowed us to separate the MEG 154 

response to the initial fixation form the response elicited by follow-up saccades (66,67). 155 

Besides making a saccade (Figure 1B and 1D) the extrafoveally presented objects or 156 

watching the replay (Figure 1C), participants had to report in each trial whether the object 157 

was tilted left or right (Figure 1). The manual responses in this tilt discrimination task on the 158 

target object also showed a behavioral preview effect (Figure 1E). Response times were 159 

faster with a valid (471 ms) compared to an invalid (573 ms) preview (F(1,35) = 116.64, p < 160 

.001) and there was no evidence for a modulation by the viewing blocks (both interaction p 161 

> .823). Some participants, however, showed on average very early response times, even 162 

within the time period of a neural preview effect around 200-250 ms (cf. Figure 1E). In order 163 

to avoid that these occasionally very early responses could confound our conclusions from 164 

the MEG signal, we added manual response as separate events to our temporal 165 

deconvolution model. Error rates did not provide any evidence for preview effects or 166 

differences between viewing blocks (all p > .076). 167 
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 168 

Figure 1. Trial procedure and behavioral results. (A) Stable fixation for 500 ms triggered the presentation of one 169 
out of 80 objects, here a garden shovel. In the valid condition, the preview object was the same as the target 170 
object; in the invalid condition, the preview was a blurred version of the object. In the saccade blocks (B), the 171 
participant made a cued saccade to the preview object which appeared as intact, non-blurred object in both the 172 
valid and invalid preview conditions. In the replay blocks (C), the participants maintained stable fixation 173 
throughout the trial and the preview object moved into the foveal visual field after a saccadic latency determined 174 
per participant depending on their practice trial performance. The blank blocks (D) were the same as the saccade 175 
blocks except that a blank screen was presented for 400 ms before the target onset. In all three viewing 176 
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conditions, participants reported whether the final target object was tilted left or right. (E) Manual response times 177 
showed a significant preview effect in all three viewing conditions. (F) Saccades were significantly larger with 178 
valid than with invalid preview for both saccade and blank viewing. (G) In the saccade blocks, the proportion of 179 
trials with a follow-up eye movement after the initial target fixation was larger with an invalid compared to with a 180 
valid preview. (H) In the saccade blocks, the first fixation on the target (or blank) was longer with a valid than with 181 
an invalid preview. This effect was the same for fixations on the blank screen, was reversed for the replay blocks, 182 
and was gone after the final target onset in the blank blocks. The black horizontal line indicates target stimulus 183 
offsets (800 ms) in all blocks and the end of the blank screen (400 ms) for fixation durations following the blank 184 
onset. 185 

The preview effect in the early visual cortex depends on active vision 186 

To test whether the neural preview effect could be explained by adaptation of neurons in 187 

with large receptive fields, presumably in mid-to-higher level visual processing, we 188 

compared the neural preview effect in an active saccade condition to the neural preview 189 

effect in a passive replay condition (Figure 1). We reasoned that having the same visual 190 

input in active and passive viewing conditions should trigger the same visually-responsive 191 

neurons and therefore the preview effect should be the same in both active and passive 192 

viewing conditions only if it resulted from adaptation of visually-responsive neurons. 193 

 194 

Figure 2. MEG source regions of interest (ROI) based on (73) illustrated on the fsaverage freesurfer brain. We 195 
included all visual areas V1, V2, and V3 plus V4 merged into area V34 in order to exhibit a similar number of 196 
vertices compared to V1 and V2. In addition, we defined two mid-higher level visual areas: a lateral occipital area 197 
(LO) encompassing regions relevant for object processing (74) and a ventral occipital area (VO) with areas 198 
associated with spatiotopic adaptation (63). ROIs for the left and right hemispheres were kept separate to 199 
capture any lateralized visual activity due to the lateralized preview stimulus. For further details see section 200 
Materials and Methods, MEG and eye-tracking data processing, Regions of interest. 201 

We source-localized the MEG signal to five visual cortical surface regions of interest 202 

per hemisphere: V1, V2, V34, ventral occipital (VO), and lateral occipital (LO) (Figure 2). 203 

Using temporal deconvolution we isolated the MEG response time-locked to foveating the 204 

target object at the participant-level (67). For the right-hemisphere ROIs, cluster-based 205 

permutation tests at the group level showed a clear preview effect in V1 and in VO after 206 

foveating the target object in the saccade blocks (Figure 3A and 3B). In the replay blocks, 207 

V1
V2

LO
Left Right

V34
VO
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there was some evidence for a preview effect only in V1 (Figure 3C and 3D). Crucially, the 208 

cluster-based permutation tests of the planned interaction contrast preview (valid, invalid) x 209 

viewing block (saccade, replay) indicated that the preview effect was larger, i.e. more 210 

negative, in the saccade than in the replay condition in particular in right V1 and right VO 211 

around the time period during which preview effects have been observed in the past using 212 

EEG, that is around 200 ms after fixation onset (Figure 3G and 3H) (26–28,31). This 213 

interaction demonstrates that the preview effect cannot be explained by classic neural 214 

adaptation alone. Moreover, within the saccade blocks, the preview-effect cluster appeared 215 

numerically before the preview-effect cluster within the replay blocks, which further 216 

supports the idea that active vision modulates neural processing in the striate and 217 

extrastriate visual cortex. 218 

Note, that in the saccade viewing blocks, the invalid preview showed a more 219 

negative source-localized MEG signal than the valid preview condition. This result mimics 220 

the direction of the preview effect in the EEG (28,31) suggesting more neural spiking activity 221 

in the invalid compared to the valid preview condition. 222 
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 223 

Figure 3. Grand average source-localized and temporally deconvolved MEG signal in the primary visual (V1, left 224 
panels) and ventral occipital cortices (VO, right panels) of the right hemisphere. Panels A and B show fixation-225 
locked responses in the valid and invalid preview conditions for the active saccade blocks, panels C and D the 226 
target-locked responses for the passive replay, and E and F the target-locked responses for the blocks with the 227 
blank screen between preview and target stimuli. Panels G and H compare the preview effect contrast invalid 228 
minus valid across the three types of viewing blocks. Horizontal bars indicate significant cluster effects: For both 229 
V1 and VO, there was a preview effect in the saccade condition (A and B) which was significantly different from 230 
the preview effect in the replay condition (C and D; interaction effect clusters in G and H). The contrast 231 
comparing the saccade preview effect to the preview effect in blocks with a blank screen between preview and 232 
target stimuli did not show any significant clusters (no corresponding clusters in G and H). The histograms along 233 
the x-axis count the number of follow-up saccades per 10 ms time bins, averaged across participants. 234 

Potentially overlapping activity from before the saccade in the replay 235 

blocks further supports an active-vision interpretation 236 

Comparing the preview effect in the saccade blocks to the preview effect in the 237 

replay blocks showed three significant preview (valid, invalid) x viewing block (saccade, 238 

replay) interaction clusters in right V1 which can probably not all be explained by the same 239 

process (Figure 3G). Whereas the middle (~200 ms) and later clusters (~300 ms) can be 240 

explained by differential responses in V1 time-locked to target foveation, the early cluster 241 
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seems to be too early to be related only to the target because it takes some tens of 242 

milliseconds for neural activity from the retina to arrive at V1 (75,76). This early effect rather 243 

stems from visual input before the saccade, which can be explained as follows: In the 244 

saccade blocks, the time interval between preview and target depended gaze-contingently 245 

on saccade execution which made the target onset temporally predictable. The replay 246 

blocks had a fixed time interval between preview and target in order to make the target 247 

onset temporally predictable as well despite the lack of saccades. This fixed preview-to-248 

target interval meant, however, that the neural response to the preview stimulus could not 249 

be deconvolved from the neural response to the target stimulus, because deconvolution 250 

relies on variation in timing between events (see Methods). As a consequence, the target-251 

locked signal in the replay blocks could in theory still contain overlapping activity from the 252 

pre-saccadic preview stimulus (Figure 1A and 1C). Importantly, however, any overlapping 253 

activity triggered by the preview stimulus is expected to exacerbate target-locked preview 254 

effects, but our results show that, even with a potentially exacerbated preview effect in the 255 

replay blocks, there is still a difference to the saccade blocks, which further supports our 256 

conclusion that classic adaptation cannot explain the preview effect in the early visual 257 

cortex. 258 

Spatiotopic adaptation cannot explain the preview effect in early visual 259 

cortex 260 

If the preview effect resulted from spatiotopic adaptation, it would become larger as the 261 

time between preview (adaptor) and target (test) stimuli increases (63). To investigate that, 262 

we added a 400 ms blank screen before the target onset in the blank viewing blocks (Figure 263 

1D). In all other respects the blank viewing blocks were the same as the saccade blocks. 264 

We statistically tested whether the blank screen increased the preview effect through the 265 

planned preview (valid, invalid) x viewing block (saccade, blank) interaction contrast. This 266 

interaction effect did not show any significant clusters in any of the ROIs (all cluster p > .05). 267 

As can be seen from Figure 3, the preview effects in the blank blocks in right V1 (Figure 3G) 268 
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and right VO (Figure 3H) were numerically even smaller than the corresponding significant 269 

preview effects in the saccade blocks. We, therefore, conclude that the preview effect can 270 

also not be explained by spatiotopic adaptation. 271 

Left V1 shows a complementary signal to right V1 272 

Overall, the evidence for the preview effect was more concentrated in the right hemisphere, 273 

which is not completely unexpected. Before saccade onset, the left-lateralized preview 274 

stimulus projects to the right hemisphere and the left hemisphere receives input from a 275 

uniform screen background. This uniform background is the same for valid and invalid 276 

preview conditions, thus, for the left hemisphere there is actually no difference between 277 

valid and invalid previews; such a difference exists per design only for the right hemisphere. 278 

Although the preview effect is evaluated after the saccade when the object is foveated and 279 

processed bilaterally, the pre-saccadic contrast between left and right hemispheres still 280 

counts, because the preview effect consists per definition in a match between pre- and 281 

post-saccadic visual input. From all ROIs in the left hemisphere, only left V1 showed one 282 

significant preview (valid, invalid) x viewing (saccade, replay) interaction cluster very early 283 

after fixation/target onset (Figure 4D). This interaction contrast showed the opposite polarity 284 

compared to the same very early effect in right V1 (Figure 3G), which suggests that left V1 285 

shows a complementary signal of the same neural source. The preview effects within the 286 

saccade blocks and within the replay blocks were not significant in left V1 (Figure 4A and 287 

4B). Regarding the blank blocks, the pattern of results in the left hemisphere was the same 288 

as in the right hemisphere. Left V1 did not show any evidence for a modulation of the 289 

preview effect by the blank screen compared to the saccade blocks (Figure 4D). 290 
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 291 

Figure 4. Grand average source-localized and temporally deconvolved MEG signal in the left primary visual cortex 292 
(V1). Panel A shows fixation-locked responses in the valid and invalid preview conditions for the active saccade 293 
blocks, panel B the target-locked response for the passive replay, and C the target-locked response for the 294 
blocks with the blank screen between preview and target stimuli. Panel D compares the preview effect (contrast 295 
invalid minus valid) across the three types of viewing blocks. Horizontal bars indicate significant cluster effects: 296 
There was one early significant cluster indicating that the preview effect was different between saccade and 297 
replay blocks. In contrast, the preview effect in the saccade compared to the blank blocks was not significantly 298 
different. 299 

The blank-screen response supports inferences about neural spiking 300 

activity from MEG source activations 301 

As can be seen from Figure 3E, in the blank blocks, the target onset was preceded by a 302 

very clear and large positive signal across both valid and invalid preview conditions in right 303 

V1. This response was obviously triggered by the onset of the blank screen which appeared 304 

400 ms before the target. In general, we baseline-corrected the MEG signal with respect to 305 
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the final part of the preview/cue stimulus period in all blocks (Figure 1A, see Methods). 306 

Compared to this baseline period, the onset of the blank screen marks an abrupt decrease 307 

in visual input which probably leads to a decrease in neuronal spiking activity in early visual 308 

cortices. Conversely, a negative deflection in V1 can probably be interpreted as an increase 309 

in neuronal firing which matches our interpretation regarding the preview effect in V1 where 310 

the more negative response in the invalid compared to the valid preview condition is 311 

regarded as an increase in neuronal spiking activity. Interestingly, the blank screen response 312 

was absent in VO (Figure 3F), which suits the general notion that slightly higher visual areas 313 

are less affected by sudden low-level visual changes. 314 

Discussion 315 

In the present study, we investigated whether the sequential history effects elicited by a 316 

trans-saccadic preview could be explained by classic adaptation of neurons with large 317 

receptive fields (52–54) or by craniotopic or transiently-spatiotopic adaptation (55,63) (see 318 

also 56) in the visual cortex. For this purpose, participants performed a gaze-contingent 319 

task in which they made saccades to extrafoveally presented objects and we compared this 320 

active viewing blocks to passive replay blocks where the extrafoveal object moved to the 321 

foveal field of view while the participants maintained stable gaze. In the active saccade 322 

viewing blocks, we found a robust preview effect in the early visual cortex and this preview 323 

effect was significantly smaller in the replay blocks, which demonstrates that the reduced 324 

activity in the early visual cortex for a valid preview compared to an invalid preview cannot 325 

be explained by adaptation alone; in particular not by adaptation of neurons with receptive 326 

fields that are large enough to cover the pre-saccadic extrafoveal and post-saccadic foveal 327 

stimulus locations. 328 

To rule out that the preview effect was the result of spatiotopic adaptation, we 329 

contrasted the active viewing blocks to a blank control condition in which a blank screen 330 

was inserted between the pre-saccadic preview and the post-saccadic target stimulus. 331 

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

The copyright holder for thisthis version posted November 17, 2025. ; https://doi.org/10.1101/2025.11.17.688782doi: bioRxiv preprint 

https://doi.org/10.1101/2025.11.17.688782
http://creativecommons.org/licenses/by/4.0/


Active vision modulates the visual cortex 

 16 

Such a blank screen increases spatiotopic adaptation effects (55,63), but the preview effect 332 

in the blank blocks was numerically smaller than the preview effect in the saccade blocks. In 333 

sum, our results demonstrate that the preview effect cannot be driven by spatiotopic 334 

adaptation and instead depends on the oculomotor and saccade-specific processes 335 

implied by active vision. 336 

Previous research has suggested largely similar responses of neurons in V1 and 337 

further downstream in ventral visual cortices for stimuli that appear in the visual field 338 

because of a saccade compared to saccade-like simulated stimulus onsets (38–41,77). 339 

These findings are contrasted by two exceptions (42,43). For these two studies, however, 340 

differences between saccade and saccade-like control conditions can in theory be 341 

explained by differences in intra-saccadic visual stimulation because of the employed 342 

experimental design (1,44,78–80). Intra-saccadic visual stimulation affects the post-343 

saccadic neurophysiological response (81) and can therefore be confounded with an effect 344 

from active saccade execution. Apart from this limitation, previous studies on neural 345 

responses in visual cortices did not pay much attention to the availability of pre-saccadic 346 

preview information which is inherent to active vision (39,82,83). For instance, (39) 347 

compared sudden stimulus onsets during fixation to onsets after saccades without 348 

corresponding previews. One of these study accounted for the complete dynamics of active 349 

vision through a passive replay condition, however, they did not focus on sequential trans-350 

saccadic effect but examined particular types of neural coding principles which did not 351 

appear to differ much between active and passive vision conditions (84). Previous research 352 

has, thus, not yet been able to provide compelling evidence for the idea that the visual 353 

cortex is affected by active vision. 354 

In contrast to the abovementioned studies that found largely similar responses for 355 

active saccade and proper passive control conditions, we harnessed a preview effect 356 

design with a passive replay control condition and with this setup we could clearly see that 357 

active vision modulated the influence of pre-saccadic information on post-saccadic 358 
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processing. In particular, the invalid preview condition might have been crucial to reveal this 359 

type of trans-saccadic neural history effect because it is the only way that completely 360 

breaks the correspondence between pre-saccadic extrafoveal and post-saccadic foveal 361 

stimulation. The lack of an invalid preview, or trans-saccadic change, might actually have 362 

been the reason why previous studies failed to determine viewing-history effects even in 363 

very comprehensive single neuron recordings (e.g. 85). Moreover, our preview effect design 364 

has the advantage that any imperfect simulation of visual input in the passive replay 365 

condition which could lead to uncontrolled intra-saccadic stimulation (44) cancels out in the 366 

valid-invalid contrast. 367 

The same logic of a preview effect design with active and passive viewing conditions 368 

has recently been applied by Zhang and colleagues (86) to direct recordings from the 369 

macaque superior colliculus with remarkably similar results to ours. In that study, macaques 370 

made saccades to gratings that could change their spatial frequency (invalid preview) or 371 

remain the same (valid preview) during the saccade. In invalid preview conditions, single 372 

neuron and population activity increased after fixation onset but only if the saccade had 373 

been actively made and not if the monkey had maintained fixation and the grating had 374 

moved from the extrafoveal to the foveal location. Importantly, this effect was recorded from 375 

receptive fields that did not overlap the extrafoveal but only the foveal target location which 376 

means that these neurons responded to stimuli that they had not been exposed to (86). This 377 

remarkably similar result shows that saccade-contingent history effects are not limited to 378 

the visual cortex. 379 

Interestingly, using a preview effect design we found trans-saccadic history effects in 380 

the primary and ventral visual cortices which are not among the typical brain areas 381 

associated with modulations of visual activity by eye-movements. Traditionally, parietal 382 

areas, like the lateral intraparietal area (LIP) in monkeys (87), the frontal eye fields (FEF) (88), 383 

the superior colliculus (SC), and the mediodorsal thalamus (MD) (89) have been shown to 384 

exhibit neurons that change their receptive fields to match the location of upcoming stimuli 385 
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in the face of an impending saccade (24,for reviews see 90–98). This phenomenon of 386 

predictive remapping has also been reported for earlier visual areas like V2, V3A, and V4 387 

(99–101), is considered to be the basis for perceptual aftereffects across saccades (102–388 

106), and underlies the impression of visual stability despite saccades (20). The idea here is 389 

that a copy of the motor signal for a saccade, the efference copy, is sent from the SC via 390 

MD to the FEF and further to visual areas in a way that allows to anticipate the visual 391 

consequences of the upcoming saccade, i.e. the corollary discharge (107,108), making 392 

these visual consequences translucent to subjective experience. However, although being 393 

somehow involved in this process, the primary visual cortex and ventral visual areas do not 394 

seem to exhibit neurons that show predictive remapping (85,100). Why did we then find a 395 

modulation of preview effects by active vision in particular in V1 and ventral occipital 396 

cortices? 397 

To us it seems plausible that V1 and ventral occipital areas receive signals about an 398 

impending saccade from typical remapping-related areas further downstream, e.g. as close 399 

as V2 (99) or further away like LIP or FEF, or from subcortical structures like the SC or MD 400 

which leads to a transfer of neural activity that was before the saccade elicited by the 401 

extrafoveal stimulus to neurons with foveal receptive fields that cover the post-saccadic 402 

target. In other words, although we ruled out classical adaptation and spatiotopic 403 

adaptation as possible explanations for the preview effect, it is not impossible that 404 

adaptation in combination with remapping leads to the reduced post-saccadic activity in 405 

valid compared to invalid preview trials that we observed under active vision conditions. 406 

Crucially, this type of remapped retinotopic adaptation cannot result from neural fatigue 407 

(109), has to act at the timescale of the preview effect around 200 ms after fixation onset, 408 

and relies on a surprisingly fast neural activation transfer at the timescale of saccades within 409 

tens of milliseconds. Eventually, V1 might contain retinotopic internal model neurons that 410 

represent the current environment and which are updated by means of saccade execution 411 

and the efference copy to match the newly incoming bottom-up input after saccade offset 412 
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(108,110). Interestingly, this type of remapping implies a transfer of information from 413 

extrafoveal to foveal cortices which could in theory take place in any experimental context 414 

where eye movements are not completely controlled and lead to the presence of extrafoveal 415 

visual information in foveal cortical regions (e.g. 111) (see 112 for a perceptual correlate that 416 

matchs this proposed neural effect). 417 

Future research could disentangle several ways of how this type of remapping-418 

related adaptation could come about. Neural activity could be transferred across retinotopic 419 

neural populations through relays to subcortical structures, through areas further 420 

downstream (e.g. 113), or horizontally within the visual hierarchy directly across retinotopic 421 

cortices. All three possibilities of how retinotopic neural activity could be transferred across 422 

saccades make different predictions in terms of bottom-up and top-down information 423 

transfer which implies contrasting predictions regarding laminar activation profiles. Bottom-424 

up connections to pyramidal neurons arrive primarily at supragranular layers (2 and 3) 425 

whereas top-down connections arrive at infragranular layers (5 and 6) (114–116). The 426 

laminar activation profile in V1 is therefore expected to vary depending on how neural 427 

activity is remapped across saccades. 428 

Apart from alterations in bottom-up and top-down processing, the crucial 429 

computational principle by which active vision modulates the preview effect could also be of 430 

a temporal nature. Temporal expectations are known to enhance effects of expectations  431 

(e.g. 117) and one might interpret the preview effect as an effect of expectations with a valid 432 

preview entailing an expected target in contrast to an invalid preview entailing an 433 

unexpected target. Although we made the target temporally predictable also in the passive 434 

replay blocks by including a fixed delay between cue and replay onset, the target might still 435 

have been more temporally predictable in the saccade blocks simply because saccade 436 

execution directly yields the target onset. 437 

Our finding that active vision affects early cortical stages of visual processing aligns 438 

well with a long history of research showing that perception and visual action in the form of 439 
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eye movements are tightly intertwined (21,44,65). These ideas date back to academics like 440 

(118) and (119) and their conceptual precursors might even be found in the works of 441 

medieval and ancient western scholars (cf. 120). Besides these historic ideas, contemporary 442 

empirical evidence provides many examples for influences of eye movements on perceptual 443 

processing (e.g. 79,80,121) and for the flexible adjustment of these processes according to 444 

sensorimotor contingencies (122,123). At the neural level, it is clear that the brain accounts 445 

for non-retinal signals of oculomotor origin during eye movements which has recently been 446 

elegantly demonstrated in a compelling study in mice showing that the primary visual cortex 447 

combines visual and non-visual but eye-movement specific signals of subcortical origin in a 448 

way that allows to distinguish sensory input due to self-generated actions, i.e. the reafferent 449 

response, from visual motion in the external environment (124) (see also 125–127). In non-450 

human primates, there is evidence that the excitability of neurons in V1 is timed with the 451 

perpetual cycle of saccades and fixations showing larger excitability following fixation 452 

onsets (128,129) which has been associated with rhythmic and oscillatory neural activity 453 

more generally in the context of active sampling (130,131). In addition to these pieces of 454 

evidence, we show that active vision leads to trans-saccadic history effects, in terms of 455 

neural preview effects, in visual cortices which are not typically associated with saccadic 456 

remapping. 457 

Conclusion 458 

The present study highlights the tight link between neural activity in early visual areas 459 

and active vision in the form of saccadic eye movements. We demonstrated that the 460 

influence of pre-saccadic visual input from extrafoveal regions on post-saccadic processing 461 

cannot be explained by classic adaptation or spatiotopic adaptation and instead crucially 462 

hinges on saccade execution. Our results suggest that retinotopic neural activity in early 463 

visual cortices, in particular in V1 and in ventral-occipital areas, is being transferred from 464 

extrafoveal to foveal cortical areas through the execution of saccadic eye movements in 465 
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combination with an efference copy signal that arrives at V1 and VO either from subcortical 466 

or higher-level visual and oculomotor areas. This trans-saccadic updating process suggests 467 

that vision unfolds in a profoundly different way, in particular with respect to bottom-up and 468 

top-down signaling between early visual cortices and higher-level or subcortical regions, 469 

under naturalistic viewing conditions where the visual world is explored with active eye 470 

movements in contrast to classic stable-gaze experiments. As a consequence, the growing 471 

field of naturalistic neuroscience (132–136) will probably have to focus as much on neural 472 

activity as on eye movements and gaze behavior (e.g. 137–139).  473 
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Materials and Methods 474 

Participants 475 

Coregistered MEG and eye-tracking data was collected from 39 participants. Written 476 

informed consent was obtained from all subjects prior to participating in the study which 477 

had been approved by the local ethics committee (CMO region Arnhem/Nijmegen). The data 478 

of three participants had to be excluded; for one participant because of problems with the 479 

head localization coils, for another because of a magnetic artifact, and for one participant 480 

because only a fourth of the whole dataset could have been included for the deconvolution 481 

analysis based on the trial exclusion criteria described below. 482 

Stimuli 483 

Eighty objects were selected from the stimulus set of (140), available at 484 

https://bradylab.ucsd.edu/stimuli/ObjectsAll.zip, considering that the objects should have 485 

horizontal or vertical elements to be useful for the main behavioral task, which was a tilt 486 

discrimination task. Additional 10 objects were selected for practice trials. The image 487 

background was rendered transparent and, if necessary, the original object orientation was 488 

adjusted with the image editor GIMP (https://www.gimp.org) to create an upright view of the 489 

object. Images were converted to greyscale with the Python module PIL 490 

(https://pypi.org/project/pillow/). Subsequently, mean image luminance across all non-491 

background pixels was reduced to 1/8th of the maximum possible luminance, i.e. pixel value 492 

32 out of 255, and pixel luminance standard deviation was set to 16, with the help of the 493 

SHINE toolbox (141).  494 

For each object, we created a phase-scrambled version which served as invalid 495 

preview. Note, that we did not maintain the background-foreground distinction for the 496 

scramble object, because this would have made the object easier to recognize, but created 497 

a two-dimensional gaussian window in the alpha channel that blended the phase-scrambled 498 

object with the background and made the object’s outline harder to recognize. Finally, the 499 
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luminance of the scrambled images was adjusted to the same value as the luminance of the 500 

intact images. All image processing code is available with the experiment code (see section 501 

Data and code availability). 502 

The objects had a size of 4˚ visual angle and were placed with their center at 8˚ 503 

eccentricity to the left of the screen center. Stimulus size and location in visual angels were 504 

keep constant across participants by automatically adjusting actual size for each participant 505 

individually based on the actually measured screen-eye distance.  506 

A digital light processing (DLP) projector (PROPixx; VPixx Technologies, Saint-507 

Bruno, QC, Canada) rendered the visual stimuli at a refresh rate of 120 Hz on a translucent 508 

screen placed 80 cm before the subject. To precisely monitor stimulus onsets, a photodiode 509 

was placed in the bottom-right corner of the screen. At that location, a white square was 510 

presented with the onset of each stimulus to create a light flash which was recorded via the 511 

photodiode into a MISC channel of the MEG system. This procedure revealed the well-512 

known delay of one frame between MEG stimulus onset triggers and the actual change on 513 

screen and the time stamps of all stimulus onset triggers events were offline adjusted by the 514 

amount of that delay. 515 

 516 

Procedure 517 

The temporal sequence of events within a trial was similar to previous gaze-contingent 518 

experiments with the preview effect using face images (28,142). In the present study, the 519 

experiment consisted of three blocked viewing conditions: a saccade, a replay, and a blank 520 

condition (Figure 1). The Participants were informed about which viewing block was coming 521 

up at the start of each block. In each of these viewing blocks, a trial started with the 522 

presentation of a small fixation dot of 0.1˚ visual angle presented at screen center and an 523 

equally sized placeholder dot located at 8˚ eccentricity to the left. Stable gaze at screen 524 

center for 500 ms triggered the onset of the preview object which had a maximum diameter 525 

of 4° and could be either an intact object (valid preview) or its phase-scrambled and 526 
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Gaussian-blurred version (invalid preview). The preview object was tilted to the left or right 527 

by 2°, which was decided randomly in each trial. Stable gaze was defined in terms of the 528 

fixation-update events provided online by the Eyelink eye-tracker. A fixation-update event 529 

contains the average gaze position across 50 ms of individual gaze samples. If this position 530 

was within 2˚ visual angle from screen center, it counted as stable gaze. If the participants 531 

moved their eyes out of this area, the stable-fixation timer restarted. After 500 ms of stable 532 

fixation with the preview object on screen, the saccade cue appeared which consisted in 533 

the fixation dot turning slightly darker (Figure 1A). 534 

In the saccade blocks (Figure 1B), participants were instructed to monitor the 535 

centrally presented dot and as soon as they noticed the saccade cue they had to look at the 536 

extrafoveally presented object. The moment at which the eyes started to move was 537 

detected online through a heuristic by calculating the difference in screen pixels between 538 

two subsequent gaze samples. If this difference was greater than 8 pixels, it counted as a 539 

saccade. This threshold value was determined in pilot testing for this specific lab setting. 540 

The detected saccade onset triggered a transient image at the target location which was the 541 

scrambled and blurred version of a randomly chosen different object. If the eyes had moved 542 

too early, i.e. before the saccade cue, the current trial was appended at the end of the 543 

program’s trial queue and the next trial started. The transient image was presented for one 544 

frame only and its purpose was to equalize the amount of visual change between valid and 545 

invalid conditions. The transient image was followed by the target object which was always 546 

an intact object. 547 

The blank blocks were the same as the saccade blocks, expect that instead of the 548 

target object a blank screen containing only the placeholder and fixation dots was 549 

presented for 400 ms (Figure 1D). Thus, in this condition, the participants saw a blank 550 

screen after the saccade. They were instructed to maintain their gaze at the peripheral 551 

placeholder location until the target was presented. 552 
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The replay blocks were different from the saccade blocks in terms of gaze behavior 553 

(Figure 1C). In that condition, participants were instructed to maintain fixation at the screen 554 

center throughout the experiment which was controlled by the eye-tracker with the same 555 

stable-gaze and saccade detection criteria mentioned above for the saccade blocks. If 556 

fixation was too far from screen center or if a saccade was detected, the trial was appended 557 

at the end of the trial queue and the next trial started. To match visual input as well as 558 

possible to the saccade blocks, the extrafoveal preview object started to move towards the 559 

screen center after a fixed time period which was determined for each participant from the 560 

saccade latencies that were recorded during the initial practice trials (see below). We call 561 

this the replay or replay sequence. We took the median saccade latency across saccade 562 

and blank blocks and subtracted 50 ms to account for the minor speed-up in saccadic 563 

latencies that took place throughout the experiment. This adjustment was based on pilot 564 

data and previous studies (28,143). The preview object moved in equally spaced steps, one 565 

per frame, from the extrafoveal preview location to the screen center. The number of frames 566 

for this replay sequence was determined based on how many complete frame durations 567 

could fit into a participant’s median saccade duration calculated from the practice trial data. 568 

The median saccade duration was not adjusted because it does not change much 569 

throughout an experiment. The first couple of frames of the replay sequence contained the 570 

preview object and only the last frame of the replay sequence contained the transient image 571 

to account for the delay between saccade detection and transient presentation in the 572 

saccade and blank blocks which also contained only one frame of the transient image. After 573 

the replay sequence, the target object was presented at screen center where the 574 

participants were still foveating. As in the other viewing blocks, the target object was always 575 

intact, that is, not phase scrambled. 576 

Introducing a proper replay sequence in the replay blocks was important in order to 577 

minimize visual stimulation differences compared to the saccade blocks because, although 578 

we are usually not aware of intra-saccadic visual input, the visual system clearly processes 579 
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visual input from within a saccadic eye movement (80). However, it is in practice impossible 580 

to perfectly mimic the visual input arising from a saccadic eye movement. This would 581 

require rotating the whole world around a resting eye. To deal with any remaining 582 

differences between saccade and replay blocks, our experiment was designed to cancel out 583 

any such remaining differences through the preview effect contrast. 584 

In all three viewing blocks, as soon as the participants had foveate the target object, 585 

they had to indicate whether it was tilted left (counter-clockwise) or right (clockwise). The tilt 586 

of the post-saccadic target object was 2° and always the same for target and pre-saccadic 587 

preview object (illustrated in Figure 1B). In all three viewing blocks, the target object 588 

disappeared 800 ms after its onset. Manual responses were given with MEG-compatible 589 

button-boxes connected to a DataPixx device (VPixx Technologies, Saint-Bruno, QC, 590 

Canada).  591 

Each of the 80 objects appeared once in each condition for each participant. With 592 

two preview (valid, invalid) and three types of viewing blocks (saccade, replay, blank), this 593 

design resulted in 480 trials which were administered in 15 blocks of 32 trials each. Preview 594 

condition trials occurred randomly intermixed within each block. The viewing condition was 595 

blocked and the order of blocks was pseudorandom in the sense that before a viewing 596 

condition could be repeated both of the other two viewing conditions had to have occurred 597 

at least equally often. This constraint was set to balance sequence and practice effects that 598 

can result from repeated presentation of the same type of contextual condition in trans-599 

saccadic perception studies (123,cf. 143). Between viewing blocks, participants could take 600 

self-paced breaks. If necessary, the experimenter could also halt the experiment during the 601 

task, had the participant moved or had the eye-tracker to be recalibrated. 602 

At the start of an experimental session, the participant received a step-by-step 603 

explanation of the sequence of event within a trial and they were walked through one trial 604 

per viewing block as example. Afterwards they conducted practice trials in each viewing 605 

block with the replay condition being the last one in order to obtain the gaze parameters for 606 
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the replay sequence from the preceding saccade and blank blocks. During these practice 607 

trials, participants received feedback about the correctness of their manual responses in the 608 

object tilt discrimination task. If the response was incorrect, the placeholder dot turned red 609 

for 300 ms. This feedback was omitted during the experiment proper. 610 

The experiment concluded with one minute of a separate gaze task which had the 611 

purpose to obtain MEG data free from task-relevant visual input. This data was added to the 612 

training data for the ICA which was conducted to attenuate artifactual eye-movement 613 

components primarily related to eyeball motion (see section MEG and eye-tracking data 614 

processing and deconvolution analysis, Preprocessing). During this gaze task participants 615 

looked back and forth between the fixation dot at screen center and the placeholder dot to 616 

the left of fixation. Their gaze was cued by the placeholder and fixation dots alternatingly 617 

turning slightly darker in the same way as the saccade cue in the proper experiment. 618 

 619 

MEG and eye-tracking data recording and synchronization 620 

MEG data was collected with a 275-channel CTF system with axial gradiometers in an 621 

electromagnetically shielded room at a sampling rate of 1200 Hz. Throughout the recording, 622 

the participants’ head position was monitored online with the help of three positioning coils 623 

which had been placed at cardinal landmarks at the nasion, left ear, and right ear according 624 

to the standard operating procedure in the lab. If the participant had moved too far away 625 

from their starting position, they were verbally guided back into their original position in the 626 

break between experimental blocks (144). In addition to MEG data, horizontal and vertical 627 

EOG was collected for the first couple of participants in order to rule out gaze data 628 

synchronization issues between MEG and eye-tracking computers. After the experimental 629 

session, a set of 250 to 300 head shape points was recorded with a motion tracking system. 630 

These head shape points served the offline coregistration of the MEG and the MRI 631 

coordinate system. 632 
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An Eyelink 1000 plus eye-tracker (SR research, Ontario, Canada) recorded eye gaze 633 

concurrently to the MEG at a sampling rate of 1000 Hz in the default eye-tracker data file 634 

format (SR research’s EDF). In addition, the gaze data from the eye-tracker was streamed 635 

online via an analog output into dedicated MISC channels of the MEG system. Eye gaze 636 

events (fixation start/end, saccade start/end, blink start/end) were provided by the SR 637 

research gaze parsing algorithm with a saccade velocity threshold of 35 deg/s and a 638 

saccade acceleration threshold of 9500 deg/s2. 639 

To synchronize MEG and eye-tracking data, trigger events were sent from Psychopy 640 

via the python module serial (https://pyserial.readthedocs.io/en/latest/pyserial.html) and a 641 

splitter cable connection to the MEG computer and the eye-tracker at the same time. These 642 

events were used to offline merge the MEG data with the eye-movement events that had 643 

been parsed by the SR research algorithm. The eye-movement events were then used for 644 

temporal deconvolution to obtain eye-fixation-locked and stimulus-locked MEG responses. 645 

 646 

Anatomical MRI processing 647 

Anatomical T1-weighted MRI data for each participant was either already available at 648 

the institute or had been obtained after the MEG experiment with the exception of two 649 

participants. For these two participants, it we uses freesurfer’s fsaverage template brain, 650 

skull, and skin meshes warped to the individual participants’s head shape points. Apart 651 

from using the anatomical templates all other processing steps were the same as for the 652 

other participants. The T1 images were automatically segmented and cortical as well as 653 

skull and skin surfaces were reconstructed with freesurfer (version 7.4.1, command) and 654 

fastsurfer (https://github.com/Deep-MI/FastSurfer). 655 

According to the mne python standard processing pipeline, the outer skin surface 656 

model was used to coregister the anatomical MRI data with the MEG sensor locations by 657 

matching the locations of the three fiducials (nasion, left, right ear) and the head shape 658 

points to the outer skin surface with an Iterative Closest Point (ICP) fitting algorithm. 659 
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 660 

MEG and eye-tracking data processing and deconvolution analysis 661 

Preprocessing 662 

Both the MEG and eye-tracking data was processed with mne python (version 1.6) 663 

(145). The raw MEG signal had been visually inspected for channels with aberrant signals 664 

during data collection and any such bad channels were removed and interpolated with 665 

spherical spline interpolation during offline data analysis. A third-order gradient 666 

compensation was applied to the MEG data before it was filtered with a 0.1 Hz high-pass 667 

and a 40 Hz low-pass Hann-windowed finite impulse response filter using mne python’s 668 

default filter option arguments.  669 

In order to remove heartbeat as well as corneoretinal and myogenic eye and eyeblink 670 

artefacts in the MEG signal we ran an independent component analysis (ICA) in a separate 671 

pipeline which featured an additional 1 Hz high-pass filter to provide the required largely 672 

stationary signal for the ICA. An ICA infomax solution was obtained from all successfully 673 

completed trials’ data, that is from all trials which had not been aborted because of 674 

problems with the trial procedure, and from the separate eye movement task at the end of 675 

the experiment. Saccade-related components were automatically labelled by applying the 676 

method introduced by (146). In short, if the variance ratio of a component’s activation during 677 

saccades compared to fixations was larger than 1.1, the component was flagged as 678 

saccade related. For most of the participants, visual inspection confirmed the selected 679 

components and additionally identified heartbeat components. Three to six components 680 

were rejected per participant with the exception of eight components for one participant. 681 

The obtained ICA solution weights were then applied to the MEG data in the original 682 

pipeline. 683 

In order to integrate the MEG and eye-tracking data in a temporally precise way, the 684 

eye-movement events from the Eyelink eye-tracking data file (EDF) were added to the MEG 685 

data events array considering the shared experiment triggers which were present in both 686 
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eye-tracking and MEG data streams (cf. 30). Following this procedure, we obtained a 687 

maximum coregistration error of 2 ms for all common trigger events. After the coregistration 688 

with eye-tracking data events, the MEG data was downsampled to 400 Hz. 689 

We ensured that only data from trials where the participants had properly followed 690 

the gaze procedure and where the stimulus onsets had happened in time was selected for 691 

further processing. In addition, the response time in the speeded object tilt discrimination 692 

task had to be within three median absolute deviations per participant and response option 693 

(correct, incorrect). In the saccade and blank conditions, the onset of the participant’s 694 

fixation on the target/blank had to be within 50 ms from target/blank onset and not earlier. 695 

In the replay condition, any occasional saccades during the constant fixation period had to 696 

be smaller than 3°. There was no eye blink from the stable fixation at trial start up until 697 

500 ms after target onset, including the blank period in the blank blocks. 698 

Source space transformation 699 

The continuous MEG data was transformed into individual participants source 700 

spaces with minimum norm estimation (MNE). We used surface source spaces based on 701 

the freesurfer white matter segmentation with dipole locations obtained from a recursively 702 

subdivided icosahedron downsampled to 5124 locations and a three-layer boundary 703 

element model based on the shells between brain, inner skull, outer skull, and outer skin 704 

surfaces with default conductivity values of 0.3, 0.006, and 0.3, respectively. Dipole 705 

orientations of the source model were restricted to the direction perpendicular to the 706 

cortical surface. The noise covariance matrix for the inverse operator was estimated from 707 

the different baseline periods that were relevant within a trial. We obtained a noise estimate 708 

from the baseline periods with respect to two events per trial that were later relevant for 709 

deconvolution: One main event of interest for all three viewing conditions was the onset of 710 

the preview object. For the saccade condition, the second event was the onset of the 711 

fixation on the target object. For the replay and blank conditions, the second event was the 712 

onset of the target object. The baseline period duration was set to the interval of -275 to -713 
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75 ms in order to omit the saccadic spike that was present in the saccade and blank 714 

conditions. Correspondingly, from this point on we ran two separate pipelines, one with the 715 

noise covariance matrix based on the preview onset event and another one where the noise 716 

covariance matrix was based on the fixation/target onset. For each event of interest, we 717 

finally report the source space results based on the source space projection with the noise 718 

covariance from the baseline period of the respective event. We also ensured that all noise 719 

covariance matrices were based on the same number of trials per condition in order to 720 

avoid that any condition difference in the source localization could have resulted from 721 

imbalances in the number of trials. 722 

Regions of interest (ROI) 723 

After source space projection, the signal was summarized across the vertices of 724 

each anatomical region of interest (ROI). Individual participant’s regions of interest had been 725 

obtained according to the multimodal parcellation of the Human Connectome Project (HCP) 726 

(73). The HCP parcellation, which is available for the freesurfer subject fsaverage, was 727 

transformed to each participant’s individual anatomical space using the freesufer 728 

mri_label2label function. For each individual ROI, the summary source space signal across 729 

vertices was computed by finding the dominant orientation across vertices and flipping the 730 

sign of vertex activations to match the dominant orientation (see mne python’s mean_flip 731 

label summary function). 732 

Based on our hypothesis that the preview effect might be explained by different 733 

types of adaptation in visual areas, we selected a set of ROIs for statistical analyses from 734 

the Glasser atlas (Figure 2). ROIs with considerably smaller numbers of vertices were 735 

merged in order to obtain roughly comparable regions. The selected ROIs were: The visual 736 

areas V1 and V2. Area V3 merged with V4 to obtain a region called V34. The smaller lateral-737 

occipital areas LO1, LO2, LO3 and V4t – V4t is also known as LO2 – merged to form LO, 738 

because lateral-occipital areas are implicated in object processing and sensory prediction 739 

effects (e.g. 74). The ventral occipital areas V8, VMV3, and the ventral visual complex (VVC) 740 
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merged to form one region called VO, because ventral-occipital cortex is a strong candidate 741 

for neurons with large receptive fields (58) and has been identified as a key region for 742 

spatiotopic adaptation (63). For further details about the location and differentiation of these 743 

areas the reader is referred to the Supplementary Neuroanatomical Results of (73). 744 

Temporal deconvolution 745 

The source activities summarized per region of interest were eventually deconvolved 746 

with experiment and eye-movement events using the Unfold.jl toolbox (67) implemented in 747 

the Julia programming language (https://julialang.org, version 1.10.0) and access from 748 

within python through the juliacall package (version 0.9.15). Temporal deconvolution 749 

requires continuous data at the level of single trials. Sections of the continuous data from in 750 

between trials or from trials that were not eligible (see preprocessing above) were set to 751 

missing data to exclude them from deconvolution. 752 

We used the maximum number of events for deconvolution given our experimental 753 

design, considering that only events which vary in their relative timing across trials can be 754 

deconvolved. In line with this constraint, we defined as first event of main interest the onset 755 

of the preview image in the saccade and blank blocks. For the saccade block, the second 756 

event of main interest was the onset of the first fixation on the target. We did not model the 757 

preceding saccade onset separately because the time interval from saccade onset to 758 

fixation onset was almost constant. In the blank blocks, the next event of interest was the 759 

onset of the blank screen. However, the blank screen and the subsequent target onset had 760 

a fixed timing which meant that only one of the events could have been selected for the 761 

deconvolution. We selected the target onset because our main hypothesis was about the 762 

response to the target stimulus. However, the event basis functions were defined for a time 763 

range that was long enough to encompass the onset of the preceding blank screen to 764 

additionally obtain insights into potential neural omission responses triggered by that screen 765 

onset. Similarly, in the replay blocks the onset of the first event of interest, i.e. the preview 766 

object, and the onset of the second event of interest, i.e. the onset of the target, occurred at 767 
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a fixed timing. This fixed timing served the purpose to render the target temporally 768 

predictable because a temporally predictable target was expected to enhance any potential 769 

preview effects in this passive replay condition which would make our comparison to the 770 

active saccade condition more conservative. For the deconvolution model, this important 771 

experimental feature meant that we could only include either the preview onset or the target 772 

onset. We opted again for the target onset because the response to the target was of main 773 

interest and the deconvolution model was extended in time far enough to encompass the 774 

preview onset in order to also compare the neural responses to the preview onsets between 775 

all conditions. 776 

Besides the preview onset and the fixation/target onset, we defined four other types 777 

of events in the deconvolution model in order to correct for the overlap of their 778 

corresponding neural signals: Follow-up saccades after target onsets, additional saccades 779 

during the replay sequence which had to be smaller than 3°, additional saccades during 780 

presentation of the blank, and the event of the manual response. Participants showed 781 

substantial individual variation in the numbers of these three types of additional saccades 782 

which happened very likely unintentionally despite the strict gaze-contingent experimental 783 

procedure. 784 

The model formulas for each event consisted in the same two predictors preview 785 

condition (valid, invalid) and viewing condition (saccade, replay, blank), with the exception of 786 

the occasional saccades during the replay sequence and during presentation of the blank 787 

screen because these two types of events only occurred within their respective viewing 788 

condition and therefore the viewing condition factor was omitted from their model formula. 789 

All saccade event formulas and the fixation onset events included saccade amplitude as 790 

tenth order spline predictor to account for the non-linear effect of saccade amplitude on the 791 

post-saccadic evoked potential (67). To make the replay condition comparable to the 792 

saccade condition despite the lack of an actual saccade, we included the simulated 793 
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saccade amplitude of 8 dva as continuous predictor for the target onset event in that 794 

condition. 795 

All events were modelled with finite impulse response basis functions but the 796 

temporal extent of these basis functions, also known as estimation time window length, 797 

varied across event types in line with the time point at which an event could occur within a 798 

trial, additionally considering that we wanted to capture all possible overlapping responses. 799 

The preview onset time window was -275 ms to 2,000 ms after, the fixation/target onset 800 

time window was -1,495 ms to 800 ms, for follow-up saccades, saccades during the replay 801 

sequence and during blank presentation it was -275 ms to 800 ms, and for the manual 802 

response it was -875 ms to 800 ms. The time windows were based on the maximum time 803 

intervals between time-varying events across all participants. 804 

The temporal deconvolution was conducted two times, separately for both source 805 

space pipelines, for the one with the noise covariance matrix based on the baseline period 806 

before preview image onsets and for the one where the noise covariance matrix was based 807 

on the period before fixation/target onsets. 808 

The deconvolution analysis was conducted separately for each participant.1 From 809 

the resulting regression coefficients, we calculated the predicted means (using the Julia 810 

package Effects) per condition, region of interest, and time point. Statistical significance 811 

was assessed at the group level by applying cluster-based permutation statistics in the time 812 

domain using a significance threshold of p = .05 (147). 813 

Preregistration 814 

This study was preregistered (https://osf.io/uxtqn). We eventually deviated from the 815 

preregistration in the sense that we did not go into the source space for individual vertices 816 

but selected regions of interest. This step was necessary for computational reasons related 817 

to temporal deconvolution. Initially, we did not consider deconvolution for the 818 

                                                
1 We would have preferred to model the data of all participants in one mixed model with random factors 

for participants and items. This procedure was, however, computationally infeasible, because for only a single 
data channel the calculations exceeded the maximum resources available on our compute cluster. 
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preregistration because, based on previous research (28,142), we had assumed to get 819 

largely the same types of eye movements in both valid and invalid viewing conditions. 820 

However, it turned out that the invalid preview condition with a heavily degraded object 821 

eventually led to slightly different saccade characteristics compared to the valid preview 822 

condition. To deal with these different characteristics we employed deconvolution which 823 

removes the overlapping effect of neural responses to subsequent eye movement events. 824 

However, with deconvolution, projecting sensor data into source space becomes less 825 

straightforward, because to go into source space with minimum norm estimation we need a 826 

noise-covariance matrix which has to be estimated from single-trial data. Per definition we 827 

do not have any single-trial data anymore after deconvolution, only the effects aggregated 828 

across trials per conditions per participant. Deconvolution is a type of temporally extended 829 

regression which means that the result are regression coefficients which summarize the 830 

effect across single-trial data. To get source space results with deconvolution, we had to 831 

run the deconvolution analysis on data that had already been projected into source space. 832 

There are two options of running unfold on source-projected data: Run it for each vertex or 833 

run it for ROIs with signal summarized across vertices within one ROI. We chose the second 834 

option, because running deconvolution on each vertex would have been computationally 835 

infeasible. 836 

 837 

Data and code availability  838 

All raw data and the code to generate the results from the raw data can be obtained 839 

from the Radboud Data Repository under https://doi.org/10.34973/sqkg-xm80. 840 

 841 
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