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Abstract 

This thesis explores the visual and motor mechanisms underlying saccadic suppression and 

perceptual stability, focusing on two interrelated aspects. The first part investigates saccadic 

suppression, the phenomenon where visual sensitivity is reduced during saccades to prevent 

motion blur and ensure spatial coherence. Traditionally attributed to motor signals such as 

corollary discharge, this work demonstrates that visual mechanisms play a more prominent 

role than previously assumed. The second part revisits motor bursts in the superior colliculus 

(SC), traditionally regarded as purely motoric, and uncovers their contribution to visual stability 

through sensory-motor integration. 

The first study established the visual origins of saccadic suppression using retinal recordings 

and human psychophysics. By simulating saccades, suppression was induced without motor 

signals, driven by stimulus characteristics like spatial frequency and texture. Low spatial 

frequencies and coarse textures elicited stronger suppression, challenging motor-centric 

models and highlighting stimulus-stimulus interactions. 

The second study examined the influence of luminance contrast polarity on suppression. 

Psychophysical experiments revealed stronger suppression for dark stimuli on dark 

backgrounds, even during simulated saccades, further emphasizing the contextual and visually 

driven nature of suppression. 

In the second part, the role of the SC in sensory-motor integration was investigated. The third 

study demonstrated that SC motor bursts, traditionally viewed as purely motoric, are 

modulated by the visual properties of saccade targets, such as spatial frequency and contrast. 

This finding highlights the SC’s dual function in encoding visual features and generating 

predictive signals for eye movements. 

The fourth study addressed perisaccadic mislocalization, where visual stimuli are perceived 

inaccurately during saccades. Human psychophysics revealed that mislocalization depends 

on visual features and varies across the visual field, with stronger effects in the upper field. 

Finally, a novel paradigm confirmed these mislocalization patterns in rhesus macaques, 

showing parallels with human findings. Mislocalization strength varied with saccade direction 

and visual field location, supporting the SC’s role in visual stability and providing a robust 

framework for future research. 

Together, this work reveals that both saccadic suppression and visual stability rely heavily on 

visual mechanisms and the SC’s sensory-motor integration, offering a refined understanding 

of how seamless vision is maintained during eye movements. 
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Zusammenfassung 

Diese Dissertation untersucht die Mechanismen der sakkadischen Suppression und der 

Wahrnehmungsstabilität, mit einem Fokus auf zwei miteinander verbundene Aspekte. Der 

erste Teil beschäftigt sich mit der sakkadischen Suppression, einem Phänomen, bei dem die 

visuelle Empfindlichkeit während Sakkaden reduziert wird, um Bewegungsunschärfe zu 

vermeiden und räumliche Kohärenz zu gewährleisten. Während dies traditionell motorischen 

Signalen wie dem corollary discharge zugeschrieben wird, zeigt diese Arbeit, dass visuelle 

Mechanismen eine weitaus wichtigere Rolle spielen als bisher angenommen. Der zweite Teil 

untersucht die motorischen Bursts im Colliculus superior (SC), die traditionell als rein 

motorisch angesehen werden, und zeigt deren Beitrag zur visuellen Stabilität durch 

sensomotorische Integration auf. 

Die erste Studie belegte die visuellen Ursprünge der sakkadischen Suppression mithilfe von 

retinalen Aufzeichnungen und psychophysikalischen Experimenten am Menschen. Durch die 

Simulation von Sakkaden konnte Suppression ohne motorische Signale ausgelöst werden, 

wobei sie durch Reizmerkmale wie räumliche Frequenz und Textur bestimmt wurde. Niedrige 

räumliche Frequenzen und grobe Texturen führten zu stärkerer Suppression, was 

motorzentrierte Modelle infrage stellt und die Bedeutung von Reiz-Reiz-Interaktionen 

hervorhebt. 

Die zweite Studie untersuchte den Einfluss der Luminanzkontrastpolarität auf die Suppression. 

Psychophysikalische Experimente zeigten, dass dunkle Reize auf dunklem Hintergrund eine 

stärkere Suppression hervorrufen, selbst während simulierten Sakkaden, was die kontextuelle 

und visuell getriebene Natur der Suppression weiter unterstreicht. 

Im zweiten Teil wurde die Rolle des SC in der sensomotorischen Integration untersucht. Die 

dritte Studie zeigte, dass motorische Bursts im SC, die traditionell als rein motorisch 

angesehen wurden, durch visuelle Eigenschaften der Sakkadenziele, wie räumliche Frequenz 

und Kontrast, moduliert werden. Diese Erkenntnis verdeutlicht die doppelte Funktion des SC, 

visuelle Merkmale zu kodieren und prädiktive Signale für Augenbewegungen zu generieren. 

Die vierte Studie beschäftigte sich mit perisakkadischer Fehlverortung, bei der visuelle Reize 

während Sakkaden an falschen Positionen wahrgenommen werden. Psychophysikalische 

Experimente am Menschen zeigten, dass die Fehlwahrnehmung von visuellen Merkmalen 

abhängt und systematisch über das Gesichtsfeld variiert, mit stärkeren Effekten im oberen 

Gesichtsfeld, was SC-Asymmetrien widerspiegelt. 

Abschließend bestätigte ein neuartiges Paradigma diese perisakkadische Fehlverortung bei 

Rhesusaffen und zeigte Parallelen zu den menschlichen Befunden. Die Stärke der 

Fehlwahrnehmung variierte je nach Sakkadenrichtung und Position im Gesichtsfeld, was die 

Rolle des SC in der visuellen Stabilität unterstreicht und eine solide Grundlage für weitere 

Untersuchungen bietet. 

Zusammen zeigen diese Studien, dass sowohl die sakkadische Suppression als auch die 

visuelle Stabilität stark auf visuellen Mechanismen und der sensomotorischen Integration des 

SC beruhen, und liefern ein verfeinertes Verständnis darüber, wie eine nahtlose visuelle 

Wahrnehmung während Augenbewegungen gewährleistet wird. 
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Introduction 

When we look out at a bustling street, our visual perception presents a seamless and 

stable world, richly detailed and steady. It feels as though we see everything at once, 

effortlessly and continuously. Yet this experience is an illusion, carefully constructed 

from limited and fragmented sensory input. The brain weaves these fragments into a 

coherent whole, creating the impression of completeness far beyond the quality of the 

raw input (Melcher, 2011; Nassi & Callaway, 2009; O'regan, 1992; Podvalny et al., 

2017; Wurtz, 2008). This remarkable illusion raises a fundamental question: how does 

the brain transform noisy, fragmented sensory information into a stable and unified 

perception of the world? The visual input to the brain is far from perfect: it is disrupted 

by frequent eye movements (Yarbus, 1967; Zuber et al., 1968), constrained by the 

limited high-resolution area of the fovea (Rossi & Roorda, 2010), and shaped by the 

brain’s need to balance computational efficiency with perceptual accuracy (Hoffman, 

2012). A striking example of this conflict between visual input and perception arises 

from saccadic eye movements, rapid shifts of gaze that occur several times per 

second. These movements displace the visual image on the retina, introducing the 

potential for motion blur and perceptual instability. Yet we remain completely unaware 

of this disruption. This visual stability across saccades is built up on two components, 

a suppression of the visual input around the saccade and the ability to integrate and 

retain visual information across successive saccades (Dodge, 1900; Krekelberg, 2010; 

Matin, 1974; Melcher, 2011; Wurtz, 2008; Wurtz et al., 2011; Zimmermann & Bremmer, 

2016). Understanding visual stability provides profound insights into how the brain 

integrates sensory input with motor actions. It highlights the predictive nature of 

perception; the brain anticipates the disruptions caused by its own movements and 

actively corrects for them. Moreover, deficits in mechanisms like corollary discharge, 

the internal motor signal predicting the sensory consequences of movements, have 

been linked to disorders such as schizophrenia (Lencer et al., 2021; Thakkar et al., 

2015). In such cases, impaired distinction between self-generated and external inputs 

can lead to perceptual instability and hallucinations. 
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Goal of the Thesis 

By addressing the challenges of visual stability across saccades, we uncover broader 

principles of brain function, including predictive coding, sensorimotor integration, and 

the selective filtering of sensory input. These principles explain not only how the brain 

resolves conflicts between movement and perception but also provide a framework for 

understanding stability and coherence across other sensory systems. Ultimately, visual 

stability exemplifies the brain’s remarkable ability to transform fragmented, dynamic 

input into a unified perception of the world. This thesis explores the interplay between 

visual and motor mechanisms to deepen our understanding of how we maintain 

perceptual stability across saccades. Before the discussion of my work, I will introduce 

our current view on saccadic suppression. After this I will describe the role of the 

superior colliculus in a broader context of visual stability. The main part is organized in 

three chapters: 

Chapter 1 examines the origins and classical properties of saccadic suppression, 

emphasizing the critical role of visual mechanisms in shaping this phenomenon. I 

demonstrate that saccadic suppression begins as early as the retina, highlighting its 

predominantly visual origin. Furthermore, I show that the suppression's low spatial 

frequency selectivity can be fully explained by visual processing alone (Publication 1). 

Building on this, I explore how stimulus-stimulus interactions, particularly luminance 

polarity, affect visual sensitivity during saccades (Publication 2). Together, these 

findings provide strong evidence for the visual basis of saccadic suppression and lay 

the foundation for an integrative understanding of visual stability, where visual and 

motor mechanisms closely coordinate to ensure a seamless perceptual experience. 

Chapter 2 (Publication 3) revisits the superior colliculus (SC), a structure traditionally 

regarded as a motor center responsible for generating eye movement commands. 

While it is well-established that motor signals from the SC are relayed as corollary 

discharge to the cortex, my findings reveal an unexpected layer of sensory tuning 

within these signals. Notably, I recorded SC saccade-related motor bursts while 

monkeys generated saccades to different images. I discovered that the motor bursts 

embed within them a sensory representation of the appearance of the saccade target. 

This sensory tuning does not influence the motor output of the saccade itself, likely 

encoded by the population-based place code of the SC (and also downstream in the 
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brainstem). Instead, we propose that the rate code carrying sensory tuning operates 

independently of the saccade execution. This sensory component may serve a 

different, yet critical, purpose: it provides additional sensory or visual information about 

the saccade target, enriching the predictive signals that inform subsequent processing. 

By incorporating sensory details beyond the saccade vector, this mechanism enables 

a more precise prediction of the visual consequences of eye movements. These 

findings challenge the traditional view of the SC as purely motoric and suggest a 

broader, more integrative role in visual-motor processing that supports the stabilization 

of perception during movement. 

Chapter 3 explores the consequences of sensory tuning in the SC for visual stability, 

using saccadic mislocalization as a model system. In the first part of this chapter, I 

present findings from a human behavioral study (Publication 4), demonstrating that the 

visual appearance of the saccade target significantly influences perisaccadic 

mislocalization. These results underscore the importance of visual features in shaping 

how saccades impact spatial perception. Building on these insights, I introduce a 

flexible behavioral paradigm for non-human primates designed to investigate the 

neural mechanisms underlying perisaccadic mislocalization (Publication 5). This 

paradigm allows for precise manipulation of visual stimuli and saccadic behavior, 

making it a highly versatile tool for future electrophysiological studies aimed at 

uncovering the role of sensory tuning in the SC. In addition, I demonstrate, from a 

scientific perspective, that monkey perisaccadic mislocalization changes properties 

with saccade direction, exactly like earlier human studies (Grujic et al., 2018), further 

motivating the utility of my paradigm. Together, these findings reveal how visual and 

sensory information contribute to stabilizing perception during saccades, advancing 

our understanding of the interplay between motor signals and sensory predictions. 

 

 

 



4 
 

Part I: Review of Saccadic Suppression 

History of Saccadic Suppression 

The historical exploration of visual stability began as early as the 11th century, when 

the Middle Eastern scholar Ibn al-Haytham (Alhazen) provided one of the first 

descriptions of visual perception and its stability, laying the groundwork for later 

scientific inquiries (Smith, 1992). In the 19th century, Hermann von Helmholtz 

proposed the idea of “Willensanstrengung” (“effort of will”), suggesting that the brain 

must distinguish between image shifts caused by eye movements and those caused 

by changes in the external world (Von Helmholtz, 1867). The modern investigation of 

saccadic suppression began with Erdmann and Dodge (1898). They observed that 

visual information in the periphery could not be clearly perceived during eye 

movements, particularly when reading. Dodge (1900) conducted experiments showing 

that visual stimuli presented during saccades appear blurred or smeared, but they are 

typically not perceived. He suggested that this suppression arises due to both 

peripheral mechanisms, such as blur by retinal motion, and central processes, such as 

neural inhibition. 50 years ago, Matin (1974) summarized in great detail in a review 

paper on saccadic suppression the understanding of the phenomenon at the time. 

Already back then it was clear that the causes of saccadic suppression are 

multifaceted. Prominent theories were masking (visual), and a central inhibition 

(motor). Today's understanding of the phenomenon is still rooted in these ideas. 

Visual Mechanisms 

The bulk of visual theories regarding saccadic suppression lies in visual masking, 

specifically backward masking (metacontrast), where visual stimuli presented shortly 

after a saccade suppresses earlier stimuli. For instance, light or patterns in the 

postsaccadic period can mask the smeared image produced during the saccade 

(Campbell & Wurtz, 1978; Ibbotson & Cloherty, 2009; MacKay, 1970a, 1970b; Matin et 

al., 1972; Richards, 1968). It was discussed in the 1970s that backward masking 

masks the image during the movement; I will later argue that the same mechanism of 

backward masking, but this time with the shift as the backward masker, is masking any 

stimulus before the movement and might play a role in explaining even presaccadic 

suppression without actual motor commands. In the 1990s some studies showed that 

such masking is also modulated by attention implying that masking that is traditionally 
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viewed as preattentive depends also on top-down mechanisms (Ramachandran & 

Cobb, 1995; Shelley-Tremblay & Mack, 1999). While initial feedforward processing 

might be preattentive, it is suggested that attention is necessary for higher-level visual 

processing contributing to perception during visual masking (Fahrenfort et al., 2007; 

Poiese et al., 2008).  

Today's view of the visual origins of saccadic suppression still lies in visual masking, 

but now with mechanisms realized already in the retina. Visual masking emerges from 

the interactions of sequential stimuli and the inherent processing properties of the 

retinal circuitry. The suppression begins with the photoreceptors, particularly the cone 

photoreceptors, whose relatively slow response kinetics set the stage for dynamic 

visual interactions (Heikkinen et al., 2008; Idrees et al., 2022). When two stimuli occur 

in close temporal proximity, such as during rapid visual transients caused by saccadic 

eye movements followed by a probe onset, the retinal ganglion cell (RGC) response to 

the second probe stimulus is suppressed (Publication 1).  

The suppression observed in RGCs is most prominent within their receptive field (RF) 

center and arises as a direct consequence of how cones encode and relay visual 

information (Idrees et al., 2022). During a rapid change, such as a luminance step or 

texture displacement (caused by eyeball rotation), the initial stimulus creates a large 

shift in photoreceptor output. If a subsequent stimulus, like a flash, follows this shift, its 

response is diminished due to the ongoing adaptation of the cone signals (Mazade et 

al., 2019; Yu et al., 2022) and the nonlinear integration performed by the retinal circuitry 

(Freeman et al., 2015; Idrees et al., 2022). Importantly, this suppression does not rely 

on inhibitory signals but is an emergent property of the retinal processing cascade. 

In addition to the RF center, suppression also involves interactions across the RF 

surround. For ON-type RGCs, suppression is further influenced by two distinct 

components: a global component and a surround component. The global component 

originates from far beyond the cell’s immediate RF (Idrees et al., 2022) and is mediated 

by GABAergic inhibition from wide-field amacrine cells (Hoggarth et al., 2015). In 

contrast, the surround component appears to arise from local feedback mechanisms, 

such as horizontal cell modulation of cone output (Chapot et al., 2017; Verweij et al., 

1996). These components act together to shape the overall suppression dynamics, 

with their relative contributions differing between ON and OFF RGCs. Notably, these 
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additional components cause stronger suppression in ON RGCs, and their recovery 

takes longer compared to OFF RGCs. Overall, the retina serves as a unifying neural 

substrate for these phenomena, initiating suppression early in the visual processing 

hierarchy. 

Motor Mechanisms 

Saccadic suppression begins just before the eye movement, peaks during the 

saccade, and persists briefly into the postsaccadic period. The temporal dynamics of 

suppression have been confirmed in experiments measuring thresholds for visual 

flashes presented at different time points relative to saccades. Studies have shown 

that the suppression effect starts before the eye physically moves, suggesting it is tied 

to motor signals (Bremmer et al., 2009; Latour, 1962; Riggs et al., 1974; Volkmann et 

al., 1968). The idea of central inhibition has been proposed as a key mechanism, 

involving a neural process that suppresses visual perception during saccades building 

the foundation of a suppression that is related to internal generated signals. This 

inhibition might result from corollary discharge (CD), a signal sent alongside motor 

commands to inform the brain of the eye movement (Berman et al., 2017; Cavanaugh 

et al., 2016; Wurtz et al., 2011).  

Von Holst and Mittelstaedt (1950) and Sperry (1950) introduced the concepts of 

efference copy and corollary discharge, respectively. While these terms are often used 

synonymously today, they were originally distinct. Efference copy refers to an exact 

duplicate of the motor command sent to the muscles, simultaneously relayed to 

sensory systems to predict the sensory consequences of self-generated movements. 

This precise mechanism operates near the motor output stage, enabling the brain to 

distinguish between self-induced and external sensory changes. In contrast, corollary 

discharge represents a broader motor-related signal that modulates sensory 

processing across multiple stages of the motor control hierarchy. Unlike efference 

copy, CD signals do not require a perfect replication of the motor command and can 

emerge at different levels of the nervous system (Crapse & Sommer, 2008). 

Over time the concept of central inhibition shifted towards a more nuanced network 

approach, integrating mechanisms involving cortical inhibition (e.g., FEF, V4), 

subcortical pathways (e.g., SC), and their interactions with visual suppression. These 

processes are still unified by the broader concept of being motor-driven. In the next 
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section I will elaborate on the neurophysiological work beyond the retina, that builds 

our current understanding of the phenomenon of saccadic suppression. 

Neurophysiology of Saccadic Suppression 

Saccadic Suppression in Lateral Geniculate Nucleus 

The lateral geniculate nucleus (LGN,) as the first relay in the retino-geniculo-cortical 

pathway, was initially thought to play little role in saccadic suppression, particularly in 

primates. Early work by Duffy and Burchfiel (1975) reported no suppression of LGN 

firing rates during spontaneous saccades in complete darkness, leading to the 

conclusion that suppression was primarily cortical. However, this view has since been 

challenged by studies using visual stimulation during saccades, revealing subtle but 

significant suppression effects. 

In the neurophysiology literature, related studies can be grouped into two classes. One 

class examines saccadic suppression as the modulation of neural activity around 

saccades without peri-saccadic probes. The other class includes peri-saccadic probes, 

similar to human psychophysics studies. Across both approaches, saccades induce a 

biphasic modulation of LGN activity in primates: a weak suppression immediately 

following saccade onset, followed by a transient enhancement (Reppas et al., 2002; 

Royal et al., 2006). When peri-saccadic probes are used, the visual response is 

reduced during the suppression phase and enhanced during the transient 

enhancement (Reppas et al., 2002). The psychophysical observation that saccadic 

suppression is selective for low spatial frequencies but does not affect chromatic stimuli 

(Burr et al., 1994; Ross et al., 2001) is elusive in the neurophysiology literature. While 

some results indicated that suppression was stronger in magnocellular neurons 

(Reppas et al., 2002), which are sensitive to low spatial frequencies, compared to 

parvocellular neurons, other electrophysical studies in primates observe a suppression 

for both paths (Ramcharan et al., 2001; Royal et al., 2006). Moreover, functional 

magnetic resonance imaging (fMRI) studies in humans show that saccades suppress 

visually evoked activity in the LGN only under visual stimulation. Interestingly they did 

not see a stronger magnocellular suppression by comparing suppression in different 

stimuli conditions that target magno and parvo independently (Kleiser et al., 2004; 

Sylvester & Rees, 2006). Thus, the question of whether saccadic suppression is 

pathway selective or not arises. In a recent study Zhang et al. (2024) systematically 



8 
 

tested this question using steady-state visual evoked potentials (SSVEPs) to isolate 

visual responses to chromatic (parvocellular) and luminance (magnocellular) stimuli. 

Their results demonstrated robust saccadic suppression for both pathways, also 

contradicting earlier claims of magnocellular specificity. Importantly, suppression was 

implemented as a reduction in response gain, scaling down visual responses without 

altering contrast sensitivity. 

The conflicting results raise an open question: does saccadic suppression selectively 

target the magnocellular pathway, or does it operate more broadly? Different 

measurement techniques and species differences contribute to the discrepancies but 

also differences in experimental conditions including illumination and visual 

appearances of stimuli play a role. I will discuss this further and how my work fits here 

into the literature in chapter 1 of the main discussion. 

Saccadic Suppression in the Primary Visual Cortex 

In the primary visual cortex (V1), saccadic suppression is more robust and spatially 

refined, reflecting both the downstream effects of LGN suppression and additional 

cortical mechanisms. Unlike the LGN, suppression in V1 has been more consistently 

observed across multiple studies, even when retinal motion is eliminated through 

saccades in the dark and without visual stimulation via probes (Duffy & Burchfiel, 

1975). It is suggested that suppression primarily targets input layers of V1, particularly 

layer 4, which receives thalamic input (Maier et al., 2008). For example, Maier et al. 

(2008) demonstrated in primates that suppression in local field potentials (LFPs), which 

reflect synaptic input to a neuronal population, occurs earlier and is stronger than 

suppression in single-unit spiking activity. In contrast to LFPs, the spiking activity 

reflects the output of individual neurons. This temporal relationship highlights that 

saccadic suppression first reduces feedforward input into V1 where LGN signals 

terminate. Only subsequently does this suppression propagate to the spiking activity, 

which represents the output signals relayed to downstream cortical areas. In addition, 

suppression in the BOLD fMRI signal, which integrates activity across broader spatial 

and temporal scales, aligns more closely with LFP suppression, further emphasizing 

that saccadic suppression predominantly targets the input stage of V1 processing. 

The spatial precision of suppression in V1 is particularly noteworthy. Early work by 

Duffy and Burchfiel (1975) demonstrated that suppression is directionally specific, with 
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activity most reduced when saccade direction matched the neurons preferred direction 

of motion tuning. This finding aligns suppression with the tuning properties of V1 

neurons, which are highly sensitive to motion direction. By selectively suppressing 

neurons that would otherwise respond to the retinal motion caused by saccades, the 

visual system might minimize the perception of disruptive visual smear. 

In addition to suppression, V1 exhibits presaccadic enhancement that prepares the 

visual system to process relevant information at the saccade target. This enhancement 

is spatially localized and occurs before saccade onset, aligning with the predictive 

nature of visual processing. Super et al. (2004) showed that V1 neurons increase their 

activity approximately 100–200 ms before a saccade, when the saccade target aligns 

with their receptive fields. This enhancement likely reflects a corollary discharge signal 

from oculomotor areas, such as the SC or frontal eye fields (FEF), that primes V1 for 

the anticipated visual input at the postsaccadic fixation. 

Following suppression, V1 neurons also exhibit a postsaccadic enhancement (Kagan 

et al., 2008; Rajkai et al., 2008). This enhancement biases visual processing toward 

the new fixation location, complementing the preparatory role of presaccadic 

enhancement. Together, suppression and enhancement in V1 form a dynamic 

mechanism that might stabilize vision during eye movements while ensuring rapid and 

efficient processing of the visual scene at the saccade target. Across the V1 studies 

three response types are mentioned, neurons getting suppressed in their activity (Duffy 

& Burchfiel, 1975; Kagan et al., 2008; Maier et al., 2008; Stella & Lee, 2000), enhanced 

neurons (Kagan et al., 2008; Rajkai et al., 2008; Super et al., 2004) and neurons that 

remain unmodulated during eye movements (Kagan et al., 2008; Maier et al., 2008; 

Stella & Lee, 2000; Super et al., 2004). How these response classes are positioned 

through the layers of V1 and how much of these responses can be and are modulated 

by visual context remains an open question for now.  

Another important consideration when interpreting the literature is that suppression can 

be observed in different ways; there could be a decrease in baseline activity but there 

is also a modulation of the visual response to stimuli presented around the saccade. 

In human psychophysics saccadic suppression is only measurable with stimuli 

presented around saccades, so the physiological data is not always reflecting the 

circumstances in which psychophysical experiments take place. However, the 
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neurophysiology could still hint at how peri-saccadic stimuli will be processed. For 

example, suppression and enhancement in the dark could indicate the level of 

excitability of cortical circuits (Rajkai et al., 2008). This level of excitability will be 

reflected in how they respond to peri-saccadic probes. Moreover, as I show next, more 

recent studies (e.g. in the superior colliculus), have explicitly tried to replicate the 

approach of the psychophysical studies by presenting peri-saccadic probe stimuli. 

Saccadic Suppression in the Superior Colliculus 

The superior colliculus (SC) plays a critical role in generating and relaying corollary 

discharge (CD) signals that are thought to drive saccadic suppression in various visual 

areas like LGN and V1, via thalamic pathways. I will discuss its connectivity regarding 

CD signals in a broader framework of visual stability in the second part of the 

introduction. Despite being one of the sources for the CD, primate colliculus neurons 

have been demonstrated to show saccadic suppression around microsaccades (Hafed 

& Krauzlis, 2010) and larger saccades (Berman et al., 2017; Robinson & Wurtz, 1976). 

The suppression in visual responses in SC neurons has been demonstrated in 

superficial and intermediate layers. In these layers are neurons that have visual bursts. 

Interestingly the visual motor neurons in the intermediate layers were spatial frequency 

selective (Chen & Hafed, 2017) matching the observations human perception (Burr et 

al., 1994; Ross et al., 2001). The superficial layers, however, do not show such a 

selectivity in their suppression, and they have generally weaker suppression 

magnitudes (Chen et al., 2015).  

The classic idea for suppression within SC was that saccade commands in visual motor 

and motor neurons of the intermediate and deeper layer are fed back to superficial 

purely visual neurons to not only cause suppression in this layer but also to jumpstart 

a putative feedback pathway for cortical suppression through the pulvinar (Berman & 

Wurtz, 2008, 2010, 2011; Isa & Hall, 2009; Lee et al., 2007; Phongphanphanee et al., 

2011; Wurtz, 2008; Wurtz et al., 2011). While this idea is based on experiments in the 

mice SC (Isa & Hall, 2009; Lee et al., 2007; Phongphanphanee et al., 2011) primate 

electrophysiology is pointing into another direction. The different properties in 

suppression across the layers that Chen and Hafed (2017) describes and overall 

stronger suppression in visual motor compared to visual neurons prompt towards more 
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nuanced mechanisms in primates (Chen & Hafed, 2017; Chen et al., 2015; Hafed et 

al., 2015; Hafed & Krauzlis, 2010). 

Saccadic Suppression in Higher Cortical Areas: MST, MT and V4 

Saccadic suppression extends across multiple visual areas and is characterized by 

functionally specific modulations in neural responses. Saccadic suppression in motion-

sensitive dorsal stream areas, such as medial superior temporal (MST) and medial 

temporal (MT/V5) area, reflects functional adaptations to stabilize visual motion 

perception during eye movements. Thiele et al. (2002) showed that in MST, some 

neurons are selectively silenced during saccade-induced motion, while others exhibit 

a reversal of their preferred motion direction, effectively canceling out oppositely 

directed motion signals. This provides a mechanism for suppressing motion percepts 

caused by saccades. Berman et al. (2017) added to this picture that presaccadic 

suppression begins earliest in the superficial layers of the SC, followed by suppression 

in MT and the pulvinar, suggesting that the SC initiates suppression through corollary 

discharge signals that propagate to cortical visual areas. 

In parallel, Kleiser et al. (2004) demonstrated that saccadic suppression occurs broadly 

across visual cortical areas, including V1, V2, V3, V4, and MT/V5, using human fMRI 

data. Importantly, suppression was strongest in motion-sensitive areas such as MT/V5, 

aligning with their vulnerability to retinal motion and confirming that extraretinal 

mechanisms play a critical role in saccadic suppression. In area V4 it is thought that 

saccadic suppression operates through two distinct mechanisms: a multiplicative 

suppression affecting visual responses broadly during saccades, and an additive 

suppression reducing peripheral activity post-saccadically, driven by increased alpha 

oscillations, highlighting a shared neural circuitry between saccadic suppression and 

attentional processes (Zanos et al., 2016). Moreover, saccade-related modulations in 

area V4 are not limited to suppression but also include enhancement effects that reflect 

both attentional and oculomotor influences. While V4 neurons generally exhibit an 

increase in firing rate when saccades are directed toward their receptive fields, a more 

reliable signature of saccade preparation is a reduction in response variability, 

suggesting that suppression and enhancement in V4 are dynamically regulated to 

optimize visual processing at the target location (Steinmetz & Moore, 2010). 

Additionally, receptive fields in V4 undergo rapid spatial shifts and shrinkage prior to 
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saccades, prioritizing processing at the upcoming fixation point rather than applying 

uniform suppression across the visual field (Tolias et al., 2001). Even when saccade 

preparation is dissociated from attentional demands, V4 responses remain modulated, 

showing increases in firing rate, stimulus selectivity, and response reliability (Steinmetz 

& Moore, 2014). These findings highlight the complex interplay between suppression 

and enhancement in V4, indicating that saccadic suppression is not merely a reduction 

in activity but a reorganization of visual processing that facilitates perceptual stability 

and efficient target selection. 

Saccadic Suppression in Higher Cortical Areas: FEF and LIP 

Higher-order oculomotor and attentional areas, such as the frontal eye fields (FEF) and 

the lateral intraparietal area (LIP), integrate suppression with spatial target selection. 

In the FEF, presaccadic suppression of visual responses occurs specifically in visual 

neurons, while visuomotor neurons were largely unaffected (Krock & Moore, 2016). 

This suppression begins approximately 80 ms before saccade onset and occurs 

independently of motor-related activity, suggesting a preparatory mechanism that 

stabilizes visual inputs prior to eye movements. Importantly, suppression in the FEF 

equally affected both luminance contrast and color stimuli, indicating a general 

reduction of visual sensitivity that is not pathway-specific (Krock & Moore, 2016). LIP 

has location-specific suppression of distractor responses; this suppression sharpens 

the priority map by reducing neural responses to irrelevant distractors while enhancing 

target-related signals. Additionally, reward expectation in the LIP modulated 

suppression, improving target-distractor discriminability and facilitating efficient 

saccadic target selection (Falkner et al., 2010).  

Ibbotson and Krekelberg (2011) provide a unifying framework for these observations, 

describing a characteristic biphasic modulation of neural responses across visual and 

oculomotor areas. Suppression occurs during and just before saccades to minimize 

retinal motion artifacts, followed by a postsaccadic enhancement that reallocates 

resources to process the new fixation point efficiently. This pattern, observed in LGN, 

V1, MT, MST, FEF, and LIP, reflects the integration of corollary discharge signals with 

local computations that stabilize and optimize visual perception. 

Together, these findings illustrate that saccadic suppression is a hierarchical and 

functionally specific process. Early areas like V1 primarily suppress feedforward input, 
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whereas higher cortical areas such as MT, MST, FEF, and LIP integrate suppression 

with target prioritization and predictive mechanisms. In humans, suppression is 

widespread but enhanced in motion-sensitive areas (Kleiser et al., 2004), aligning with 

the functional demands of stabilizing motion perception during eye movements. 

 

Part II: The Role of the Superior Colliculus in Visual Stability 

The superior colliculus (SC) is a midbrain structure involved in sensorimotor 

integration, guiding orienting behaviors such as saccadic eye movements toward 

stimuli of interest.  

Anatomy of the Superior Colliculus 

Anatomically, the SC is a layered structure divided into two major regions: the 

superficial layers (I-III) and the deep layers (IV-VII). The superficial layers, primarily 

sensory, receive direct inputs from the retina and indirect projections from the visual 

cortex. These layers contain a precise retinotopic map of the contralateral visual field, 

with a magnified representation of the central visual field (Chen et al., 2019). Neurons 

in these layers respond strongly to visual stimuli and are organized to detect changes 

in the environment with high spatial precision (Cynader & Berman, 1972; Goldberg & 

Wurtz, 1972; Hafed et al., 2023). In contrast, the deep layers integrate multisensory 

inputs, visual, auditory, and somatosensory making the SC an essential hub for 

orienting movements. Neurons in the deep layers have larger receptive fields and are 

responsible for coordinating motor outputs such as saccadic eye movements, head 

turns, and even full-body orienting responses (May, 2006; Werner et al., 1997). The 

sensory and motor maps in these deep layers are spatially aligned, ensuring a 

seamless translation of sensory signals into motor commands.  

The connectivity of the superior colliculus further illustrates its role in sensory-motor 

integration. Inputs to the superficial layers originate from the retina, primary visual 

cortex, and other visual centers, while the deep layers receive inputs from cortical 

regions, brainstem nuclei, and the spinal cord. Outputs from the superficial layers 

project to visual centers such as the LGN and pulvinar, whereas the deep layers send 

motor signals to brainstem nuclei and spinal cord regions that control movements. This 
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extensive network enables the SC to act as a bridge between sensory perception and 

motor execution, particularly for orienting behaviors.  

The SC is an evolutionarily conserved structure that shares its origins with the optic 

tectum in non-mammalian vertebrates, such as fish and amphibians. In these species, 

the tectum serves as the primary visual processing center, directly integrating retinal 

inputs to guide reflexive orienting behaviors. Similarly, in mammals with less-

developed cortical visual systems, such as rodents, the SC retains a dominant role in 

visual processing, functioning analogously to V1. This is reflected not only in its 

extensive retinal input but also in its central role in detecting and processing visual 

stimuli. In primates the main visual input comes through V1. It is even a current 

question whether the retino-collicular pathway is functional at all in primates. For 

example muscimol inactivating LGN or V1 results in a substantial loss of visual 

responses in the intermediate layers of the SC (Katz et al., 2024; Malevich et al., 2024). 

However, Schiller and colleagues demonstrated more than 50 years ago that the most 

superficial SC layers remain unaffected by V1 loss (Schiller et al., 1974). 

Functions of the Superior Colliculus 

Functionally, the SC plays a pivotal role in visual processing, motor control, and 

multisensory integration. Its superficial layers detect visual stimuli and process 

retinotopically organized signals, while the deep layers integrate sensory inputs across 

modalities. Cynader and Berman (1972) demonstrated that neurons in the superficial 

layers of the SC respond strongly to light onset and moving stimuli, exhibiting center-

surround receptive fields that enhance spatial contrast sensitivity. The deep layers, on 

the other hand, respond to a combination of visual, auditory, and somatosensory 

inputs, allowing the SC to coordinate precise orienting movements toward salient 

stimuli. Electrical stimulation of the deep SC reliably evokes saccadic eye movements, 

with the direction and amplitude of these movements corresponding to the stimulation 

site within the SC (place code) (Robinson, 1972; Schiller & Stryker, 1972; Stryker & 

Schiller, 1975; Wurtz & Albano, 1980). This observation underscores the SC's role as 

a sensorimotor interface, where visual signals are converted into spatially aligned 

motor commands. The dominant view of the colliculus is as a motor structure (Gandhi 

& Katnani, 2011). Besides the place code that encodes the saccade vector, there is 
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also a rate code, in which the peri-saccadic firing rate levels of SC neurons are thought 

to encode saccade kinematics, like the eye velocity (Smalianchuk et al., 2018). 

Lesion studies provide further evidence of the SC’s critical role in saccadic control and 

visual behavior. Schiller et al. (1987) demonstrated that unilateral lesions of the SC in 

rhesus monkeys eliminate express saccades, short-latency saccadic eye movements, 

contralateral to the lesion. These express saccades, which typically occur with 

latencies under 100 milliseconds, are thought to be reflexive visual responses 

facilitated by the SC’s direct retinotectal pathway. In contrast, lesions to the frontal eye 

fields (FEF) have minimal long-term effects on saccadic latencies, suggesting that the 

SC is the dominant structure for rapid, reflexive saccade generation, while the FEF 

may contribute more to voluntary control. The distinction between SC and FEF lesions 

highlights the SC's specialization in fast, stimulus-driven behaviors, a function critical 

for survival. 

The SC's contributions are also evident in studies involving cortical lesions. Visual 

responses in higher cortical areas, such as the superior temporal polysensory area 

(STP), persist after striate cortex ablation due to input from the SC via the pulvinar 

(Bruce et al., 1986). This finding show that the SC supports visual functions even in 

the absence of cortical pathways. Such tectofugal projections of the SC might help to 

compensate for cortical damage, allowing some level of visually guided behavior to 

remain intact like in cortically blind patients that exhibit blindsight. 

Visual Perspective on the Superior Colliculus 

The SC exhibits sophisticated visual feature processing, making it a critical structure 

for rapid and efficient visual perception. SC neurons are highly sensitive to features 

such as motion, spatial frequency, and contrast, with a preference for low spatial 

frequencies and dark contrasts over bright ones, which optimizes detection under 

natural conditions (Bogadhi & Hafed, 2023; Chen & Hafed, 2018; Hafed et al., 2022; 

Malevich et al., 2022). A striking characteristic of the SC is its upper visual field bias, 

where neurons show faster response latencies and smaller receptive fields for stimuli 

in the upper visual field. This likely reflects evolutionary demands to monitor distant or 

elevated objects, such as predators or threats (Hafed, 2024; Hafed & Chen, 2016; 

Soares et al., 2017). 
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In primates, the SC also demonstrates an enlarged representation of the foveal region, 

aligning with the need for precise visual processing in regions of high acuity. SC 

neurons play a key role in foveal vision through their involvement in generating 

microsaccades, which enhance visual detail and maintain active fixation. Additionally, 

the SC is specialized for rapid threat detection, responding quickly to looming stimuli 

and biologically relevant shapes, such as predators (Maior et al., 2012; Soares et al., 

2017) and faces (Bogadhi et al., 2021; Hafed et al., 2023; Nguyen et al., 2014; Nguyen 

et al., 2016; Quaia & Krauzlis, 2024; Yu et al., 2024). These visual properties 

underscore the SC’s role as a structure finely tuned for both active perception and 

reflexive visual behaviors, ensuring survival and effective interaction with the 

environment. 

Role of the Superior Colliculus for Attention 

Beyond its role in visual and motor control, recent research has revealed the SC as a 

pivotal structure in attention and decision-making (Basso & May, 2017; Bogadhi et al., 

2021; Crapse et al., 2018; Krauzlis et al., 2013). SC neurons encode target priority, 

enabling the selection of relevant stimuli from complex environments (Carello & 

Krauzlis, 2004; Kim & Basso, 2008). This function demonstrates the SC’s involvement 

in spatial attention, expanding its contributions beyond orienting movements. 

Advances in circuit-based approaches, such as transgenic mouse models, further 

reveal the SC’s microcircuits as critical for decision-making under uncertainty, 

providing a neural substrate for complex behaviors (Basso & May, 2017; Wang et al., 

2020). A recent study demonstrated that the SC encodes abstract visual categories 

with remarkable speed and robustness, often surpassing LIP in strength and latency 

of responses. In a delayed match-to-category task, SC neurons rapidly encoded 

learned visual categories, with activity emerging earlier than in LIP. Furthermore, SC 

inactivation caused significant categorization deficits, greater than those observed with 

LIP inactivation. These results challenge traditional cortical-dominant views of abstract 

cognitive tasks, positioning the SC as an essential hub for sensory-to-cognitive 

transformations (Peysakhovich et al., 2024). Complementing these findings, Stine et 

al. (2023) explored the dynamic interplay between SC and LIP in perceptual decision-

making. While LIP activity aligns with drift-diffusion models, accumulating evidence to 

guide decisions, SC neurons exhibit burst-like activity that signals decision thresholds, 

marking transitions from deliberation to action. SC inactivation prolonged decision-
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making, underscoring its role in decision termination. Together, these studies suggest 

a hierarchical relationship: LIP integrates sensory evidence, and the SC initiates fast, 

decisive actions once thresholds are met. 

Predictive Remapping and Spatial Stability 

Early work by Stevens et al. (1976) highlighted perceptual shifts associated with eye 

movement plans. Using paralytic agents (curare) to suppress eye movements in awake 

humans, they observed that attempted eye movements caused the visual world to 

perceptually “jump” in the intended movement direction. This phenomenon suggested 

the presence of an internal signal, a corollary discharge, informing the brain about 

motor intentions, even without physical movement. Sommer and Wurtz (2006) 

demonstrated predictive remapping in FEF, where neurons shift receptive fields to 

postsaccadic locations before saccades begin. This process anticipates visual input at 

the new line of sight, relying on corollary discharge signals from the SC via the 

mediodorsal thalamus (MD). Disrupting the SC-MD-FEF pathway impairs remapping 

precision, as evidenced by studies showing deficits in saccadic endpoint perception 

and sequential saccade coordination following MD inactivation (Sommer & Wurtz, 

2002, 2004, 2006, 2008). 

Zirnsak et al. (2014) expanded this understanding, revealing that remapping involves 

not just one-to-one receptive field shifts but also distributed shifts around saccade 

targets. This activity forms a focus of convergence at the saccade endpoint, reflecting 

population-level neuronal reorganization. Such distributed remapping aligns with the 

selection and processing of saccade goals. 

The SC itself exhibits predictive remapping properties. Also SC neurons respond to 

stimuli expected to enter their receptive fields after a saccades (Walker et al., 1995). 

In recent work Zhang et al. (2025) describe a prediction error, a stronger visual 

response of foveal neurons when the saccade target and therefore the content of the 

receptive field when landing is changed intersaccadic. This anticipatory activity 

integrates sensory inputs with motor commands, maintaining spatial coherence during 

eye movements.  
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Perisaccadic Mislocalization 

Such predictive remapping is closely related to perisaccadic mislocalization, where 

visual stimuli are perceived as shifted toward saccade targets, when they are 

presented post- or intersaccadic. It is suggested that this phenomenon reflects the 

distributed receptive field shifts observed during remapping. Compression of visual 

space around the saccade target may be an emergent property of this process (Ross 

et al., 1997; Zirnsak et al., 2014). 

Such mislocalization errors, akin to visual illusions, arise when the visual system 

temporarily distorts spatial relationships during saccades. Extraretinal signals, such as 

CD, enable the system to predict and adjust for retinal shifts caused by eye 

movements. These transient distortions are not failures but artifacts of the system’s 

ability to compensate for saccadic disruptions, dynamically constructing perception 

around action. Perisaccadic mislocalization comprises two primary components: a 

uniform shift and a compression of visual space toward the saccade target. These 

components appear to be governed by distinct mechanisms, as the strength of 

compression correlates with saccadic peak velocity (Ostendorf et al., 2007). This 

indicates that the processes underlying spatial distortions during saccades are more 

complex than initially assumed. Additionally, post-saccadic processes play a crucial 

role in mitigating these distortions. Mislocalization may reflect the visual system’s 

attempt to align pre- and post-saccadic visual inputs, thereby ensuring spatial stability 

(Hamker et al., 2008). Errors in mislocalization are also influenced by visual field 

position, as the magnitude and direction of errors vary depending on where a stimulus 

appears. These spatial distortions are further modulated by the availability of visual 

references, highlighting the role of contextual information in perisaccadic perception 

(Kaiser & Lappe, 2004; Zimmermann et al., 2014). Saccadic adaptation introduces a 

dynamic aspect to mislocalization, as it shifts the focus of compression toward newly 

learned saccade targets. This adaptability underscores the plasticity of the visual 

system in maintaining spatial accuracy despite changes in saccadic behavior (Awater 

et al., 2005). More recent work stresses out dependencies of mislocalization to the 

saccade direction, upward saccades for example cause bigger mislocalization errors 

than downward saccades (Grujic et al., 2018). This supports the involvement of the 

SC, as mentioned in contrast to other retinotopic areas the SC has a magnification of 
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the upper visual field, that could cause more variability in the remapping of RFs in this 

hemifield. 

Despite its utility, a critical debate persists: Is remapping directly responsible for visual 

stability, or does it primarily prepare the visual system for post-saccadic processing? 

While mislocalization might reflect the preparatory role of remapping, its occurrence 

also offers a glimpse into the mechanisms underlying spatial coherence across 

saccades. 

Current Theories of Visual Stability 

Theories of visual stability explore how we perceive a continuous and stable world 

despite the disruptions caused by frequent saccadic eye movements. One of the 

earliest explanations is the corollary discharge theory (Crapse & Sommer, 2008; 

Sommer & Wurtz, 2008; Sperry, 1950), which proposes that the brain sends an internal 

copy of the motor command for an eye movement to visual areas. This signal informs 

the brain about the impending movement, allowing it to attribute the resulting motion 

of the retinal image to eye movement rather than changes in the external world. 

Building on this idea, retinotopic remapping (Duhamel et al., 1992; Melcher & Colby, 

2008; Sommer & Wurtz, 2006) extends the corollary discharge concept by 

demonstrating that receptive fields in higher visual areas, such as LIP and FEF, shift 

predictively to align with the new gaze location even before the saccade occurs. This 

remapping mechanism allows the brain to prepare for the incoming visual input at the 

new fixation point, effectively updating retinotopic maps without requiring the active 

fusion of pre- and post-saccadic information. 

In contrast to remapping, transsaccadic memory (Deubel et al., 2002; Gottlieb et al., 

1998; Henderson, 1997; Hollingworth et al., 2008; Irwin, 1991; Melcher, 2005; Rolfs et 

al., 2011; Tas et al., 2012; Zimmermann & Lappe, 2016) emphasizes the integration of 

visual information across saccades. Here, the visual system retains the pre-saccadic 

input in short-term memory and actively combines it with post-saccadic input to 

construct a coherent and stable visual representation. This process ensures that 

specific features, such as object identity, shape, and position, are seamlessly fused 

across eye movements, highlighting the role of predictive memory systems in 

stabilizing perception. The no-fusion hypothesis (Deubel & Schneider, 1996; Watson 

& Krekelberg, 2011) challenges this view by proposing that visual stability arises not 
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from integration but from post-saccadic dominance, where the brain resets its visual 

representation after each saccade. According to this perspective, pre-saccadic 

information is largely discarded, and the post-saccadic input becomes the primary 

source of visual perception, eliminating the need for transsaccadic integration. 

Finally, the spatiotopic representation theory (Burr & Morrone, 2011; Cavanagh et al., 

2010) suggests that the brain maintains a stable, world-centered map of space that is 

independent of the shifting retinotopic coordinates caused by saccades. Neurons in 

areas like the parietal cortex encode visual information in a way that aligns with spatial 

positions relative to the environment rather than the retina, providing a consistent 

spatial framework for perception. Together, these theories corollary discharge, 

retinotopic remapping, transsaccadic memory, no-fusion, and spatiotopic 

representation reflect a progression of ideas that explore how the brain predicts, 

updates, and organizes visual information to ensure perceptual stability across eye 

movements. 
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Main Discussion 

Chapter 1.1 Perceptual Saccadic Suppression Starts in the 

Retina 

To study visual stability, we first explored saccadic suppression, a phenomenon where 

visual sensitivity is reduced around saccadic eye movements. Despite decades of 

research, the origins of saccadic suppression remain unresolved, with two primary 

hypotheses prevailing. One attributes suppression to visual-only mechanisms, 

particularly visual masking effects. The other emphasizes motor-related mechanisms, 

such as corollary discharge, a motor command copy informing visual areas of 

impending eye movements. 

Methods and Key Observations (Publication 1) 

Retinal Recordings 

We began our investigation by analyzing retinal responses to saccade-like rapid image 

shifts using ex vivo multi-electrode array recordings in mouse and pig retinae. Saad 

Idrees conducted these experiments in Thomas Münch’s lab. The stimuli consisted of 

rapid image displacements simulating saccadic visual flow, followed by brief flash 

presentations to measure retinal ganglion cell (RGC) responses. Figure 3 illustrates 

that coarse textures produced significantly stronger suppression of RGC responses 

compared to fine textures, indicating an image dependency in the suppression 

mechanism.  

We saw a conserved suppression mechanism across mouse and pig retinae, despite 

differences in oculomotor behavior and eye size. These findings, detailed in Figure 3e, 

suggest that fundamental visual processes underlying saccadic suppression are 

shared across mammalian species, providing a basis for broader comparative studies. 

Human Psychophysics 

To test whether this image dependency translated to perceptual suppression, I 

conducted human psychophysics experiments in Ziad Hafed’s lab. Subjects made 

saccades across coarse and fine textured backgrounds, during which brief low-

contrast flashes were presented. In a four-alternative forced-choice (4AFC) task, 

participants identified flash locations. As shown in Figure 1, human perception mirrored 



22 
 

the retinal findings: stronger suppression occurred over coarse textures, confirming 

that perceptual saccadic suppression also exhibits image dependency. 

To further isolate visual contributions from motor influences, we designed a simulated 

saccade paradigm. Here, subjects maintained fixation while textured backgrounds 

underwent saccade-like displacements. Perceptual suppression was again observed, 

including the same texture dependency, as illustrated in Figure 6. Suppression in this 

simulated condition lasted longer than during real saccades, suggesting that motor-

related mechanisms may serve to shorten, rather than initiate, visually-driven 

suppression. Additionally, suppression occurred even before texture displacements 

began, likely due to backward masking effects. 

One striking observation was the temporal mismatch between retinal and perceptual 

suppression. Retinal suppression persisted beyond the perceptual window, as shown 

in Figures 3 and 4, highlighting the potential role of cortical areas in refining 

suppression duration. This temporal discrepancy supports the hypothesis that motor 

signals act primarily to modulate suppression duration, optimizing visual performance 

during natural saccades. 

Building on Burr et al.’s (1994) work, we then explored whether saccadic suppression 

selectively targets low spatial frequencies. Using gratings of varying spatial 

frequencies superimposed on coarse and fine textures, we confirmed that suppression 

was stronger for low spatial frequencies during real saccades (Figure 8b). Remarkably, 

this selective suppression persisted in the simulated saccade condition, further 

supporting the dominance of visual mechanisms (Figure 8d). However, altering the 

background textures abolished selective suppression, implicating stimulus-stimulus 

interactions rather than pathway-specific suppression (Figure 8e and f). 

Discussion (Publication 1) 

Our findings challenge the long-standing notion that motor-related signals, such as 

corollary discharge, are essential for initiating saccadic suppression. By demonstrating 

that perceptual suppression, including its selective nature for low spatial frequencies, 

can arise purely from visual mechanisms, we provide compelling evidence for the 

primacy of visual processes in this phenomenon. The texture-dependence of 

suppression and its replication in simulated saccade conditions, as well as the 
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presence of similar texture-dependence in the retina, highlight the importance of 

stimulus-stimulus interactions over pathway-specific suppression. 

While the time course of suppression starting before the actual movement (Latour, 

1962) is often used as an argument for an involvement of extraretinal signals, we 

observed perceptual suppression, with texture displacements also before the actual 

onset of the shift. This is likely due to backward masking, where the subsequent texture 

shift masks the flash stimulus presented shortly beforehand. Importantly, a perceptual 

suppression occurring before the onset of the movement can therefore be fully 

explained by visual mechanisms alone. Therefore, perceptual suppression before 

saccade onset does not necessarily require a motor signal. Moreover, we observed 

that suppression persisted longer during simulated saccades compared to real ones. 

This temporal discrepancy suggests that motor-related mechanisms may play a 

modulatory role by truncating visually-driven suppression, thereby optimizing visual 

performance in natural viewing conditions.  

Our findings also revisit the influential study by Burr et al. (1994), which proposed that 

saccadic suppression selectively targets the magnocellular visual pathway. Their 

conclusion was based on observing suppression of only low but not high spatial 

frequencies. While we replicated their results of stronger suppression for low spatial 

frequencies under real saccade conditions, our simulated saccade experiments 

demonstrated that this selective suppression could be abolished by manipulating 

background textures. This allowed us to then abolish selective suppression with real 

saccades as well. Thus, the observed selectivity may arise from contextual visual 

interactions rather than intrinsic pathway-specific suppression. In 2024, we discussed 

this work in an editorial focus on recent findings by Zhang et al. (2024). Their results 

also support a non-selective mechanism in the early visual pathways, aligning with our 

conclusion that selective suppression is influenced more by contextual visual 

interactions than by pathway-specific suppression (Hafed et al., 2024). In a review 

article in 2021 we additionally extended this perspective by showing parallels between 

human psychophysics and the suppression patterns observed in different layers of the 

superior colliculus (SC) (Hafed et al., 2021). The intermediate SC layers exhibit 

selective suppression for low spatial frequencies, mirroring behavioral observations, 

while superficial layers show non-selective suppression akin to the behavior we 

observed with altered background textures. This could reflect different amounts of 
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surround integration implemented by the different SC layers, which is supported by 

intra-collicular circuit investigations (Phongphanphanee et al., 2014). 

Critics of our approach argue that simulated and real saccades differ in their perceptual 

impact, as texture displacements are visually perceived during simulated saccades but 

not during real ones (Binda & Morrone, 2022). While I acknowledge these differences, 

it is important to note that retinal input during both conditions remains comparable. 

Thus, our findings underscore the value of comparing detection thresholds and 

suppression dynamics across conditions to better understand the visual mechanisms 

underpinning saccadic suppression. 

In conclusion, our work highlights the critical role of visual mechanisms in saccadic 

suppression, emphasizing the influence of stimulus-stimulus interactions and 

challenging traditional motor-based explanations. These insights refine our 

understanding of visual stability and open new avenues for exploring context-

dependent visual processing in naturalistic settings. 

 

Chapter 1.2 Dependence of Perceptual Saccadic 

Suppression on Peri-Saccadic Image Flow Properties and 

Luminance Contrast Polarity 

Experimental Setup (Publication 2) 

Building on our prior retinal findings, which demonstrated that saccadic suppression 

originates as a visual phenomenon within the retina, we conducted a series of 

psychophysics experiments to explore perceptual dependencies of saccadic 

suppression in human observers. Subjects performed saccades across various 

backgrounds, including uniform fields, luminance stripes, and luminance edges (Figure 

1a). Peri-saccadic contrast thresholds were measured using brief flashes, 

systematically varying luminance contrast polarity. To isolate visual contributions, 

additional experiments utilized simulated saccades, where backgrounds moved across 

the retina during fixation (Figure 2). These methods allowed us to disentangle visual 

from motor-related mechanisms. 
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Key Observations (Publication 2) 

Saccades across uniform gray backgrounds induced minimal suppression. However, 

saccades over luminance-defined features, such as stripes or edges, significantly 

elevated perceptual thresholds, indicating stronger suppression (Figure 4c). This effect 

depended heavily on the interaction between the stimulus and the background. 

Suppression was strongest when stimuli appeared on darker backgrounds, with dark 

stimuli experiencing more suppression than bright ones. Conversely, on bright 

backgrounds, both positive and negative polarity flashes were suppressed equally 

strongly (Figure 6). 

Simulated saccades replicated these stimulus-background interactions. Notably, 

stimulus polarity significantly influenced suppression strength; flashes with negative 

polarity on dark backgrounds experienced greater suppression than positive polarity 

flashes under the same conditions (Figures 8b-c).  

Discussion (Publication 2) 

Our results further support the hypothesis that saccadic suppression is fundamentally 

visual, driven by interactions between stimulus properties and background context. 

Consistent with previous studies, suppression strength varied depending on the nature 

of the visual flow during saccades (Publication 1; Zimmermann, 2020). For instance, 

the presence of luminance edges enhanced suppression compared to uniform 

backgrounds. This highlights the critical role of visual context, as suppression was most 

pronounced in conditions with greater luminance contrast transitions. 

The dependency on stimulus polarity adds another layer of complexity. We observed 

that negative polarity flashes on dark backgrounds consistently produced stronger 

suppression than positive polarity flashes. This result is intriguing, as one might have 

expected weaker suppression for dark flashes based on our previous work in the retina, 

where OFF RGCs exhibit weaker suppression (Idrees et al., 2022). 

Importantly, our simulated saccade experiments demonstrated that these effects 

persist in the absence of motor commands, providing compelling evidence for the 

dominance of visual mechanisms. By replicating suppression patterns observed during 

real saccades, we confirmed that suppression originates from visual-visual 
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interactions, rather than relying solely on extraretinal signals such as corollary 

discharge. 

The temporal dynamics of suppression offer new insights into how the visual system 

maintains stability. The prolonged suppression observed during simulated saccades 

suggests that motor signals primarily serve to refine the timing of suppression, ensuring 

rapid recovery of visual sensitivity post-saccadic. 

Chapter Summary  

My work on saccadic suppression supports an interplay between visual and motor 

mechanisms: while the initial suppression, its image dependencies and stimulus 

interaction appear to be visual, motor mechanisms shape the time course and our 

perception during saccades. Visual mechanisms limit visual input for later stages in the 

brain. Motor mechanisms do not necessarily contribute to the suppression of stimuli 

presented during the saccade; their role seems more nuanced in the context of 

maintaining overall visual stability, through spatial selective visual processing around 

the time of an eye-movement. 

Therefore, my subsequent work shifted attention more toward these motor-related 

processes. Specifically, I sought to understand how motor signals from the superior 

colliculus contribute to visual stability; not necessarily as the primary source of 

suppression, as traditionally believed, but potentially as modulatory components. This 

perspective led me to investigate the long-held view of motor bursts in the intermediate 

and deep layers of the SC as saccade controllers. Historically characterized as purely 

motor commands for saccade execution, I questioned whether these bursts might play 

a broader role in integrating sensory information and supporting visual stability. 
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Chapter 2 Sensory Tuning in Neuronal Movement 

Commands 

Before delving into sensory tuning within the neuronal movement commands of the 

SC, it is essential to mention two pivotal publications from us that paved the way for 

this study. 

First, Malevich et al. (2022) investigated the visual responses of SC neurons in two 

macaque monkeys to discs of varying contrast, including both positive and negative 

luminance polarity. The study revealed that SC neurons exhibit diverse sensitivities to 

dark and bright stimuli. Interestingly, most neurons displayed faster response latencies 

to dark stimuli, regardless of their overall sensitivity preference. Even neurons with 

stronger responses to bright stimuli demonstrated smaller latencies for dark stimuli. 

This dissociation between response latency and sensitivity indicates that the SC 

supports temporal prioritization in visual processing, likely aiding rapid detection of 

critical environmental features. This is consistent with even earlier work from the lab 

with spatial frequencies (Chen & Hafed, 2018). 

Second, Zhang et al. (2022) challenged the classical view that the strength of SC motor 

bursts directly encodes eye velocity during saccades. By recording motor bursts from 

saccade-related neurons, the study found asymmetric motor burst strengths for 

saccades directed to the upper versus lower visual fields, yet the kinematics of these 

movements remained consistent. Furthermore, a comparison of visually guided and 

memory-guided saccades revealed that SC neurons could exhibit significantly different 

motor burst strengths despite matched saccade metrics across tasks. These findings 

suggest that SC motor burst strength reflects more complex, task-dependent neural 

processes rather than directly encoding movement dynamics. 

With the finding in mind that the motor burst is drastically altered by the presence of a 

visual saccade target, we aimed to further narrow down what is encoded in the rate 

code of saccade-related SC neurons. 

Experimental Setup (Publication 3) 

We let two rhesus macaques (Macaca mulatta) perform visually guided and delayed 

saccades toward a range of saccade targets, including gratings, discs, and real-life 
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object images. Neural activity was recorded from the intermediate and deep SC layers 

using electrode arrays, focusing on movement-related response fields. 

In the delayed visually guided saccade paradigm, saccade targets were gratings with 

different spatial frequencies, contrasts, and orientations. In another set of experiments, 

natural object images and their scrambled counterparts were used to test high-level 

sensory tuning. In a further set we tested visually guided saccades without delay period 

to discs varying in contrast and polarity. By vector-matching saccades across different 

conditions within each image manipulation, we ensured that any observed differences 

in motor bursts were attributable to visual properties of the targets rather than saccade 

kinematics. 

Key Observations (Publication 3) 

Sensory tuning in SC motor bursts was evident across all tested conditions, with motor 

bursts modulating according to the visual features of saccade targets (Figure 2a and 

4b). In Figure 1f we see an example neuron's activity; gratings with lower spatial 

frequencies elicited stronger motor bursts compared to higher spatial frequencies, 

demonstrating a clear feature dependency. At the population level, motor bursts 

consistently exhibited stronger feature discrimination than visual bursts, particularly 

during the perisaccadic period, underscoring the SC’s robust sensory function (Figure 

3). Real-life object images further emphasized the ecological relevance of this tuning, 

as they elicited stronger motor bursts than their scrambled versions, reflecting the SC’s 

sensitivity to behaviorally meaningful stimuli (Figure 4b). Notably, SC motor bursts 

transformed peripheral visual target representations by amplifying weaker visual 

signals, such as mid-spatial frequencies and lower contrasts, in contrast to their initial 

visual responses (Figure 3d, e and f). In Figure 2b-f we controlled for saccade 

kinematics, which remain unchanged despite the differences in motor burst strengths, 

supporting that the rate code of these bursts encodes visual properties of the saccade 

target. 

Discussion (Publication 3) 

Our findings challenge the classical view of SC motor bursts as purely motor signals, 

revealing their robust sensory tuning. This dual role supports a more nuanced 

understanding of the SC’s function in bridging sensory and motor domains. The 

sensory information embedded in motor bursts provides an internal estimate of 
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saccade target appearance, likely aiding visual stability during the rapid retinal shifts 

caused by saccades. 

Importantly, sensory tuning in SC motor bursts persisted across all tested image 

manipulations, from simple features like contrast to complex real-life objects. This 

suggests that SC motor commands are intrinsically sensory-modulated, with their 

strength reflecting the visual salience and coherence of targets. Furthermore, the 

transformation of visual signals within motor bursts, particularly the amplified 

representation of weaker stimuli. 

The ecological relevance of these findings is underscored by the SC’s preferential 

tuning to coherent, naturalistic stimuli: the tuning is strongest for real-life objects. This 

highlights the SC’s role in prioritizing salient environmental features, a critical function 

for adaptive behavior in dynamic settings. 

Finally, the observed dissociation between SC motor burst modulation and saccade 

kinematics strengthens the argument that sensory signals dominate SC activity during 

saccades. This aligns with predictive coding models, where the brain anticipates 

sensory disruptions and adjusts processing accordingly. In 2011, Melcher predicted 

that visual brain structures involved in remapping and encoding object features, such 

as the FEF and LIP, should also be capable of remapping these features, not just the 

spatial pointer (Melcher, 2011). By providing a sensory preview of saccade targets, SC 

motor bursts likely facilitate transsaccadic integration and visual stability, ensuring 

seamless perception across eye movements.  
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Chapter 3.1 Perisaccadic Perceptual Mislocalization 

Strength Depends on the Visual Appearance of Saccade 

Targets 

Perisaccadic perceptual mislocalization, where briefly presented visual stimuli are 

perceived at erroneous locations during eye movements, offers key insights into how 

the brain integrates sensory and motor information to maintain perceptual stability. This 

phenomenon is closely tied to the process of remapping, where neural mechanisms 

align visual and motor reference frames during saccades to stabilize our visual 

experience despite rapid retinal shifts. Traditionally, remapping has been considered 

primarily a motor-driven process, relying on corollary discharge signals from motor 

regions such as the superior colliculus. However, the previous chapter presented 

evidence suggesting that these signals may also integrate sensory information about 

saccade targets, challenging traditional views and reshaping our understanding of their 

role in perceptual stability. 

The finding that SC motor bursts encode sensory information about saccade targets 

during movements fundamentally challenged the classical view of these signals as 

purely motoric. This led us to ask: if SC motor bursts integrate sensory and motor 

information, how does this integration influence perisaccadic remapping and the 

resulting perceptual mislocalization?  

Experimental Setup Human Psychophysics (Publication 4) 

To explore these questions, we investigated how the visual appearance of saccade 

targets influences perisaccadic mislocalization. Eight human participants performed a 

visual localization task, fixating a spot before making a saccade toward a Gabor grating 

of either low (0.5 cycles/deg) or high (5 cycles/deg) spatial frequency. During saccades, 

a brief, high-contrast probe was flashed at various temporal intervals relative to 

saccade onset, and participants used a mouse cursor to report its perceived location 

(Figure 1). Eye movements were recorded with a video-based eye tracker at 1 kHz, 

and the experiment was conducted in a dark room with stimuli presented on a 

calibrated CRT display. Key analyses included Euclidean distance measures between 

actual and reported probe locations to quantify mislocalization and statistical tests to 

determine the effects of target spatial frequency and flash timing. Additional control 

experiments verified that probe visibility was unaffected by target appearance. 



31 
 

Key Observations (Publication 4) 

We demonstrate that perisaccadic mislocalization is more pronounced when saccades 

are directed toward low spatial frequency targets compared to high-frequency ones, 

particularly during the saccadic and early post-saccadic periods (Figures 2–4). 

Additionally, mislocalization showed a clear dependence on the visual field, with 

stronger effects observed for probes presented in the upper visual field, aligning with 

known asymmetries in the superior colliculus (Figure 5). 

There was a strong correlation between secondary eye movements during the 

response phase and the reported probe locations, indicating that spatial encoding was 

consistent across response modalities (Figure 6). Furthermore, my colleague Anna 

Denninger conducted experiments confirming that probe visibility remained consistent 

regardless of the target's spatial frequency, ruling out visibility differences as a 

confound (Figures 7–8). These findings suggest that the visual appearance of saccade 

targets significantly influences perisaccadic mislocalization. 

Discussion (Publication 4) 

Our results demonstrate that the appearance of the saccade influences the 

mislocalization. This aligns with our evidence showing that SC motor bursts vary 

depending on target appearance, even when saccade vectors remain identical. This 

visual feature encoding in SC motor bursts may enhance predictive processes 

essential for trans-saccadic perception. 

The stronger mislocalization observed for low spatial frequency targets suggests that 

corollary discharge signals are not solely spatial but are modulated by the sensory 

features of saccade targets. This aligns with findings by Lappe et al. (2000) and Ross 

et al. (1997), who described the interaction between visual context and mislocalization 

patterns. Our results further extend this work by showing how specific target features 

can alter the internal mapping of visual space, supporting models that integrate 

sensory magnification and predictive coding in the SC. 

Stronger mislocalization for upper visual field probes highlights the influence of SC 

asymmetries. The SC’s greater magnification of the upper visual field likely amplifies 

these perceptual effects. These SC-driven asymmetries differ from the cortical biases 

seen in non-saccadic tasks, where lower visual field advantages dominate, 
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underscoring the SC’s unique role in perisaccadic processing and its interaction with 

cortical spatial mechanisms.  

Our findings also support models of perisaccadic mislocalization, such as the 

compression effect, which attributes probe position convergence to retinotopic shifts 

on distorted visual maps. The SC’s topographic distortions, coupled with visual feature 

tuning, may enrich these models by introducing feature-specific dynamics alongside 

spatial factors (Ross et al., 1997; VanRullen, 2004). 

Control experiments confirmed that differences in mislocalization were not due to 

variations in probe visibility. High-contrast probes were equally detectable across 

spatial frequency conditions, eliminating simple visual-visual interactions as a 

confound. Instead, these results point to a complex interplay between visual and motor 

signals, mediated by SC pathways and its downstream targets, such as the pulvinar 

and medial-dorsal thalamus. These structures, involved in relaying CD, likely integrate 

spatial and feature-specific information for cortical processing. 

Chapter 3.2 Two-Dimensional Perisaccadic Visual 

Mislocalization in Rhesus Macaque Monkeys 

Experimental Setup Monkey Behavior (Publication 5) 

This study explored perisaccadic visual mislocalization in rhesus macaques using a 

novel two-dimensional paradigm. Data were collected from three adult male monkeys 

trained to perform a saccade sequence. Each trial began with fixation on an eccentric 

target, followed by a visually-guided saccade toward a central Gabor grating. Once the 

saccade onset was detected, a brief (12 ms) visual probe flash was presented at one 

of three positions relative to the saccade target. After a delay, the monkeys made a 

memory-guided saccade to the perceived flash location (Figure 1). Eye movements 

were recorded with high precision using the scleral search coil technique. This design 

enabled comparisons of reported flash positions across different saccade directions 

and flash timings to evaluate mislocalization patterns (Figure 3). 

Key Observations (Publication 5) 

We found strong perisaccadic mislocalization in all three monkeys, consistent with 

human results. Backward mislocalization toward the saccade target was most 
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pronounced for probe flashes presented shortly after saccade onset (30 ms). To 

observe mislocalization only towards the saccade target was expected, given our 

postsaccadic presentations. It is reported that mislocalization away from the saccade 

target takes place only when the probe flashes were presented presaccadically, and in 

complete darkness (Honda, 1991). Additionally, our effect varied systematically with 

saccade direction. Mislocalization was stronger for upward saccades than for 

downward ones, as shown in Figures 5A–C and 6. Horizontal saccades also exhibited 

stronger mislocalization for flashes in the upper visual field compared to the lower field, 

same as the human results in Publication 4. These results are detailed in Figures 9A–

E, which illustrate mislocalization strength and recovery over time. 

Discussion (Publication 5) 

This study successfully demonstrated that rhesus macaques exhibit two-dimensional 

perisaccadic visual mislocalization, similar to humans. The results confirm that 

mislocalization strength depends on both saccade direction and visual field location. 

Stronger mislocalization for upward saccades, as reported here, aligns with prior 

human studies and reflects differences in visual processing between the upper and 

lower visual fields (Grujic et al., 2018). This finding suggests that neural circuits in the 

superior colliculus and other sensory-motor integration areas may underlie these 

effects. Importantly, the paradigm was robust across different saccade directions, 

paving the way for future neurophysiological investigations to explore the underlying 

mechanisms. 

While subtle effects of saccade target appearance on mislocalization were noted, they 

were less consistent than the directional influences. The small but consistent visual 

dependency that we saw across the majority of participants in the human study 

(Publication 4), may have been hidden in the variability of the monkeys’ reports. 

However, we cannot exclude the possibility that monkeys do not show this 

dependency. We systematically analyzed baseline trials to verify that memory-guided 

errors were minor compared to perisaccadic mislocalization, reinforcing the reliability 

of the paradigm. Overall, this work establishes a critical methodological framework for 

translating human perceptual findings to animal models, contributing to the 

understanding of sensory-motor integration during eye movements. 
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Beyond mislocalization, these results support a broader role for SC-driven corollary 

discharge in trans-saccadic feature integration, ensuring seamless visual continuity 

across eye movements. Future work could explore how SC projections modulate 

cortical visual responses during saccades and further investigate the feature tuning 

properties of relay areas like the pulvinar and medial-dorsal thalamus to clarify their 

contributions to saccade-related visual processing. In all, this study established a 

methodological advance that will allow future neurophysiological discoveries about 

perisaccadic perception. 
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