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Example  

While you wander around a forest you stumble upon an ant hill (Figure 1A). You see 

thousands of ants move across the hill, carrying seeds, long pine needles and small brown 

leaves. You can perceive the ants and their goods because light reflects off their bodies onto 

your retina, where photoreceptors transform the electromagnetic radiation into a neural 

firing pattern that cascades down the visual system (Purves et al., 2008). You can see the 

ants move because as they move, their reflections move on your retina. As you observe 

them for a while, a small silhouette suddenly shows up several meters behind the ant hill. 

Because you were studying the ants, you only see the silhouette from the corner of your 

eye. To determine the identity of the silhouette you will have to make an eye movement 

towards it, such that the silhouette falls on the central part of your visual field where visual 

acuity is highest (Strasburger, Rentschler, & Jüttner, 2011). You saw the silhouette was 

moving rightwards, towards a tall tree. If you donȗt make the eye movement now it might 

have gone out of sight before you can identify what it was. With a delay of only a few 

hundred milliseconds you make the eye movement (Liversedge, Gilchrist, & Everling, 2011). 

The silhouette, the ant hill, the thousands of ants, and in fact the entire visual field sweeps 

across your retina with high velocity. Now you fixate the silhouette and you can easily 

identify the creature right before it disappears behind the tall tree. A squirrel. 

Remarkably, you saw the ants move because the light reflected from their bodies onto 

your retina. And similarly, you saw the squirrel move in the periphery. But you did not see 

the entire forest move when you made the eye movement from the ant hill towards the 

squirrel. Introspectively, the world remained stable and perception appeared continuous 

despite the drastic change in retinal stimulation caused by the eye movement (Figure 1B). 

Clearly, the ability to make quick eye movements allows us to aim our foveaȗs ȓ the part of 

the retina where cone density is highest (Curcio, Sloan, Kalina, & Hendrickson, 1990) ȓ at 

the most relevant parts of a scene. At the same time, the ability to make quick eye 

movements introduces potential ambiguity in the source of retinal stimulation. It can be 

external (a moving squirrel) or self-generated (an eye movement). However, the perceptual 

quality of these two sources is introspectively very different. External motion is easily 

detected, while displacements caused by your own eye movements go largely unnoticed. 

This raises the question: how does the visual system give rise to perceptual continuity across 

eye movements? 
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Thesis outline   

In Chapters 2, 3 and 4 of this thesis I investigated the fundamental nature of perceptual 

continuity across saccades using human psychophysics (Chapter 2 and 3) and 

magnetoencephalography (Chapter 4). In Chapter 5 I investigated how perceptual continuity 

is affected by a lesion to the posterior parietal cortex, a cortical area where neurons show 

dynamics that suggest involvement in enabling perceptual continuity. In chapter 6 I 

developed a clinical screening instrument that is sensitive to impairments in spatial working 

memory, which I hypothesize might result in impaired perceptual continuity. Chapters 7 

and 8 are more exploratory in nature. In these chapters I investigated whether and how 

locations are remembered over a short period of time. In Chapter 7 I explored the extent 

to which humans use the history of where they have already looked to determine where 

they are going to look next. In Chapter 8 I explored what happens to covert attention when 

observers are asked to keep a peripheral location in memory. But first I will provide the 

reader with background information on perceptual continuity across saccades. 
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The principle of re - afference  

The dominant explanation of perceptual continuity involves the interaction between 

neural signals that originate in photoreceptors (afferent signals) and signals that originate in 

the oculomotor system and are projected to the extraocular muscles (efferent signals). The 

first rough drafts of this idea can be traced back to at least the 17th century as described in 

book 3 of the Opticorum Libri Sex by Francisus Aguilonius (Aguilonius, 1613). In succeeding 

centuries, the idea was further developed by, most notably, Steinbuch, Purkynĕ, von 

Helmholtz and von Uexküll (Grüsser, 1995). The idea became firmly established by the 

work of Von Holst and Mittelstaedt (1950) and Sperry (1950). They explained that the visual 

system has access to extra-retinal information (Box 1 at the end of this Chapter). With the 

extra-retinal information, the afferent information caused by the eye movement could be 

compensated (Sperry, 1950; Von Holst & Mittelstaedt, 1950). This is called the principle of 

re-afference. With the re-afference principle, perceptual continuity could arise from a 

forward model (Miall & Wolpert, 1996; Webb, 2004). A forward model is a term in control 

theory describing part of a system that predicts the outcome of a change in the system 

before the change is implemented (Figure 2). Because perception is suppressed during the 

eye-movement, minimizing the visibility of any retinal smear during the eye movement 

(Volkmann, 1962) ȓ although not completely invisible (Castet, Jeanjean, & Masson, 2002; 

Castet & Masson, 2000)ȓ I will only discuss the retinal image before and after an eye 

movement in this thesis, in line with the majority of studies in this research field. Thus, the 

forward model uses the pre-saccadic retinal image and extra-retinal information about the 

upcoming eye movement to make a prediction about the post-saccadic retinal image. 

Use of extra - retinal information in localization  

 The forward model predicts that retinal displacements as the result of saccades 

(Box 1) can be separated from retinal displacements as the result of motion in the external 

world. With an influential experiment Bridgeman and colleagues tested this hypothesis. 

They asked observers to detect small target displacements when they occur during a 

saccade. They instructed observers to make a saccade to a single target (e.g. the squirrel 

from the example). During the saccade the target was displaced by the experimenters (e.g. 

moving the squirrel to the left of the ant hill). Thus, there was a mismatch between the 

actual post-saccadic retinal location of the stimulus and the predicted location according to 

the forward model. If the visual system compares the predicted and actual retinal locations, 

the mismatch should be detected. However, remarkably large displacements went 
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unnoticed to the observer, even though the task is trivially easy when the observers 

maintain stable fixation (Bridgeman, Hendry, & Stark, 1975). This phenomenon became 

known as saccadic suppression of image displacement (SSID). SSID shows that intra-saccadic 

displacements must cross a threshold before we can reliably detect them, so it seems the 

extra-retinal information that provides details of the displacement caused by the saccade is 

very imprecise. Interestingly, SSID scales with saccade amplitude: displacements of roughly 

25% of the saccade amplitude remain undetectable. Moreover, later studies showed that 

sensitivity to displacements is particularly low when the displacements are made in parallel 
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to the saccade vector (Bray, Bansal, & Joiner, 2016; Niemeier, Crawford, & Tweed, 2003; 

Wexler & Collins, 2014).  

But the story does not stop here. In an intriguing variation of the intra-saccadic 

displacement paradigm, the target is briefly removed at saccade onset, such that when the 

saccade ends there is no target; the stimulus display is blank. The target reappears only 250 

ms after the saccade ended. With this blank, smaller displacements become detectable 

(Deubel, Schneider, & Bridgeman, 1996). This has been aptly called șthe blank effectȚ. The 

authors concluded that by removing the stimulus from the screen, the observers rely only 

on extra-retinal signals for their judgments when no visual information is available 

immediately after the saccade ended. Hence, two pieces of evidence suggest from SSID 

suggest that the extra-retinal signals that influence localization across saccades contain 

information about the saccade vector. First, SSID scales with saccade amplitude, the larger 

the amplitude, the larger displacements can be to go unnoticed to the observer (Bridgeman 

et al., 1975; Deubel et al., 1996). Second, because SSID is specific to the saccade direction 

(that is, strongest insensitivity for displacements in the same direction as the saccade) extra-

retinal signals must contain information about the direction of the saccade. Together, SSID 

and the blank effect suggest that although extra-retinal signals are available for localization 

across saccades, there is strong prior assumption that the targets generally do not move 

during a saccade. Therefore the predicted and actual displacements do not have to match 

exactly for perceptual continuity (Bridgeman, Van der Heijden, & Velichkovsky, 1994; 

Mackay, 1972; McConkie & Currie, 1996).  

It was later demonstrated that the extent to which extra-retinal signals influence 

localization depends on the reliability of the oculomotor command. In SSID there is a 

mismatch between expected and actual retinal displacement across a saccade. Although this 

mismatch is introduced by the experimenter, another source of mismatch could arise from 

oculomotor error. Repeated saccades to a single target will not end at the same identical 

location. Instead, they will fall in elliptical areas around the target. The major axis of the 

elliptical area that describes oculomotor variance runs parallel to the saccade direction, and 

scales with saccade amplitude (van Opstal & van Gisbergen, 1989). In addition, the length of 

the major axis and the ratio between the major and minor axis varies across subjects. 

Observers with a high ratio (i.e. a strongly elongated ellipse) have been shown to have 

higher displacement thresholds, so they detect displacements only when they are large 

(Niemeier et al., 2003). This relationship between saccade endpoint precision and SSID 

shows that the visual system uses both retinal and extra-retinal information, sa proposed 



11 
 

by the re-afference principle, but extended with the notion both sources of information are 

weighted according to their general reliabilities.   

Neural implementation  

 The principle of re-afference ȓ and in fact the problem of perceptual continuity per 

se ȓ alludes to the neural mechanisms of the visual system. Therefore, I will review the 

neurophysiological properties of neurons in the visual system that are thought to play a 

major role in processing re-afferent information. A neural property that could contribute 

to perceptual continuity is (predictive) remapping of receptive fields (Box 1). Neurons 

throughout the visual cortex have șreceptive fieldsȚ, which means they respond to stimuli 

at specific locations on the retina (Hartline, 1938; Hubel & Wiesel, 1959). These receptive 

fields remain retinotopically organized at multiple levels of the visual system (Gardner, 

Merriam, Movshon, & Heeger, 2008). Predictive remapping of receptive fields (Figure 3) 

means that the spatial tuning of neurons is transiently altered shortly before the onset of a 

saccade, or more colloquially, these neurons exhibit șshifting receptive fieldsȚ (Duhamel, 

Colby, & Goldberg, 1992). Receptive fields can be measured by briefly flashing probes (small 

points of light) at different retinal locations, while simultaneously recording the responses 

of neurons to the probes. To demonstrate remapping, this protocol is used in combination 

with the execution of saccades. The neural responses in reaction to the probes can then be 
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locked in time to the onset or offset saccade. Remapping had been observed in various brain 

areas of the macaque, such as the superior colliculus (Walker, Fitzgibbon, & Goldberg, 

1995), the frontal eye field (Umeno & Goldberg, 1997) and the parietal cortex (Duhamel, 

Colby, et al., 1992). Still, it is currently debated in which direction and when these shifts 

occur ȓ parallel to the saccade vector vs. attraction to the saccade target before the 

saccade/anticipatory or after/memory-based (Hartmann, Zirnsak, Marquis, Hamker, & 

Moore, 2017; Mirpour & Bisley, 2016; Neupane, Guitton, & Pack, 2016; Zirnsak, Steinmetz, 

Noudoost, Xu, & Moore, 2014). The changes in receptive field properties might be the 

neural signal that represents the predicted post-saccadic retinal stimulation, i.e. re-afferent 

information (Duhamel, Colby, et al., 1992).  

The studies of Wurtz, Sommer and colleagues showed a pathway that processes extra-

retinal signals related to saccade execution, consisting of the superior colliculus, the medial 

dorsal nucleus of the thalamus and frontal eye fields (Sommer & Wurtz, 2002, 2006). It has 

been suggested that with the extra-retinal information conveyed in this pathway, the frontal 

eye fields code the evaluation of the afferent and re-afferent information. Crapse and 

Sommer (2012) investigated the responses properties of neurons in FEF to stimulus changes 

during a saccade. They presented stimuli before a saccade and during the saccade they 

displaced the stimulus. or changed its features (colour or size). When the stimulus would 

fall into the receptive field of the FEF neurons after the saccade, they would respond more 

strongly if any of the stimulus properties had changed than when they had remained stable 

and continuous (Crapse & Sommer, 2012). Thus, it seems that these neurons assess the 

continuity of a stimulus across a saccade. Moreover, inactivation of the medial dorsal nucleus 

of the thalamus in monkeys results in behaviour that is expected when extra-retinal 

information is not available, e.g. localization based more on retinotopic coordinates that 

spatiotopic coordinates (Cavanaugh, Berman, Joiner, & Wurtz, 2016). These findings suggest 

that together, the superior colliculus, the medial dorsal nucleus of the thalamus and frontal 

eye fields are a likely candidate to be the neural implementation of the forward model. 

Stimulus location vs. Stimulus features  

It has been extensively debated what the content of the re-afferent signal is. Some have 

argued that only Ȗattentional pointersȗ to relevant locations are updated. This could be 

sufficient to prepare the visual system for prioritized processing of visual information at a 

specific location (Cavanagh, Hunt, Afraz, & Rolfs, 2010), whereas others have argued that 

more detailed information about the visual features of a stimulus, such as colour or shape, 
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can be predictively remapped (Melcher & Colby, 2008; Subramanian & Colby, 2014). As 

illustrated by the phenomenon of change blindness, substantial changes can be made to a 

visual scene without the observer noticing them (Simons & Rensink, 2005). In line with 

change blindness, psychophysical experiments have demonstrated that perceptual 

continuity is not the result of a complete fusion of the pre-saccadic and post-saccadic retinal 

images: when an array of elements (e.g. 20 small lines) was displayed in two halves across a 

saccade (e.g. 10 of the elements before and 10 after the saccade) observers could not 

accurately perceive the integrated combination of the two halves, even though they could 

do this easily when maintaining stable fixation (Bridgeman & Mayer, 1983; Irwin, Yantis, & 

Jonides, 1983; OȗRegan & Lévy-Schoen, 1983). The lack of trans-saccadic fusion shows that 

a substantial portion of the pre-saccadic retinal information is lost across a saccade.  

Another paradigm to study the extent to which retinal information is carried across 

saccades has been the adaptation after-effect. In general (outside the context of perceptual 

continuity) an adaptation after effect refers to an altered perception of specific stimulus 

after a prolonged exposure to a similar stimulus. For example, when a moving stimulus is 

presented to an observer for several seconds, the observer gets adapted to the motion of 

the stimulus. When the moving stimulus is taken away and replaced by a static one, the 

static stimulus appears to move in the opposite direction for the observer. Several groups 

have studied the spatial specificity of adaptation after effects. The question for perceptual 

continuity was, if the adaptation is spatially specific, then what happens when a saccade is 

made between the adapter and the test stimulus? Unfortunately, results with this paradigm 

have been controversial, with some finding evidence for after effects in spatiotopic 

coordinates (Melcher, 2005; Nakashima & Sugita, 2017; Wolfe & Whitney, 2015; 

Zimmermann, Morrone, Fink, & Burr, 2013), and others finding strictly retinotopic effects 

that move along with each saccade (Knapen, Rolfs, & Cavanagh, 2009; Knapen, Rolfs, 

Wexler, & Cavanagh, 2010; Mathôt & Theeuwes, 2013; Wenderoth & Wiese, 2008). In total, 

neither the spatiotopic fusion experiments, nor the spatiotopic adaptation experiments 

provide evidence for low-level interactions of the pre- and post-saccadic retinal image.  

Spatiotopic updating  

As the reader might have noticed by this point, the history of experiments on visual 

perception across eye movements can be rather confusing. With the formulation of the 

principle of re-afference in the 50ȗs, perceptual continuity seemed to have a plausible 

neurological foundation. However, psychophysical in the follow decades demonstrated that 
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the introspective impression of perceptual continuity is not reflected in behavioiral 

responses to stimuli that change during a saccade. At least, continuity in the form of a full 

picture-like translation from the pre-saccadic retinal image to the post-saccadic retinal 

image is not measurable. In contrast, more recent psychophysical studies (discussed in the 

next paragraph) showed evidence for perceptual judgments that do suggest some feature 

information is transferred across saccades, albeit not for all the stimuli in the visual field. To 

describe the effects of a pre-saccadic stimulus on the perception of a post-saccade stimulus 

I will use the term șspatiotopic updatingȚ (Box 1). Speculatively, the perceptual 

representations that can be spatiotopically updated are the same as described in the 

literature of visual working memory, as several authors have argued (Irwin, Zacks, & Brown, 

1990; Schut, Van der Stoep, Postma, & Van der Stigchel, 2017; Van der Stigchel & 

Hollingworth, 2018). 

The discrepancy between introspection and the results of the spatiotopic fusion 

experiments, prompted the critique that the experimental paradigms with spatiotopic 

fusion do not resemble the typical visual stimulation during trans-saccadic perception. 

Stimuli are seldom completely different across a saccade. In contrast, stimuli typically remain 

continuously the same across a saccade. Therefore, experiment with highly transient stimuli 

(such as brief flashes of light or the arrays from spatiotopic fusion experiments) do not 

resemble stimuli where an observer would experience perceptual continuity. As an 

alternative to spatiotopic fusion, it has been proposed that high-level percepts of stimuli 

can be updated in spatiotopic coordinates (Box 1). The hypothesis is that the high-level 

representation of a stimulus (i.e. representations in high-level visual areas) is updated rather 

than low-level visual features (i.e. representations in striate cortex). Multiple studies have 

demonstrated that the presence of a pre-saccadic stimulus affected the percepts of a post-

saccadic stimulus if the pre-saccadic and post-saccadic stimuli are similar to each other 

(Irwin et al., 1990; Jüttner & Röhler, 1993; Pollatsek, Rayner, & Collins, 1984). Recently, 

similar experimental paradigms provided more evidence, for spatiotopic updating of 

orientation (Fornaciai, Binda, & Cicchini, 2018; Ganmor, Landy, & Simoncelli, 2015; Prime, 

Niemeier, & Crawford, 2006; Wolf & Schütz, 2015), colour (Oostwoud Wijdenes, Marshall, 

& Bays, 2015; Wittenberg, Bremmer, & Wachtler, 2008), and motion (Fracasso, Caramazza, 

& Melcher, 2010; Melcher & Fracasso, 2012; Ong, Hooshvar, Zhang, & Bisley, 2009; Szinte, 

Wexler, & Cavanagh, 2012). In addition, both displacements and changes in visual features 

can be detected more readily when one of the two changed across a saccade (Atsma, Maij, 

Koppen, Irwin, & Medendorp, 2016; Demeyer, De Graef, Wagemans, & Verfaillie, 2010). 
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Time course of spatiotopic upd ating  

 Because the oculomotor system executes a saccade roughly every 300 ms 

(Henderson & Hollingworth, 1998), spatiotopic updating should operate within a small time 

window to facilitate perceptual continuity across saccades. Within a single fixation, pre-

saccadic information should be updated and be available directly after the saccade. In 

Chapter 2 , we demonstrate a direct link between the motion information in the pre-

saccadic and immediate post-saccadic information, as hypothesized from the results earlier 

studies (Deubel, Bridgeman, & Schneider, 1998; Jüttner, 1997). However, it has been 

suggested that spatiotopic updating can only be observed when the saccade can be planned 

for 500 ms or more (Zimmermann, Morrone, & Burr, 2013, 2014; Zimmermann, Morrone, 

Fink, et al., 2013). This is surprisingly long because the visual system typically processes 

stimuli much quicker (Kirchner & Thorpe, 2006) and saccade are typically executed every 

300 ms. In Chapter 3 , we argue that the slow estimated time course of spatiotopic 

updating follows from a selective interpretation of the results of the aforementioned 

studies. In addition, we provide evidence that the spatiotopic updating can observed for fast 

visually-guided saccades (with latencies of ~150 ms) using a similar paradigm as in Chapter 

2.  

Feature specificity of spatiotopic updating  

The results presented in Chapter 2 and 3 both suggest that spatiotopic updating does 

contain information specific to the visual features of the stimulus. In Chapter 4  we 

investigated this further using magnetoencephalography (MEG). Neuroimaging studies with 

human subjects have also provided evidence for updating of spatial coordinates of visual 

targets in the posterior parietal cortex, using functional magnetic resonance imaging (fMR) 

(Dunkley, Baltaretu, & Crawford, 2016; Fairhall, Schwarzbach, Lingnau, Van Koningsbruggen, 

& Melcher, 2017; Medendorp, Goltz, & Vilis, 2006; Medendorp, Goltz, Vilis, & Crawford, 

2003; Merriam, Genovese, & Colby, 2003, 2007) and magneto-/electroencephalography 

(M/EEG) (Bellebaum & Daum, 2006; Edwards, VanRullen, & Cavanagh, 2018; Parks & 

Corballis, 2010; Van Der Werf, Buchholz, Jensen, & Medendorp, 2013). In these studies, 

receptive fields are typically operationalized as hemifield, where each hemisphere represents 

the contralateral hemifield. For example, Parks and Corballis (2008, 2010) showed 

observers a large stimulus in the left or right visual field. Subjects were instructed to make 

a saccade across the stimulus, bringing it from the left to the right visual field. Shortly before 

saccade onset, the potential over the hemisphere ipsilateral to the stimulus increased. 

Because the ipsilateral hemisphere would become the contralateral hemisphere after the 
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saccade, the increased potential was interpreted to reflect remapping or spatiotopic 

updating.  

Although the results from the EEG studies might relate to the processing of re-afferent 

information it does not show whether re-afferent information contains feature information 

about the stimulus. Feature specificity has been investigated with fMRI. Feature specific 

updating has been demonstrated in modulations of blood-oxygen level-dependent (BOLD) 

response amplitudes when presenting either the same stimulus across a saccade or changing 

it (Dunkley et al., 2016). However, another fMRI study suggested that although visual 

features might potentially be present in the re-afferent information, feature information is 

not automatically updated (Lescroart, Kanwisher, & Golomb, 2016). Unfortunately, fMRI 

does not have the temporal resolution to dissociate between pre- and post-saccadic effects 

due to the long impulse response function of the BOLD response function. Therefore, we 

investigated spatiotopic updating with magnetoencephalography in chapter 4. Similar to the 

EEG study of Parks & Corballis (2008, 2010), we observed stronger responses to the 

combination of a stimulus and a saccade than the responses to only a stimulus or only a 

saccade. Using multivariate pattern analysis (MVPA), we further investigated whether the 

information about the stimulus features in the MEG data were spatiotopically updated. We 

observed an effect that could be related to spatiotopic updating after saccade offset. Rather 

than predictive spatiotopic updating of visual features, our results showed that the pre-

saccadic representation of the spatial frequency of the stimulus lingered in retinotopic 

coordinates after saccade offset. However, quickly after saccade offset, only ~50 ms after 

saccade offset there was an additional representation in post-saccadic retinotopic 

coordinates. Thus, at the same time we could decode spatial frequency using either the pre- 

or post-saccadic representation. These results do not reflect predictive updating of stimulus 

features before saccade onset ȓ although the absence of evidence does not equal evidence 

for absence ȓ but are more in line with a memory-based account of spatiotopic updating, 

where the pre-saccadic stimulus and post-saccadic stimulus can be compared once both 

have been processed using retinotopic afferent information.  

Perceptual discontinuity after stroke  

In addition to neuroimaging, several studies have investigated spatiotopic updating in 

patients with lesions to the areas that have been demonstrated to show either remapping 

of receptive fields (e.g. posterior parietal cortex) or to process extra-retinal information 

(e.g. medial dorsal nucleus of the thalamus). Around the same time as the discovery of 
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predictive remapping (Duhamel, Colby, et al., 1992), two studies presented patients with 

frontoparietal lesions that exhibited oculomotor behaviour that suggested an impairment 

in spatiotopic updating (Duhamel, Goldberg, Fitzgibbon, Sirigu, & Grafman, 1992; Heide, 

Blankenburg, Zimmermann, & Kompf, 1995). More recently however, these conclusions 

have been criticized to result from very strict definitions of a saccade in the analysis (Rath-

Wilson & Guitton, 2015). Because responses in those studies (double-step saccades) were 

not perceptual judgements it could be that lesions to the posterior parietal cortex 

specifically affect perceptual judgements, but not oculomotor responses. To directly assess 

the influence of extra-retinal signals on perception, we tested patients with lesions to the 

posterior parietal cortex with the intrasaccadic displacement task in Chapter 5 . 

Performance on this task is affected in patients with lesions to the medial dorsal nucleus of 

the thalamus (Ostendorf, Liebermann, & Ploner, 2010, 2013). Specifically, the blank effect ȓ 

illustrative for the availability of extra-retinal signals ȓ was reversed, i.e. when the blank was 

introduced between saccade offset and displacement onset, even larger displacement went 

unnoticed than without the blank. This is the opposite of what healthy observers show. The 

data presented in chapter 5 does not suggest that patients with a lesion to the posterior 

parietal cortex have a deficit similar to patients with thalamus lesions. In most of the patients 

we tested, even those with substantial lesions to the posterior parietal cortex, displacement 

sensitivity improved with the introduction of a blank, suggesting an influence of extra-retinal 

signals on visual perception across saccades. 

Maintenance of visuospatial information  

The study presented in Chapter 5 is fundamental in nature. We examined the 

psychophysical data for evidence of perceptual discontinuity in patients with a lesion to the 

parietal cortex. But the data did not provide this evidence One explanation for the presence 

of perceptual continuity in patients with PPC lesions is the possibility that there are multiple 

neural circuits that could give rise to perceptual continuity, i.e. degeneracy (Edelman & Gally, 

2001; Price & Friston, 2002). For example, it has been proposed that perceptual continuity 

can be established by using an efference copy of the motor command as extra-retinal signals 

(Von Holst & Mittelstaedt, 1950), but also by using proprioceptive signals from the eye 

(Steinbach, 1987; Sun & Goldberg, 2016). The data presented in Chapter 5 cannot make a 

distinction between these different sources. Moreover, the study did not explore the clinical 

consequences of the hypothetical perceptual discontinuity for the affected patient.  
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Symptoms of visuospatial neglect resemble problems with memory-based spatiotopic 

updating (Husain & Rorden, 2003). Although the core-deficit in visuospatial neglect is 

defined as a lateralized attention disorder, several patients also exhibit impaired spatial 

working memory performance when spatial information has to be maintained across 

saccades, resulting in repetitive re-examination of the same stimuli on the intact side of 

their visual field (Husain et al., 2001; Mannan et al., 2005; Ptak, Schnider, Golay, & Muri, 

2007; Wojciulik, Husain, Clarke, & Driver, 2001). In Chapter 6  we present a newly 

developed task to assess spatial working memory performance and can be administered in 

clinical settings. With this task we collected data of stroke patients in the sub-acute phase 

with and without visuospatial neglect. These data demonstrate a relationship between the 

precision of spatial information and performance in visual search, which are in turn both 

correlated with the presence of visuospatial neglect.  Moreover, the task proved to be easily 

assessable in a clinical population and clinical setting (unlike the intra-saccadic displacement 

task, which requires an advanced eye tracker and 1-2 hours to conduct). This makes it a 

promising tool to screen for spatial working memory impairments. 

The capability to store and update visual information is inherent to perceptual 

continuity. In Chapter 7 we investigate this by examining the extent to which previous 

fixation locations guide saccade direction. It has been suggested that saccades are biased 

away from previously fixated locations (Boot, McCarley, Kramer, & Peterson, 2004; Klein, 

1988; McCarley, Wang, Kramer, Irwin, & Peterson, 2003). However, it is not 

straightforward to establish a proper baseline rate of fixations at a specific location in a 

scene (Bays & Husain, 2012). Since the classic work of Yarbus it is known that observers 

look at specific parts of a scene, others are rarely fixated (Yarbus, 1967). We circumvented 

this problem using an artificial display where only two saccade targets are presented at every 

fixation, and previous targets are removed from the screen (McCarley et al., 2003). We 

observed that re-fixation rates increased when a fixation had been fixated before but a Ȗlongȗ 

time ago. This effect was modulated by task (whether or not re-fixating affected task 

performance) and the presences of spatial references. The effect of spatial references 

suggests that spatial information is more easily transferred across saccades when visual 

stimuli are continuously present (Golomb, Pulido, Albrecht, Chun, & Mazer, 2010; Lisi, 

Cavanagh, & Zorzi, 2015).  

In Chapter 8 we explored how covert attention is deployed while subjects maintain 

stable fixation but have to remember a single location for several seconds. In this 

experiment we used the pupillary light response to measure the location of attention (Binda, 
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Pereverzeva, & Murray, 2013; Mathôt, Dalmaijer, & Grainger, 2014; Mathôt, van der Linden, 

Grainger, & Vitu, 2013). In this experiment observers were presented with a display in which 

one half was bright, the other half was dark. A brief flash indicated the location that had to 

be remembered. This location was either on the bright or the dark background. The 

observerȗs task was to accurately remember the location because after a delay of 8 seconds, 

a second flash would be presented slightly displaced from the initial location (cf. 

displacement task for SSID). The observer had to indicated in which direction the 

displacement was. When the to-be-remembered location was on the dark background pupil 

size increased, relative to when the location was on a bright background. We did not 

observe a continuous difference in pupil size throughout the entire delay, but for several 

seconds at the beginning of the memory interval, and several seconds before the end. 

Summary  

To summarize, the first impression of the squirrel, while you were still watching the 

ants, influenced your perception of the squirrel, immediately after your eye movement 

towards the squirrel ended (Chapter 2 and 3). You did not see the entire forest move 

because extra-retinal signals influenced your perception, enabling spatiotopic updating of 

the representation of the squirrel after the saccade ended (Chapter 4). The extra-retinal 

signals still influence perception after a stroke to the posterior parietal cortex ȓ a cortical 

area that is likely involved in processing extra-retinal signals (Chapter 5). Now that you have 

identified the squirrel you continue to marvel at the complexity of the ant hill. Or, if you 

are actively looking for other small forest dwellers ȓ such as a hedgehog ȓ you will probably 

not direct your gaze back to the same location on the ant hill (Chapter 7). However, when 

the ability to remember locations is impaired, for example after a stroke, your ability to 

search for the hedgehog is likely also impaired (Chapter 6). Finally, if you saw something 

rustle in the periphery, but did not make an eye movement towards it because the ants you 

were inspecting were too fascinating, you might have been able to keep your attention at 

the rustled location (Chapter 8). When the rustling increases, you make a saccade towards 

it, experiencing perceptual continuity across saccades. 
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Ab stract  

As the neural representation of visual information is initially coded in retinotopic 

coordinates, eye movements (saccades) pose a major problem for visual stability. If no visual 

information were maintained across saccades, retinotopic representations would have to 

be rebuilt after each saccade. It is currently strongly debated what kind of information (if 

any at all) is accumulated across saccades, and when this information becomes available after 

a saccade. Here, we use a motion illusion to examine the accumulation of visual information 

across saccades. In this illusion, an annulus with a random texture slowly rotates, and is then 

replaced with a second texture (motion transient). With increasing rotation durations, 

observers consistently perceive the transient as large rotational jumps in the direction 

opposite to rotation direction (backward jumps). We first show that accumulated motion 

information is updated spatiotopically across saccades. Then, we show that this accumulated 

information is readily available after a saccade, immediately biasing postsaccadic perception. 

The current findings suggest that presaccadic information is used to facilitate postsaccadic 

perception and are in support of a forward model of transsaccadic perception, aiming at 

anticipating the consequences of eye movements and operating within the narrow 

perisaccadic time window. 
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Introduction  

When inspecting the world, visual information travels from the retina to the visual 

cortex in a retinotopic reference frame. Yet, the eyes are continuously moving, creating 

large shifts in retinal images and thereby posing a serious problem for visual stability. Are 

perceptual representations updated across saccades, in a spatiotopic reference frame, or 

do they start anew upon each fixation? This question has gained increasing interest since 

the presentation of neurophysiological evidence of perisaccadic shifts of receptive fields, 

suggesting that information is exchanged between neurons around the time of saccades 

(Duhamel, Colby, et al., 1992; Kusunoki & Goldberg, 2003; Umeno & Goldberg, 1997).  

As illustrated by the phenomenon of change blindness, not the entire visual scene is 

updated across saccades (Simons & Rensink, 2005). It has been argued that only the 

behaviourally relevant features at saccade endpoint are updated spatiotopically (Deubel et 

al., 1996; McConkie & Currie, 1996). This presaccadic acquisition of visual features at the 

saccade target can then be used to predict the perceptual consequences of the eye 

movement at the fovea (Mathôt & Theeuwes, 2011; Melcher & Colby, 2008; Sommer & 

Wurtz, 2008b), compatible with forward models where sensory processing is influenced by 

the predicted consequences of upcoming, self-generated movements (Crapse & Sommer, 

2008a; Miall & Wolpert, 1996; Webb, 2004). Recently, several behavioural studies have 

indeed provided evidence for spatiotopic updating of feature information such as 

orientation, colour, shape and motion (Biber & Ilg, 2011; Demeyer, De Graef, Wagemans, 

& Verfaillie, 2009; Ganmor et al., 2015; Melcher & Morrone, 2003; Oostwoud Wijdenes et 

al., 2015; Wolf & Schütz, 2015).  

However, others studies did not find transfer of visual features from a retinotopic into 

a spatiotopic representation (Knapen et al., 2009; Mathôt & Theeuwes, 2013; Morris et al., 

2010; Wenderoth & Wiese, 2008), prompting the hypothesis that not feature information, 

but only spatial information can be updated spatiotopically using 'attentional pointers' 

(Cavanagh et al., 2010). This hypothesis has primarily been investigated using cueing effects, 

showing that a cue presented before a saccade is effective soon after a saccade in spatiotopic 

coordinates (Hilchey, Klein, Satel, & Wang, 2012; Jonikaitis & Theeuwes, 2013; Pertzov, 

Zohary, & Avidan, 2010). Whether this also holds for trans-saccadic integration remains 

unknown, as there are currently no studies addressing the time course of spatiotopic 

updating of perceptual representations after a saccade. 
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Here, we address the issue of spatiotopic visual stability by taking advantage of a 

recently described motion illusion ȓ High Phi (Wexler, Glennerster, Cavanagh, Ito, & Seno, 

2013) ȓ to measure the rapid induction of a motion percept. Using this illusion, the current 

experiments address whether and when presaccadic visual features influences postsaccadic 

perception. In the High Phi illusion, an annulus with a random texture (inducer) rotates 

slowly clockwise or counter-clockwise and is then replaced with several different textures 

(transient). With increasing inducer durations, participants report the transient more and 

more as large rotational jumps in the direction opposite to inducer direction (backward 

jumps). Importantly, the successive different textures, that trigger the illusory jump, are 

presented transiently, allowing for direct manipulation of perception onset. By manipulating 

the reference frame of the inducer with respect to the transient we were able to compare 

the benefit of spatiotopic representations on the speed of building a perceptual 

representation after a saccade. The data of two experiments are compellingly in favour of 

rapid spatiotopic interpretations of visual information after eye movement offset. This 

supports the hypothesis of a perceptual system where object representations can be 

updated spatiotopically across saccades, taking into account both object features and 

position. Thereby, this system enables fast spatiotopic interpretations of visual information 

immediately after saccade offset. 

Results  

Experimen t 1 ȓ Reference frame of the High Phi illusion  

The fast temporal characteristics of the High Phi illusion make it an ideal tool to 

investigate the rapid building of a perceptual representation. However, when investigating 

transsaccadic perception, this is only useful when the accumulated motion information can 

be updated spatiotopically. Previous investigations into spatiotopic accumulation of motion 

information have yielded mixed results with some studies showing spatiotopic (Biber & Ilg, 

2011; Melcher & Morrone, 2003) and others showing strictly retinotopic representations 

of motion (Knapen et al., 2009; Wenderoth & Wiese, 2008). Moreover, some of the 

spatiotopic effects have been accounted for by more general decision biases, irrespective of 

either the spatiotopic or retinotopic location of the stimulus (Morris et al., 2010). 

Therefore, we examined the reference frame in which the High Phi illusion can be induced 

in Experiment 1. We adapted the illusion into a transsaccadic paradigm with four different 

trial types (Figure 1). In our display, subjects were always presented with two annuli with 
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different textures, thus enabling manipulation of the reference frame in which the inducer 

and the transient were presented.  

In 12 naïve human subjects we tested the effects of an inducer on perceived jump 

direction when the inducer and the transient were (A) fully, (B) only spatiotopically, (C) 

only retinotopically or (D) not matched (we refer to the latter type as Long Range trials). 

Beside this spatial manipulation, we also varied the inducer duration in order to investigate 

the temporal development of the illusion.  

In Full Match and Long Range trials (Fig. 1A,D), subjects remained fixation, enabling full 

control over the duration of the inducer which was set to either 0, 33.3 or 1066.7 ms 

(presented at a 60 Hz refresh rate). We were primarily interested in the 33.3 or 1066.7 ms 

conditions, but included the 0 to keep the number of trials in fixation and saccade blocks 
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balanced (see Methods: Data preprocessing). In Spatiotopic and Retinotopic trials 

(Fig. 1B,C), inducers rotated both before and after subjects made a saccade. The duration 

of the postsaccadic inducer was of main interest to our analysis, as we wanted to investigate 

whether the presaccadic inducer affected the strength of the postsaccadic inducer. During 

the experiment, postsaccadic inducer duration was probed gaze-contingently with 16.7, 33.3 

or 50.0 ms, randomly drawn from a uniform distribution. A posteriori, we determined the 

actual postsaccadic inducer duration with respect to saccade offset, as set by the native 

Eyelink saccade detection algorithm. In all trial types, the transient was presented 

immediately after the inducer, and subjects reported whether they perceived a clockwise 

or counter clockwise jump. These responses were coded with respect to the preceding 

inducer rotation direction. Forward jumps were coded as 1, backward jumps as ī 1. All 

trials that met our inclusion criteria (see Methods: Data preprocessing) were analysed using 

a linear logit mixed effects model (Baayen, Davidson, & Bates, 2008; Jaeger, 2008). The 

reported coefficients are in logits and relative to the baseline level in the model, comprising 

the Full Match trials with 33.3 ms of inducer. 

In Full Match trials, subjects fixated a single fixation point, and the positions of the 

inducer and the transient were fully matched, i.e. both spatio- and retinotopically. Hence, 

this condition, was very similar to the original paradigm of Wexler and colleagues (Wexler 

et al., 2013), with the addition of a second static annulus in the periphery. As depicted by 

the dark striped bars in Figure 2, subjects perceived more backward than forward jumps 

after an inducer as brief as 33.3 ms (Ǝ = -0.44, z = 4.63, p < 0.001), and this bias grew even 

stronger after 1066.7 ms (Ǝ = -1.95, z = 12.54, p < 0.001). Subjects tended to perceive the 

changing textures (transient) as backward jumps when it was preceded by an inducer of 

sufficient duration.  

As was to be expected from motion aftereffect studies (Knapen et al., 2009; Wenderoth 

& Wiese, 2008), there was a significant bias in perceived jump direction when the inducer 

was only retinotopically matched to the transient that was presented 33.3 ms after saccade 

offset (Ǝ = -0.39, z = 2.35, p = 0.019, as compared to the Full Match 33.3 ms condition; 

Figure 2, dark solid bars). However, this retinotopic effect wears off over time (post-hoc 

comparison between 33.3 and 1066.7 ms in the Retinotopic trials; Ǝ = 0.34, z = 2.16, p = 

0.03), most likely because the inducer and the transient are no longer retinotopically 
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matched after the saccade. Indeed, in a control experiment (see Supplementary Figure S1) 

we showed that the bias in the Retinotopic condition is as strong as in the Spatiotopic 

condition when the inducer motion is transferred along with the saccade (see 

Supplementary Figure S2). 

Interestingly, beside a retinotopic effect, a spatiotopic effect was observed (Figure 2, 

light solid bars). Shortly after saccade offset, subjects reported more backward jumps than 

in the Full Match condition, i.e. when the postsaccadic inducer duration lasted only 33.3 ms 

(Ǝ = -0.69, z = 4.76, p < 0.001). This bias, like the Full Match condition grew stronger over 

time (post hoc comparison between 33.3 and 1066.7 ms in the Spatiotopic trials; Ǝ = 1.24, 

z = 5.25, p < 0.001), but the difference between a short and long inducer was not as large 

as in the Full Match trials (Ǝ = 0.71, z = 2.51, p = 0.012). In other words, even though the 

inducer rotated for 933.3 ms (on average) in the periphery before saccade onset, in 

Spatiotopic trials the average perceived jump direction after 33.3 ms was not as consistently 

backward as in the Full Match after 1066.7 ms. 
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To control for potential long range effects in the High Phi illusion, or a decisional bias 

of a peripheral inducer on the perceived jump direction of a centrally presented transient, 

we examined the effect of a peripheral inducer per se, that is, without a saccade towards it. 

In the Long Range condition after 33.3 ms, a bias for backward jumps was observed, not 

significantly different from the bias observed after 33.3 ms of inducer in the Full Match 

condition (Ǝ = 0.10, z = 0.901, p = 0.368; Figure 2, light striped bars). In contrast to the Full 

Match condition, this bias did not change with longer inducer duration (post hoc comparison 

between 33.3 and 1066.7 ms in the Long Range trials; Ǝ = -0.18, z = 1.68, p = 0.096). We 

re-ran the mixed effects model with the Spatiotopic trials as a reference level to test 

whether the observed long range effect is statistically different from the observed 

Spatiotopic effect after 33.3 ms of inducer. This model confirms that the long range effect 

after 33.3 ms is smaller than in the Spatiotopic condition after 33.3 ms (post-hoc Ǝ = 0.79, 

z = 5.45, p < 0.001). The absence of a strong long range effect is indicative for a spatially 

selective effect of the inducer on the perceived jump direction. The transient and the 

inducer have to be matched in at least a retinotopic or ȓ and critically ȓ a spatiotopic 

reference frame in order to effectively induce perceived backward jumps. Together, the 

results from the Long Range and Spatiotopic condition suggest that a peripherally presented 

inducer can effectively induce the High Phi illusion but only when the inducer becomes 

spatially aligned with the transient. 

Experiment 2 ȓ Time course of spatiotopic facilitation  

In Experiment 1, we showed that the High Phi illusion can be stored retinotopically 

across saccades, similar to motion after effects. In addition, the accumulated motion 

information can also be updated spatiotopically. The spatiotopic effect is present shortly 

after saccade offset. In Experiment 2, we addressed whether this observed spatiotopic effect 

is related to a faster development of the illusion, with respect to the Full Match trials (i.e. 

an increased effect of inducer duration in Spatiotopic trials) or to a general tendency to 

observe the transient as backward jumps immediately from the beginning of fixation (i.e. a 

change in offset in Spatiotopic trials).  

The spatiotopic effect in Experiment 1 seemed to be different from a long range or 

decisional bias, since the observed spatiotopic effect was larger than the long range effect. 

However, in the Spatiotopic condition, after saccade offset, the postsaccadic inducer and 

the transient position were fully matched, whereas in the Long Range condition the inducer 

and the transient were never matched. Hence, we tested the long range effect more 
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conservatively in Experiment 2 (see Methods, Saccade Mimic trials), to further control for 

a long range explanation of the spatiotopic effect (Morris et al., 2010).  

12 different naïve subjects were tested on four different trial types (Figure 3), with a 

higher temporal resolution with respect to inducer duration. Similar to Experiment 1, there 

were Full Match and Spatiotopic trials (Figure 3 A/B). Inducer duration was set to 16.7, 33.3 

or 50 ms (presented at a 60 Hz refresh rate). In Full Match trials, the inducer could also 

rotate for 800 ms, in order to obtain a measure of the potency of the High Phi illusion at 

its strongest. In addition to the Full Match and Spatiotopic trials, we included Saccade Cost 

trials to investigate the potential cost of a saccade preceding the transient on the proportion 

of reported backward jumps (Figure 3C). In these trials, subjects fixated within a static 

annulus, and made a saccade towards the peripheral annulus, that had also remained static. 

The inducer started rotating only after the saccade had ended. Hence, the retinal input was 

essentially similar to the Full Match trials, with the exception that a saccade was made before 

inducer presentation. The fourth trial type, Saccade Mimic controlled conservatively for 
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long range effects (Figure 3D). In these trials, a peripheral inducer rotated for 700 ms (± 

150, uniformly distributed), resembling the peripheral inducer duration in Spatiotopic trials, 

followed by an additional 200 ms (± 100, uniformly distributed), approximately simulating 

the saccadic latency and saccadic duration in Spatiotopic trials. Then, the peripheral inducer 

stopped rotating and the central inducer rotated for 16.7, 33.3 or 50 ms, followed by the 

transient. As in Experiment 1, we analysed the perceived jump direction as a function of 

trial type and inducer duration with a linear logit mixed effects model. 

The baseline for the development of the High Phi illusion is the effect of 16.7 ms of 

inducer in the Full Match condition. The rapid induction of the illusion is illustrated by the 

observed slope in the Full Match condition, along inducer duration (Ǝ = -0.65, z = 11.18, p 

< 0.001; Figure 4, dark dashed line). However, in the same condition, 16.7 ms of inducer 

was not sufficient to induce a bias for backward jumps (Ǝ = 0.02, z = 0.15, p = 0.882). After 

 



31 
 

800 ms of inducer in the Full Match condition, the average response was -0.89 (± 0.03 s.e.m.) 

very similar to what was observed in Experiment 1 after 1066.7 of inducer in the Full Match 

condition (-0.83 ± 0.04 s.e.m.). After a saccade this initial bias was similarly absent (difference 

between Full Match and Saccade Cost at 16.7 ms of inducer: Ǝ = 0.02, z = 0.15, p = 0.878; 

Figure 4 dark solid line). However, the illusion developed more slowly over time (effect of 

inducer duration in Saccade Cost, as compared to the effect of inducer duration in Full 

Match trials: Ǝ = 0.27, z = 3.01, p = 0.003), though significantly (post-hoc Ǝ = -0.27, z = 3.01, 

p = 0.003).  

Note that both in the Full Match trials (Exp. 1 and Exp. 2) as well as in the Saccade 

Cost trials, the direction of the perceived jumps is slightly different from the results 

obtained by Wexler and colleagues (2013). With short inducer durations (16.7 or 33.3 ms) 

their subjects reported primarily forward jumps, whereas here subjects already had a slight 

bias to report backward jumps when a transient followed a short inducer. A potential 

explanation for this difference might be found in the duration of the transient (Wexler, 

personal communication). In their study, the transient comprised a single change in texture, 

here, four different textures were used. We used more textures because the perceived 

jump tends to increase with more different textures (Wexler et al., 2013). However, the 

transient duration might have also affected the direction of the perceived jump. Yet, given 

the internal consistency and replication of the High Phi effect in the current study (see 

Control Analyses and Figure 5b), we believe the results of the Full Match condition can 

serve as a valid baseline for the Spatiotopic condition. 

In contrast to the Saccade Cost condition, when a presaccadic Spatiotopic preview of 

the inducer was provided, the illusion was induced more strongly than in the Full Match 

condition (Figure 4, light solid line), even when the transient was presented after only 16.7 

ms of the post-saccadic inducer (Ǝ = -1.33, z = 10.78, p < 0.001). The development of the 

illusion (slope) was not significantly different in the Spatiotopic condition, with respect to 

the slope in the Full Match condition (interaction Ǝ = 0.14, z = 1.24, p = 0.215). 

The Saccade Mimic condition was included to provide the most conservative control 

for the observed spatiotopic effect. In this condition a peripheral inducer rotated for at 

least 550 ms and was then succeeded by a central inducer of 16.7, 33.3 or 50 ms. In these 

trials, there was a larger bias than in the Full Match condition after 16.7 ms inducer (Ǝ = -
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0.37, z = 3.74, p < 0.001; Figure 4 light dashed line), but the slope was similar to the slope 

in the Full Match trials (Ǝ = 0.10, z = 1.17, p = 0.242). We re-ran the model with the Saccade 

Mimic trials as a reference level to further investigate the long range effects. First, this shows 

that the initial bias is not only stronger than in the Full Match trials but is actually also 

statistically different from zero after even 16.7 ms of central inducer (post-hoc Ǝ = -0.35, z 

= 2.79, p = 0.005). Second, crucially, the initial bias observed after 16.7 ms of inducer in the 

Saccade Mimic condition was smaller than in the Spatiotopic condition (post-hoc Ǝ = 0.96, 

z = 7.74, p < 0.001). 

Control analyses  

Beside the aforementioned long range effects, we warranted some additional caution in 

interpreting the Spatiotopic effect. We suspected that, given the strength of the visual 

illusion, subjects might have hypothesized that long inducers were always followed by 

backward jumps. If this were true and subjects were able to identify the inducer direction 

in the Spatiotopic conditions, they might have based their response on that hypothesis. To 

control for this effect, we ran another linear mixed effects model (for each experiment 

separately), where we added a random slope of Trial number within each subject. Trial 

number corresponded to the actual trial number that was used in the experiment. With 

likelihood ratio tests, we compared these new models to the original models, where Trial 

number was not included. Neither in Experiment 1, nor in Experiment 2 did Trial number 

increase the fit of the models (Exp. 1 ƣ2(2) = 4.03, p = 0.133; Exp. 2 ƣ2(2) = 4.73, p = 0.094). 

Therefore, we conclude that the observed Spatiotopic effect is not likely to be attributable 

to decision biases related to familiarity with the High Phi illusion. 

In both experiments, subjects were required to make a saccade in two conditions, 

whereas in the other two conditions they could remain stable fixation over the entire 

course of the trial. First, we analysed the average horizontal gaze positions during the 

transient across the different conditions. Overall, there was more variability in the 

conditions with saccades than in the conditions without (Figure 5a and see Supplementary 

Material online). Next, we analysed the precision of fixation during transient presentation 

(variance in gaze coordinates during transient) and fixation error (between inducer 

presentation and transient presentation). When precision and error were included as 

random effects in our mixed effects models, inferences on the fixed effects did not change 
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(see Supplementary Table S1). The variability in fixation precision and error does therefore 

not account for the observed differences in perceived jump direction across the different 

conditions. 

Figure 5b shows the average perceived jump direction after 33.3 ms of inducer in 

Experiment 1 and Experiment 2. As can be clearly seen, the Spatiotopic benefit was present 

in both experiments, even though two different samples of subjects were used. An 

additional linear mixed effects analysis with Experiment and Condition as fixed effects and 

Subject as a random effect was ran to test this. In both samples, there was a bias in the Full 

Match condition after 33.3 ms of inducer motion (Ǝ = -0.45, z = 2.98, p = 0.003), and the 

bias was stronger in the Spatiotopic condition in both experiments, compared to the Full 

Match condition (Ǝ = -0.69, z = 4.63, p < 0.001). The Spatiotopic was stronger in Experiment 

2 than in Experiment 1 (Ǝ = -0.64, z = -2.55, p = 0.011). However, the interaction between 

experimental condition (Spatiotopic and Full Match) and Experiment number was not 

significantly different (Ǝ = 0.37, z = 1.81, p = 0.07). Together, these results show that the 

trans-saccadic High Phi paradigm as developed in this study yields robust and consistent 

results across observers. 
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Discussion  

We investigated whether and when presaccadic visual information is integrated with 

postsaccadic information. Using the fast temporal dynamics of the High Phi illusion, we 

demonstrated that presaccadically acquired information influences perception immediately 

after a saccade. We excluded potential long range explanations of this spatiotopic facilitation 

with several control conditions. Our data support the hypothesis of a perceptual system 

that uses predictions based on presaccadic information to efficiently process postsaccadic 

information (Crapse & Sommer, 2008b; Sommer & Wurtz, 2008b). These predicted 

consequences are commonly thought to enable the cancellation of self-generated changes 

from external changes in visual input, as observed in saccadic suppression of intrasaccadic 

displacement paradigms (Bays & Husain, 2007; Bridgeman et al., 1975; Crapse & Sommer, 

2012; Currie, McConkie, Carlson-Radvansky, & Irwin, 2000; Deubel et al., 1996). In addition 

to this cancellation property, our data suggest that the same prediction might also facilitate 

postsaccadic perception under circumstances where nothing changed externally during the 

saccade. By actively integrating the prediction (based upon prior presaccadic information) 

with the postsaccadic information, perception can be accurately biased towards presaccadic 

input. When the world remained stable across a saccade, this could potentially increase 

sensory sampling efficiency. 

The investigation of the time course of transsaccadic integration has thus far mainly 

focussed on the pre-saccadic acquisition of feature information (Demeyer et al., 2009; 

Ganmor et al., 2015; McConkie & Currie, 1996; Oostwoud Wijdenes et al., 2015; Wolf & 

Schütz, 2015). One study showed that presaccadic information is integrated with 

information that is available upon fixation onset, by measuring participant critical spacing on 

crowding stimuli (Harrison & Bex, 2014). Here, we extend this finding by providing direct 

empirical evidence that the presaccadically acquired features facilitate postsaccadic 

perception immediately after saccade offset. This time course is compatible with several 

reports of early spatiotopic attentional effects briefly after saccade offset (Golomb, Nguyen-

Phuc, Mazer, McCarthy, & Chun, 2010; Hilchey et al., 2012; Jonikaitis & Theeuwes, 2013). 

Our data are in favour of a visual system that seems to anticipate the consequences of an 

upcoming saccade in order to readily process postsaccadic visual information using that 

same prediction (Mathôt & Theeuwes, 2011; Melcher & Colby, 2008; Wurtz, Joiner, & 

Berman, 2011).  
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It should be noted that in the current study we did not manipulate or highly restrict 

the time in which the system could build a spatiotopic prediction before saccade onset. 

Instead, we allowed subjects to view the peripheral rotating inducer for at least 596 ms 

(945 ms on average). Interestingly, previous studies suggested that constructing a 

spatiotopic prediction of visual information might actually take approximately 400 ms 

(Zimmermann, Morrone, & Burr, 2013; Zimmermann, Morrone, Fink, et al., 2013). Here, 

we did not attempt to investigate the presaccadic build-up of spatiotopic representations. 

Potentially, saccadic suppression of motion stimuli might reduce the strength of a peripheral 

inducer when it is only visible shortly before saccade onset, since motion signals are strongly 

suppressed during saccades (Shioiri & Cavanagh, 1989). On the other hand, rotational 

motion is used to induce the High Phi illusion, effectively providing motion energy in all 

directions. This might minimize suppression, because it has been shown that sensitivity for 

displacements during saccades is primarily reduced on the axis parallel to the saccade, but 

not so much in orthogonal directions (Bansal, Jayet Bray, Peterson, & Joiner, 2015; Wexler 

& Collins, 2014). Hence, the paradigm presented here could be a good candidate to 

investigate the suggested slowly developing spatiotopic representations (Zimmermann, 

Morrone, Fink, et al., 2013).  

Apart from the time course of integration, it is currently also debated exactly which 

features are updated spatiotopically across saccades. In Experiment 1 we showed that the 

accumulated motion information can be stored both in a retinotopic and in a spatiotopic 

reference frame. The storing of motion information in a retinotopic reference frame is a 

common finding (Knapen et al., 2009; Wenderoth & Wiese, 2008). However, spatiotopic 

updating of accumulated motion information is controversial. On a behavioural level, one 

study showing spatiotopic motion integration (Melcher & Morrone, 2003) has been 

criticized to lack a strict long range control condition that accounted for the presumed 

spatiotopic effects (Morris et al., 2010). Here, we carefully controlled for these potential 

long range effects, and show that despite the presence of a small long range bias, this cannot 

fully account for the observed spatiotopic updating of accumulated motion information.  

Additionally, spatiotopic updating of motion information has previously been 

investigated using motion after effects (Knapen et al., 2009; Wenderoth & Wiese, 2008). 

The results of those studies suggested that motion cannot be updated spatiotopically but is 

strictly represented retinotopically. The retinotopic conditions in Experiment 1 and the 

control experiment (see Supplementary Information) show that inducer motion energy in 

the High Phi phenomenon can be similarly accumulated in a retinotopic reference frame 
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across saccades. When the inducer is not rotating retinotopically after the saccade, the 

effectiveness of the inducer wears off. This might suggest a common mechanism underlying 

the High Phi phenomenon and motion after effects. However, our findings are in conflict 

with the conclusion that updating of feature information is restricted to a retinotopic 

reference frame. Unfortunately, the exact mechanism underlying the High Phi phenomenon 

remains unknown, so there is no direct explanation why the High Phi illusion can be induced 

spatiotopically, whereas traditional motion after effects cannot. Hypothetically, High Phi and 

traditional motion after effects might represent separate phenomena of motion processing. 

Wexler and colleagues (Wexler et al., 2013) mention two important differences between 

the High Phi illusion and traditional motion after effects. First, the amplitude of the 

perceived jump tends to be equivalent to, or slightly exceeding Dmax, whereas the classical 

motion after effect tends to have the same amplitude and speed as the inducer (Wexler et 

al., 2013). Second, the inducer duration can be very brief for the High Phi illusion, whereas 

in traditional motion after effects, inducers tend to be effective after longer inducer 

durations, e.g. ±400 ms for rapid motion after effects (Kanai & Verstraten, 2005). 

How the effects observed here can be explained at the level of neural systems remains 

a question for future studies. Spatiotopicity of (population) receptive fields in motion 

sensitive area MT has been suggested (Crespi et al., 2011; dȗAvossa et al., 2007) but debated 

(Gardner et al., 2008). More in general, the neural mechanisms of transsaccadic integration 

are still largely controversial. Classical findings of shifting receptive field around the time of 

saccades have recently been re-investigated. It was originally interpreted that the visual 

neurons anticipated the consequences of an upcoming saccade by shifting their receptive 

fields in the direction of the saccade (Duhamel, Colby, et al., 1992). However, recently it 

was shown that the receptive fields actually converge towards the saccade target, instead 

of linearly shifting in the direction of the saccade (Zirnsak et al., 2014). Yet, even more 

recently, several studies showed at least two different types of shifts in receptive fields: 

anticipatory vs. memory-based (Inaba & Kawano, 2016; Neupane et al., 2016; Yao, Treue, & 

Krishna, 2016). Unfortunately, the link between these neurophysiological findings and the 

observed behavioural effects in transsaccadic integration still remain unknown (Higgins & 

Rayner, 2015; Marino & Mazer, 2016). We believe the fast temporal dynamics and the 

robustness of the effects across subjects show that the current paradigm might provide a 

valuable tool to further investigate the link between perisaccadic neurophysiology and 

perception. 
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To conclude, the current experiments show two main findings. First, accumulated 

motion information can be updated spatiotopically. Second, presaccadically acquired 

information influences perception immediately upon saccade landing. The fast, or even 

instant effect of spatiotopically updated information on postsaccadic perception supports 

the hypothesis that at least the processing of the saccade target is preceded by a forward 

model aiming at anticipating the consequences of the eye movement (Currie et al., 2000; 

Miall & Wolpert, 1996; Webb, 2004; Zirnsak & Moore, 2014), where the postsaccadic 

retinal input is predicted based upon the presaccadic retinal input and the characteristics of 

the upcoming eye movement (Cavanaugh et al., 2016; Sommer & Wurtz, 2008b). 

Methods  

Subjects  

24 subjects (age 18ȓ29, 4 male) with normal or corrected-to-normal vision participated 

after giving written informed consent. All were naïve to the High Phi illusion and the purpose 

of the study. 12 subjects participated in Experiment 1, 12 in Experiment 2. This study was 

approved by the local ethical committee of the Faculty of Social Sciences of Utrecht 

University. The approved methods were carried out in accordance with the Declaration of 

Helsinki.  

Setup  

Subjects were seated in a darkened room with their heads resting on a chinrest. They 

were seated 70 cm in front of an LG 24 MB65PM LCD-IPS monitor with a spatial resolution 

of 1280×800 pixels and a refresh rate of 60 Hz. All stimuli were created and presented using 

MATLAB (The MathWorks Inc., Natick MA, 2012) and the Psychophysics Toolbox 3.0 

(Brainard, 1997; Pelli, 1997). Eye movements were recorded with an Eyelink 1000 (SR 

Research Ltd. Ottawa ON; sampling rate of 1000 Hz). The Eyelink was calibrated using the 

native 9-point calibration routine.  

Stimuli  

Subject were presented two annuli with different random textures. One annulus was 

7.5° visual angle (VA) to the left of screen centre, the other 7.5° VA to the right. The inner 

radius of the annuli was 3° VA, the outer 6° VA. In the centre of each annulus was a small 

fixation point (black, diameter 0.4° VA). The textures of the annuli were random black and 
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white pixels, low pass filtered with circular averaging (bandwidth 1.24 cycles per degree 

VA). To induce the illusion, the annuli rotated at 20°/sec (Inducer). After the inducer, the 

texture of the annulus was rapidly replaced by a succession of 4 different, random textures 

(Transient). 

Procedure Experiment 1  

All trials started with a single fixation point combined with the Eyelink 1000 drift check. 

A trial started when gaze was closer than 2° to the fixation point and the subject pressed 

the spacebar. Then, the two annuli appeared, remaining static for 1000 ms (± 200 ms, 

uniformly distributed). In Full match and Long range trials subjects were required to 

maintain fixation over the entire trial, whereas in Spatiotopic and Retinotopic trials subjects 

made a saccade. Fixation and saccade trials were presented in separate, interleafed blocks. 

All trials were flagged invalid and repeated at the end of a block when subjects blinked or 

when gaze deviated more than 3° VA from fixation during the presentation of the 

(presaccadic) inducer. 

During the presentation of the static annuli, the imminence of the inducer was cued by 

an auditory beep (261.62 Hz, 50 ms). This beep was not strictly necessary for the task but 

was included to keep saccade and fixation trials as similar as possible. Inducer onset was 

delayed with respect to this cue by 300 ms (± 200 ms, uniformly distributed). The inducer 

rotated for 0, 33.3 1066.7 (60 trials per inducer duration) before transient onset (Fig. 1A). 

We were primarily interested in the 33.3 and 1066.7 ms conditions but included the 0 to 

keep the number of trials in fixation and saccade blocks balanced (see Data Preprocessing). 

After 1000 ms (± 200) of static annuli, the peripheral annulus started rotating for 700 

ms (Fig. 1B). An auditory cue (440 Hz, 50 ms) instructed subjects to make a saccade to the 

fixation point at the centre of the peripheral inducer (required saccade amplitude: 15° VA). 

When gaze was detected within a rectangular area around the peripheral fixation point 

(width x height: 1° x 4° VA), the inducer kept rotating for an additional 16.7, 33.3 or 50 ms 

(120 trials) or 1066.7 ms (60 trials) before the transient was presented. We included these 

3 possible inducer rotations to obtain a reasonable amount of data points for each 

participant, when a posteriori computing the postsaccadic inducer duration with respect to 

saccade offset (see Data Preprocessing).  
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In retinotopic trials, the presaccadic inducer rotated for 700 ms around fixation, 

followed by an auditory cue (440 Hz, 50 ms) that instructed the subject to make a saccade 

to the centre of the peripheral static annulus (Fig. 1C). Postsaccadically, the inducer (now 

peripheral) kept rotating for an additional 16.7, 33.3 or 50 ms (120 trials) or 1066.7 ms (60 

trials) before the transient was presented. Then, the transient was presented around 

fixation. Thus, after the saccade the inducer and the transient were not matched. 

An auditory beep (261.62 Hz, 50 ms) cued the inducer that would be presented 300 (± 

200) ms later. The inducer rotated peripherally for 0, 33.3 or 1066.7 ms and was followed 

by a transient around fixation (Fig. 1D). 

Procedure Experiment 2  

These trials were similar to the Full match trials in Experiment 1 (Fig. 3A). However, 

inducer durations were set to 16.7, 33.3 and 50 ms (60 trials per inducer duration). 

Additionally, the inducer could rotate for 800 ms to verify the effectiveness of the illusion 

in each subject (60 trials). 

Procedurally similar to the spatiotopic trials in Experiment 1 with two changes (Fig. 3B). 

However, we only tested postsaccadic inducer duration of 16.7, 33.3 and 50 ms, randomly 

drawn from a uniform distribution (180 trials), not 1066.7 ms as in Experiment 1. 

These trials were identical to Spatiotopic trials, with the exception that there was no 

presaccadic inducer (Fig. 3C).  

After the static annuli, a peripheral inducer rotated for 700 ms (± 150, uniformly 

distributed), followed by an auditory beep (Fig. 3D). The peripheral inducer kept rotating 

for an additional 200 ms (± 100 ms), matching the saccadic latencies from Experiment 1. 
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Then, the peripheral annulus stopped rotating and the central annulus rotated for 16.7, 33.3 

or 50 ms (60 trials per inducer duration), followed by the transient. 

In order to verify that subjects could reliably report jump directions, each subject 

completed a screening task prior to the actual experiment. Here, trials were similar to the 

Full match trials, with the exception that the transient was substituted by an actual 

clockwise or counter clockwise rotational jump of 15°. Subjects received feedback on their 

response: fixation point turned green for correct responses, or red for incorrect responses. 

All participants performed well above chance on this task (average proportion correct: 0.95, 

range: 0.75 ȓ 1.0). 

Data pre -processing  

Saccades were detected offline using the Eyelink velocity-based algorithm, with a 

velocity threshold of 35°/s and an acceleration threshold of 9500°/s2. Trials were only 

included when saccade onset was > 100 ms, and the amplitude was > 8° VA.  

To compute the number of rotational steps of the postsaccadic inducer in frames with 

respect to saccade offset, we subtracted the time of saccade offset from the time of 

transient onset. Differences in the interval [16,32] were considered as a single step, [33,49] 

as two steps and [50,65] as three steps. This calculation was used in order to analyse 

identical inducer durations in Saccade and Fixation trials. Additionally, in the Saccade Cost 

condition, we only included trials where the onset of the postsaccadic inducer started within 

100 ms upon saccade offset. The median number of trials per subject, per trial type and per 

inducer duration in frames (and milliseconds) in Experiment 1 and Experiment 2 are 

summarized in Table 1. Only trials that included a saccade are represented in the table. The 

fixation conditions contained at least 46 trials per subject per trial type (60 on average). 
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Data analysis  

Given the imbalance in trial numbers across conditions and subjects we analysed the 

data using linear logit mixed effects models (Baayen et al., 2008; Jaeger, 2008). In these 

models we included Condition and Inducer duration as fixed effects. Subjects were modelled 

as random offsets. Responses were -1 for backward jumps, and 1 for forward jumps. In 

Experiment 1, condition and inducer duration were modelled as factors, not numerically. 

Thus, the expected average response of subject j in condition i is given by 

Ð ρ, where 

Ǝi are the coefficients (with one coefficient for each row in the design matrix, and Ǝ0 is 

the coefficient in the Full Match condition after 33.3 ms of inducer), X is the full factorial 

design matrix of Trial type (4 levels), Delay (2 levels) and their interaction, S is the subject-

specific coefficient. In Experiment 1, we did not include 0 ms of inducer because responses 

are coded with respect to inducer direction. Hence, with no inducer there is no inducer 

direction to code the responses to. For the analysis of Experiment 2, a similar model was 

used. However, here Inducer duration was modelled numerically, from 0 to 2, where 0 

represents the baseline of 16.7 ms of inducer. 
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Chapter 2 ȓ Supplementary information  

Control expe riments  

All included subjects scored at least 75% correct on the screening (as described in the 

main manuscript). Two additional subjects were tested but failed to reach this inclusion 

threshold. They therefore did not perform the experimental conditions. Similar to 

Experiment 1 and 2, all trials started with a single fixation point combined with the Eyelink 

1000 drift check and required the subjects to start the trial by pressing the spacebar. Then, 

the two annuli appeared, remaining static for 800-1000.  After that each trial proceeded 

differently. Trials in the Full Match and Spatiotopic condition were similar to the same 

conditions in Experiment 1 and 2. 1) Full Match ȓ In these trials, the annuli remained static 

for another 650-800 ms. Then the auditory beep was played, and 200-300 ms later the 

inducer was presented.  The inducer rotated for 33.3 or 800 ms before transient onset. 2) 

Spatiotopic ȓ The peripheral annulus started rotating for 650-800 ms. Then the beep was 

played, and subjects made a saccade towards the rotating annulus. After gaze was detected 

within a rectangular ROI (1x4° VA) the inducer kept rotating for another 33.3 or 50 ms. A 

posteriori we determined the actual inducer duration with respect to saccade offset. 3) 

Purely retinotopic ȓ The annulus around fixation rotated for 650-800 ms. Then the beep 

was played, and subjects made a saccade towards the rotating annulus. After gaze was 

detected within a rectangular ROI (1x4° VA) the other annulus, (now around fixation) 

rotated for 33.3 or 50 ms. The annulus that rotated initially stopped rotating when the 

other started (Figure S1).  

After setting transient onset with respect to inducer onset we had on average 20 trials 

per subject in the spatiotopic condition (range: 17-26) and 20 trials per subject in the 

retinotopic condition (range: 13-29).  
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We analysed the effects of condition in the trials with short inducers (33.3 ms) on the 

perceived jump direction in a linear mixed effects analysis (Figure S1). The reported effects 

are reported in reference to the Full Match condition. Like in the other experiments, 33.3 

ms of inducer was sufficient to produce a bias in perceived jump direction (Ǝ = -0.92, z = 

5.28, p < 0.001), and this bias was stronger when a spatiotopic preview of the inducer was 

provided (Ǝ = -1.15, z = 4.33, p < 0.001). Moreover, like in Experiment 1, the observed bias 

was also stronger when a retinotopic preview was provided (Ǝ = -1.08, z = 4.11, p < 0.001). 

There was no significant difference between the Spatiotopic and Retinotopic conditions (Ǝ 

= 0.08, z = 0.22, p = 0.83). To test our hypothesis more directly, we also compared both 

Ȗsaccadeȗ-conditions to the Full Match trials where the inducer rotated for 48 frames. There 

was a very strong bias in these Full Match trials (Ǝ = -3.32, z = 8.89, p < 0.001), that was 

stronger than the bias in both the Spatiotopic (Ǝ = 1.03, z = 3.10, p = 0.002) and the 

Retinotopic trials (Ǝ = 1.13, z = 3.42, p < 0.001). The difference between the Retinotopic 

trials and the long Full Match trials might be explained by a potential cost of the intervening 

saccade.  

Control analys es 

As can be seen in Figure 5a in the main text, there was more variance in the average 

fixation positions during transient presentation between the different conditions. We used 

Leveneȗs test to test the differences in horizontal variance of the average fixation positions. 

First, we compared the conditions with saccades versus conditions without in Experiment 

(Full Match and Long Range versus Spatiotopic and Retinotopic). There was more variance 

in the conditions with saccades (F(1) = 58.03, p < 0.001). However, there was no difference 

in the variance of the Full Match and the Long Range condition (F(1) = 0.01, p = 0.91), nor 

between the Spatiotopic and the Retinotopic condition (F(1) = 0.41, p = 0.52). We followed 
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the same procedure for Experiment 2 (Full Match and Saccade Mimic versus Spatiotopic 

and Saccade Cost). Again, there was a difference between the conditions with and without 

saccades (F(1) = 322.96, p < 0.001), but not between the different types of fixation (F(1) = 

0.56, p = 0.46) or saccade conditions (F(1) = 2.73, p = 0.10). Given the difference in fixation 

position during the presentation of the transient between the conditions with and without 

saccade we analysed to more measures of fixation position.  

This is a measure of the stability of fixation. We defined fixation variance as the average 

distance of raw x-y gaze coordinates from average gaze position during transient 

presentation (per trial).  
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This is a measure of the retinal mismatch of the annuli around fixation during the 

presentation of the (pre-saccadic) inducer and during the transient. We defined fixation 

error as the distance between the fixation position during the presentation of the 

(presaccadic) inducer and the transient. These are positions are taken with respect to the 

fixation dot.  

Experiment 1   
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We constructed linear mixed effects models for the variance in fixation during transient 

presentation, with condition as a fixed effect and subject as a random effect. The Full Match 

condition was taken as the reference level. This analysis showed a difference in average 

spread of coordinates between trials with saccades (Spatiotopic and Retinotopic conditions) 

and trials without (Full Match and Long Range conditions). The average spread during 

presentation of the transient was 1.17° VA in the Full Match trials (t = 23.26) and not 

significantly different from Long Range trials (Ǝ = 0.02° VA, t = 0.69). In Spatiotopic trials 

this spread was 0.18° VA larger (t = 4.87), in Retinotopic trials 0.16° VA (t = 4.49). 

Another linear mixed effects model was constructed to analyse fixation error (as 

defined above), with condition as a fixed effect and subject as a random effect. In Full Match 

trials there was only a small difference between average fixation position during the inducer 

and during the transient (Ǝ = 0.12° VA, t = 4.63), not significantly different from the fixation 

error in Long Range trials (Ǝ < -0.01° VA, t = 0.59). The fixation error was 0.61° VA larger 

in Spatiotopic trials (t = 46.41) and 0.67° VA larger in Retinotopic trials (t = 52.08). 

We added random slopes of the trial by trial fixation variance (as defined above) and 

fixation error (as defined above) within each subject as two random effects to our original 

logit linear mixed effects model. We compared the models with and without (the original 

model) with a log likelihood test. The additional random effects did not improve the fit of 

the model (ƣ2(5) = 3.22, p = 0.67). 

Experiment 2  

We followed the same analysis procedure for Experiment 2 as for Experiment 1. This 

analysis showed a difference in average spread of coordinates between trials with saccades 

(Spatiotopic and Retinotopic conditions) and trials without (Full Match and Long Range 

conditions). The average spread during presentation of the transient was 1.00° VA in the 

Full Match trials (t = 16.12) and not significantly different from Saccade Mimic trials (Ǝ = -

0.02° VA, t = 0.91). In Spatiotopic trials this spread was 0.31° VA larger (t = 11.18), similar 

to the Saccade Cost trials (Ǝ = 0.30° VA, t = 11.01). 
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In Full Match trials there was only a small difference between average fixation position 

during the inducer and during the transient (Ǝ = 0.04° VA, t = 2.34), not significantly different 

from the fixation error in Long Range trials (Ǝ < -0.01° VA, t = 0.10). The fixation error was 

0.70° VA larger in Spatiotopic trials (t = 80.44) and 0.69° VA larger in Retinotopic trials (t 

= 77.27).  

Again, we added the trial by trial fixation variance and fixation error to our original logit 

linear mixed effects model of Experiment 2. We compared the models with and without 

(the original model) with a log likelihood test. In contrast to Experiment 1, the additional 

random effects did improve the fit of the model (ƣ2(5) = 16.28, p = 0.007). However, 

inferences based on the estimated parameters stay the same as without the random effects 

(Table S1).  
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Abstract  

Humans move their eyes several times per second, yet we perceive the outside world 

as continuous despite the sudden disruptions created by each eye movement. To date, the 

mechanism that the brain employs to achieve visual continuity across eye movements 

remains unclear. While it has been proposed that the oculomotor system quickly updates 

and informs the visual system about the upcoming eye movement, behavioural studies 

investigating the time course of this updating suggest the involvement of a slow mechanism, 

estimated to take more than 500 ms to operate effectively. This is a surprisingly slow 

estimate, because both the visual system and the oculomotor system process information 

faster. If spatiotopic updating is indeed this slow, it cannot contribute to perceptual 

continuity, because it is outside the temporal regime of typical oculomotor behaviour. Here, 

we argue that the behavioural paradigms that have been used previously are suboptimal to 

measure the speed of spatiotopic updating. In this study, we used a fast gaze-contingent 

paradigm, using high phi as a continuous stimulus across eye movements. We observed fast 

spatiotopic updating within 150 ms after stimulus onset. The results suggest the involvement 

of a fast updating mechanism that predictively influences visual perception after an eye 

movement. The temporal characteristics of this mechanism are compatible with the rate at 

which saccadic eye movements are typically observed in natural viewing. 
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Introduction  

Humans sample the visual world by making fast, ballistic eye movements: saccades 

(Findlay & Gilchrist, 2003). Because acuity is not homogenous across the visual field (Curcio 

et al., 1990), the fovea is directed to those locations that need to be inspected in closer 

detail. Saccades are made frequently ȓ roughly every 200 to 300 ms (Fig. 1C) (Henderson 

& Hollingworth, 1998) ȓ causing stimuli to fall on different locations on the retina several 

times per second. Still, feedforward processing of visual information in the brain is even 

faster ȓ it is possible to decode stimulus specific representations within 100 ms after 

stimulus onset (Carlson, Tovar, Alink, & Kriegeskorte, 2013), and humans can discriminate 

a peripheral object and make a saccade towards it in 120 ms (Crouzet, 2010; Kirchner & 

Thorpe, 2006). However, given that the visual system is largely retinotopically organized 

(Wandell, Dumoulin, & Brewer, 2007), saccades repeatedly create temporal discontinuities 

and spatial instabilities in the retinotopic representations, posing a problem for continuity 

in visual processing. Yet introspectively most humans perceive a continuous and stable visual 

world without these distortions generated by saccades. 

How is perceptual continuity established? One prominent hypothesis is that the visual 

system anticipates the change in sensory input caused by a saccade based on a corollary 

discharge from the oculomotor system that carries information about the upcoming saccade 

(Guthrie, Porter, & Sparks, 1983; Sommer & Wurtz, 2008b). Close to saccade onset, a 

subset of neurons respond to different retinotopic locations than they do under stable 

fixation (Duhamel, Colby, et al., 1992; Mirpour & Bisley, 2012; Neupane et al., 2016; Walker 

et al., 1995; X. Wang et al., 2016; Zirnsak et al., 2014). This anticipatory remapping of 

receptive fields could give rise to a transient non-retinotopic representation called 

spatiotopic updating (Cicchini, Binda, Burr, & Morrone, 2013; Crapse & Sommer, 2012). 

Spatiotopic updating has been used to explain both the subjective impression of a 

continuous stream of visual perception across saccades (Higgins & Rayner, 2015; Melcher & 

Colby, 2008), as well as the objective psychophysical evidence for trans-saccadic integration 

of orientation, colour, motion or higher-level features (Demeyer et al., 2009; Fabius, 

Fracasso, & Van der Stigchel, 2016; Fracasso et al., 2010; Ganmor et al., 2015; Harrison & 

Bex, 2014; Jüttner & Röhler, 1993; Melcher & Fracasso, 2012; Ong et al., 2009; Oostwoud 

Wijdenes et al., 2015; Szinte & Cavanagh, 2011; Wittenberg et al., 2008; Wolf & Schütz, 

2015; Wolfe & Whitney, 2015; Zimmermann, Weidner, & Fink, 2017). In these studies, a 
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pre-saccadic probe affected perception of a post-saccadic stimulus at the same spatiotopic 

location.  

Because the oculomotor system executes about 3-4 saccades per second, spatiotopic 

updating should operate within a small time-window to facilitate perceptual continuity 

across saccades. Within a single fixation, pre-saccadic information should be updated and 

be available directly after the saccade. Concerning the post-saccadic availability, different 

experiments demonstrated that spatiotopic updating primarily affects perception 

immediately after saccades (Deubel et al., 1998, 1996; Fabius et al., 2016; Jüttner, 1997). But 

concerning the pre-saccadic updating of visual information, spatiotopic representations have 

been estimated to develop surprisingly slow, requiring fixation durations of more than 500 

ms (Nakashima & Sugita, 2017; Zimmermann, Morrone, & Burr, 2015, 2013; Zimmermann, 

Morrone, et al., 2014; Zimmermann, Morrone, Fink, et al., 2013). This raises a question: if 

visual processing is fast ȓ content specific representations in 100 ms ȓ and the saccade 

system is fast ȓ 250 ms between two saccades ȓ why is spatiotopic updating slow?  

We hypothesized that the apparent slow speed of spatiotopic updating resulted from 

the nature and interpretation of the psychophysical tasks that have been used. The tilt 

aftereffect (TAE) is one such example (Nakashima & Sugita, 2017; Zimmermann, Morrone, 

Fink, et al., 2013), although updating of the TAE is not without controversy (Knapen et al., 

2010; Mathôt & Theeuwes, 2013). The TAE is a perceptual aftereffect where the perceived 

orientation of a test stimulus is changed after prolonged exposure of another oriented 

grating, the adapter. When the test stimulus is presented with an orientation away from 

the adapter, perceptual reports tend to be even further away from the adapter (Gibson & 

Radner, 1937). Because the TAE is a slow process ȓ still increasing in magnitude after 10 

minutes (Greenlee & Magnussen, 1987) ȓ it  might not be a particularly sensitive paradigm 

to investigate fast visual processing across saccades. To investigate spatiotopic updating, the 

TAE has been tested in a spatiotopic reference frame where a saccade was made between 

the presentation of the adapter and the test stimulus. The time-course of spatiotopic 

updating was inferred to take a long time because the TAE increases in strength when 

saccades were delayed. This increase continues for delays up to 1000 ms. Similar results 

were obtained for delayed saccades with saccadic suppression of intrasaccadic displacement 

(Zimmermann, Morrone, & Burr, 2013) and perisaccadic mislocalization (Zimmermann et 

al., 2015). However, although the effects were strongest for the longest delays, they were 

already apparent even for short delays. Finally, it should be noted that in most trans-saccadic 
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experiments, like these with the TAE, two essentially different stimuli are presented before 
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and after the saccade, violating the assumption of a stable, continuous visual world across 

the saccade. Indeed, psychophysical evidence shows that when visual stimuli are continuous 

across saccades, observers perceive the continuity, whereas if reliable intra-saccadic changes 

are made to the stimuli, observers expect stimuli to change during a saccade (H. M. Rao, 

Abzug, & Sommer, 2016). To study visual continuity, the experimental stimulus should also 

be continuous (Mirpour & Bisley, 2016).  

To test spatiotopic updating within the time-window of 250 ms before saccade onset, 

we used our recently developed psychophysical, gaze-contingent paradigm (Fabius et al., 

2016) with a fast motion illusion: high phi (Wexler et al., 2013). This paradigm allows for 

the examination of the complete time-course of spatiotopic updating. In high phi, subjects 

see an annulus with a random low-pass filtered texture. This annulus rotates slowly 

(inducer), after which its texture is sequentially replaced by four different random textures 

(transient). This creates an illusory transient percept of a large rotational step in the 

opposite direction from the preceding inducer. Previous experiments with high phi have 

shown that high phi can be experienced with inducers as brief as 50 ms (Fig. 1B). In our 

previous study, we observed that it is possible to induce the illusion in a spatiotopic 

reference frame, when testing with long inducer previews (>500 ms).  

Here, we presented an inducer in the peripheral visual field (inducer preview) and asked 

subjects to make a saccade to the center of the inducer as soon as it appeared, i.e. visually 

guided saccades. After the saccade the inducer continued to rotate briefly (post-saccadic 

inducer), followed by the transient. If the rotational motion of the inducer preview is 

spatiotopically updated across the saccade, the rotational information of the preview should 

be added to the rotational information of the post-saccadic inducer, resulting in stronger 

high phi. Alternatively, if the rotational motion of the inducer preview is not (yet) 

spatiotopically updated, the strength of high phi is only related to the post-saccadic inducer. 

To test whether spatiotopic updating can indeed be observed within the temporal regime 

of visually guided saccades (Henderson & Hollingworth, 1998), we kept the duration of the 

inducer preview as long as (Experiment 1) or shorter than (Experiment 2) the saccade 

latencies of our subjects. Thus, we were able to dissociate whether spatiotopic updating 

itself is slow, or whether updating occurs at a shorter time-scale but previous paradigms 

were not sensitive to this fast process. 
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Results  

Rapid spatiotopic updating  

In Experiment 1, we measured the strength of high phi in four conditions 

(Supplementary Information), two trans-saccadic conditions (Fig. 1D) and two additional 

conditions where subjects maintained fixation to control for a spatial invariant effect (see 

next section: Control for spatially invariant effect). The direct test for spatiotopic updating 

is the comparison between the two trans-saccadic conditions. In the Saccade preview 

condition, subjects were presented the inducer before saccade onset, whereas in the 

Saccade static condition, subjects were presented a static annulus before saccade onset. 

After the saccade the annulus rotated briefly for 20 or 50 ms in both conditions, followed 

by the transient. Subjects indicated whether they perceived a large clockwise or counter 

clockwise step. We analysed responses with a logistic linear mixed effects model, with 

condition and post-saccadic inducer duration as fixed effects. The estimated intercept of 

the model gives the log odds of the transient being reported as a forward rotational step in 

the saccade preview condition. The other estimated coefficients (Ǝ) are relative to this 

intercept (Fig. 3A). A negative coefficient indicates a higher probability of perceiving the 

transient as a backward rotational step.  

Longer durations of the post-saccadic inducer lead to more frequent percepts of 

backward rotational steps (Ǝ = -0.36/10 ms, 95%-CI = [-0.41, -0.31], F(1,7957) = 80.98, p < 

0.001). This shows that high phi rapidly increases in strength with longer inducers, similar 

to previous the results of previous experiments (Fabius et al., 2016; Wexler et al., 2013). 

Importantly, if the inducer is previewed in the periphery before saccade execution (Saccade 

preview, Fig. 1E, light solid line), high phi is stronger than in the Saccade static condition 

after the saccade (Fig. 1E, dark solid line; Ǝ = 0.63, 95%-CI = [0.33, 0.91], F(1,7957) = 17.54, 

p = 0.001). The preview effect can be interpreted as a spatiotopically transferred effect of 

the inducer preview: the visual system updated the location of the rotating inducer to a 

spatiotopic reference frame before the saccade. As a result, the inducer preview and the 

post-saccadic inducer jointly biased perception after the saccade, inducing a stronger high 

phi. We estimate that the preview resulted in an approximate 17.5 ms (95%-CI = [10.7, 

27.3] ms) Ȗhead startȗ in visual processing after saccades with latencies of 150 ms, by taking 

the ratio of the coefficient of the Saccade static condition (Ǝ = 0.63) and the coefficient of 

the post-saccadic inducer (Ǝ = -0.36/10 ms). This preview effect generalizes to annuli that 

cover different and more peripheral portions of the visual field (inner, outer radius = [2.6, 
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5.0]° and [6.0, 9.25]°), as observed in a control experiment with different subjects 

(Supplementary Information). 

Control for spatially invariant effect  

The observed spatiotopic preview effect could potentially be explained by a general, 

spatially invariant induction of high phi. Such an effect should also be observed without the 

execution of a saccade. Therefore, we measured high phi in two conditions without 

saccades, where subjects maintained fixation at the center of the screen and either an 

inducer (Fixation preview) or static annulus (Fixation static) was presented in the periphery 

before the annulus was presented around fixation (Fig. S1; Supplementary Information). The 

results of the Fixation preview (Fig. 1E, light dashed line) condition demonstrate that a 

spatially invariant effect cannot fully account for the observed spatiotopic effect, because 

the illusion was less strong in the Fixation preview condition than in the Saccade preview 

condition (Ǝ = 0.37, 95%-CI = [0.11, 0.63]; F(1,7957) = 10.13, p = 0.006). However, high phi 

in the Fixation preview condition was slightly stronger than in the Fixation static (Fig. S1A) 

condition (F(1,7957) = 7.85, p = 0.015). In short, we observed a limited spatially invariant 

effect, but this cannot fully account for the trans-saccadic preview effect. 

Duration of pre -saccadic preview and strength of post -saccadic bias 

In Experiment 1, the inducer preview biased post-saccadic perception of the same 

stimulus when it was presented in the same spatiotopic location. In general, the strength of 

high phi depends on inducer duration. We examined whether the strength of the preview 

effect similarly depends on preview duration. In Experiment 1, the duration of the inducer 

preview coincides with saccade latency. We constructed a second mixed effects model, 

using only data from the Saccade preview condition. Preview duration and post-saccadic 

inducer duration were fixed effects, and we included random effects per subject for the 

fixed effects and inducer rotation direction. We compared this model to a null-model 

without a fixed effect for preview duration. Preview duration did not improve the model fit 

(ƣ2(1) = 0.82, p = 0.36), so it seems that the preview effect was not modulated by preview 

duration. However, if the preview effect is perceptual in nature it should be related to the 

strength of the preview. To test the limits of the preview effect, in Experiment 2 we 

uncoupled preview duration and saccade latency for even shorter preview durations than 

in Experiment 1. 
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In Experiment 2, each preview consisted of a mixture of a static annulus followed by an 

inducer preview (Fig. 2A; Supplementary Information). The data were analysed with a mixed 

effects model, with fixed effects for preview duration and post-saccadic inducer duration 

and random effects per subject. The model with preview duration as a fixed effect was a 

better fit for the data than the model without it (ƣ2(1) = 8.99, p = 0.003). In this model, a 

longer preview duration results in more frequent percepts of a backward step (Fig. 2B; Ǝ = 

-0.05/10 ms, 95%-CI = [-0.07, -0.02], F(1, 3799) = 13.99, p < 0.001). In addition to the effect 

of the inducer preview, the post-saccadic inducer also induced a strong bias, similar to 

Experiment 1 (Ǝ = -0.30/10 ms, 95%-CI = [-0.35, -0.25], F(1, 3799) = 91.90, p < 0.001). The 

estimated coefficients are displayed in Fig. 3B. In sum, both in Experiment 1 and 2 we 

observed spatiotopic updating within 150 ms after stimulus onset. Moreover, the duration 

of the preview increases the strength of the spatiotopic effect.  
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Discussion  

We examined spatiotopic updating of visual information across saccades. The current 

experiments demonstrate a fast updating mechanism in the visual system that predictively 

influences perception after an eye movement. We observed a direct link between post-

saccadic perception and the strength of the pre-saccadic stimulus for stimuli that covered 

the parafovea after a saccade ȓ in a control experiment (Supplementary Information) we 

also observed this link for larger stimuli (inner, outer radius = [6.0, 9.25]°), in the same 

eccentricity range typically used in spatiotopic updating experiments (~5 to 10 degrees in 

the periphery). The time-scale on which this link is established is compatible with typical 

fixation durations observed in natural viewing (Henderson & Hollingworth, 1998) and 

represents a behavioural index of spatiotopic updating expressed as a perceptual bias in the 

direction of the pre-saccadic visual information, comparable to a 17.5 ms head start in visual 

processing. 

The current study differs in two important aspects from the studies with tilt-adaptation 

to assess the time-course of spatiotopic updating (Nakashima & Sugita, 2017; Zimmermann, 

Morrone, et al., 2014; Zimmermann, Morrone, Fink, et al., 2013). First, the stimulus we used 

to assess spatiotopic updating is fast in nature. High phi can be induced in the order of tens 

of milliseconds, whereas tilt adaptation is typically induced in the order of hundreds of 
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milliseconds (Greenlee & Magnussen, 1987). Second, the stimulus feature that had to be 

updated (inducer rotation direction) was stable and continuous across saccades, enabling 

the assessment of perceived visual continuity in an environment where the assumption of 

continuity across saccades is true (Mirpour & Bisley, 2012; H. M. Rao et al., 2016).  

Rapid spatiotopic updating is plausible when considering the speed of processing in the 

human visual system, which contains stimulus specific representations rapidly after stimulus 

onset ȓ in the order of 100 ms ȓ as demonstrated in psychophysical studies (Crouzet, 2010; 

Kirchner & Thorpe, 2006) and neuroimaging studies (Carlson et al., 2013). This rapidly 

acquired information is used by the visual system to predict the sensory changes induced 

by saccades. It facilitates post-saccadic visual processing by anticipating the post-saccadic 

retinal input based on pre-saccadic input (Herwig, 2015). Three fMRI studies support this 

idea by showing spatiotopic and feature-specific repetition suppression (Dunkley et al., 

2016; Fairhall et al., 2017; Zimmermann, Weidner, Abdollahi, & Fink, 2016). Repetition 

suppression in neurophysiological measures is observed when the same stimulus is 

presented twice (Grill-Spector, Henson, & Martin, 2006). Hence, repetition suppression in 

spatiotopic coordinates can be interpreted as a neurophysiological measure of the visual 

system regarding the post-saccadic stimulus to be Ȗthe sameȗ as the pre-saccadic stimulus, 

even though it was presented at different retinotopic coordinates. Although these effects 

are in line with the current findings, the time-scale of fMRI studies is limited by the slow 

blood-oxygen level-dependent response. Interestingly, a recent EEG study provides more 

direct neurophysiological correlate of our behavioural findings (Edwards et al., 2018). 

Edwards and colleagues used time-resolved decoding of a post-saccadic stimulus while 

varying the correspondence between the pre- and post-saccadic stimuli. The post-saccadic 

stimulus could be decoded faster when it matched the pre-saccadic stimulus than when it 

was different from the pre-saccadic stimulus. This indicates that information about the pre-

saccadic stimulus affects the neural responses to the post-saccadic stimulus in a way that 

suggests more efficient processing when the two stimuli match. The current results show 

that this fast facilitation in post-saccadic visual processing is not only reflected in 

neurophysiological measures but can be quantified in human behaviour.   

Still, although we observed spatiotopic updating on a short time-scale, we would not 

generalize the results to all stimuli in the visual field. The reason for this caution is that while 

there is ample evidence in favour of spatiotopic updating of visual information, there are 

also studies that fail to observe this with either behavioural measures (Knapen et al., 2009, 

2010; Mathôt & Theeuwes, 2013) or with fMRI (Lescroart et al., 2016). One important 
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restriction on spatiotopic updating seems to be that it is limited to attended stimuli, passive 

visual stimulation does not automatically result in spatiotopic updating (Melcher, 2009; 

Mirpour & Bisley, 2016). The introspective feeling of visual continuity thus could arise from 

a match between the predicted post-saccadic retinal image and observed retinal image of 

an attended stimulus (Cavanagh et al., 2010; Herwig, 2015).  

Predicting upcoming stimuli is a fundamental characteristic of the brain, as stated by 

theories of predictive coding (R. P. N. Rao & Ballard, 1999). Anticipating the consequences 

of an upcoming saccade is a frequently recurring example of a scenario where the principles 

of predictive coding are applied (Friston, Adams, Perrinet, & Breakspear, 2012; Spratling, 

2017; Vetter, Edwards, & Muckli, 2012). This anticipation could be implemented as a 

forward model (Crapse & Sommer, 2008b), where a corollary discharge from the 

oculomotor system enables the dissociation between internal and external changes in 

retinal input (Cavanaugh et al., 2016). Here, we observed effects of a spatiotopic prediction 

on post-saccadic perception within the temporal regime of the typical latencies of visually 

guided saccades. With these findings, rapid spatiotopic updating of visual information is a 

plausible mechanism that contributes to perceptual continuity across saccades in natural 

viewing.  

Methods  

Subjects  

52 subjects (age: M = 22.6, range = [18,37], 26 female) with normal or corrected-to-

normal acuity participated after giving written informed consent (N = 20 in Experiment 1, 

N = 12 in Experiment 2, N = 20 in Supplementary Information, Control Experiment). The 

sample size of Experiment 1 was based on the effect sizes of our previous study with high 

phi (Fabius et al., 2016). The sample size in Experiment 2 was lower because we planned to 

make fewer statistical comparisons with fewer experimental conditions. This study was 

approved by the local ethical committee of the Faculty of Social Sciences of Utrecht 

University. All subjects were naïve to high phi prior to the experiments and completed a 

screening procedure (Supplementary Information, screening) to ensure they could reliably 

report the motion direction of a rotating annulus. Moreover, we verified whether subjects 

perceived backward steps with high phi after a long inducer (500 ms; Supplementary 

Information, screening; Fig. S2). One subject was excluded from the dataset of Experiment 

1 because of a failure to meet this criterion (Supplementary Information, preprocessing). 
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Setup  

Stimuli were displayed on a 48.9º by 27.5º Asus RoG Swift PG278Q, an LCD twisted 

nematic monitor with a spatial resolution of 52 pixels/º and a temporal resolution of 100 

Hz (AsusTek Computer Inc., Taipei, TW). The ultra low motion blur backlight strobing 

option of the monitor was enabled (maximum pulse width) for higher temporal precision 

(Zhang et al., 2018). Eye position of the left eye was recorded with an Eyelink 1000 at 1000 

Hz (Sr Research Ltd., Mississauga, ON, Canada). The eye-tracker was calibrated using a 9-

point calibration procedure. All stimuli were created and presented in MATLAB 2016a (The 

Math Works, Inc., Natick, MA.) with the Psychophysics Toolbox 3.0 (Kleiner, Brainard, & 

Pelli, 2007) and the Eyelink Toolbox (Cornelissen, Peters, & Palmer, 2002). Visual onsets 

and eye-movement data were synchronized using photodiode measurements 

(Supplementary Information, synchronization). 

Stimuli  

Stimuli were annuli (inner radius å 3º, outer radius å 6º) with random greyscale 

textures, created by low pass filtering random black (0.09 cd/m2) and white (88.0 cd/m2) 

pixels with a pillbox average (radius = 1.24º). For rotating annuli, the rotational velocity was 

20º/sec. Fixation targets were black dots (radius å 0.2º) with a grey point in the center 

(radius å 0.075º). All stimuli were presented on a uniform grey background (44.1 cd/m2). 

We tested the spatial generalizability of the preview effect observed in Experiment 1 by 

repeating the saccade conditions using stimuli with different radii (Supplementary 

Information). 

Analysis  

Before the statistical analysis, eye movement data were pre-processed (Supplementary 

Information, preprocessing) and visual onsets were aligned to the eye movement data based 

on photodiode measurements (Supplementary Information, synchronization; Fig S5). We 

analysed the perceived step direction (i.e. the probability of a Ȗforward stepȗ response: 

pforward) with a logistic linear mixed effects model (Bates, Mächler, Bolker, & Walker, 2015). 

Ð
 

ρ, where X is the design matrix, Ǝ is a vector with the fixed effects 

coefficients, Z the random effects design matrix and y the random effect coefficients. All 

estimates of fixed effects coefficients are reported relative to the intercept condition, here 

the Saccade preview condition with an inducer of 10 ms (Fig. 1D). In Experiment 1, the 

mixed effects model contained fixed effects of inducer duration and condition, and random 

effects of inducer duration, condition and inducer rotation direction per subject 
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(Supplementary Information, statistics Exp. 1). Condition was modelled as a categorical 

variable and inducer duration as a continuous variable. We only allowed inducer durations 

between 10 and 60 ms. We did not include the interaction between condition and inducer 

duration because a model comparison showed that, all other things kept equal, the 

interaction did not improve the model (ƣ2(3) = 4.16, p = 0.245). We compared conditions 

among each other with planned contrasts. Reported p-values for planned contrasts are 

corrected with the Holm-Bonferroni method (Holm, 1979). In Experiment 2, the model 

contained fixed effects for pre-saccadic inducer duration and post-saccadic inducer duration, 

and random effects of pre-saccadic inducer duration, post-saccadic inducer duration and 

rotation direction per subject (Supplementary Information, statistics Exp. 2). Both inducer 

durations were modelled as continuous variables. We used non-parametric bootstrapping 

to obtain 95%-confidence intervals of the estimated fixed effects coefficients. 2000 

bootstrap samples were constructed by stratified sampling from the original dataset, with 

stratification according to the fixed effects but not the random effects. Trials were sampled 

with replacement. Bootstrapped coefficient estimates and 95%-confidence intervals are 

displayed in Fig. 3. Individual variation across these estimates are displayed in Fig. S3.  

Saccade latencies 

We set out to investigate spatiotopic updating across saccades unconstrained latencies. 

Saccade latencies in natural viewing conditions are typically around 250 ms (Henderson & 

Hollingworth, 1998). In Experiment 1, the average median saccade latency was 146 ms 

(range = 111-177 ms across subjects). In Experiment 2, the average median saccade latency 

was 136.8 ms (range = 112-178 ms across subjects). 

  



 

Chapter 3 ȓ Supplementary information  

Experimental Procedures  

With Experiment 1 we tested the hypothesis that visual information can be 

spatiotopically updated in a time window as short as the saccade latency. Subjects 

performed a gaze-contingent version of the high phi illusion (Fig. 1D). Each trial started with 

a drift check of 500 ms at the central fixation target (target radius å 0.2º, radius of ROI for 

fixation control = 3º), followed by an additional fixation period of 250-500 ms. Then, an 

annulus with a random texture appeared, with its center 15º either to the left or to the 

right of the fixation target (equal probability). Subjects made a saccade to the center of the 

annulus. To increase the variability of the saccade latencies, we varied the synchrony of 

stimulus onset and fixation target offset with gaps of -150, 0 or 150 ms, taking advantage of 

the gap-effect (Saslow, 1967). Saccades were slower with longer temporal overlap (Fig. S4). 

Importantly, before the saccade was executed, the annulus was either static (Saccade static) 

or rotated with 20º/s (Saccade preview). In case of the Saccade static condition, the annulus 

started rotating during the saccade, i.e. as soon as gaze position was Ó3º away from the 

initial fixation target. The annulus rotated for another 20 or 50 ms after saccade offset (the 

post-saccadic inducer), i.e. when gaze was detected within Ò2º of the saccade target. Then, 

the texture of the annulus was rapidly replaced by four different random textures (20 

ms/texture). Subjects indicated whether they perceived a rotational step clockwise or 

counter clockwise (2AFC). Responses were recoded to forward (1) and backward (-1) with 

respect to the rotation direction of the preceding inducer. Trials were presented in 12 

blocks of 48 trials, where the following factors were presented factorially in random order 

within a block: preview (static/inducer), post-saccadic inducer duration (20/50 ms), inducer 

rotation direction (CW/CCW), saccade direction (L/R) and gap duration (-150/0/150 ms).  

Subjects also performed two control conditions in separate blocks to test whether high 

phi can also be induced for a transient around fixation but with an inducer in the periphery. 

In these conditions we matched the visual input as close as possible to the saccade 

conditions while subjects maintained fixation during the whole trial (Fig. S1A). Subjects were 

presented a fixation target in the center of the screen. After 250-500 ms of stable fixation, 

an annulus with a random texture appeared in the periphery, at the same location as in the 

Saccade conditions. Again, this peripheral annulus was either static (Fixation static) or 



 

rotated with 20º/s (Fixation preview). For each trial, the duration of the peripheral annulus 

was sampled from the distribution of saccade latencies that were collected in the saccade 

conditions. The distributions were estimated via non-parametric kernel density estimation, 

bounded on the closed interval [80, 500] ms. This sampling procedure was performed per 

individual subject, to match the durations of visual input between conditions with and 

without saccades as accurately as possible (Fig. S1B). Next, the peripheral stimulus 

disappeared, and the screen was blank (apart from the central fixation point) for a duration 

that was sampled from the smoothed distribution of saccade durations in the conditions 

with saccades. This sampling procedure was similar to the aforementioned sampling 

procedure, with the difference that it was bounded on the closed interval [20, 80] ms (Fig. 

S1C). The blank was followed by an annulus presented around the central fixation target. 

This annulus had the same random texture as the peripheral annulus and rotated for 20 or 

50 ms (akin to the post-saccadic inducer in the conditions with a saccade). Then, the texture 

was replaced by four other random texture (20 ms/texture), after which subjects gave their 

response. In the Fixation static condition, we implemented an additional Ȗpost-saccadic 

inducerȗ duration of 500 ms, to test whether a long, and therefore strong, inducer reliably 

induces the high phi illusion in every subject. We used the Fixation preview condition to 

test for a spatially invariant effect of the inducer. Blocks with and without saccades were 

interleaved. Before the start of the experiment, subjects practiced one block with and one 

without saccades. For the actual experiment subjects completed 6 blocks of the Fixation 

conditions and 12 blocks of the Saccade conditions. 

The data from Experiment 1 show that even within a time window as brief as the latency 

of a visually guided saccade, pre-saccadic perception of a stimulus biases post-saccadic 

perception of the same spatiotopically localized stimulus. With Experiment 2 we examined 

whether the duration of the pre-saccadic preview affects the strength of the post-saccadic 

bias. As suggested previously, spatiotopic updating might become detectable with 

behavioural measures only when sufficiently long saccade latencies are allowed. Here, we 

worked the other way around, where we tried to minimize the observed spatiotopically 

induced bias, since we already observed a bias with short saccade latencies. Therefore, we 

decoupled saccade latency and preview duration in Experiment 2 by making each preview a 

mixture of a static preview followed by an inducer preview. Yet note that under natural 

viewing conditions, the preview duration is as long as the saccade latency (like in Experiment 

1). The task in Experiment 2 was similar to Experiment 1. However, rather than being 

presented with either a static preview or an inducer preview (Experiment 1), subjects were 



 

presented with a mixture of both (Fig. 2A). Specifically, when the annulus appeared in the 

periphery, it started rotating after a delay 0, 50, 100 or 150 ms. Again, subjects were 

instructed to make a saccade to the center of the annulus immediately after the onset of 

the annulus. Thus, the total inducer preview duration was determined both by the saccade 

latency of the subjects and the rotation delay of the stimulus and continued rotating for 

either 20 or 50 ms after saccade offset. Additionally, subjects performed trials where they 

maintained fixation, and the inducer and transient were presented around the fixation point. 

These trials included no peripheral inducers. Subjects practiced one block of the Saccade 

condition, and one block of the Fixation condition. In the actual experiment, subjects 

completed 6 blocks of 24 trials of the Fixation condition and 24 blocks of 32 trials of the 

Saccade condition. 

Long inducers ȓ The high phi illusion is a subjective, non-random interpretation of a 

random stimulus: the direction of the transiently changing textures is interpreted as a large 

rotational step in backwards direction with respect to the preceding rotational motion. To 

make sure the illusion could successfully be induced in all subjects, we verified the perceptual 

interpretation of the transient after a long inducer (500 ms) in the Fixation static conditions 

in both experiments. An inducer of 500 ms should evoke a strong percept of a large 

backward step (cf. Wexler et al. 2013; Fabius et al. 2016). Subjects would be excluded when 

their binomial confidence interval would include 0, i.e. no clear sign of a successfully induced 

high phi illusion with a strong inducer. All but 1 subject reliably reported backward jumps 

with this long inducer (Fig. S2). One subject was excluded from the analysis based on this 

criterion (Subject 19 in Experiment 1). 

Large physical step ȓ Because the high phi illusion is a subjective measure, we verified 

whether subjects were able to accurately dissociate the direction of a physical rotational 

step ȓ i.e. not illusory ȓ from the rotation direction of a slowly rotating inducer. All subjects 

performed a screening experiment prior to the main experiment. In the screening, subjects 

fixated a fixation target on the left (-10º), center (0º) or right (10º) side of the screen. A 

static annulus appeared after 500 ms of stable fixation at the fixation target (i.e. all recorded 

gaze samples were within 3º of the fixation target). The annulus remained static for 600 ms, 

and then rotated clockwise or counter clockwise for 1000 ms., akin to a long inducer in the 

high phi illusion. Rotational velocity was 20º/sec, i.e. rotational steps of 0.2º presented at 

100 Hz (the refresh rate of our monitor). After the rotation, the annulus made a rotational 

step of 12º and stopped rotating. Subjects indicated the direction of the large step by 



 

pressing the left arrow (Ȗcounter clockwiseȗ) or right arrow (Ȗclockwiseȗ). The direction of 

the large step, the direction of the preceding rotational motion and the location were 

counterbalanced over 36 trials (3 repetitions per combination). To assess accuracy, we 

computed the proportion correct responses over all trials. Every subject performed well 

above chance level (p = 0.5) in Experiment 1 (M = 0.95, range = 0.81-1.00) and Experiment 

2 (M = 0.97, range = 0.75-1.00). 

Control experiment  

To investigate spatiotopic updating for more peripheral targets we decided to test the 

preview effect from Experiment 1 with stimuli of different sizes. The rationale here is that 

although the annuli in Experiment 1 are not stimulating the fovea after the saccade ȓ and 

so do not coincide with the saccade target ȓ they are closer to the fovea (inner radius of 

the annulus = 3°) than typically seen in similar experiments on spatiotopic updating, which 

is usually between 5 and 10 degrees. In this control experiment, we used annuli with 

different radii than in Experiment 1, one smaller (inner radius = 2.6°, outer radius = 5°) and 

 



 

one larger (inner radius = 6°, outer radius = 9.25°). It is important to remark that the 

eccentricity range for the large annulus lies in the same eccentricity regimes typically seen 

in spatiotopic updating experiments (5-10 degrees in the periphery). Most importantly, the 

larger annulusȗ distance from the initial fixation point and the saccade target is almost the 

same on the vertical midline of the screen, i.e. the retinal stimulation before and after the 

saccade was parafoveally (Wandell, 1995). See Figure C1 for an illustration of these sizes. 

When accounting for the cortical magnification factor, the surface of these two sizes was 

roughly equal, although smaller than the surface of the stimuli in Exp. 1 and Exp. 2. 

We repeated the Saccade conditions from Experiment 1, i.e. 50% of trials contained a 

preview of the inducer before saccade onset, on the other 50% the inducer was static until 

the saccade had started. Additionally, the annulus could be large or small. Within a block of 

64 trials, all unique combinations of preview (with/without), annulus size (small/large), 

saccade direction (left/right), rotation direction (cw/ccw) and inducer duration (20/50 ms) 

were repeated twice. Subjects completed 15 of these blocks. Additionally, before the 

Saccade conditions, subjects completed 3 blocks of a Fixation condition, where subjects 

were required to maintain fixation at a fixation point (either on the left or right side of the 

screen, similar to the locations used in the Saccade conditions). The High phi illusion was 

then presented around that fixation point. Each block in the Fixation condition consisted of 

48 trials. Similar to Exp. 1 and Exp. 2, we only included participants who scored above 

chance level on a screening test, where we presented an inducer of 1 s, followed by a 



 

physical step of 12°. Next, we only included data in the analysis from participants who 

reliably reported backward jumps after a long inducer (500 ms) in an additional Fixation 

condition. 2/20 subjects were excluded based on the second criterion. Additionally, we 

applied the same inclusion criteria that are summarized in the Supplementary Information 

(Preprocessing). In Exp. 3, the 95th percentile of saccade latencies (inclusion criterion 6) was 

480 ms, and the 2.5th and 97.5th percentiles of the manual response times were 310 and 

1413 ms. Analysis of the data was identical to the analysis of Experiment 1. We analysed 

the data for the small and large stimuli separately with generalized linear mixed effects 

models. These models had the same fixed and random effects structure as the model that 

was used to analyse Exp. 1. With these models, we performed non-parametric 

bootstrapping to obtain 95% confidence interval of the fixed effect coefficients and model 

predictions. 

The average median saccade latencies in trials with the small annulus was 161 ms (range 

= 117-261 ms), and 164 ms in trials with the large annulus (range = 119-276 ms). Both for 

the small and the large annulus, the perceived step direction became more biased to 

backward steps with increased post-saccadic inducer durations (small annulus: Ǝ = -0.23, 

95%-CI = [-0.29, -0.16], F(1, 4953) = 90.58, p <0.001; large annulus: Ǝ = -0.42, 95%-CI = [-

0.51, -0.31], F(1, 3640) = 88.15, p <0.001). So, for both annulus sizes, the High phi illusion 

could reliably be induced. Regarding the preview effect for the small annulus, the observed 

bias in the Saccade Static condition was smaller than in the Saccade Preview condition (æƎ 

= 0.48, 95%-CI = [0.29, 0.69], F(1, 4953) = 5.48, p = 0.019). Similarly, for the large annulus 



 

the observed bias in the Saccade Static condition was also smaller than in the Saccade 

Preview condition (æƎ = 0.60, 95%-CI = [0.25, 0.93], F(1, 3640) = 7.20, p = 0.007). To 

estimate the size of the preview benefit in time we took the ratio between the effect of the 

post-saccadic inducer per 10 ms and the difference between the Saccade static and Saccade 

preview conditions. For the small annulus this preview benefit is 20.9 ms (bootstrapped 

95%-CI = [11.6, 32.2] ms), for the large annulus this is 14.3 ms (bootstrapped 95%-CI = [7.4, 

24.6] ms). See Figure C2 for an illustration of the estimated perceived step direction per 

condition and per inducer duration for the two different annulus sizes. See Figure C3 for 

the bootstrapped model estimates. 

In this control experiment, we replicated the spatiotopic preview effect from 

Experiment 1. Moreover, we measured and observed spatiotopic updating of the inducer 

effect for an annulus that was presented in the peripheral, parafoveal visual field. This larger 

annulus stimulated peripheral parts of the visual field in which previous effects of spatiotopic 

updating have also been observed. These findings demonstrate that rapid spatiotopic 

updating can be observed at different locations than the saccade target. 

Data analysis  

We only included subjects who could reliably report the direction of rotational steps 

in the screening (Experiment 1: N = 20/20, Experiment 2: N = 12/12) and whose responses 

showed a successful induction of the high phi illusion in trials with a long inducer (500 ms) 

in the Fixation static condition (Experiment 1: N = 19/20, Exp. 2: N = 12/12). One subject 

(Experiment 1) was excluded because she did not report significantly more backward steps 

when the high phi illusion was presented with this long inducer (Fig. S2). Even though our 

paradigm was gaze-contingent, we determined post-saccadic inducer durations offline. 

Saccades were detected offline using the native SR Research saccade detection algorithm. 

The timing of the onset of the stimuli was determined by the timestamps in the Eyelink 

datafile, corrected for the input lag of 11 ms of the monitor, as measured with a photodiode 

(Supplementary Information, Synchronization). Next, we only included trials in the analysis 

where A) the primary saccade had an amplitude > 12º, B) the primary saccade started and 

ended within 2º of the fixation points (or, in case of Fixation conditions, where the median 

gaze position over 50 ms after preview onset and inducer onset was within 2º of the fixation 

points), C) the primary saccade started before the gaze-contingent onset (at least 10 ms), 



 

D) the primary saccade ended after the gaze-contingent onset (at least 10 ms), E) the 

primary saccade had a minimum latency of 80 ms after stimulus onset, F) the primary 

saccade had maximum latency no higher than the 95th percentile of all saccades that were 

included after applying criteria 1 to 4 (Experiment 1: 320 ms, Experiment 2: 242 ms), G) 

where the manual response time was within the 2.5th and 97.5th percentile of all the trials 

after applying criteria 1 to 4 (Experiment 1: 331-1244 ms, Experiment 2: 320-1240 ms), H) 

where the post-saccadic inducer duration was in the closed interval [20, 60] ms in Exp. 1, 

or [10, 60] in Exp. 2. Another inclusion criterion in Experiment 2 was that the inducer 

preview duration had to be in the closed interval [10, 140] ms. With these criteria we 

included 7962 trials in Experiment 1 (42.9% of all trials) and 5436 trials in Experiment 2 

(49.7% of all trials). For the main analysis of Experiment 2, only the trials from the saccade 

condition were used (3802 trials, 41.3% of all saccade trials). 

Synchronization of visual onsets and eye -movements.  

For the analysis of the reported experiments, we synchronized eye-movement data 

from the Eyelink data file (EDF) with stimulus onset (as determined by the timestamps in 

the EDF). During the experiments, timestamps were sent to the EDF immediately after 

PsychToolbox reported that the vertical retrace had started. That is, we used the function 

Eyelink(ȖMessageȗ) immediately after using Screen(ȖFlipȗ). With these timestamps in the EDF, 

we determined in which trials our online-gaze contingent algorithm performed correctly 

(e.g. starting the rotation of the inducer during the saccade rather than after the saccade in 

the Saccade static condition). Hence, to ensure that we only included trials where the 

stimulus was indeed rotating before the saccade had ended, we only included trials where 

the time difference between the timestamp of the onset of the inducer and the offset of 

the saccade was larger than 10 ms (i.e. the duration of 1 frame at 100 Hz). This criterion 

was also applied to Induce Preview trials. Thus, we entered only those trials in the analysis 

where the gaze-contingent onset was at least 10 ms before the offset of the saccade. This 

method of synchronizing stimulus presentation with eye movement data is only valid if the 

timestamp in the EDF was indeed synchronized with stimulus onset. However, this is most 

likely not the case for most LCD monitors because they suffer from input lag (a delay 

introduced in the hardware of the monitor). To accurately synchronize eye movement data 

and visual stimulation we measured the input lag of our monitor with a photodiode that 

was fed directly into the printer port of the Eyelink host PC.  



 

We used a photodiode (sampling rate = 10 kHz) connected to an Itsy Bitsy 

microcontroller board (Adafruit Industries, New York City, NY). The output of the Itsy 

Bitsy was sent to the parallel port (printer port) of the Eyelink host PC, to the 11th pin 

(Ȗbusyȗ pin). With a custom-written MATLAB script, using the Psychophysics toolbox and 

Eyelink toolbox, we changed the luminance of the screen every frame. We tested 4 

transitions from full dark to 25%, 50%, 75% or 100% luminance. Luminance thresholds for 

the output were set to 80% of the required luminance level in a given measurement. After 

the script commanded a luminance change (with the Psychophysics toolboxȗs Screen(ȖFlipȗ) 

function) a message was sent to the Eyelink data file (using the Eyelink toolboxȗs 

Eyelink(ȖMessageȗ) function). Simultaneously, we recorded the output of the photodiode 

directly into the Eyelink data file. We should note that our LCD monitor uses a feature that 

is not common in all LCD monitors, called Ȗultra low motion blurȗ (ULMB). With ULMB 

turned on, the backlight of the LCD panel is strobing at the same rate as the refresh rate 

of the monitor, in our case 100 Hz (see Fig. S5 for measurements made with oscilloscope). 

This makes the monitor effectively similarly suited for visual psychophysics as traditional 

CRT monitors, as recently described by Zhang and colleagues (2018). Because the backlight 

is strobing, this means that a transition from 100% bright to 50% bright is in fact a transition 

from 100% to 0% to 50% luminance. We made several photographs from measurements 

with an oscilloscope to demonstrate this feature of the screen (Figure S6). Given that the 

screen is always dark between two frames, and the photodiode is a binary signal, we can 

only consider changes from dark to a certain luminance value. For each luminance level, we 

reversed the luminance 2000 times (i.e. 1000 from bright to dark and 1000 from dark to 

bright). We compared the differences between the timestamp of the message and the time 

of change in photo diode output. 

There was a consistent delay of 11.0 ms (s.d. = 0.5 ms) between the timestamp and the 

time of contrast reversal as measured with the photodiode (Fig. S6A). This is numerically 

similar to the input lag measured by Zhang and colleagues (Zhang et al., 2018). The delays 

were similar across different vertical locations. To correct for the measured input lag, we 

added 11 ms to all the timestamps in the EDF that indicated the onset of a visual stimulus 

before we performed our analyses and before we applied the in/exclusion criteria to 

individual trials. Timings of post-saccadic inducer onsets over eye-positions are visualized in 

Fig. S6B. 



 

Statistics Experiment 1 

We analysed the responses from Experiment 1 with four factors in the following model, 

with a logit link function. The analysis was run in MATLAB 2016a, with the Ȗfitglmeȗ function 

from the Statistics package. 

Experiment 1 was designed to test for effects of post-saccadic inducer duration and 

differences in offset between conditions. Thus, we constructed a mixed model with two 

fixed effects, one for condition and one for post-saccadic inducer duration. For 

completeness, we compared the model with these fixed effects against two alternative 

models with different fixed effects (see below). For the random effects, we allowed the size 

of the fixed effects to vary across subjects, because in most psychophysical experiments the 

effect sizes can vary across observers. Additionally, we added a random effect of rotation 

direction that we allowed to vary per subject. This third random effect was included to 

dissociate a perceptual bias from a response bias. There is a two stage rationale for this. 

First, the number of trials per rotation direction could not be balanced a priori, because the 

trial exclusion based on saccade parameters was performed post-hoc. Second, theoretically, 

subjects could have a default response of, for example, pressing the Ȗrightȗ button. If a subject 

with such a bias would also have more trials ȓ after trial exclusion ȓ with counter clockwise 

rotations, it would seem as though this subject would have a perceptual bias for reporting 

backward steps, whereas in fact he was just pressing the same button and hence a response 

bias. We account for this possibility by adding a random effect of rotation direction to vary 

per subject.  

response ~ condition + inducer + (1 + condition + inducer + rotation | subject) 

 



 

ể ể

ể ể

The design of the model for the analysis of Experiment 1 was defined by our 

experimental questions. However, we did examine whether adding an interaction term to 

the model would improve the fit. In addition, as a sanity check we compared our model 

against a model with the same random effects, but without any fixed effects. 

response ~ condition + inducer + (1 + condition + inducer + rotation | subject) 

response ~ condition * inducer + (1 + condition + inducer + rotation | subject) 

response ~ 1 + (1 + condition + inducer + rotation | subject) 



 

Coefficients obtained with non-parametric empirical bootstrapping. For the 

bootstrapping procedure we randomly sampled an equal number of responses per inducer 

duration per condition as in the original model (i.e. stratification over the fixed effects), 

without stratifying over the random effects (i.e. subject and rotation direction). Thus, for 

each sample we had 7962 observations, and we re-fitted our original model with these 

random sample of trials. This sampling and re-fitting was repeated 2000 times. To obtain 

confidence intervals on the estimated coefficients, we calculated empirical confidence 

intervals. That is, taking the difference between the original model estimates and all the 

bootstrap estimates: Ɛ = bbootstrap - bmodel. The bias-corrected estimate of a given coefficient 

is defined as b = bmodel - Ɛ0.5, and the 95% confidence interval is [bmodel - Ɛ0.025, bmodel ȓ Ɛ0.975].  

All estimated coefficients in the mixed effects model of Experiment 1 are relative to 

the Fixation static condition with a post-saccadic inducer of 20 ms. However, to answer all 

our experimental questions we also compared conditions among each other with planned 

comparisons. The reported p-values are Holm-Bonferroni corrected for multiple 

comparisons. Stars indicate a significant difference with an alpha of 0.05. 

Statistics Experiment 2  

response ~ preview + inducer + (1 + preview + inducer + rotation | subject) 



 

response ~ preview * inducer + (1 + preview + inducer + rotation | subject) 

response ~ inducer + (1 + preview + inducer + rotation | subject) 
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Abstract  

Despite the retinotopic organization of the visual system, the world appears 

introspectively stable and continuous across saccades. A long standing question in visual 

neuroscience has been how perceptual continuity arises from the visual system. The major 

hypothesis is that visual information is spatiotopically updated. Based on a corollary 

discharge from the oculomotor system, the visual system can anticipate the shift in visual 

information. Neurophysiological studies have demonstrated changes in receptive field 

properties of visual neurons right before saccade offset in monkeys. Similar pre-saccadic 

changes in visual processing have been demonstrated in humans with 

electroencephalography. However, it remains unclear what the content of this anticipatory 

shift is. Here we used magnetoencephalography to investigate visual processing across 

saccades. We showed observers large sinusoidal gratings in one visual hemifield while they 

either maintained fixation or made saccade across the stimulus, shifting the stimulus to the 

other visual hemifield. Our analysis was two-fold. First, we performed a conceptual 

replication of previous EEG studies, investigating the lateralization of visually evoked field 

before saccade onset. After stimulus onset event related fields were stronger over the 

contralateral hemisphere, but this lateralization disappeared briefly before saccade onset. 

This is congruent with predictive remapping. Second, we used multivariate pattern analysis 

to investigate the time-course of visual information representation across saccades. We 

operationalized visual information with the spatial frequency of the stimulus. Before saccade 

offset spatial frequency was represented similarly as when subjects maintained fixation at 

the pre-saccadic fixation point. About 40 ms after saccade offset, the representation was 

similar to when subjects maintained fixation at the post-saccadic fixation point. Importantly, 

spatial frequency could still be classified based on the pre-saccadic representation after 

saccade offset. We interpret this temporal overlap of pre- and post-saccadic 

representations as a șsoft handoffȚ of information transfer. According to this hypothesis, 

visual feature information can be compared for continuity across saccades after saccade 

offset, using both the pre- and post-saccadic retinotopic representations of the stimulus. 



 

Introduction  

We perceive a stable and continuous visual world, despite frequent spatial changes and 

temporal disruptions introduced by saccades. This introspective notion is also reflected in 

psychophysical data, where responses to a post-saccadic stimulus are affected by a pre-

saccadic stimulus when presented at the same spatiotopic location, but ȓ because of the 

saccade ȓ at a different retinotopic location (Demeyer et al., 2009; Fabius, Fracasso, Nijboer, 

& Van der Stigchel, 2019; Fracasso et al., 2010; Ganmor et al., 2015; Oostwoud Wijdenes 

et al., 2015; Wittenberg et al., 2008; Wolf & Schütz, 2015). Given that the visual system is 

largely retinotopically organized (Wandell et al., 2007) this raises the question, how does 

perceptual continuity arise in our visual system? The major hypothesis is that the visual 

system integrates retinal and extraretinal signals (Sperry, 1950; Von Holst & Mittelstaedt, 

1950). More specifically, the visual system seems to be able to anticipate the distortions 

created by saccades based on a corollary discharge from the oculomotor system (Grüsser, 

1995; Melcher & Colby, 2008; Wurtz, 2008). With the information conveyed by the 

corollary discharge, visual information can (theoretically) be updated from its current 

location in the visual field to the upcoming location in the visual field, thereby giving rise to 

perceptual continuity.  

 Neurophysiological studies with non-human primates have identified a pathway for 

the processing of a corollary discharge from the oculomotor system, comprising the 

superior colliculus, medial dorsal nucleus of the thalamus and the frontal eye fields (Sommer 

& Wurtz, 2002, 2006). This pathway  has also been related to perceptual continuity 

(Cavanaugh et al., 2016; Joiner, Cavanaugh, FitzGibbon, & Wurtz, 2013). In addition, other 

neurophysiological studies with non-human primates demonstrated changes in receptive 

field profiles of visual neurons before the onset of a saccade (Duhamel, Colby, et al., 1992; 

Kusunoki & Goldberg, 2003; Nakamura & Colby, 2002; Umeno & Goldberg, 1997). It is 

assumed that the change in receptive field properties is triggered by the corollary discharge 

such that visual neurons can anticipate the change in visual input caused by the saccade 

(Mirpour & Bisley, 2016). Evidence from experiments with human subjects point in the same 

direction, although the effects are only observed after saccade offset (but this could be due 

to methodological constraints). Multiple fMRI studies (Dunkley et al., 2016; Fairhall et al., 

2017; Merriam et al., 2003; Zimmermann, Weidner, et al., 2016) and EEG studies (Edwards 

et al., 2018; Huber-Huber, Buonocore, Hickey, & Melcher, 2018) showed that a visual 

stimulus before a saccade affects the processing of a stimulus at the same spatiotopic 

location after the saccade, corroborating observations from human psychophysics. Although 



 

these studies do show clear post-saccadic effects of a pre-saccadic stimulus, it remains 

unclear when these effects arise in the human visual system. Previous attempts to address 

this question with electroencephalography (EEG) have resulted in mixed results. Two 

studies demonstrated modulations of ERPs related to updating before saccade onset (Parks 

& Corballis, 2008, 2010), but two other studies only found these effects after saccade offset 

(Bellebaum & Daum, 2006; Peterburs, Gajda, Hoffmann, Daum, & Bellebaum, 2011). The 

former two studies specifically found effects ipsilateral to a presented stimulus, suggesting 

pre-saccadic updating of information to the post-saccadic location of the stimulus. Here, we 

tried to replicate this finding (modulation of ipsilateral evoked responses before saccade 

onset) with magnetoencephalography (MEG). While subjects were in the MEG, they were 

presented a large sinusoidal grating in the lower visual field. In different conditions, subjects 

either maintained fixation with the grating in the lower left or lower right visual field, or 

they made a saccade over the grating such that the grating was first in the lower left and 

then in the lower right visual field. In a subset of trials, the grating was absent, and subjects 

only made a saccade. This paradigm is similar to other human neuroimaging paradigms 

investigating updating of visual information across saccades (Dunkley et al., 2016; Fairhall et 

al., 2017; Parks & Corballis, 2010; Zimmermann, Weidner, et al., 2016). Similar to the 

aforementioned EEG studies, we observed stronger contralateral responses after stimulus 

onset in our MEG data. However, this lateralization disappeared close to saccade onset, 

consistent with pre-saccadic remapping.  

Beyond a replication of the pre-saccadic modulation of visually evoked responses, we 

also went a step further to examine the content of the updated information. Because 

although a pre-saccadic stimulus influences the post-saccadic processing of the same 

stimulus, it remains unclear whether signals related to updating across saccades contain 

detailed information about the stimulus features. It has been argued that only pointers to 

relevant locations are updated, without any detailed information about the visual 

characteristics of the stimulus at that location (Cavanagh et al., 2010; Mirpour & Bisley, 

2016), whereas others have argued that more detailed information of stimulus features 

could be updated (Melcher, 2011; Subramanian & Colby, 2014). Here, we used multivariate 

pattern analysis to decode stimulus information from the pre-saccadic event-related 

responses to explore when the representation of a stimulus switches from the pre- to the 

post-saccadic situation. To give our stimuli distinct features we presented grating with a low 

(0.33 cyc/°) or a high (1.33 cyc/°) spatial frequency. We trained classifiers to distinguish the 

spatial frequency of the gratings based on data from trials where subjects remained stable 

fixation. It has been demonstrated that spatial frequency can be reliably decoded from MEG 



 

data, albeit with larger stimuli around the point of fixation (Ramkumar, Jas, Pannasch, Hari, 

& Parkkonen, 2013). We trained two classifiers: one trained on the data with the gratings 

in the pre-saccadic visual field, another one trained on the data with the gratings in the post-

saccadic visual field. Cross-validation of these classifiers showed rapid above chance 

classification, about 40 ms after stimulus onset. We then used these classifiers to decode 

the data from trials in which a saccade brought the grating from one visual hemifield into 

the other.  

The pre-saccadic classifier ȓ trained with data obtained while subjects were keeping 

fixation during the entire trial, and where the stimulus was in the same hemifield as in the 

saccade trials before saccade onset ȓ accurately classified the spatial frequency rapidly after 

stimulus onset (~40 ms). Crucially, spatial frequency was accurately classified,  well into the 

post-saccadic period. The post-saccadic classifier ȓ trained with fixation data when stimulus 

was in the same hemifield as in the saccade trials after saccade offset ȓ accurately classified 

spatial frequency only after saccade offset, about 40 ms into the post-saccadic fixation 

period. Together, the rapid classification and temporal overlap after saccade offset, is 

reminiscent of a șsoft handoffȚ in information transfer (Drew, Mance, Horowitz, Wolfe, & 

Vogel, 2014), such as when a person making a cell phone call is moving such that a new cell 

tower must be used. In the case of a moving stimulus (and stable fixation), for example, 

when an object transfers across the midline, its representation changes cortical 

hemispheres. The initially tracking hemisphere continues to represent the object for a 

period after that object crosses the midline, such that both hemispheres track the object 

at the same time before the șreceivingȚ hemisphere takes over. In the case of the moving 

object, the șdrop-offȚ of the initial hemisphere was delayed by several hundred milliseconds 

when the object moved in a predictable way. In the current experiments, and for saccades 

in general, the stimulus is moved predictably across the visual field. We discuss the current 

data and perceptual continuity in light of the idea of a soft handoff. 

Methods  

Subjects  

We analysed data of 29 subjects (13 female; mean age = 25.3, range = [20, 35]; 23 right 

handed). We collected data of two more subjects, but their data could not be included in 

the analysis because of technical issues (n = 1) and inability to perform the task (n = 1). In 

the latter case, the subject was making saccades to the stimulus rather than the saccade 



 

target. Of the 29 subjects, one subject was excluded after analysing the behavioural 

performance. Performance of this subject in the Saccade condition on the orientation 

change detection task was at chance level both for 0.33 cyc/° (Dȗ = 0.05) and 1.33 cyc/° (Dȗ 

= 0.11) stimuli.   

Setup  

Participants were dressed in scrubs. Five head position indicator (HPI) coils were 

attached. Head coordinate frame, coil position and head shape were determined with the 

Fasttrack 3D digitization system (Polhemus, Colchester, VT, USA) using the left and right 

pre-auricular points, the nasion and 500 points distributed across the head. Head position 

was measured at the beginning of each experimental run. MEG data were acquired with a 

Vectorview 306 channel MEG machine (Elekta Neuromag Oy, Helsinki, Finland). Eye 

position data were acquired with an Eyelink 1000+ at 1000 Hz, recording the left eye (SR 

Research Ltd., Mississauga, ON, Canada). Stimuli were projected with a PROPixx projector 

(VPixx Technologies, Saint-Bruno, QC, Canada) onto a translucent screen 100 cm away 

from the subject, with a refresh rate of 120 Hz. The display size was 51 by 38 cm, with a 

resolution of 1440 by 1080 pixels. Visual onsets were monitored with a photodiode, placed 

in the lower left corner of the display over a small square that changed polarity with every 

change in display. Manual responses were recorded with RESPONSEPixx (VPixx 

Technologies, Saint-Bruno, QC, Canada). Four electrooculography (EOG) and two 

electrocardiography (ECG) electrodes were attached, but these recordings were not used 

in the analysis. Electrodes were placed above and below the left eye for measuring the 

vertical EOG, and on the outer canthi for measuring the horizontal EOG. ECG was 

recorded using Einthovenȗs lead II, which used the Left Leg and the Right Arm electrodes. 

Stimuli  

Stimulus presentation was controlled with MATLAB Psychtoolbox 3 (Brainard, 1997; 

Kleiner et al., 2007; Pelli, 1997) and its DATAPixx extension (VPixx Technologies, Saint-

Bruno, QC, Canada). The Eyelink extension of the Psychtoolbox (Cornelissen et al., 2002) 

was used to control the eye-tracker and control the gaze-contingent display. The stimuli 

were static sinusoidal gratings (ø = 4° visual angle; orientation = -30° or 30° from vertical; 

spatial frequency = 0.33 or 1.33 cyc/°; phase = 0 or pi, to keep luminance equal). Stimuli 

were presented at full contrast (black = 1.94 cd/m2, white = 142 cd/m2) on a uniform grey 

background (61.1 cd/m2). Stimulus contrast was reduced to zero over the outer 0.6° with 



 

a raised cosine envelope. The center of the stimuli was located 6° below the horizontal 

meridian, and horizontally centered on the display. The fixation points consisted of black 

dots (radius = 0.5°) overlaid with a grey cross and a black point (radius = 0.07°) in the center 

of the cross (Thaler, Schütz, Goodale, & Gegenfurtner, 2013). Fixation points were located 

7° to the left or right from the center of the display. 

Procedure  

Subjects performed trials in two different conditions, a Saccade and a Fixation condition 

(Figure 1A). In the Saccade condition, subjects performed a trans-saccadic change detection 

task on the orientation of the stimulus. In these trials (416 trials/subject), subjects initially 

fixated the right fixation point for a random duration of 1.0 to 1.5 seconds (uniformly 

distributed). Then stimulus 1 (S1) appeared, together with the second fixation point. Subject 

made a saccade (required amplitude = 14°) to the left fixation point immediately after 

stimulus onset. In a pilot dataset we observed that this procedure gave rise to median 

saccade latencies of approximately 0.2 seconds. The maximum saccade latency during the 

 



 

experiment was 1.0 second. If subjects had not executed a saccade by then they were 

displayed a text encouraging them to make faster saccades. During the saccade, stimulus 2 

(S2) was presented. S2 had either the same orientation as S1 or a 60° different orientation. 

I.e. if S1 had an orientation of -30° from vertical, and the orientation changed during the 

saccade, S2 would have an orientation of +30°. We only used these two orientations. S2 

was presented for the same duration as S1. After the saccade, subjects manually indicated 

whether S1 and S2 had the same orientation. The maximum response latency during the 

experiment was 2.0 seconds. If subjects had not responded by then they were displayed a 

text encouraging them to make faster responses. 

Additionally, we included trials without a stimulus (208 trials/subject). In these trials, 

subjects fixated the right fixation point for 1.0 to 1.5 seconds, before the left fixation point 

appeared. Subjects made a saccade to the left fixation point. When a saccade was detected, 

the trial ended after a time equal to the sum of the online saccade latency and an additional 

0.5 seconds. Subjects did not give a manual response in these trials. These șsaccade, no 

stimulusȚ trials were mixed with the trans-saccadic change detection trials. Online saccade 

detection was position-based, i.e. a Ȗsaccadeȗ was detected as soon as gaze was outside an 

area of 2° around the right fixation point. For the analysis, saccades were detected offline 

using a velocity-based algorithm (see Preprocessing). 

In the Fixation condition, subject also performed a change detection task, similar to the 

trans-saccadic change detection task (416 trials/subject). Subjects fixated the left or right 

fixation point for the entire length of a single trial. S1 was presented for a random duration 

between 0.5 to 0.7 seconds (uniformly distributed). Then, S1 was removed for a duration 

between 42-75 ms (normally distributed; mean = 55; s.d. = 6) and followed by S2 presented 

with the same duration as S1. The duration between S1 and S2 was matched to the duration 

of saccades from the pilot data. 

Block design  

The Saccade and Fixation conditions were presented in separate blocks. Subjects 

performed 13 blocks of the Saccade condition, and 13 blocks of the Fixation condition. The 

order of conditions (i.e. fixation first or saccade first) was balanced between subjects. The 

parameters spatial frequency (high/low), base orientation (-30°/30°), grating phase (0/pi) and 

change presence (with/without) were factorially presented within each block. In the Saccade 

condition, trials without a stimulus were implemented as a spatial frequency of 0 in this 

factorization. In the Saccade condition, all factorial combinations were repeated twice within 



 

a block, resulting in 48 trials per block. In the Fixation condition, fixation location (L/R) was 

included as an additional parameter in the factorization, resulting in 32 trials per block. One 

block of the Saccade condition and one block of the Fixation condition were combined into 

one experimental run. The duration of one run was approximately 8 minutes. Before the 

experiment started, subjects performed one block of the Fixation condition and one block 

of the Saccade condition as practice. The Fixation condition was always practiced first. 

Preprocessing  

We visually inspected all data and marked noisy channels. The native Maxwell filter of 

Elekta Neuromag was applied to filter signals that originated outside the MEG helmet (Taulu 

& Kajola, 2005; Taulu, Kajola, & Simola, 2003; Taulu, Simola, & Kajola, 2005). Line noise (50 

Hz) and its harmonics (100 and 150 Hz) were attenuated using a DFT filter on the 

continuous data of each run. Data were then cut into epochs from 0.5 s before until 1.5 s 

after S1 onset. Then, data were downsampled to 500 Hz. The raw Eyelink recordings in the 

MEG datafile were converted from volt to pixels. We observed a small but consistent lag 

between the recordings in the MEG datafile and the Eyelink datafile of 7 ms. This lag 

probably originated during the digital-to-analog conversion and was compensated for by 

shifting all Eyelink data in the MEG datafile with 7 ms back in time with respect to the MEG 

data. Saccades were detected with the saccade detection algorithm of Nyström and 

Holmqvist (Nyström & Holmqvist, 2010), with a minimum fixation duration of 40 ms and a 

minimum saccade duration of 10 ms. To determine the onset of a visual event we converted 

the raw photodiode signal to a trinary signal ȓ because we used three grey values: black, 

grey and white ȓ by taking four linearly separated values between the minimum and 

maximum values of the raw signal. All values below the second boundaries were classified 

as black (-1). All values between the second and third boundary were classified as grey (0). 

All values higher than the third boundary were classified as white (1). The absolute 

difference of the trinary signal was used to obtain the timing of a visual onset. 

Epoch exclusion  

All epochs from -0.5 to 1.5 after S1 onset were visually inspected for remaining MEG 

artefacts (e.g. muscle activity). Epochs containing artefacts were removed (mean = 3.9%, 

min = 0.4%, max = 7.3%). In the conditions with saccades, epochs were included only if 1) 

there was a single saccade after S1 onset and before S2 onset, 2) the saccade endpoint was 

at least 4° over the vertical midline of the screen, bringing the stimulus from being entirely 

in the left visual field to entirely in the right visual field, and 3) the saccade endpoint was 



 

higher than 2° below the horizontal midline of the screen, keeping the stimulus entirely in 

the bottom visual field (mean = 8.2%, min = 0.2%, max = 28.8%). In the Fixation conditions, 

epochs were included only if subjects 1) maintained gaze within an area of 2° visual angle 

around the fixation point during the entire epoch and 2) did not make microsaccades with 

amplitudes larger than 0.5° (mean = 4.2%, min = 0.1%, max = 21.4%). After defining valid 

epochs, we further included epochs in the saccade condition only when the saccade latency 

was between 150 and 500 ms. These latencies were selected because we intended to 

compare the saccade and fixation conditions. The duration of S1 in the fixation conditions 

was minimally 500 ms. The lower bound of the latency inclusion was more arbitrary: we did 

not want saccades to be slow, but we also wanted to have epochs of a considerable length. 

Thus, we settled for 150 ms.  

Event - related planar gradients  

We computed event-related planar gradients of the combined gradiometer data with 

the recordings locked to saccade onset. We used planar gradiometers because their 

measurements allow for a direct distinction between left and right hemisphere activity, 

whereas magnetometers do not. We cut epochs from -0.6 to 0 seconds before saccade 

onset. Then computed the average per sensor and subsequently combined the averaged 

gradiometers. Lastly, we subtracted the average activity in a baseline period from -0.6 to -

0.5 seconds before saccade onset. This baseline period did not include any stimulus-related 

activity, as we only included trials with a maximum saccade latency of 0.5 seconds. We did 

not apply any filters before or after computing the planar gradients (other than described 

in Preprocessing). We estimated responses related to pre-saccadic remapping to be the 

 



 

residual planar gradients from the conditions with both a saccade and a stimulus (i.e. the 

Saccade, left VF condition), after regressing out the predicted planar gradients based on the 

linear, weighted combination of the saccade related planar gradients and stimulus related 

planar gradients (Figure 2). For the saccade related activity, we took the saccade-locked 

planar gradients from the Saccade, no stimulus condition, because that condition only 

contains a saccade and no stimulus. For the stimulus related activity, we used the saccade-

locked planar gradients from both the combined trials in the Fixation, left VF, 0.33 cyc/° and 

1.33 cyc/° conditions. We did not make a distinction between spatial frequencies of the 

stimulus. For each subject and each combined planar gradiometer, we constructed a linear 

model, estimated the parameters for the saccade related activity (Ǝsaccade, no stimulus) and 

the stimulus related activity (Ǝfixation, left VF). With these parameters, we estimate the 

predicted planar gradient (») in the conditions with both a saccade and a stimulus (Saccade, 

left VF, 0.33 cyc/° and 1.33 cyc/°). The residuals were the difference between the actual 

planar gradient and ». We then tested where the residuals deviated from zero (see Methods: 

Statistics). In addition, we tested the lateralization of the residuals by subtracting the average 

residual planar gradient of all 48 rights sided sensors from the average residual planar 

gradient of all 48 left sided sensors (note that we left out 8 sensors from this analysis 

because they are positioned at the center of the helmet). 

Trial length matching  

In the analysis of planar gradients, we focused on stimulus related activity with respect 

to the onset of a saccade. Therefore, we locked epochs to the onset of the saccade (in the 

Saccade conditions). Because of the natural variability in saccade latencies, not all epochs 

had the same length. With our inclusion and exclusion criteria we assured that all trials 

were between 150 and 500 ms (see Methods: Epoch exclusion). By locking all epochs to 

the onset of the saccade rather than to the onset of S1, the stimulus-related activity would 

be scrambled across trials and become more convoluted when averaging over all trials in 

one condition. On the other hand, activity related to saccade onset should become more 

pronounced. Trials in the Fixation conditions did not have a saccade. Therefore, we matched 

each trial in these conditions to the duration of the trials in the Saccade conditions. We 

matched the trials chronologically per subjects. I.e. trial 1 of the Fixation trials was matched 

in length to trial 1 of the Saccade trials etc. We did not take the stimulus features into 

account for this procedure. In case a subject had more trials in the Fixation conditions than 

in the Saccade conditions, the surplus of Fixation trials was matched by randomly sampling 

from the Saccade trials. In addition, to the chronological match, we made 500 other samples 

of trial length matches, where Saccade trials and Fixation trials were randomly matched, 



 

rather than chronologically. These matchings were used to test whether the residuals used 

in our planar gradient analysis were robust to different computations of the Ȗsaccade-lockedȗ 

planar gradient from the Fixation condition. 

Multivariate pattern analysis (MVPA)  

We performed three different multivariate pattern analyses. All MVPAs were 

performed using the CoSMoMVPA toolbox for MATLAB (Oosterhof, Connolly, & Haxby, 

2016). Firstly, we assessed whether any stimulus features could be decoded from the MEG 

data. To this extent, we performed 10-fold cross-validation of linear support vector 

machines (SVM) trained to separate stimulus features (spatial frequency, orientation and 

phase) from the data of the Fixation conditions. SVMs were trained for each subject 

separately. Data were aligned to the onset of stimulus 1 (S1), processed at 500 Hz and 

baseline standardized to -0.2 to 0 s before S1 onset. We used ștemporal searchlightȚ with 

a radius 10 ms (i.e. 5 samples at 500 Hz). This temporal searchlight means that for each 

timepoint, classification is based not only on the data of all 306 channels at that timepoint 

but also 10 neighbouring timepoints, increasing the number of feature dimensions for 

classification elevenfold. In each fold of the cross-validation, trials were always balanced for 

the stimulus feature that would be classified.  

Secondly, we examined to which extent classifiers trained on one condition could 

decode spatial frequency in another condition. We performed cross-condition classification 

of spatial frequency. Here, SVMs were trained on the MEG data of either the Fixation, left 

VF or the Fixation right VF condition, to test for spatial invariance of the classification of 

spatial frequency. Subsequently, we tested on data of the Saccade, left VF and Fixation Right 

VF, or Saccade, left VF and Fixation, left VF conditions, respectively. Because trials in the 

training and test set were independent, we did not use cross-validation here. The same 

preprocessing and temporal searchlight parameters as in the first MVPA analysis were used.  

Thirdly, we examined the temporal generalization of cross-condition classification of 

spatial frequency. The SVMs were trained on data from the Fixation conditions and tested 

on the data from the Saccade condition. Data were downsampled to 250 Hz and baseline 

standardized to -0.2 and 0 s before S1 onset. We used a temporal searchlight with a radius 

of 8 ms (i.e. 2 samples). The test data from the Saccade condition were aligned to S1 onset, 

saccade onset or saccade offset. Thus, in total six temporal generalizations were made per 

subject. With this analysis we examined how stimulus related activity changes across a 



 

saccade, and whether this progression resembles activity related to stimulus onsets under 

stable fixation at the pre-saccadic or the post-saccadic fixation location.   

Statistics  

For the behavioural parameters we calculated the mean or median of a parameter per 

subject and per condition. These values were analysed with a Bayesian repeated-measures 

ANOVA either in a 3×2 design (3 conditions × 2 spatial frequencies, excluding the Saccade, 

no stimulus condition) or in a 3×1 design (3 Saccade conditions). We used the default prior 

settings in JASP and computed Bayes factors for the fixed effects across matched models 

(JASP Team, 2018). 

For the residuals in the planar gradient analysis, we tested for significant deviations from 

0 per sensor and per time-point using one-sample t-tests (ƍ = 0.05, two-tailed). We 

corrected for multiple comparisons using cluster-based permutations with threshold-free 

cluster-enhancement (Maris & Oostenveld, 2007; S. Smith & Nichols, 2009). We used 1×104 

permutations, sensors were clustered based on Delaunay triangulation. Statistics were 

computed with the CoSMoMVPA toolbox (Oosterhof et al., 2016). 

For the MVPAs, classifier performance was assessed against chance level using one 

sample t-tests, corrected for multiple comparisons using cluster-based permutations, with 

threshold free cluster-enhancement. Classifier accuracy was computed as șproportion 

correctȚ but converted to the log-odds of a correct response before entering the statistical 

analysis. Chance level were log-odds = 0. We used 1×104 permutations. Time points were 

regarded as clusters within a radius of 10 ms. 

Results  

Behaviour  

Overall, sensitivity for changes in orientation was high (average Dȗ = 3.32 ± 0.11 s.e.m.), 

but there were differences in sensitivity between the different conditions and spatial 

frequencies (Figure 3A). We assessed these differences with a Bayesian repeated measures 

ANOVA, with the factors condition (Fixation, right VF, Fixation, left VF and Saccade, left 

VF) and spatial frequency (0.33 cyc/° and 1.33 cyc/°). There was strong evidence in favour 



 

of an effect of both condition (BF10 = 1.43×1010) and spatial frequency (BF10 = 1.39×1012), 

but not for their interaction (BF10 = 0.377). Post-hoc tests showed that the effect of 

condition was primarily driven by differences between the Saccade and two Fixation 

conditions (BF10 = 4.17×106, and BF10 = 7.50×107), but not between the two Fixation 

conditions (BF10 = 0.316). Subjects had a slight overall bias of reporting a change (average 

criterion = 0.19 ± 0.03 s.e.m.). The data were inconclusive with regards to effects of 

condition (BF10 = 0.562) or spatial frequency (BF10 = 1.04) on this bias, and the data were 

against an interaction between condition and spatial frequency (BF10 = 0.123). Together, 

these results show that subjects were attending the stimulus in all conditions, but 

performance was better in the fixation conditions and for stimuli with a low spatial 

frequency. 

We analysed the median saccade latencies and mean horizontal accuracies (Figure 3B, 

3C). Histograms and 2D density plots are provided in the Supplementary Information 

(Figure S1). Across the different Saccade conditions, the average of median saccade latencies 

was 0.251 (±0.009 s.e.m.) seconds (after excluding trials with latencies <0.15 s or >0.50 s). 

Latencies was different across these different conditions (BF10 = 1.45×107). This was driven 

by a difference between the latencies in the Saccade, no stimulus condition versus the 

Saccade 0.33 cyc/° (BF10 = 2.77×103) and the Saccade 1.33 cyc/° (BF10 = 1.83×104) conditions. 

The data were inconclusive about a difference in saccade latencies between the Saccade 

0.33 cyc/° and the Saccade 1.33 cyc/° (BF10 = 0.993). On average saccades were hypometric 

(average overshoot = -0.76° ± 0.07 s.e.m). The saccade amplitudes were also different 



 

between the different conditions (BF10 = 1.17×107), with larger amplitudes in the Saccade, 

no stimulus condition than in the Saccade, 0.33 cyc/° (BF10 = 5.60×104) or the Saccade, 1.33 

cyc/° (BF10 = 2.13×103) conditions. But the evidence was inconclusive about a difference 

between Saccade, 0.33 cyc/° and Saccade, 1.33 cyc/° conditions (BF10 = 0.442). Together, 

these results show that oculomotor behaviour between trials with a stimulus and trials 

without a stimulus was slightly different (faster but more hypometric when a stimulus was 

presented), but not very different (if at all) between trials with a stimulus with spatial 

frequencies of 0.33 cyc/° or 1.33 cyc/°.  

 



 

Model pre -saccadic planar gradient  

In the EEG experiments of Parks and Corballis (2008, 2010), saccade-locked ERPs were 

stronger in electrodes over the hemisphere ipsilateral to a visual stimulus than over the 

contralateral hemisphere when the upcoming saccade would shift the stimulus to the other 

hemifield. The ipsilateral ERP was only significantly different from the contralateral ERP 

close before saccade onset (-40 to 0 ms). Because of the late timing and ipsilateralization, 

the authors conclude that the ERP could reflect pre-saccadic remapping. Here, we 

investigated pre-saccadic remapping signatures in the planar gradients of combined planar 

gradiometers by analyzing residual activity in the Saccade, left VF (0.33 cyc/° and 1.33 cyc/° 

combined) condition, after regressing out the planar gradients of the Saccade, no stimulus 

and Fixation, left VF (0.33 cyc/° and 1.33 cyc/° combined) conditions. For the group average 

planar gradients in the different conditions see Figure S2. Overall, regression coefficients 

and explained variances were larger for sensors on the right (contralateral) side of the 

helmet (Figure 4A). From 142 ms before saccade onset, average residual planar gradients in 

several sensors were significantly higher than 0 (Figure 4B). The number of sensors with 

significant residual planar gradients increased over time to saccade onset to a maximum of 

71 sensors. The residual planar gradients were significantly lateralized over the right 

(contralateral) hemisphere between -96 and -72 ms before saccade onset (Figure 4C). After 

this period, lateralization seemed to reverse but was not significantly different from zero. 

We repeated this analysis 500 times with different trial length matchings between Saccade 

and Fixation trials (see Methods: Trial length matching). The outcomes of the different trial 

matchings did not differ substantially from the chronologically matched trials (Figure S3).  

In sum, we extracted planar gradients that were potentially related to pre-saccadic 

updating of visual information. We defined the remapping related planar gradients by taking 

the residuals from the Saccade, left VF (0.33 cyc/° and 1.33 cyc/° combined) condition after 

regressing out the stimulus related (the Fixation, left VF condition) and the saccade related 

planar gradients (the Saccade, no stimulus condition). Following the results of the EEG 

studies of Parks and Corballis (2008, 2010), we expected the residuals to be ipsilateral to 

the stimulus shortly before saccade onset. In our data, the residual planar gradients 

increased in strength closer to saccade onset. For a brief period around 80 ms before 

saccade onset, the residual planar gradients were lateralized to the hemisphere contralateral 

to t he stimulus. This lateralization seemed to reverse to the ipsilateral hemisphere closer 

to saccade onset, but there was no significant difference between residual planar gradients 

in the left and in the right sensors. Still, there was a strong residual planar gradient in a large 



 

number of sensors both over the contra- and ipsilateral hemispheres, suggesting stronger 

neural activity in both hemispheres close to saccade onset. 

Stimulus feature decoding with MVPA  

In the previous section we investigated whether the planar gradients contained any 

evidence for pre-saccadic updating. Although we did not observe a clear ipsilateral response, 

the condition with both a saccade and a stimulus contained stronger planar gradients than 

would be expected based on the conditions with only a stimulus or only a saccade. In this 

section we investigated whether the pre-saccadic saccade-locked data contained 

information about the stimulus features. We took a different approach to this problem by 

using multivariate pattern analysis (MVPA). 

We trained linear SVMs to classify the spatial frequency of the stimulus based on all 

MEG data (magnetometers and gradiometers) from the Fixation conditions. To assess the 

distinctiveness of the evoked fields, we computed classifier accuracy based on 10-fold cross-

validation. We observed significant above-chance classification accuracy (Figure 5A) both in 

the Fixation, right VF (0.042-0.468 s after S1 onset) and in the Fixation, left VF conditions 

(0.040-0.388 s after S1 onset. The peak of average classification accuracy in the Fixation, 

right VF was 0.60 at t = 0.062 s after S1 onset. The peak of average classification accuracy 



 

in the Fixation, left VF was 0.63 at t = 0.064 s after S1 onset. The orientation and the phase 

of the stimulus could not be classified reliably (Figure S4A, S4B).  

Next, we tested the spatial specificity of spatial frequency encoding. In visual cortex, 

each hemisphere represents the contralateral visual field. Therefore, we expected that the 

evoked fields by a stimulus in the left VF would be substantially different from the fields 

evoked by a stimulus in the right VF. So, the difference between high and low spatial 

frequencies would also be different. Thus, we hypothesized that a classifier trained to 

discriminate spatial frequency of stimuli in the left VF should not perform above chance in 

classifying stimuli in the right VF. We tested this hypothesis using cross-classification. We 

had two conditions in which Stimulus 1 was presented in the left visual field (Fixation, left 

VF a Saccade, left VF), and one in which Stimulus 1 was presented in the right visual field 

(Fixation, right VF). We expected that an SVM trained to classify spatial frequency from the 

Fixation, left VF data would be able to classify spatial frequency from the Saccade, left VF 

data, but not from the Fixation, right VF data. And conversely, an SVM trained to classify 

spatial frequency from the Fixation, right VF data would not be able to classify spatial 

frequency from the other two conditions.  

We trained data on one of the two Fixation conditions and assessed its performance 

on the other conditions. SVMs trained on the Fixation, right VF data could not reliably 

classify spatial frequency from the Saccade, left VF condition (Figure 5B), or the Fixation, 

left VF condition (Figure S4C). However, SVMs trained on the Fixation, left VF data could 

also classify data from the Saccade, left VF condition (first above-chance classification cluster 

= [0.038, 0.392] s after S1 onset, peak accuracy = 0.61, time of peak classification = 0.066 s 

after S1 onset), but not from the Fixation, right VF condition. This implies that the 

differences in stimulus-locked data between gratings with 0.33 cyc/° or 1.33 cyc/° spatial 

frequencies are different for stimuli in the left and stimuli in the right visual field, but these 

differences do not depend on the instructed oculomotor behaviour (i.e. remain fixation or 

execute a saccade after stimulus onset) 

In the previous sections, we observed that spatial frequency can be decode from the 

data when locked to stimulus onset. This representation of spatial frequency was specific 

to the hemifield in which the stimulus was presented. With this final MVPA, we investigated 

at which time point (with respect to the saccade) the representation of spatial frequency in 

the Saccade, left VF condition switches from the representation of spatial frequency in the 



 

Fixation, left VF to the representation in the Fixation, right VF condition. To investigate this 

carefully, we examined the cross-condition temporal generalization of classifiers trained on 

the Fixation conditions and tested on three different alignments of the Saccade condition 

(Figure 6).  

 



 

When the test data from the Saccade condition were aligned to S1 onset the classifier 

trained on data from the Fixation, left VF condition was able to classify significantly above 

chance (Figure 6D), but the temporal generalization was limited (note the narrow diagonal 

pattern of classification accuracy in Figure 6D). The classifier train on the Fixation, Right VF 

data only classified the Saccade, Left VF data correctly in a couple of small time windows, 

one along the diagonal around 0.4 s after stimulus onset (Figure 6G). At this timepoint, 

saccades had been executed in the majority of the trials (in the Saccade, left VF data). Thus, 

this cluster might reflect a second sweep of feedforward processing of visual information 

after saccade offset. This will become more apparent when inspecting the cross-

classification with the test data aligned to saccade offset.  

After aligning the Saccade, left VF data to saccade onset it becomes apparent that the 

classifier trained on the Fixation, left VF is still able to classify spatial frequency from the 

Saccade data after saccade onset (Figure 6E). Especially the test data between 0 and 0.1 s 

after saccade onset can be decoded by classifiers trained on Fixation, left VF data from 

approximately all timepoints between 0.15 to 0.45 s after S1 onset. Crucially, the classifier 

trained on the Fixation, right VF data was not able to decode the Saccade data before 

saccade onset (Figure 6H), but only after ~0.1 s after saccade onset. So, before saccade 

offset, the patterns in the MEG data do not resemble stimulus evoked patterns when 

subjects were fixating the post-saccadic fixation location. 

After aligning the Saccade, left VF data to saccade offset, the classifier trained on the 

Fixation right VF data was able to classify significantly above chance, starting 0.032 s after 

saccade offset (Figure 6I). This above-chance classification is most prominent along the 

diagonal that time since S1 onset in the training data to the time since saccade offset in the 

test data. Note that after saccade offset, the stimulus is located in the right visual field, 

similar to the Fixation, right VF condition. Unlike the narrow temporal generalization in 

Figure 6D, classifiers trained on timepoints between roughly 0.1 to 0.2 and 0.3 to 0.5 s after 

S1 onset were able to significantly decode the Saccade data from 0.1 to 0.2 s after saccade 

offset. The classifier trained on the Fixation, left VF data was able to accurately decode the 

Saccade data both before and after saccade offset (Figure 6F). Especially classifiers trained 

on the time points between 0.3 and 0.4 after S1 onset were able to generalize to the time 

points in the Saccade data from -0.1 before to 0.3 after saccade offset. 

In summary, stimulus locked data contained information about the spatial frequency of 

the stimulus ( Figure 5B), and this information is specific to the visual field in which the 

stimulus is presented (see cross-classification in Figure 5C). The differences between spatial 



 

frequencies of 0.33 cyc/° and 1.33 cyc/° develop rapidly over time (see the limited temporal 

generalization in Figure 6D). Hence, the representation of spatial frequency might depend 

primarily on feedforward sweeps of visual information. When a classifier was trained on 

MEG data evoked by visual input that was similar to the pre-saccadic visual input (Fixation, 

left VF), it was able to decode the Saccade, left VF data after S1 onset, both before saccade 

onset and after saccade offset (Figure 7). A classifier trained on responses evoked by visual 

input that was similar to the post-saccadic visual input (Fixation, right VF), it was able to 

decode the Saccade, left VF data only after saccade offset (Figure 7). Hence, the response 

evoked by stimulus onset resembles the response evoked by a stimulus after saccade offset.  

Discussion  

In this study, we investigated updating of visual information across saccades with 

magnetoencephalography. Visual information was operationalized as a large sinusoidal 

 



 

grating. In the crucial condition, subjects were presented visual information while also 

instructed to make a saccade that brought the stimulus from one visual hemifield into the 

other. In different conditions, we only presented the stimulus but subjects made no saccade, 

or we did not present a stimulus and subjects only made a saccade. 

The spatial profile and temporal development of the evoked response were similar to 

what would be expected from spatial updating of visual information. In particular, we found 

a stimulus-contralateral response followed by (also) an ipsilateral response, as previously 

reported in an EEG study (Parks & Corballis, 2008, 2010).  Initially, the event-related planar 

gradients showed clear responses to the onset of the grating when subjects maintained 

stable fixation, as expected. Moreover, these responses were stronger in the condition 

where subjects made a saccade across the grating, shifting it from the left to the right visual 

field. We modelled the planar gradients from that condition as the weighted linear 

combination of the planar gradients in response to only a grating but no saccade and in 

response only a saccade but no grating. These residual planar gradients were initially 

lateralized contralateral to the grating. Close to saccade onset, the planar gradients were 

stronger across the majority of gradiometers, both contralateral and ipsilateral to the 

grating. One possible interpretation is that this stronger planar gradients reflect updating of 

visual information from the contralateral hemisphere (șcurrent receptive fieldȚ) to the 

ipsilateral hemisphere (șfuture receptive fieldȚ), similar to monkey neurophysiology 

(Duhamel, Colby, et al., 1992; Kusunoki & Goldberg, 2003; Sommer & Wurtz, 2006) and 

human EEG (Parks & Corballis, 2008, 2010).  

At the same time, behavioural characteristics differed between the conditions. Subjects 

were essentially performing a dual task in the Saccade, left VF condition ȓ making both a 

saccade and performing an orientation change detection task ȓ which made the Saccade, 

left VF task harder than the Fixation, left VF condition. This is reflected in a lower change 

detection performance in the Saccade, left VF condition. Moreover, because the grating was 

a strong visual stimulus, saccades towards the stimulus had to be inhibited, and a saccade 

to the saccade target had to be initiated (Schall, 1995; Van der Stigchel, Meeter, & 

Theeuwes, 2006). This competition between saccade vectors was absent in the Saccade, no 

stimulus condition. This is reflected in higher saccade endpoint errors in the Saccade, left 

VF condition (and one subject who was not able to perform the Saccade, left VF condition 

at all because she kept making saccades towards the grating). Thus, while the pattern of 

evoked responses was consistent with spatial updating around the time of saccades, 

replicating a pattern similar to that reported by Parks and Corballis with EEG (2008, 2010), 



 

these responses are open to multiple interpretations. Therefore, in addition to the 

univariate analysis of average planar gradients, we also used multivariate pattern analysis 

(MVPA) to examine whether whole-brain MEG responses contained stimulus specific 

information, operationalized as decoding of spatial frequency. 

The multivariate approach focused on performance in decoding spatial frequency across 

different experimental conditions in order to characterize the spatial and temporal pattern 

of decoding performance. Data from the Fixation conditions clearly demonstrated that 

spatial frequency could be decoded from the MEG data. Moreover, these responses were 

spatially specific: classifiers trained to decode spatial frequency of a grating in the left visual 

field could not reliably classify spatial frequencies of gratings in the right visual field (or vice 

versa). In the Fixation conditions, classification accuracy sharply increased ~40 ms after 

stimulus onset, as observed in a previous study (Ramkumar et al., 2013). Decoding accuracy 

developed quickly over time and showed very limited temporal generalization. The above 

chance classification accuracy and spatial specificity were prerequisites to further use MVPA 

to investigate when the representation of spatial frequency switches from the left visual 

field to the right visual field in the Saccade condition. Before saccade onset, the visual 

stimulation in the Saccade, left VF condition was similar to the visual stimulation in the 

Fixation, left VF condition. After saccade offset, the visual stimulation in the Saccade, left 

VF had changed to the stimulation in the Fixation, right VF condition. As summarized in 

Figure 7, visual stimulation has to match retinotopically before saccade onset for a classifier 

to be able to decode spatial frequency. Only after the saccade has shifted the stimulus to 

the other visual hemifield could the other classifier decode spatial frequency. In other 

words, the response to a spatial frequency after stimulus onset resembles the response to 

the same spatial frequency after saccade offset. This finding suggests that the spatial 

frequency classifier primarily uses feedforward information that is retinotopically organized. 

In addition to these feedforward responses there seems to be lingering representation of 

the pre-saccadic stimulus after saccade offset. The classifier trained on data from the 

Fixation, left VF condition could still decode spatial frequency after saccade offset, when the 

stimulus had been brought from the left into the right visual field in the Saccade, left VF 

condition. This finding shows that it would be possible, in principle, for higher visual area to 

read out the spatial frequency of the stimulus during the entire interval, across the saccade. 

This pattern of results has several interesting implications for theories of perceptual 

continuity. First, the results show how stimulus specific information is present from 

feedforward responses very quickly, after about 40 ms (considering the radius of temporal 



 

search light window of 8 ms). This estimate is similar to a previous study that decoded 

spatial frequency with MEG (Ramkumar et al., 2013). The ultra-low latency of spatial 

frequency specific information in the MEG data suggests that the classifier used signals from 

early visual areas. Neurophysiology studies with monkey subjects showed different latencies 

(30-50 ms) to spatial frequencies in the superior colliculus (Chen, Sonnenberg, Weller, 

Witschel, & Hafed, 2018) and V1 (Maunsell & Gibson, 1992; Mazer, Vinje, McDermott, 

Schiller, & Gallant, 2002). One of the key arguments that perceptual continuity across 

saccades poses a major challenge for the visual system is the delay in the transmission of 

visual information through the visual system (for example, see Melcher & Colby, 2008). A 

number of neurophysiological and behavioural studies have shown that pre-saccadic 

stimulus affects perception of the post-saccadic stimulus immediately after saccade offset 

(Deubel et al., 1998; Edwards et al., 2018; Fabius et al., 2016; Mirpour & Bisley, 2016). After 

that period, the new feedforward information develops quickly, as we observed similar rapid 

ramping up of feedforward information after saccade offset. Increasing evidence shows that 

category specific responses develop within 100 ms after stimulus onset as measured with 

MEG (Carlson et al., 2013) and as reflected in human saccadic responses (Kirchner & 

Thorpe, 2006; Thorpe, Fize, & Marlot, 1996). The interaction between this rapid 

feedforward response and the lingering pre-saccadic representation of the stimulus might 

play an important role in stable and continuous perception across the saccade.  

Second, we did not observe statistically significant above-chance decoding from the 

post-saccadic classifier before saccade onset, but only rapidly after saccade offset (~40 ms). 

Performance of the pre-saccadic classifier showed above-chance decoding before and across 

the saccade, well into the new fixation. This could provide another potentially valuable clue 

as to why perception seems stable and continuous. Given that stimuli do not typically 

change during the saccade, it would be possible to șread outȚ the correct spatial frequency 

of the stimulus continuously across the saccade. About 40 ms after saccade offset, the pre-

saccadic and the post-saccadic information about the stimulus  would converge. This 

temporal overlap could reflect a șsoft handoffȚ in information transfer, resembling 

attentional tracking of a moving object (Drew et al., 2014; Khayat, Spekreijse, & Roelfsema, 

2006). Our results are consistent with a șsoft handoffȚ, rather than a șhard handoffȚ in 

which neurons rapidly cease to represent the pre-saccadic stimulus. It is interesting to note 

that studies of parietal neurons have shown a wide variety of behaviours, with some cells 

responding to the future receptive field even prior to the saccade, i.e. predictive remapping 

(Duhamel, Colby, et al., 1992) but also many maintaining the response to the pre-saccadic 

receptive field briefly after the saccade ended (Mirpour & Bisley, 2016), which has been 



 

suggested to be important for post-saccadic updating (Ong et al., 2009).  Thus, one 

interpretation of the current results is that visual information was not updated before 

saccade onset, but rather maintained retinotopically, and integrated after saccade offset. 

The current results show a pre-saccadic enhancement in event-related planar fields and 

simultaneously, a long pre-saccadic representation of spatial frequency. Although we cannot 

test this directly, it seems that the pre-saccadic ERFs do not contain information about 

spatial frequency. At least not in a similar structure as spatial frequency is processed after 

stimulus onset. One possible explanation is that the pre-saccadic modulation of ERFs 

reflects a șpredictive remapping of attentional pointersȚ, but not of visual feature 

information (Cavanagh et al., 2010). After saccade offset, the new retinal location of the 

stimulus is quickly sampled for new feedforward information. This new information can then 

be combined with the lingering pre-saccadic information to assess continuity of the visual 

features. Hence, perceptual continuity seems to require four ingredients: current visual 

information and current eye position, as well as lingering pre-saccadic visual information and 

lingering pre-saccadic eye position. Here, we demonstrate that both the pre- and post-

saccadic visual information can be decoded from the MEG data. Moreover, a recent 

neurophysiological study demonstrated that eye position can be decoded with various lags 

from the same populations of neurons in LIP, VIP, MT and MST, by reweighting inputs 

connections between the neurons and the decoder (Morris, Bremmer, & Krekelberg, 2016). 

Thus, it seems theoretically feasible to obtain the four ingredients to assess perceptual 

continuity from neural data following a soft handoff of information transfer after rapidly 

saccade offset. 

  



 

Chapter 4 ȓ Supplementary information  

  

 



 

 

 

 

 














































































































































































































