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1 Summary 

Our visual environment is highly dynamic, comprising changes in different parameters at 

multiple timescales in parallel. These changes inform us about the identities and 

movements of external objects, and at the same time depend on our own behavior. For 

us to efficiently interact with the environment, we therefore rely on visual representations 

that are as accurate as possible while also separating between different sources of 

information in the temporal domain.  

In my thesis, I studied the processing of continuous temporal information in the primate 

visual system. To this end, I used behavioral and electrophysiological measurements 

from human subjects, as well as neural recordings in two different primate animal 

models. The thesis comprises five experimental studies. In these, I investigated how 

temporal information is extracted from visual input, and how its neural representation 

depends on and enables motor behavior. The order of studies broadly follows the visual 

processing hierarchy, from representations of low-level information at early (studies I & 

II) and intermediate visual areas (III), to the processing of high-level information in 

visuomotor control (IV & V). 

In the first two studies, I investigated the response of primary visual cortex (area V1) to 

continuous random luminance sequences. The response properties of neurons in area 

V1 have long been described by an approximately linear impulse response, that is stable 

in the temporal domain even during continuous stimulation. Yet, recent human EEG 

studies showed that, when stimulated with broadband luminance sequences, area V1 

selects a distinct temporal frequency (alpha, at approx. 10 Hz) from the input and 

propagates its information across cortical space in the form of a traveling wave (the 

“perceptual echo”; VanRullen and MacDonald, 2012; Lozano-Soldevilla and VanRullen, 



 
_______________________________________________________________________________ 
 
 

 
 

   5 

2019). This non-linear response has been suggested to play a functional role in the 

active sampling of visual information, based on evidence from the human EEG. 

However, it had not been investigated how it is generated on a neural level, and a 

description of intracortical responses to the same stimulation in the animal model has 

been lacking. 

In the first study, I combined EEG recordings in human observers with two established 

behavioral paradigms to study if and how the echo response is modulated by shifts in the 

cortical excitation/inhibition balance. I could show that the echo response is enhanced 

when the excitatory gain to area V1 is increased globally, but not when this modulation is 

limited to the input from one eye. This suggests that the echo is a cortically distributed 

response associated with excitatory neural states, dissociating it from spontaneous alpha 

oscillations which depend rather on inhibitory feedback loops (Hindriks and van Putten, 

2013).  

In my second study, I investigated the neural responses in primary visual cortex to the 

same broadband luminance stimulation. Using the marmoset monkey as an animal 

model, I showed that - unexpectedly - the local representations in area V1 are already 

highly selective for distinct frequency bands, comprising an alpha-band component that 

possibly represents a functional homologue of the human echo response. A comparison 

between responses from the anesthetized and the awake preparation showed that the 

frequency-selectivity is a signature of active visual processing, suggesting top-down 

modulatory signals as the driving mechanism. Together, my findings from the first two 

studies show that primary visual cortex actively extracts temporal information from 

continuous input at distinct frequencies, at the expense of information in other bands. 

The second study provides first, tentative evidence in the search for a neural correlate of 

the perceptual echo response.  



1  Summary  

_______________________________________________________________________________ 
 
 

 
  
6 

One of the challenges the visual system is faced with in maintaining accurate temporal 

representations is that the incoming visual input changes drastically every time we move 

our eyes. Previous investigations have identified distinct neural mechanisms that 

modulate responses around the time of saccadic eye-movements to counterbalance this 

instability. These modulations also affect the temporal domain of visual processing, as 

demonstrated by changes in neural response latencies (Reppas et al., 2002; Ibbotson et 

al., 2006) and illusory distortions of perceived time (Yarrow et al., 2001; Morrone et al., 

2005; Knöll et al., 2013). Yet, substantial differences between areas as well as diverging 

perceptual effects have been difficult to reconcile thus far.  

To broaden our understanding of the neural signature of perisaccadic modulations of 

temporal encoding, in the third study I compared temporal information processing 

between fixation and perisaccadic time-windows in the ventral stream area V4 of 

macaque monkeys. By analyzing multi-unit responses to random sequential luminance 

stimulation I found that representations remained stable in temporal and spatial domains 

across saccades. However, the ratio of response amplitudes within a sequence was 

modulated by a global perisaccadic activity increase, in a way that could account for 

known perceptual effects. This finding newly introduces amplitude modulations as a 

neural correlate of perisaccadic distortions in the perception of time. The observation of 

stable representations in space and time contrasts with previously described 

perisaccadic spatial modulations in area V4 (Tolias et al., 2001). In light of evidence from 

other studies, we proposed that this disparity may partly reflect differences in processing 

between sequential and isolated visual stimulation. Taken together, the third study 

provided new insights on how temporal information processing is modulated by eye-

movements, adding first findings for area V4 to existing evidence from other areas.  
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The first three studies all considered temporal information contained in low-level visual 

features, such as luminance or contrast. Yet, in our natural visual input, changes in these 

features over time are often also linked to movements of objects or the environment 

relative to the observer. Using retinal velocity patterns (optic flow) as a cue, our visual 

system infers information about the body’s own movement in space from this input. 

Accordingly, early behavioral studies have demonstrated that humans, in stable stance, 

respond to visually simulated self-motion with compensatory postural adjustments (Lee, 

1980). The final two studies in this thesis investigated how these responses are coupled 

to the temporal structure of self-motion information in the continuous visuomotor control 

of balance.  

The fourth study used measurements from a force-platform to characterize postural 

responses of human subjects to a visual environment that oscillated along the anterior-

posterior axis, simulated in virtual reality. By applying an analysis procedure that was 

originally established in human EEG studies, we were able to show that postural 

responses coupled to the visual stimulus with high consistency. This coupling remained 

stable even for high temporal frequency (1.2 Hz) of the motion stimulus, suggesting that 

previous studies showing a selectivity for lower frequencies were biased by 

biomechanical constraints of the body through their analysis of response amplitude 

instead of phase.  

The fifth study extended this paradigm further by additional measurements from video-

based full body tracking, in order to determine how the different body joints contribute to 

the observed postural responses. The findings revealed that the body’s balance control 

strategy depends greatly on the temporal frequency of the visual input. For higher 

frequencies, coupling was increasingly centered around the hip joint, matching model 

predictions by previous studies.  
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Lastly, following up on the results from these two studies, we established a novel 

stimulation paradigm designed to provide a generalized mapping of visually evoked 

postural responses in the temporal domain. Applying the same approach as in the first 

two studies of this thesis, we used responses to broadband random self-motion 

sequences to investigate how the coupling behavior depended on temporal frequencies. 

The results revealed highly idiosyncratic response profiles for different subjects, possibly 

reflecting interindividual differences in visuomotor abilities as well as anthropometric 

factors. The frequency distributions of coupling surprisingly extended also towards very 

high frequencies (> 2 Hz). These components likely reflect a third, reflexive strategy that 

may be controlled by different motor pathways.  

Taken together, these findings show that the visuomotor system uses the temporal 

structure of self-motion information for the control of balance during standing, selecting 

different frequency bands for distinct motor outputs. 

In conclusion, with this thesis I have investigated how the visual system extracts and 

processes temporal information from continuous input. My findings from different 

subsystems of the visual hierarchy show that neural representations of temporal 

information are functionally specialized through their selectivity for distinct frequency 

bands. In the primate animal model, I identified possible neural correlates of this 

frequency selection and characterized their dynamics during active visual behavior. 

Future research could make use of these as measures by which to distinguish 

functionally between different sensory systems, as well as between individuals, e.g., for 

clinical applications.  
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1.1 Zusammenfassung 

 

Unsere visuelle Umgebung ist dynamisch und umfasst, parallel, Änderungen 

verschiedener Parameter auf mehreren zeitlichen Skalen. Diese Änderungen geben uns 

Aufschluss über die Identität von Objekten sowie deren Bewegungen im Raum, werden 

gleichzeitig aber auch von unserem eigenen Verhalten bestimmt. Um uns eine effiziente 

Interaktion mit der Umgebung zu ermöglichen, benötigen wir daher visuelle 

Repräsentationen, die so präzise wie möglich sind, und dabei auch die Trennung 

verschiedener Informationsquellen in der zeitlichen Dimension ermöglichen. 

In meiner Arbeit habe ich die Verarbeitung von kontinuierlicher zeitlicher Information im 

visuellen System von Primaten untersucht. Dafür habe ich Verhaltens- und 

elektrophysiologische Messungen an humanen Versuchspersonen, sowie neuronale 

Messungen in zwei verschiedenen Primaten-Tiermodellen durchgeführt. Die Arbeit 

umfasst fünf experimentelle Studien. In diesen habe ich im Einzelnen untersucht, wie 

zeitliche Information aus visuellem Input extrahiert wird und wie dessen neuronale 

Repräsentation von motorischem Verhalten abhängt und dieses steuert. Die Reihenfolge 

der Studien folgt vereinfacht der Hierarchie der visuellen Verarbeitung im Gehirn, von 

Repräsentationen simpler Information in frühen (Studien I & II) und mittleren kortikalen 

Arealen des visuellen Systems (III), hin zur Verarbeitung komplexerer Information im 

visuomotorischen System (IV & V).  

In den ersten beiden Studien untersuchte ich die neuronalen Antworten des primären 

visuellen Kortex (Areal V1) auf kontinuierliche, zufällige Luminanz-Sequenzen. Die 

Antworteigenschaften von V1-Neuronen wurden lange durch eine näherungsweise 

lineare Impulsantwort beschrieben, die auch für kontinuierliche Stimulation über die Zeit 

stabil ist. Aktuelle humane EEG Studien haben jedoch gezeigt, dass V1 als Antwort auf 



1  Summary  

_______________________________________________________________________________ 
 
 

 
  
10 

Stimulation mit Sequenzen im Breitband-Frequenzbereich eine bestimmte zeitliche 

Frequenz (Alpha, ca. 10 Hz) selektiert und diese Information in Form von 

fortschreitenden Wellen über den Kortex propagiert (das “perzeptuelle Echo”; VanRullen 

and MacDonald, 2012; Lozano-Soldevilla and VanRullen, 2019). Ausgehend von 

Evidenz aus humanen EEG-Studien wird vermutet, dass diese nichtlineare Antwort eine 

Funktion im sampling (dem zeitlichen Abtasten) visueller Information einnimmt. Ihre 

Entstehung auf neuronaler Ebene, ebenso wie die intrakortikalen Antworten auf die 

gleiche Stimulation im Tiermodell, sind jedoch noch nicht beschrieben worden. 

In der ersten Studie kombinierte ich EEG-Messungen an humanen Versuchspersonen 

mit zwei etablierten behavioralen Paradigmen, um zu untersuchen, wie die Echo-Antwort 

durch Veränderungen der kortikalen Balance zwischen Exzitation und Inhibition 

moduliert wird. Ich konnte zeigen, dass die Antwort nach einer globalen Verstärkung der 

exzitatorischen Inputs erhöht ist. Dieser Effekt trat jedoch nicht auf, wenn die Modulation 

auf den Input eines Auges begrenzt war. Dies deutete darauf hin, dass das Echo eine 

globale Antwort darstellt, die an exzitatorische neuronale Aktivität gekoppelt ist. Dies 

unterscheidet es von spontanen Alpha-Oszillationen, die von inhibitorischen 

Mechanismen abhängen (Hindriks and van Putten, 2013). 

In meiner zweiten Studie untersuchte ich die neuronalen Antworten auf die gleiche 

Stimulation im primären visuellen Kortex im Primatenmodell (Weißbüschelaffe). 

Experimentell konnte ich zeigen, dass die lokalen Antworten in V1 bereits stark selektiv 

für einzelne Frequenzbänder sind und dabei auch eine Komponente im Alpha-Band 

beinhalten, die ein funktionales Homolog der humanen Echo Antwort darstellen könnte. 

Ein Vergleich der Antworten zwischen anästhesierten und wachen Tieren zeigte, dass 

die Frequenzselektivität ein Merkmal der aktiven visuellen Verarbeitung ist, was auf 

Modulation aus höheren Arealen (top-down) hinweist. Zusammengenommen zeigten die 
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Ergebnisse der ersten beiden Studien, dass der primäre visuelle Kortex aktiv zeitliche 

Information in bestimmten Frequenzbändern aus kontinuierlichem Input herausfiltert und 

dabei die Information anderer Frequenzen abschwächt. Die zweite Studie lieferte zudem 

erste Hinweise auf ein neuronales Korrelat der perzeptuellen Echos. 

Die präzise Repräsentation zeitlicher Information im visuellen System wird u.a. dadurch 

erschwert, dass sich der visuelle Input bei jeder Augenbewegung drastisch verändert. 

Vergangene Studien haben verschiedene Mechanismen identifiziert, die diese Instabilität 

durch Modulation neuronaler Antworten im Zeitfenster um sakkadische Augenbewegung 

herum kompensieren. Diese Modulationen betreffen auch die zeitliche Dimension der 

visuellen Verarbeitung, wie aus Veränderungen neuronaler Antwortlatenzen (Reppas et 

al., 2002; Ibbotson et al., 2006) und illusorischen Verzerrungen der Zeitwahrnehmung 

(Yarrow et al., 2001; Morrone et al., 2005; Knöll et al., 2013) hervorgeht. Unterschiede 

der Verarbeitung zwischen Hirnarealen sowie gegenläufige Wahrnehmungseffekte 

haben eine kohärente Interpretation bislang jedoch erschwert.  

Mit dem Ziel, unser Verständnis perisakkadischer zeitlicher Modulationen über das 

visuelle System hinweg auszuweiten, untersuchte ich in der dritten Studie im Areal V4 

des ventralen Pfads des Makaken, ob und ggf. wie sich die Verarbeitung zeitlicher 

Information zwischen Fixation und perisakkadischen Zeitfenstern verändert. Meine 

Analyse von neuronalen Antworten auf sequenzielle Luminanzkontrast-Stimulation 

ergab, dass die Repräsentationen in Bezug auf zeitliche und räumliche 

Antworteigenschaften stabil blieben. Dabei wurde jedoch das Verhältnis der Antwort-

Amplituden innerhalb einer Sequenz durch eine unselektive Erhöhung der Aktivität in 

perisakkadischen Zeitfenstern moduliert. Dies könnte auf Amplitudenmodulation als ein 

neuronales Korrelat sakkadischer Wahrnehmungsverzerrungen hindeuten. Der Befund 

stabiler raum-zeitlicher Repräsentationen steht im Kontrast zu zuvor beschriebenen 
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perisakkadischen Modulationen räumlicher Antworteigenschaften in V4 (Tolias et al., 

2001). Im Kontext der Ergebnisse anderer Studien kann vermutet werden, dass dies 

durch Unterschiede in der Verarbeitung zwischen sequenzieller und isolierter visueller 

Stimulation zu erklären ist. Zusammengenommen konnte die dritte Studie neue Hinweise 

darauf bieten, wie zeitliche Informationsverarbeitung von Augenbewegungen moduliert 

wird, und die vorhandene Literatur um erste Ergebnisse aus dem Areal V4 erweitern.  

Die ersten drei Studien beschäftigten sich mit zeitlicher Information, die in basalen 

visuellen Parametern enthalten ist, wie z.B. Luminanz oder Kontrast. In unserem 

natürlichen Umfeld sind zeitliche Änderungen dieser Parameter jedoch häufig an 

Bewegungen einzelner Objekte oder der gesamten Umgebung relativ zum Betrachter 

gekoppelt. Optische Flussfelder auf der Retina ermöglichen es dem visuellen System, 

aus diesem Input Informationen über die Bewegung des eigenen Körpers zu gewinnen. 

Bereits frühe Studien haben gezeigt, dass Menschen im Stand auf visuell simulierte 

Eigenbewegung mit posturalen Korrekturbewegungen reagieren (Lee, 1980). Die 

abschließenden zwei Studien dieser Arbeit untersuchten, wie diese Reaktionen in der 

visuomotorischen Kontrolle der Balance an die zeitliche Struktur der wahrgenommenen 

Eigenbewegung gekoppelt sind.  

Die vierte Studie verwendete Messungen mit einer Kraftmessplatte und Virtual Reality, 

um die posturalen Antworten von Versuchspersonen auf visuell simulierte, sinusförmige 

Eigenbewegung in anterior-posteriorer Richtung zu beschreiben. Durch die Anwendung 

etablierter Analysemethoden aus humanen EEG-Studien konnten wir zeigen, dass die 

Antworten mit hoher Konsistenz an den Stimulus koppelten und dass diese Kopplung 

auch für hohe zeitliche Stimulus-Frequenzen (1.2 Hz) stabil blieb. Dies deutet darauf hin, 

dass Befunde vergangener Studien, die eine Selektivität für niedrige Frequenzen gezeigt 
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hatten, durch die Analyse der Antwort-Amplitude statt deren Phase durch 

biomechanische Eigenschaften verzerrt waren.  

Die fünfte Studie erweiterte dieses Paradigma zusätzlich um ein video-basiertes Ganz-

Körper-Tracking mit dem Ziel, die Anteile einzelner Körperpartien an der gesamten 

Antwort zu bestimmen. Die Ergebnisse zeigten, dass die Balance-Strategie des Körpers 

stark von der zeitlichen Frequenz des visuellen Inputs abhängt. Für höhere Frequenzen 

verlagerte sich die Kopplung zunehmend auf das Hüftgelenk. Dieser Befund bestätigt die 

Modellvorhersagen früherer Studien.  

Aufbauend auf den Ergebnissen dieser zwei Studien etablierten wir zusätzlich ein neues 

Paradigma, das eine generalisierte Beschreibung der zeitlichen Eigenschaften visuell-

evozierter posturaler Antworten ermöglichen sollte. Basierend auf dem gleichen Prinzip 

wie in den ersten zwei Studien dieser Arbeit verwendeten wir zufällige Eigenbewegungs-

Sequenzen im Breitband-Frequenzbereich, um die Abhängigkeit des 

Kopplungsverhaltens von der zeitlichen Frequenz zu untersuchen. Die Ergebnisse 

zeigten stark idiosynkratische Muster in den posturalen Antworten der einzelnen 

Versuchspersonen. Diese könnten sowohl auf interindividuelle Unterschiede in den 

visuomotorischen Fähigkeiten als auch anthropometrische Faktoren zurückzuführen 

sein. Die Frequenzverteilungen der Kopplung zeigten überraschend starke Anteile in 

sehr hohen Frequenzen (> 2 Hz), die vermutlich eine dritte, reflexive Strategie unter 

Kontrolle anderer motorischer Pfade repräsentieren.  

Diese Ergebnisse zeigen, dass das visuomotorische System die zeitliche Struktur von 

Eigenbewegung für die Kontrolle der Balance im Stand verwendet, und dabei bestimmte 

Frequenzbänder für unterschiedliche motorische Muster selektiert. 
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Zusammenfassend habe ich in meiner Arbeit untersucht, wie das visuelle System 

zeitliche Information aus kontinuierlichem Input extrahiert und verarbeitet. Meine 

Befunde aus unterschiedlichen Sub-Systemen der visuellen Hierarchie zeigen, dass die 

neuronale Repräsentation zeitlicher Information durch ihre Selektivität für bestimmte 

Frequenzbänder funktionell spezialisiert sind. Im Primaten-Tiermodell konnte ich 

mögliche neuronale Korrelate dieser Frequenzselektivität identifizieren und ihre Dynamik 

während aktiven visuellen Verhaltens beschreiben. Diese könnten in zukünftigen Studien 

verwendet werden um unterschiedliche sensorische Systeme funktional voneinander zu 

trennen, sowie als Marker für die neuronale Verarbeitung einzelner Individuen in 

klinischen Anwendungen. 
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2 Introduction 

 

2.1 General Introduction 

The visual information that is available to us every day is highly complex and contains 

structures that are defined along a number of different dimensions. Our visual system is 

challenged to provide us with a representation of this information that is as accurate as 

possible, while also reducing complexity to allow efficient interaction with the 

environment. It is frequently stated, in some variations, that this task is achieved by a 

separation of information into features defining objects’ identities (‘what’) and those 

indicating their position and movements in space (‘where’) (Mishkin et al., 1983; Goodale 

and Milner, 1992; Milner and Goodale, 2008). However, a key feature of the visual 

information we process every day is that it is constantly changing, often simultaneously 

at multiple time-scales. These changes are often linked to movements of elements or the 

whole scene relative to the observer, but can also be defining features of stationary 

objects (e.g., in the case of a flickering flame). For us to be able to successfully interact 

with our environment, our visual system therefore needs a reliable representation of the 

temporal dimension of visual information.  

The term temporal information is commonly used with some degree of flexibility, and in 

experimental research often refers to the information used in the conscious perception of 

time and durations. In this thesis, I will use the term more generally to denote the pattern 

of changes in any (visual) parameter over time. Specifically, I investigated the processing 

of continuous temporal information, that is, visual sequences that do not contain isolated 

events (or if so, at a rate that cannot be resolved by the visual system). The broad nature 
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of the above definition aptly reflects what is known about the neural processing of 

temporal information. Since it may be contained in any parameter of the input, its 

representation is necessarily distributed across the whole visual system. Yet, there are 

also key differences between areas which result from their individual functional roles. 

Here, I will broadly highlight two stages in the visual processing hierarchy. The first part 

(section 2.2) will consider the implicit (in terms of behavioral relevance) encoding of 

temporal information in low-level feature dimensions, in particular luminance, in early and 

mid-tier visual areas. The second part (2.3) will focus on visual self-motion, and how 

temporal information contained therein is used by the visuomotor system in the control of 

balance.  

 

2.2 The visual system 

2.2.1 Representation of luminance information in primary visual cortex 

Our visual system extracts information from visible light broadly in two dimensions: its 

intensity, i.e., luminance and luminance-contrast, and spectral content, which is then 

interpreted as color information. While temporal information is also available from 

chromatic stimuli (Lee et al., 1989), luminance is the far more reliable source, as 

indicated by higher temporal frequency resolutions and shorter response latencies in the 

cortex (Nowak et al., 1995; Kaiser and Boynton, 1996; Liu and Wandell, 2005). For this 

reason, my thesis and the studies included therein will mainly consider luminance-

defined stimuli.   

The representation of luminance information, specifically as spatial and/or temporal 

luminance contrast, is part of the earliest stages in visual processing. A comprehensive 
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description of the underlying anatomical pathways has been provided many times (for 

reference, see e.g. Purves et al., 2004; Bear et al., 2020). In brief, the information about 

activation of photoreceptors in the retina is projected to primary visual cortex (area V1 in 

primates) with intermediate processing in the retina itself and the lateral geniculate 

nucleus (LGN). At the pre-cortical stages, the information is strictly separated in two 

parallel pathways; the magnocellular and the parvocellular (M/P) pathway (Merigan and 

Maunsell, 1993). The M-pathway is selective for higher temporal frequencies than the P-

pathway, which in turn is more sensitive to higher spatial frequencies and, unlike the M-

pathway, also carries chromatic information (Derrington and Lennie, 1984; Livingstone 

and Hubel, 1988).  

Up to the point at which information reaches the primary visual cortex, isolated changes 

in stimulus luminance can be rather deterministically mapped to the neural activity they 

evoke. Individual neurons in primary visual cortex generally increase their activity as a 

monotonic function of local luminance contrast, which is described by their contrast-

response-function (CRF). The exact shape of the CRF differs between individual V1 

neurons, but for the population it approximately follows the logarithm of the contrast 

linearly (Albrecht and Hamilton, 1982). Importantly, this relationship does not change 

over the time-course of the response (Albrecht et al., 2002). The response function to 

rapid changes in uniform luminance (i.e., without local contrast) is similarly monotonic 

(Geisler et al., 2007; Li and Wang, 2013; Wang et al., 2015; Tang et al., 2021). 

Together, these properties make the response to luminance-defined stimuli well suited to 

investigate early-stage representations of temporal information, since they impose fixed 

hypotheses about the neural activity that is to be expected from repeated or continuous 

stimulation.  

This rationale has formed the basis of different types of paradigms in which stimulation is 
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applied at a single, constant temporal frequency. At the cortical level, temporal frequency 

tuning of single cells has been investigated by the use of drifting sinusoidal gratings (in 

cat area 17 and macaque area V1: Ikeda and Wright, 1975; Holub and Morton-Gibson, 

1981; Foster et al., 1985; Hamilton et al., 1989; Hawken et al., 1996). This large body of 

research has shown that individual neurons in early visual areas prefer distinct temporal 

frequency bands, which indicates that the representation of temporal information at this 

stage is distributed across different populations.  

Complementary to this, human EEG studies have been essential in characterizing 

temporal representations at the gross cortical level. Prolonged stimulation with regular 

luminance flicker up to nearly 100 Hz evokes rhythmic responses at the input frequency, 

as well as its harmonics, over occipital sites (first described by van der Tweel and Lunel, 

1965; Herrmann, 2001). Due to its high signal-to-noise ratio, this type of response, 

known as the steady-state visual-evoked potential (SSVEP), is widely used as a marker 

for neural activity in a range of paradigms (for a review, see Vialatte et al., 2010). The 

main source of the scalp SSVEP signal has been shown to be area V1, although other 

components, e.g. in motion-sensitive areas of the dorsal stream, also contribute to it (Di 

Russo et al., 2002; Fawcett et al., 2004). The same oscillatory response patterns have 

also been obtained from intracortical recordings in human patients (LGN and V1: Krolak-

Salmon et al., 2003) and cats (area 17: Rager and Singer, 1998).  

An important property of the SSVEP response is that it is produced mainly by phase-

locking of the EEG to the regular oscillation contained within the stimulus (Moratti et al., 

2007), whereas amplitude fluctuations are reduced during the steady state. Similarly, 

neurons in primary visual areas typically exhibit contrast adaptation on short timescales, 

leading to decreases in firing rate during prolonged stimulation (see, e.g., Kohn, 2007). 
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This means that the visual representation of continuous, regular luminance flicker is 

essentially reduced to its temporal information.  

 

2.2.2 Generalized temporal response functions (TRFs) and perceptual 

echoes 

The previous section (2.2.1) has established that the response properties of primary 

visual cortex allow for a reliable representation of changes in luminance across a broad 

range of temporal frequencies. However, in the described studies, the temporal 

information contained in the stimuli was always rhythmic, and in the case of prolonged 

stimulation (as in most SSVEP paradigms) thus also predictable. Indeed, at a closer 

look, the pattern of results already suggests that the response to unpredictable stimuli 

will not follow linearly from those to regular stimulation. As an example, in the EEG, 

SSVEP responses are higher for certain frequencies, most prominently in the alpha 

range (around 10 Hz) and its harmonics (Herrmann, 2001), indicating that the visual 

cortex is susceptible to resonance phenomena. Secondly, single cells in cat area 17 

show different temporal frequency tuning and reduced integration times when the 

stimulus is a sum of multiple sinusoids or broadband flicker (Dean et al., 1982; Reid et 

al., 1992). These findings clearly suggest that the luminance response exhibits non-

linear dependencies on the stochastic properties of the input signal, affecting both its 

amplitude and latency. 

A number of human EEG studies have attempted to estimate sensory responses as a 

generalized function, i.e. without introducing bias through the stimulus presented. In this 

approach, the correlation between a (usually random) input and the measured EEG is 

used to derive a function (temporal response function, TRF) that best describes the 
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mapping between the signals over time (for a methodological overview, see Crosse et 

al., 2016). As an example, the visual evoked response to flash stimuli can be reliably 

approximated from stimulation with randomly luminance-modulated checkerboards, at 

greatly reduced cost of time and noise level (Lalor et al., 2006).  

The same approach was also used by VanRullen and MacDonald (2012), who 

characterized the TRF to broadband random luminance flicker in the EEG (summarized 

in Figure 2-1). In their paradigm, stimulation consisted of 6.25 sec sequences with a 

flattened power spectrum, such that all covered temporal frequencies were contained 

with equals weights.  

 

Figure 2-1. The perceptual echo response in the human EEG. Modified from VanRullen and MacDonald 

(2012), with added labels in panel C. A: Schematic of the stimulation paradigm. The stimulus was a circular 

patch that changed its luminance over time in a random broadband sequence. The visual system’s temporal 

response function (TRF) is estimated from the cross-correlation between the sequence and the recorded 

EEG. B: Time-domain TRF for data from one subject. C: Time-frequency representation of the TRF 

(population mean). In both panels B and C, a separation into two components is visible: early time-windows 

show a high-frequency response that resembles a classical event-related potential (ERP), whereas the 

perceptual echo response is visible as a high-amplitude oscillation in the alpha range in later time-windows. 
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The resulting TRF shows two distinct components. The first resembles the classical 

event-related potential (ERP) as a transient response, mainly at higher frequencies (15-

30 Hz), between 70 and 200 ms latency. In contrast, the second component is a very 

narrow-band oscillation in the alpha range (8 - 12 Hz) that persists for latencies of up to 

>1 sec. This late response, which was dubbed as the perceptual echo by the authors, is 

produced by selective phase-locking of the EEG at occipital sites to the alpha rhythm 

within the stimulus sequence. The phase lag (latency) of this coupling shows a 

consistent gradient from posterior to anterior sites, suggesting that the oscillation may be 

a traveling wave across the cortex (Lozano-Soldevilla and VanRullen, 2019). 

The response pattern of the perceptual echo component clearly shows that its functional 

role is not the accurate representation of stimulus luminance and temporal changes 

therein. By itself, i.e., excluding the transient earlier response component, the narrow-

band coupling reduces the available broadband stimulus information to a single 

frequency band. More recent studies have presented evidence that this selection of 

rhythmicity, in parallel to the more broadband early response, may serve an important 

role in perceptual sampling. In line with findings for non-stimulus-locked alpha 

oscillations (e.g., Busch et al., 2009; Dugué et al., 2011; Samaha and Postle, 2015; 

Milton and Pleydell-Pearce, 2016; Chota and VanRullen, 2019), the echo seems to 

modulate perception in a rhythmic manner (Gulbinaite et al., 2017). This modulation may 

cause perception of continuous input to be discretized into distinct temporal windows, 

each corresponding in length to the duration of one alpha cycle (VanRullen, 2016). Direct 

causal evidence for this role of alpha oscillations has been presented by a recent TMS 

study (Chota et al., 2021), but remains to be shown for stimulus-locked alpha, i.e. 

perceptual echoes.  

Further support for an active role of the echo response in visual sampling is given by the 
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finding that its frequency can vary in dependence of the reliability of visual input 

(Benedetto et al., 2018). Keeping with the general theory of rhythmic sampling outlined 

above, this may represent a mechanism by which the visual system controls its temporal 

resolution. Again, this idea is paralleled by similar findings for non-stimulus-locked alpha 

oscillations (Wutz et al., 2018).  

Another account of the perceptual echo response holds that the oscillation represents 

the recursive updating of prediction errors that are passed on from V1 to higher visual 

areas (Alamia and VanRullen, 2019). This interpretation is derived from the more general 

framework of predictive coding (Rao and Ballard, 1999; Friston, 2005), which assumes 

that the brain generates predictions about upcoming sensory events, and represents 

unexpected input as deviations from that prediction (prediction errors). In line with this is 

the finding that the strength of stimulus phase-locking underlying the echo response 

depends on the predictability of the input sequence (Chang et al., 2017).  

Taken together, these studies (building directly on the procedure introduced by 

VanRullen and Macdonald, 2012) describe a visual TRF that extends far beyond a linear 

mapping of luminance information over time. Instead, the existing evidence suggests that 

the visual system implements a dyadic sampling strategy, by which information with 

different frequency content is processed in parallel. Specifically, temporal information 

around 10 Hz that is inherent to the visual input seems to be used to rhythmically 

modulate the processing of information in other bands. 

Notably, these considerations have been based almost exclusively on the findings from 

human EEG studies. The neurophysiological correlates of the perceptual echo response, 

as well as of rhythmic sampling mechanisms in general, are therefore largely unknown. 

Given that the EEG integrates signals across wide cortical regions (see, e.g., Cohen, 

2017), it is not clear if the observed rhythmicity reflects local neural activity (i.e., at the 
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retinotopic representation of the stimulus in V1) or that of surrounding areas which may 

synchronize through shared resonance properties (Llinas, 1988; Hutcheon and Yarom, 

2000; Herrmann, 2001). Similarly, it is unclear if and how the emerging oscillation 

impacts local processing, both at its origin and at remote cortical locations.   

These open questions formed the basis for studies I and II, in which I investigated the 

neural correlates of the visual TRF to broadband luminance flicker, employing the 

paradigm developed by VanRullen and MacDonald (2012). Study I aimed to establish, 

using human EEG, how the different components of the TRF depend on cortical 

excitability. In study II, responses to the same stimulation were studied at the cortical 

level in area V1 of marmoset monkeys. 

 

2.2.3 Temporal representations and eye-movements 

The majority of studies on temporal representations in the visual system have relied on 

paradigms in which subjects are required to fixate for prolonged periods of time. As 

described in the previous section (2.2.2), under these conditions, neural populations in 

V1 represent temporal information through a fixed TRF within a relatively broad 

frequency range. However, prolonged fixation represents an unnatural state for humans 

and non-human primates who naturally move their eyes multiple times per second. This 

includes a variety of movement types that are evoked mainly (but not exclusively) by 

visual and vestibular sensory signals (for a comprehensive overview, see Carpenter, 

1988). The most prominent type of eye-movements are saccades. These are fast, 

ballistic movements of variable amplitude that are executed to align a region of interest 

with the retinal area of highest visual acuity, the fovea. The typical gaze behavior of 
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humans when viewing natural scenes is a sequence of one saccade roughly every 300 

ms, with stable fixation periods in between (Henderson and Hollingworth, 1998; 

Dowiasch et al., 2015). For the duration of each saccade (depending on its amplitude 

typically between 20 and 100 ms), the visual scene moves rapidly across the retina, 

causing the visual image to be blurred. The question how perceptual stability is retained 

in light of this has been the subject of an extensive body of research in the last decades 

(for overviews, see Campbell and Wurtz, 1978; Wurtz, 2008; Wurtz et al., 2011; Binda 

and Morrone, 2018). The known effects of saccadic eye-movements on perception and 

neural response properties extend to various domains (including spatial position, time, 

numerosity, depth and others), cortical structures, as well as sensory modalities. Here, 

the focus will be laid on findings that are relevant for the representation of temporal 

information.  

Psychophysical investigations have found early (beginning more than a century ago) that 

visual stimuli presented during saccade execution are generally not consciously 

perceived; a phenomenon that is referred to as saccadic omission (Campbell and Wurtz, 

1978). Correspondingly, neurophysiological recordings have shown that neural 

excitability in various visual areas is transiently suppressed shortly before to after each 

saccade (saccadic suppression). This effect is observed most prominently in M-cells of 

the LGN (Burr et al., 1994) and motion-sensitive areas of the dorsal stream (Thiele et al., 

2002; Ibbotson et al., 2007, 2008; Bremmer et al., 2009, 2017; Cloherty et al., 2010). 

The widely accepted interpretation of this selectivity has been that the system seeks to 

eliminate the expected visual signals produced by the saccade (Ross et al., 1996). In the 

temporal domain, these signals comprise changes of high velocity and acceleration 

across the visual field, thus, their compensation affects temporal frequencies in a broad 

band. From this, it would be expected that both neural TRFs and perceptual measures, 
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e.g., of temporal discrimination, be impaired during saccades. Surprisingly, however, the 

opposite has been reported. Perceptual impulse response functions show accelerated 

and more transient processing for perisaccadically presented stimuli (Burr and Morrone, 

1996). This effect is limited to luminance stimuli, in line with the selective saccadic 

suppression of the M-pathway (Burr et al., 1994). Similarly, neurons in the LGN show 

perisaccadically reduced latencies and shorter temporal integration widths (Fischer et al., 

1996; Lee and Malpeli, 1998; Reppas et al., 2002; Saul, 2010). Thus, at early stages, 

basic visual responses seem to be accelerated and biased towards higher temporal 

frequencies around the time of saccades.  

A similar pattern of response modulations has been found in the dorsal stream, in 

particular in the middle temporal (MT) and medial superior temporal (MST) areas. Both 

regions are important parts of the main processing pathway for visual motion and self-

motion information, as laid out below (2.3.1). In these areas, response latencies are 

reduced within a brief time period immediately following the saccade, and this phase is 

accompanied by an enhancement of responses in a rebound from saccadic suppression 

(Price et al., 2005; Ibbotson et al., 2006, 2007, 2008; Bremmer et al., 2009). Following 

the interpretation by the authors of those studies, this biphasic modulation (response 

suppression, followed by enhancement and acceleration) may be necessary to ‘catch up’ 

with visual information that was lost while the eyes were moving. This argument is 

supported by a recent psychophysical study showing a decrease in motion-discrimination 

thresholds in an early post-saccadic time period (Park and Schütz, 2021).  

These findings show that neural representations of the same visual input will differ 

substantially between peri-saccadic time periods and fixation, in various areas. Temporal 

information is implicitly encoded in these representations and may as such be affected 

by changes in latency, as well as by gaps in (or attenuation of) continuous input resulting 
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from saccadic suppression.  

In addition to these neurophysiological findings, psychophysical studies have shown that 

the explicit perceptual report of temporal information is also affected by saccades. An 

interval defined by two brief stimuli is perceived as shorter than a reference interval when 

it is presented around a saccade (Morrone et al., 2005; Burr et al., 2010). This effect, 

referred to as a compression of time, can amount to as much as 50% of the duration on 

average, and for some intervals even cause a temporal inversion, in which the second of 

the two stimuli is perceived to have occurred first. To a smaller extent, compression of 

time is also observed during microsaccades (Yu et al., 2017) and smooth pursuit eye 

movements (Schütz and Morrone, 2010). Interestingly, unlike the modulation of response 

latencies in LGN, it is not limited to stimuli defined by luminance.  

In another type of perceptual temporal distortion, durations of visual stimuli may also be 

systematically overestimated, typically when they are presented for longer overall 

durations (500 ms to 1 sec) with presentation onset coinciding with the saccade 

(chronostasis, Yarrow et al., 2001). This effect can also be elicited by other types of 

movement (e.g., Yarrow and Rothwell, 2003), visually simulated saccades (Knöll et al., 

2013), and for auditory stimuli (Hodinott-Hill et al., 2002), all in contrast to time 

compression. Thus, it seems likely that the two phenomena have different origins. Yet, it 

is unclear by which specificities, e.g., in stimulus parameters, their seemingly 

contradictory effects on peri-saccadic time perception can be resolved. 

The neural correlates of the peri-saccadic distortions of time are still debated. It seems 

intuitive to link the perceptual modulations to the effects observed in the responses of the 

LGN and MT/MST, and this idea has indeed been put forward by the authors of the latter 

studies (Ibbotson et al., 2006, 2008). However, in looking for associated cortical 

structures, two properties of the described effects need to be considered: First, the 
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magnitudes of distortion (e.g., 50 ms compression in Morrone et al., 2005; ~150 ms 

overestimation in Yarrow et al., 2001) are much larger than those of the latency changes 

found in any area (e.g., for MT/MST typically between 10 and 20 ms). Secondly, time 

compression occurs strongly for equiluminant stimuli, which typically are not affected by 

saccadic suppression (Burr et al., 1994; see, however, Braun et al., 2017). Together, this 

implies that the correlates of perceptual time distortions will extend beyond (and likely 

also involve mechanisms that are independent from) previously known perisaccadic 

modulations of neural responses, in line with the common view that time perception is 

distributed among many different structures (Mauk and Buonomano, 2004; Paton and 

Buonomano, 2018).  

Notably, research on perisaccadic temporal response properties so far has mainly 

focused on dorsal stream areas. This is not surprising, given their key role in spatial 

perception, low response latencies, and stronger projections from the geniculo-cortical 

M-pathway (DeYoe and Van Essen, 1988; Goodale and Milner, 1992). In contrast, the 

ventral stream, which is involved in object recognition and color processing, has received 

little attention. One of the core areas of the ventral stream is area V4, which shows 

strong feature tuning mainly for shape and color and seems to be crucial in the extraction 

of complex feature combinations (see Roe et al., 2012, for an overview). Peri-saccadic 

responses in area V4 have been investigated, but mainly with regard to their spatial 

properties (e.g., Tolias et al., 2001; Neupane et al., 2016; Hartmann et al., 2017; Marino 

and Mazer, 2018). There is also evidence that some V4 neurons show saccadic 

suppression, although the pattern is not as consistent as that observed in lower-level 

areas or the dorsal stream (Han et al., 2009; Zanos et al., 2016; human fMRI: Kleiser et 

al., 2004). Temporal response modulations have not been characterized previously. 

However, the central role of area V4 in object feature selection strongly suggests that it 
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also contributes to the process of time perception around saccades, even more so given 

that time compression was initially described for equiluminant color stimuli (Morrone et 

al., 2005). 

In summary, the findings highlighted in this section demonstrate that temporal 

information in the visual system is modulated by saccades. This is evident at two levels: 

i) its implicit representation in various areas is altered by saccadic suppression and 

associated reductions in response latency; and ii) its explicit, conscious representation is 

altered, as demonstrated by perceptual distortions of temporal judgements.  

I investigated the peri-saccadic modulation of temporal representations as part of study 

II, and as the main subject of study III. Study II characterized the cortical response to 

broadband visual flicker in V1 (cf. section 2.2.2). This included free gaze behavior by the 

subjects in one of the two experiments, allowing me to analyze how the TRF is 

modulated around saccades. In study III, I investigated the peri-saccadic representation 

of brief time intervals in area V4, with the aim of identifying possible neural correlates of 

perceptual temporal distortions in this area.  

 

2.3 Visuomotor systems 

The first part of this thesis (section 2.2) has considered temporal information that is 

contained in low-level visual features, specifically luminance and contrast. However, in 

natural vision, temporal changes in these and other feature dimensions are most often 

directly linked to motion. This motion can be that of an external object, or movement of 

the surrounding environment across the retina as a result of the observer moving (self-

motion). The perception and control of self-motion are used for a variety of different tasks 
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(Warren, 1995). This includes navigation during locomotion, but also the monitoring of 

other movements of the head or the body. The second part will outline how temporal 

information in visual self-motion is used by humans to control their balance.  

 

2.3.1 Neural processing of visual self-motion information  

In the visual domain, the perception of self-motion and its direction (heading) relies on 

the specific pattern of trajectories that is generated by the external world moving across 

the retina. When the observer is moving in the direction of their (fixed) gaze, the resulting 

retinal image over time is an expanding optic flow field, in which elements emanate from 

a single point (the focus of expansion) with velocities increasing towards the periphery 

(Figure 2-2).  

 

Figure 2-2. Illustration of an optic flow pattern during self-motion in the forward direction. The arrows indicate 

the trajectories of individual points in the scene over a fixed period of time. For linear self-motion, the 

singularity in this flow field (black cross) corresponds with the direction of movement (heading). Figure 

reprinted from Britten (2008). 

 



2  Introduction  

_______________________________________________________________________________ 
 
 

 
  
30 

Optic flow can be used with high reliability to estimate self-motion direction and traveled 

distance, even when no other sensory information is present (e.g., Bremmer and Lappe, 

1999; Lappe et al., 1999; Frenz et al., 2003; Britten, 2008).  

The neural processing of optic flow is comprised within the dorsal visual stream in 

primates, and follows a clear hierarchy from local to global motion signals (for a 

summary of the involved processing stages, see Britten, 2008). Briefly, the information 

about local motion is extracted first at the level of V1 (Hubel and Wiesel, 1968), from 

which motion-selective neurons project to area MT (Maunsell and Van Essen, 1983). 

From there, projections go out to area MST, where local motion signals are integrated 

into more global patterns, including first representations of optic flow (Saito et al., 1986; 

Duffy and Wurtz, 1991; for a recent review on MST, see Wild and Treue, 2021). A strong 

selectivity for optic flow is also found in the ventral intraparietal area (area VIP), which 

shares interconnections with both MT and MST (Colby et al., 1993; Duhamel et al., 1998; 

Bremmer et al., 2002a). In area VIP, self-motion signals from other sensory modalities 

are also integrated with optic flow (Bremmer et al., 2002b; Schlack et al., 2002; Avillac et 

al., 2007). The response properties of neurons in these cortical areas have been 

described mainly in the macaque monkey, but functional equivalents in humans (VIP: 

Bremmer et al., 2001; MT/MST: Dukelow et al., 2001; Huk and Heeger, 2002; Huk et al., 

2002; Schmitt et al., 2020)  suggest that the processing hierarchy is roughly equivalent 

between the species. Further evidence for this view comes from studies by our group 

employing similar or identical stimuli in humans and macaques (Krekelberg et al., 2003; 

Bremmer et al., 2017; Schmitt et al., 2021).  
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2.3.2 Balance control 

Primates use visual self-motion signals for a variety of sensory tasks involved in 

locomotion (i.e. walking, driving etc.) (Warren, 1995). In these situations, optic flow fields 

are arguably most informative, owing to relatively high velocities and long integration 

times. However, in humans, self-motion and its corresponding visual percept also occur 

during upright standing, as a result of continuous postural adjustments that are 

necessary to maintain balance. As will be laid out in the following, this visual self-motion 

information is then in turn used as one of the major cues for balance control, creating a 

closed-loop system.  

In healthy individuals, the central nervous system is able to maintain balance of the body 

by a complex interplay of different mechanisms (Horak, 2006). In the commonly 

accepted model, the target parameter it controls to achieve this is the body’s physical 

center of mass (COM) (Scholz et al., 2007). Since full body tracking is required to 

determine the COM, most studies have relied on the center of pressure (COP) as a 

proxy parameter. The COP represents the vertical projection of the summed forces 

enacted by the body onto the ground surface, and its position has been shown to be a 

good approximation of the COM during quiet stance (Winter, 1995; Winter et al., 1998). 

Continuous measurements of the COP can be easily obtained from a force-plate placed 

under the subject’s feet. Thus, the system’s output variable in balance control is 

accessible with high spatio-temporal fidelity. However, modelling of the response 

function to sensory variables remains difficult, mainly because these are distributed 

across different sensory modalities and their influences are highly non-linear. In the 

context of this thesis, only the impact of visual information will be considered. Other 

factors involved include vestibular and proprioceptive sensory inputs (Peterka, 2002), 
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biomechanical constraints (McCollum and Leen, 1989), the impacts of ageing and 

disease (Horak et al., 1989; Horak, 2006), and even cognitive load (e.g., Teasdale and 

Simoneau, 2001; Andersson et al., 2002). 

It was shown early on that visually simulated self-motion along the anterior-posterior axis 

induces strong postural responses. For briefly presented stimuli (‘perturbations’), the 

observed movements typically consist of a compensatory displacement of the COM in 

direction of the simulated motion, with loss of balance and sometimes falling as a result 

(notable pioneer works include: Lee and Aronson, 1974; Lee and Lishman, 1975; Lee, 

1980). Similarly directed sway, coupled with an unspecific increase in variance, is 

observed when the simulated motion is longer, at constant velocity (Lestienne et al., 

1977). 

Building on this consistency in the basic response, a large number of studies has 

imposed temporal modulation on the presented motion sequences to characterize the 

dynamical properties of balance control (leveraging similar properties as for the 

luminance response in primary visual cortex, cf. section 2.2.1). The simplest and most 

widely applied paradigm uses a sinusoidal position-/acceleration profile to simulate self-

motion that is periodically going back and forth. When this type of stimulus is presented 

for prolonged periods, most subjects quickly reach a stable steady state in which their 

COP oscillates at the drive frequency (Lestienne et al., 1977; van Asten et al., 1988; 

Dijkstra et al., 1994b, 1994a; Mergner et al., 2005; Hanssens et al., 2013). The gain of 

this response, i.e. the ratio of amplitudes between COP and simulated motion, is largest 

for stimulation around 0.2-0.4 Hz and decreases for higher frequencies (van Asten et al., 

1988; Hanssens et al., 2013). This bias towards lower frequencies matches with the 

natural spectrum of body sway in unperturbed stance (Soames and Atha, 1982) and that 

of voluntary sway (in a visuomotor tracking task; Oida et al., 1995), suggesting that it 
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results rather from biomechanical properties and not from differential visuomotor 

processing. However, the relative phase of the response to the simulated motion also 

shows a consistent dependency on stimulus frequency, with initial phase leads at lower 

frequencies (< 0.2 Hz), turning into phase lags when frequency increases (Lestienne et 

al., 1977; van Asten et al., 1988; Dijkstra et al., 1994b; Mergner et al., 2005). Both, 

response gain and relative phase of the COP, have been used to derive models of the 

visual coupling properties of the body as a whole. The simplest model assumes that the 

body (during quiet stance, with feet together) behaves like a single inverted pendulum, in 

which all body parts oscillate together at the same phase (Schöner, 1991; Winter et al., 

1998; Peterka, 2002; Morasso et al., 2019). The pivot point of this pendulum is set at the 

ankles, based on the finding that muscle activity at this body joint correlates most 

strongly with COP displacement during quiet stance (Gatev et al., 1999). However, 

several studies using full or partial body tracking have shown that this model, while valid 

for lower stimulation frequencies (< 0.2 Hz), does not explain the response patterns 

observed at higher frequencies. Here, the hip increasingly becomes a second pivot point, 

leading the trunk and leg segments to oscillate at different relative phases (Kiemel et al., 

2011). The balance control system thus clearly shifts its compensatory strategy with 

temporal frequency of the stimulation. Importantly, the two modes on either side of this 

continuum (i.e. pivot on ankles vs. on the hip) also match the dominating movement 

characteristics during unperturbed stance at the same respective frequencies for which 

they are elicited by visual drive (Horak and Nashner, 1986; Creath et al., 2005). 

Together, these findings have led to various extensions of the pendulum model, 

comprising two (Kiemel et al., 2011) or more segments (Scholz et al., 2012; Reimann 

and Schöner, 2017).  
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In summary, the highlighted studies demonstrate that balance control is tightly linked to 

the visual perception of self-motion, and that this motion is processed differentially with 

regard to the frequency content of its temporal modulation. It is important to note at this 

point that the research on this topic so far has focused on the biomechanics and motor 

control aspects of the system. At the same time, visual processing has been somewhat 

neglected. Recent methodological developments on the combination of body tracking 

and EEG recordings (Makeig et al., 2009; Gramann et al., 2011) have spawned first 

efforts in this direction (see, e.g., Solis-Escalante et al., 2019; Kagawa et al., 2020). 

However, it is still unknown how the brain extracts temporal information from the 

available visual self-motion signal, and how this information is relayed to the motor 

systems involved in the different balance control strategies.   

These missing links provided the motivation for studies IV and V, which I collaborated on 

with first-author David Engel. In study IV, we applied the temporal information 

processing approach that has been established in the EEG (sections 2.2.1 & 2.2.2) to 

isolate the phase coupling of body sway to oscillatory visual self-motion presented in 

virtual reality (VR). In study V, we extended this method further, to also describe the 

responses of the full body. Lastly, building on the results of these studies, we developed 

a random stimulation paradigm suitable to characterize a generalized TRF (Schwenk, 

Engel et al., in preparation), in direct analogy to the procedure used in the human EEG 

(section 2.2.2; VanRullen and MacDonald, 2012). These results are included in the 

general discussion (section 4.3.1).
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3 Studies 

 

3.1 Overview 

 

 

Study I: 

Schwenk, J. C. B., VanRullen, R., Bremmer, F. (2020). Dynamics of Visual Perceptual 
Echoes Following Short-Term Visual Deprivation. Cereb Cortex Commun 1:1–11. 

 

Study II: 

Schwenk, J. C. B., Hagan, M., Cloherty, S. L., Zavitz, E., Morris, A. P., Price, N. S., 

Rosa, M. G. P., Bremmer, F. (submitted). Neural responses to broadband visual flicker in 
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Abstract 

Temporal information is ubiquitous in natural visual scenes and must be represented 

accurately in the brain to allow us to interact with a constantly changing world. Recent 

studies have employed a random stimulation paradigm to map the temporal response 

function (TRF) to luminance changes in the human EEG. This approach has revealed 

that the visual system, when presented with broadband visual input, actively selects 

distinct temporal frequencies, and retains their phase-information for prolonged periods 

of time. It has been speculated that this non-linear response originates in primary visual 

cortex (V1), yet, so far it has not been investigated on a neural level. Here, we 

characterize the steady-state response to random broadband visual flicker in marmoset 

primary visual cortex. In two experiments, we recorded from i) marmosets passively 

stimulated under general anesthesia, and ii) awake marmosets, under free viewing 

conditions. Our results show that LFP coupling to the stimulus was broadband and 

unselective under anesthesia, whereas in awake animals, it was restricted to two distinct 

frequency components, in the alpha and the high beta range. Within these frequency 

bands, coupling adhered to the receptive field (RF) boundaries of the local populations. 

Analyses of the responses outside the RF did not provide evidence for a propagation of 

stimulus information across the cortex, contrary to results in human EEG studies. This 

result may be explained by short fixation durations, warranting further investigation. In 

summary, our findings show that during awake behavior V1 neural responses to 

broadband information are selective for distinct temporal frequency bands, and that this 

selectivity is likely controlled actively by top-down mechanisms. 
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Introduction 

The accurate representation of temporal information is a critical part of all sensory 

processing. In the visual domain, this information can be conveyed in feature 

dimensions, the most reliable of which to evoke neural responses experimentally is 

luminance contrast. Luminance-modulated images have been utilized in EEG research 

for decades by the use of steady-state visual evoked potentials (SSVEP), i.e. the 

periodic responses to prolonged visual flicker at a constant temporal frequency (e.g., 

Herrmann 2001; for a comprehensive review, see Vialatte et al. 2010). Among other 

applications, SSVEPs have become a major tool in the investigation of visual attention 

(Morgan et al. 1996) and working memory (Perlstein et al. 2003; Ellis et al. 2006), and 

have been employed as a signal to control Brain-Computer-Interfaces (Fazel-Rezai et al. 

2013; Abiri et al. 2019). Similar stimulation protocols have been used to characterize the 

temporal response properties of V1 neural populations in animal models (Rager and 

Singer 1998). The visual stimuli used in the above studies, however, always contained 

only a single constant frequency. While this allows for tight control over the desired 

response, it does not reflect the temporal information that is available in natural vision, 

which, in most contexts, is not fully predictable and comprises a broader spectrum of 

temporal frequencies. VanRullen and MacDonald (2012) addressed this limitation by 

introducing a variation of the visual flicker paradigm which uses broadband random 

luminance sequences. By reverse-correlation of recorded EEG with the presented 

sequences, they showed that the visual impulse-response in the human EEG contains 

two components: a transient, relatively broadband response within the first 150-200 ms, 

followed by sustained (up to > 1 sec lag) coupling at the individual alpha frequency. This 

narrow-band component (the “perceptual echo” response) shows a spatio-temporal 
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distribution that strongly suggests propagation across the cortex in the form of a traveling 

wave (Lozano-Soldevilla and VanRullen 2019). Recent studies have built upon this 

finding by using the same paradigm to identify possible functional roles of the echo 

component in active rhythmic sampling and prediction of visual input (Brüers and 

Vanrullen 2017; Chang et al. 2017; Gulbinaite et al. 2017; Benedetto et al. 2018; Alamia 

and VanRullen 2019; Schwenk et al. 2020).  

Despite this growing interest, the neural basis of the underlying response(s) remains 

unknown, with the human EEG studies presenting only sparse insight in this direction. 

The initial findings by VanRullen and MacDonald (2012) indicate that the full response is 

likely based on a non-linear interaction of the temporal response properties of local V1 

populations (in the sense that it cannot be modeled as the sum of responses to 

stimulation at single frequencies). In the steady state that is reached within a few 

hundred ms after onset of the stimulus-sequence, the response seems to be driven 

mainly by phase-coupling of the EEG to the stimulus (Chang et al. 2017; Schwenk et al. 

2020) in the same way as the SSVEP (Moratti et al. 2007). This may point towards a 

sparse temporal coding regimen in which the activity of V1 cells is adapted and temporal 

information is relayed mainly by spike timing. Lastly, the evidence for a wave-like 

propagation of the echo component implies that the response extends to regions outside 

the retinotopic representation of the stimulus. This poses the question of whether the 

alpha-band selection and separation into response components occurs already at the 

retinotopic site, or requires signal summation over larger volumes of cortex.  

The above considerations clearly illustrate that a characterization of neural responses to 

broadband luminance flicker using intracortical recordings is needed. Towards this aim 

we recorded with electrode arrays from the primary visual cortex (area V1) of marmoset 



3.3  Study II: Neural responses to broadband visual flicker in marmoset primary visual cortex 

_______________________________________________________________________________ 
 
 

 
 

   53 

monkeys, using the stimulation procedure introduced by VanRullen and MacDonald 

(2012). To establish whether the selection of stimulus information depends on active 

visual behavior, we compare data obtained in experiments from anesthetized (exp. 1) 

and awake, behaving animals (exp. 2). 
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Methods 

All experimental procedures were approved by the Monash Animal Research Platform 

Animal Ethics Committee and carried out in accordance with the Australian Code of 

Practice for the Care and Use of Animals for Scientific Purposes. 

 

Experiment 1: Surgical and experimental procedures 

Recordings were performed during acute experiments in two marmoset monkeys 

(Callithrix jacchus, male/female, cj12 and cj11).  The preparation for electrophysiological 

studies of marmosets has been described previously (Yu and Rosa 2010). Briefly, 

injections of atropine (0.2 mg/kg, i.m.) and diazepam (2 mg/kg, i.m.) were administered 

as premedication, 30 minutes prior to the induction of anesthesia with alfaxalone 

(Alfaxan, 10 mg/kg, i.m., Jurox, Rutherford, Australia), allowing a tracheotomy, vein 

cannulation and craniotomy to be performed. The animal received an intravenous 

infusion of pancuronium bromide (0.1 mg⁄kg⁄h; Organon, Sydney, Australia) combined 

with sufentanil (6 μg⁄kg⁄h; Janssen-Cilag, Sydney, Australia) and dexamethasone (0.4 

mg ⁄ kg ⁄ h; David Bull, Melbourne, Australia), and was artificially ventilated with a 

gaseous mixture of nitrous oxide and oxygen (7:3). This regime ensures long-term 

anesthesia with less suppression of early response components in primary sensory 

areas, in comparison with isoflurane or barbiturates (Rajan et al. 2013). The 

electrocardiogram and level of cortical spontaneous activity were continuously 

monitored. Administration of atropine (1%) and phenylephrine hydrochloride (10%) eye 

drops (Sigma Pharmaceuticals, Melbourne, Australia) resulted in mydriasis and 
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cycloplegia. Appropriate focus and protection of the corneas from desiccation were 

achieved by means of hard contact lenses selected by streak retinoscopy.  

A craniotomy was performed to allow access to the left occipital cortex for the 

implantation of a 10 × 10, 96-channel Utah array (1.5 mm in length, spaced at 400 μm 

intervals, with platinum electrode sites, Blackrock Microsystems, Salt Lake City, USA). 

Extracellular neural data were recorded using a Cerebus System (Blackrock 

Microsystems, Salt Lake City, USA). The signals were amplified, high-pass filtered (750 

Hz), and sampled at 30 kHz. Visual stimuli were presented on a Display++ LCD monitor 

(Cambridge Research Systems, Rochester, UK) with a resolution of 1920 x 1080 px, 

running at 120 Hz fps. 

  

Experiment 2: Surgical and experimental procedures 

Two male marmosets (cj21 and cj22) were fitted with a titanium head-post to stabilize 

their head during behavioral training and subsequent recording sessions. The head-post 

surgery was performed under sterile conditions. Animals were first premedicated with 

injections of atropine (0.2 mg/kg, i.m.) and diazepam (2 mg/kg, i.m.) 30 minutes prior to 

the induction of anesthesia with alfaxalone (Alfaxan, 10 mg/kg, i.m., Jurox, Rutherford, 

Australia). They were then intubated and anesthesia was maintained throughout surgery 

by inhalation of isoflurane (0.5–3%) in O2. Animals were placed in a stereotaxic frame 

and stabilized using ear bars and a bite bar. The scalp was reflected and the mastoid 

muscles separated to expose the cranium. Six titanium bone screws (length: 4 mm; 

diameter: 1.5 mm) were inserted 1–1.5 mm into the skull. The exposed surface of the 

skull was coated with dental varnish (Copalite; Temrex Corporation), and a thin layer of 
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dental adhesive (Supabond; Parkell) was then applied to the skull to form the perimeter 

of an acrylic head-cap. The titanium head-post was then positioned on the midline, 3–

5mm forward of bregma. Transparent dental acrylic (Ortho-Jet; Lang Dental Mfg. Co.) 

was then used to encapsulate the base of the head-post and the heads of the bone 

screws, forming the body of the acrylic head-cap, securing the head-post to the skull. 

Once the implant was formed, the wound margin was cleaned, and the skin glued to the 

base of the implant using surgical adhesive (VetBond; 3M). After recovery, animals were 

acclimated to being head-fixed, and were trained to maintain fixation on a small target. 

The marmosets underwent a second surgery to chronically implant an electrode array 

(64 channels, N-Form arrays; Modular Bionics Inc.) in the right V1. The array 

implantation surgery was performed under sterile conditions with premedication and 

anesthesia regimes identical to those for head-post surgery. 

Extracellular neural signals were amplified, high-pass filtered (0.1 Hz), and sampled at 

30 kHz using an Open Ephys data acquisition system (Siegle et al. 2017; OpenEphys, 

Cambridge, USA). During the recording sessions, animals were seated in a custom-

made primate chair with the head-post secured to the chair (Mitchell et al. 2014). Visual 

stimuli were presented on a VIEWPixx3D LCD monitor (VPixx Technologies Inc.) with a 

resolution of 1920x1080 px (W x H), running at 100 fps. The stimulus monitor was 

positioned 48 cm in front of the animal, spanning 57°x32° (W×H) of the visual field. Eye 

position was tracked monocularly at a rate of 1000 Hz using an Eyelink II video eye 

tracker (SR Research Inc.). Each monkey completed three sessions of 100 trials on 

three consecutive days. On every trial, the stationary stimulus patch (see Visual 

Stimulation) appeared for 20 secs. The monkey was required to keep its eye-position 

within a circular area of 10 deg from the screen center, otherwise the stimulus 
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disappeared and the trial was ended. Liquid reward was given at the end of successfully 

completed trials (0.02 ml, New Era pump systems, USA). The stimulation trials were 

randomly interleaved with shorter (3 secs) baseline periods (10 for every session of 100 

trials), during which a small fixation target was presented at the center of the screen. On 

these trials, the monkey was required to maintain its eye position within a circular area of 

2.5 deg from the fixation target.  

  

Visual Stimulation 

Visual stimuli were generated in Matlab (The Mathworks, Inc.) and presented using 

Neurostim (https://github.com/klabhub/neurostim) and the Psychophysics toolbox 

(Brainard 1997). The main stimulation procedure in both experiments followed the design 

established in VanRullen and MacDonald (2012), with some adaptations to monkey 

neurophysiology. The stimulus in both experiments was a circular patch of uniform 

luminance (diameter, exp. 1: between 3 and 4 deg, adjusted online to cover the receptive 

field (RF) of the population, exp. 2: always 3 deg) presented on a black background. The 

patch’s luminance on each trial followed a flattened white noise sequence over time 

between black and white (exp. 1: 10 s, exp. 2: 20 s duration) with a luminance change on 

every frame (exp. 1: 120 fps, exp. 2: 100 fps, allowing for stimulus frequencies up to 60 

and 50 Hz, respectively). In exp. 1, individual sequences were repeated pseudo-

randomly between blocks of 40 or 20 unique trials (monkey cj12: two sessions of 40 

sequences x 8 repetitions; monkey cj11: one session à 40 x 8, two sessions à 20 x 8). 

We found no effect of sequence repetition on any of the measures reported here and 

thus collapsed data from all recorded trials (N = 640) in both monkeys. In exp. 2, the 
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presented sequences were all independent. The position of the patch in exp. 1 was 

chosen to best cover the population RF of the recorded units (determined online, 

adjustments made between recording sessions to account for fixational drift), and was 

always in the lower right quadrant of the screen. In exp. 2, the patch was centered at [-

1.4 -0.2] deg (from screen center, negative values to the bottom & to the left) for both 

animals. This position was chosen such that the stimulus patch was inside the population 

RFs approximately at central fixation.  

 

Analysis of eye-position data (exp. 2) 

Eye-position data were analyzed offline. Blinks were detected from the raw eye-tracker 

data as periods where the pupil area was zero. Subsequently, saccades were detected 

by applying a threshold criterion (30 deg/sec) to the eye-position velocity traces. 

Fixations were marked as the time periods between 20 ms after saccade offset up to 20 

ms before next saccade onset if eye-position was spatially stable (< 1 deg deviation) in 

this period. For all analyses in which LFP data was mapped to 2D eye-position (patch-in-

RF region estimation, traveling wave fits) we used the instantaneous eye-position, 

excluding blinks and saccadic periods, resampled to the time-vector of the LFP.  

 

LFP signal processing 

Raw neural data were recorded at 30k samples/sec. To isolate the LFP, the broadband 

signal was low-pass filtered using an FIR filter with a cutoff-frequency of 200 Hz. For all 

analyses involving correlation with the stimulus, the signal was low-pass filtered below 

half the stimulus refresh-rate (anesthetized recordings: 120 Hz, awake: 100 Hz) and then 
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resampled to the time vector of frame presentation times on each trial. Instantaneous 

phase information was extracted from both signals (stimulus and LFP) by applying a 

continuous wavelet transform (using the analytic morse-wavelet with γ = 3) to the 

preprocessed data.  

 

Analysis of spiking activity 

Spiking clusters were initially classified from the continuous data using the unsupervised 

KiloSort 2 algorithm (Pachitariu et al. 2016). The identified clusters were manually 

curated and flagged as either noise, multi-unit or single-unit neural signals using the Phy 

software (developed by Cyrille Rossant; https://github.com/cortex-lab/phy/). Our analysis 

did not rely on a strict isolation of single units. Therefore, we included all neural clusters, 

regardless of whether they were classified as multi- or single unit. Data from exp. 1 were 

sorted by concatenating the two recording sessions for each animal. For exp. 2, we 

performed the same sorting procedure on the data from each recording day. However, 

this yielded a very low number of clusters (N < 10), therefore we did not include spiking 

activity in our analysis of exp. 2. 

 

Steady-state phase-locking analysis (LFP) 

Our main analysis targeted the neural representation of continuous temporal information 

contained in the stimulus. To quantify this representation without factoring in absolute 

amplitudes, we reduced both signals (LFP and stimulus sequence) to their phase 

https://github.com/cortex-lab/phy/
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information and computed an index of the phase-coupling between them (Steady State 

Phase Locking - SSPL), as follows: 

𝑆𝑆𝑃𝐿(𝑙, 𝑓) =   
1

𝑀
∑

1

(𝑁 − 𝑙)
∑ 𝑒

𝑖∗(𝜑𝑙𝑓𝑝(𝑡+𝑙,   𝑓) − 𝜑𝑠𝑡𝑖𝑚(𝑡,   𝑓))

𝑁−𝑙

𝑡=1

𝑀

𝑘=1

 

where 𝜑𝑥(𝑡, 𝑓) is the instantaneous phase of signal 𝑥 at time 𝑡 and frequency 𝑓. For each 

lag 𝑙 between LFP and stimulus, the phase differences between the two signals are 

averaged over time (t), and trials (k), as vectors of unit length. The resulting SSPL 

spectrum contains complex values with magnitudes in the range [0 1], with zero and one 

indicating random and perfect coupling to the stimulus, respectively. The phase angle of 

each bin represents the average phase difference at that lag and frequency. The inverse 

transform of the complex SSPL spectrum returns a time-domain impulse response 

function that is comparable to, e.g., a simple cross-correlation between the two signals, 

but importantly does not reflect signal amplitudes and their correlation.  

For statistical evaluations, we compared SSPL magnitude or phase for single electrode 

contacts to a bootstrapped random distribution. To this end, we performed the same 

computation as described above by randomly shuffling the stimulus data in time and 

drawing with replacement from the resulting set of data. Statistical significance was 

determined by comparing the observed data to the 95% confidence interval of the 

random distribution.  

 

To investigate the time-course of LFP-stimulus coupling we derived an index of 

instantaneous coupling from the global SSPL spectrum for each individual contact:  

𝑖𝑆𝑆𝑃𝐿𝑙𝑎𝑔=𝑙(𝑡, 𝑓) = cos((𝜑𝑙𝑓𝑝(𝑡,   𝑓)  −  𝜑𝑠𝑡𝑖𝑚(𝑡 − 𝑙,   𝑓)) − 𝜑𝑆𝑆𝑃𝐿(𝑙,   𝑓)) 
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where  𝜑𝑆𝑆𝑃𝐿(𝑙, 𝑓) is the phase angle of the average SSPL spectrum at lag 𝑙 and 

frequency 𝑓. The iSSPL is computed for a single, fixed lag between the signals. The 

resulting real-valued spectrum (signal time x frequency) represents the degree to which 

phase differences at that lag are aligned with the average phase difference for each time 

x frequency bin.   

 

Analysis of spike-triggered average stimulus phase (exp. 1) 

To quantify the coupling of individual spiking clusters to the stimulus, we relied on the 

same measure of phase-consistency as for the SSPL analysis in the LFP. Specifically, 

for a given cluster, we computed the angular mean of the spike-triggered stimulus phase, 

as follows: 

𝑃𝐿𝑉(𝑙, 𝑓) =  |
1

𝑀
∑

1

𝑁
∑ 𝑒𝑖∗𝜑𝑠𝑡𝑖𝑚(𝑡𝑖−𝑙,   𝑓)

𝑁

𝑖=1

𝑀

𝑘=1

| 

Here, the phase-locking value PLV(l,f) represents the consistency with which the spikes 

(i = 1 … N) of the cluster followed a certain stimulus phase. It is computed, at each 

frequency bin f, from the angular sum of stimulus phases  𝜑𝑠𝑡𝑖𝑚 preceding each spike 

(occurring at time ti) by lag l, averaged over trials (k). 

 

Spatial analysis and traveling wave models 

In addition to the temporal SSPL analysis we also investigated whether stimulus-coupled 

information in the LFP was propagated across “remote” cortical regions, i.e., those not 

covering the instantaneous retinotopic representation of the patch. Based on findings 



3  Studies  

_______________________________________________________________________________ 
 
 

 
  
62 

from human EEG studies (Lozano-Soldevilla and VanRullen 2019; Schwenk et al. 2020) 

we hypothesized that such a propagation would show in the form of a traveling wave 

from the retinotopic representation outwards. To test this hypothesis, we extended our 

analysis of the SSPL response to the spatial domain. Here, we used retinal space, i.e. 

the relative position of the stimulus to the fovea, as an approximation for the (retinotopic) 

cortical space in V1. Moreover, since the position of the stimulus patch on the screen 

was fixed, we could use the instantaneous eye position as an equivalent measure of the 

patch’s retinal position (the two varying only by the fixed offset of the patch to the screen 

center). Thus, for each contact, we first mapped the phase differences between the LFP 

and the stimulus sequence (at each frequency bin) to the instantaneous eye position at 

stimulus presentation time (in bins of 0.5 deg in both dimensions). From these maps (in 

screen coordinates), we first estimated the region of eye positions for which the stimulus 

patch was inside the RF of the local population (patch-in-RF region). This estimate was 

set as a circular region of the same size as the stimulus patch, centered on the position 

of the peak SSPL response (based on a spatially smoothed map of phase differences).  

To isolate any consistent propagation across cortical / retinal space, we then referenced 

the (unsmoothed) maps of phase differences to the assumed wave center inside the 

patch-in-RF region (which was therefore set at θ = 0 rad). The analysis region of interest 

was limited to all positions with sufficient amount of data (min. total fixation time 20 

sec/deg2), excluding the patch-in-RF region. Additionally, since we had no hypothesis 

about how the wave would travel between hemispheres, we excluded positions to the 

ipsilateral (left) side of the patch center. We then fitted a radiating wave model of the re-

referenced phase differences to the resulting maps, as follows: 

 θ̂𝑥,𝑦 =  −𝜉 ∗ 𝜋 ∗ 𝑀(𝑟𝑥,𝑦, 𝑎) 
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 𝑟𝑥,𝑦 =  √(𝑝𝑜𝑠𝑥 − 𝑟𝑒𝑓𝑥)2 + (𝑝𝑜𝑠𝑦 − 𝑟𝑒𝑓𝑦)
2

 − 0.5 ∗ 𝑑𝑠𝑡𝑖𝑚 

𝑀(𝑟, 𝑎) =   
5 ∗ 𝑟

𝑟 + 𝑎
  

where θ̂𝑥,𝑦 is the predicted phase difference for eye position 𝑝𝑜𝑠𝑥,𝑦, and 𝑟𝑒𝑓𝑥,𝑦 is the eye 

position where patch center and the estimated RF are aligned (patch-in-RF region 

center). Phase differences are modeled here as a function of the radial distance r of the 

eye position to the outer edge of the stimulus patch (patch center + half the patch 

diameter 𝑑𝑠𝑡𝑖𝑚). Since foveal and parafoveal retinal regions are magnified in cortical 

space in primate V1, the instantaneous frequency of a traveling wave (assuming a 

constant frequency across the cortex) would be inversely proportional to eccentricity 

when mapped onto the retinal space. To account for this, the distance r is converted to 

approximate cortical distance through the magnification factor 𝑀(𝑟). The parameters for 

the cortical magnification functions differ between species, and, in the marmoset, are 

best described by an exponential term multiplied by the scaled inverse of the 

eccentricity, allowing 3 free parameters (Chaplin et al. 2013). Given the low spatial 

resolution in our data we chose only an approximate model for M, with one free 

parameter (a) and the scaling factor (k = 5) approximated based on Chaplin et al. (2013).  

 

The second free parameter of our model was the spatial frequency of the wave 𝜉 

(proportional to its propagation speed). The best fit was determined from an iterative 

search within the 2D space of all possible 𝜉 ∊ [0.1 2]  (in units of radial distance in mm−1 ∗

cycles) and a ∊ [0.3 0.9], by maximizing the cosine-weighted sum of the circular residuals 

between actual and predicted values of θ, defined as: 
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�̅�𝑤 =
1

(𝑛 ∗ 𝑘)
∑ ∑ cos (θ𝑥,𝑦 − θ̂𝑥,𝑦)

𝑘

𝑦

𝑛

𝑥

   

As a standardized measure to compare model fits across contacts and monkeys, we 

used the square of the circular correlation coefficient (ρ𝑐𝑐) (following the analysis in 

Zhang et al. 2018): 

 

ρ𝑐𝑐 =  
sin(θ𝑥,𝑦 − θ̅) sin (θ̂𝑥,𝑦 − θ̅̂) 

√∑ ∑ (sin(θ𝑥,𝑦 − θ̅) )2 𝑘
𝑦

𝑛
𝑥 ∑ ∑ (sin (θ̂𝑥,𝑦 − θ̅̂) )2 𝑘

𝑦
𝑛
𝑥  

 

 

where, as before, θ is the observed and θ̂ the predicted phase difference, and averaging 

(θ̅, θ̅̂) is performed across all positions in x,y. Statistical significance of model fits for 

individual contacts was determined by comparing the fit to a distribution of  ρ𝑐𝑐
2   values 

resulting from fits to bootstrapped maps (based as before on a phase-time-shifted 

stimulus sequence). 

In a separate step, we also tested for each fit if it allowed for a better prediction of the 

phase difference maps than reached by a mean-phase approximation (null model, no 

phase gradient). For this comparison, we used the weighted sum of residuals �̅�𝑤 defined 

above.  



3.3  Study II: Neural responses to broadband visual flicker in marmoset primary visual cortex 

_______________________________________________________________________________ 
 
 

 
 

   65 

Results 

We recorded neural responses to broadband visual flicker in V1 of marmoset monkeys 

under general anesthesia (Exp. 1) and in the awake, behaving state (Exp. 2).  

 

Exp. 1: Anesthetized state 

With the recordings from anesthetized animals, our goal was to characterize the passive 

response properties of V1 populations to random luminance sequences. In brief, two 

animals (cj11 and cj12) were stimulated with broadband visual flicker sequences of 10s 

duration, while neural data was collected from a 96-channel Utah array in V1. The 

luminance stimulus (a circular patch) was positioned inside the population RF. 

 

Local field potentials 

We first analyzed stimulus responses in the LFP. In the trial average, all contacts 

showed a clear response to the onset of the stimulus sequence (Fig. 1A). Peak latencies 

(to the first, smaller peak) of this response were in the expected range of V1 latencies 

(Yu et al. 2012) (Fig. 1B), with a slight difference between animals (median latency, cj11: 

62.5 ms; cj12: 56.2 ms). As our main interest was on the continuous response to the 

stimulus, we limited our further analysis to the steady state after this initial onset 

response, i.e., 250 ms post sequence onset to trial end.  From this time period, we 

extracted phase information from the stimulus sequence and the recorded LFP on each 

trial and computed a time-frequency-resolved index of the coupling between both signals 

(Steady State Phase Locking - SSPL). The results of this analysis are shown in Fig. 1C, 

for a single contact in each of the two monkeys.  
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----- Figure 1 about here ----- 

The SSPL response is defined as a complex spectrum across lag (time) and frequency, 

of which the magnitude (top panels in Fig. 1C) represents the strength of coupling to the 

stimulus. In both monkeys, the LFP phase exhibited broadband responses to stimulus 

frequencies between 3 and 30-40 Hz. Coupling was stable for a single oscillatory cycle 

only, i.e., did not show selective entrainment at single frequency bands. This is also 

evident when observing the inverse transform of the SSPL spectrum (bottom panel in 

Fig. 1C for the same contacts as above, representing the corresponding time-domain 

impulse responses), which generally showed a similar shape as the responses to 

sequence onset (Fig. 1A). Indeed, the peak latency of the onset response predicted the 

phase of the SSPL response reliably across contacts (Fig. 1D, circular-linear correlation 

significant at p<0.001 (corrected) in both monkeys). Fig. 1E shows a summary of the 

frequency distributions of coupling strength across contacts. Notably, the average 

response in monkey cj12 showed a global peak in the theta range (7.2 Hz, dashed 

vertical line) that was not visible in the other monkey.  

 

Spiking activity 

In addition to the continuous LFP response, we were also interested in how the stimulus 

information was represented in V1 local spiking activity. To this end, we isolated spiking 

clusters (single- or multi-unit, N = 56 in cj11 and N = 53 in cj12) and calculated their 

coupling to the stimulus spectrum analogously to the SSPL response in the LFP. Fig. 2A 

shows an example of a single cluster’s response to sequence onset, characteristic of the 

population response in both monkeys. Spiking activity returned to pre-stimulus baseline 
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levels (or even below) within a few hundred ms after a brief transient burst following 

stimulus onset (log ratio of steady-state to baseline firing rate, pooled: t(108) = -1.678, p 

= 0.096). Within this steady state, we quantified each cluster’s coupling to the stimulus 

by calculating the spike-triggered average stimulus phase at varying lag and frequency. 

Fig. 2B shows the resulting response spectra for four exemplary clusters. Each cluster 

showed a unique frequency distribution in its coupling to stimulus phase, with peaks 

ranging between the theta and the lower gamma band. Notably, the distribution was 

bimodal in some clusters (e.g., second and fourth panel in Fig. 2B). This may either 

reflect the presence of multiple cells within the cluster with different properties, or 

complex response behavior within a single cell. The variety of responses between 

clusters is again also evident from the time-domain impulse response (bottom panels in 

Fig 2B, all magnified to the first 200 ms). Here, each response curve (colored) is overlaid 

with the same cluster’s response to sequence onset (PSTH, grey). This comparison 

revealed a consistent shift towards lower latencies from the onset response to the 

steady-state (Fig. 2C), which was statistically significant in both monkeys (cj11: mean 

shift, M = -4.726 ms, t(32) = 11.917, p < 0.001; cj12: M = -9.158, t(39) = 2.486, p = 

0.035; p-values corrected for multiple comparisons).  

----- Figure 2 about here ----- 

To approximate the summed response of the population as a whole, we extracted all 

peaks with significant coupling strength (as compared to a bootstrapped random 

distribution) from each cluster’s response, and then pooled across clusters (Fig. 2D). The 

resulting distribution showed a higher density in the upper theta range, peaking at the 

same frequency bin (7.5 Hz) in both monkeys. However, on average, coupling strength 

(grey curves, moving average PLV) was highest for peaks at slightly higher frequencies, 
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in the alpha range. The variability in peak coupling frequency between clusters was not 

explained by differences in firing rate (Fig. 2E), neither from the pre-stimulus baseline 

(top panel) nor the steady state (bottom). This suggests that the preferred coupling 

frequencies of each cluster in the steady-state constitute a unique response property of 

the underlying neuron(s), similar to a classical temporal-frequency tuning curve.  

 

Exp. 2: Awake, behaving state 

After establishing the passive response properties of V1 populations to broadband 

flicker, we next asked how the stimulus representation would be modulated under natural 

conditions, i.e., during active vision. In the second experiment, we used the same basic 

stimulation procedure as before (central circular patch, modulated in a random 

luminance sequence on each trial, here for 20 s duration) while recording from laminar 

probes in area V1 of two awake marmosets (cj21 and cj22). The monkeys were allowed 

to view the stimulus display freely (within a circular region 20 deg in diameter centered 

on the screen), but on average eye-position remained just to the right of the stimulus 

patch (cj21, weighted center [horz./vert.] [1.11 -0.01] deg) or diagonally above it (cj22, 

[1.92 2.85] deg) (Fig. 3A, left panels). Fixation durations showed the expected left-

skewed distribution (Fig. 3A, right), with median durations at 302 ms (cj21) and 197.5 ms 

(cj22). To analyze the main stimulus response, we calculated the SSPL spectrum from 

the LFP in the same way as for Exp. 1, first collapsed over the full trial. Fig. 3B shows 

the result of this for single contacts in each monkey. Similar to Exp. 1 (Fig. 1C), the 

responses were limited to a single or a few cycles, but here the spectra showed a 

marked separation into two distinct frequency bands. We denote these as the low- and 
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high-frequency component (LF/HF) in the following. The bimodality in the frequency 

distribution was highly consistent across contacts (Fig. 3E), and the peak frequencies of 

the two components were also within a narrow range unique to each monkey (peak of 

the average, cj21: 9.473 Hz (LF) and 23.326 Hz (HF); cj22: 13.397 Hz (LF) and 23.326 

Hz (HF)). In contrast to this, the power of the raw LFP signal (i.e., non-phase locked, Fig. 

3F) showed a prominent peak in the beta range (peaking at the same frequency bin in 

both monkeys, fmax = 13.4 Hz). This distribution was consistent across stimulation (solid 

curves) and baseline periods (blank screen, dashed curves) (aside from differences in 

amplitude, which we did not consider further because fixation behavior was not 

comparable between the two conditions).  

----- Figure 3 about here ----- 

Since eye position was not fixed, the RFs of the local population at each contact were 

not aligned with the stimulus patch throughout the trial. We estimated the responses’ 

spatial profile by re-computing the HF component at each contact as a function of retinal 

space (using eye position at stimulus presentation time as an equivalent measure). As 

expected, the resulting maps (Fig. 3C; in screen-coordinates; single contacts for each 

monkey) revealed strongest coupling within an area of the same size as the patch (solid 

circle). Note that, to yield sufficient mean vector lengths, the maps in Fig. 3C were 

smoothed in the complex domain using a box of 1 patch radius width (1.5 deg), resulting 

in the visible halo (dashed circle, 2 patch radii). From this, we estimated a patch-in-RF 

region for each contact, defined as the range of eye-positions for which the patch was 

inside the assumed RF of the local population (Fig. 3D, left panel; also in screen 

coordinates). These estimates allowed us to distinguish for each local population 

between direct (retinotopic) and indirect (remote) stimulation. The alignment of fixation 
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preference and patch-in-RF regions (Fig. 3D) confirmed the opposite pattern of data 

availability between monkeys, explaining the large differences in SSPL magnitude in the 

trial-average. As a consequence, we limited our analysis of retinotopic processing 

dynamics to monkey cj21.  

 

Temporal dynamics of the SSPL response 

Here, we were specifically interested in the dynamics of the SSPL response over the 

time course of a single fixation. To this end, we derived an index of the instantaneous 

coupling from the average response for each contact (iSSPL, see Methods for details), 

and compared this measure across fixations. The average time-frequency spectrum for 

all fixations > 200 ms (Fig. 4A, single contact) clearly demonstrates that coupling evolved 

as a gradient with a linear increase beginning shortly after fixation onset. For stimulus 

information presented within a brief perisaccadic time window, coupling at higher 

frequencies was notably suppressed (note that the response delay is fixed here to 70 

ms). However, the overall frequency distribution (LF and HF split) did not change 

throughout the fixation. We therefore quantified coupling dynamics again for LF and HF 

separately and used the component average time-courses to compare fixations 

depending on the direction of the preceding saccade, i.e., whether it brought the stimulus 

into the population RF or kept it there (Fig. 4B).  

----- Figure 4 about here ----- 

This analysis revealed that coupling dynamics were similar following saccades bringing 

the patch into the RF (red curves) and those where it was inside before and after (blue). 

Interestingly, however, in the latter case coupling was still above baseline-levels around 
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the saccade, indicating that processing was continuous at least to a certain degree. We 

confirmed the time-dependent increase in coupling strength by fitting linear slopes to the 

time-courses for single contacts (dashed line), which showed significant linear trends in 

60 (93.75%) and 59 (92.19%) of the 64 contacts for LF and HF, respectively (compared 

to bootstrapped random distributions; mean slopes in ΔiSSPL*sec-1: rLF = 0.099, rHF = 

0.142). We also verified that the observed increase was not a result of a systematic 

phase-shift in the coupling between LFP and stimulus.  

 

Responses outside the RF: traveling wave models 

Our final analysis was directed at possible activity modulation outside the RF. For the 

above analyses of stimulus representation inside the RF, the SSPL response could be 

described by a constant phase difference within the boundaries defined by the patch. For 

non-RF locations on the other hand, SSPL phase should vary across retinal space since 

the responses would likely reach those regions by lateral propagation. Specifically, 

based on previous studies (Lozano-Soldevilla and VanRullen 2019; Schwenk et al. 2020) 

we hypothesized that this variation would show in the form of radially traveling waves 

centered on the retinotopic patch representation, selectively for the lower frequencies. To 

test this, we fitted the observed phase differences (i.e., phase angles of the maps in Fig. 

3C) with a simple radiating wave model. The spatial frequency of the wave was set as a 

free parameter and the fitted region limited to eye positions outside our estimated patch-

in-RF regions, for each contact’s LF and HF component separately. We evaluated the 

fitted models in two steps. First, statistical significance of each fit was determined by 

comparing it to a random distribution. Fig. 5A shows the summary of this analysis, where 
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the ratio of explained circular variance (ρ2
cc) is plotted against peak (temporal) frequency. 

In both monkeys, fits reached higher ρ2
cc values than expected by chance on a subset of 

contacts (p < 0.05, uncorrected; cj21, LF: 8 (12.5%), HF: 18 (28.13%); cj22, LF: 31 

(48.44 %), HF: 22 (34.38 %)). 

----- Figure 5 about here ----- 

Since our expectation was on the lower frequencies, we scrutinized the obtained LF 

models further (examples in Fig. 5B, showing the highest ρ2
cc across contacts). Notably, 

a considerable amount of wave fits predicted very low propagation speeds (< 0.05 ms-1, 

Fig. 5C). This result may indicate that the model type was inappropriate, specifically if 

the actual phase differences are better described by a constant offset between inside 

and outside the patch-in-RF region. Therefore, in a second step, we tested the validity of 

the model type by comparing each fit to a null model of a constant phase difference (Fig. 

5D). Here, we found that most model fits for cj22, and all for cj21, performed at about the 

same level of or worse than the null model (grey curves in Fig. 5D). For the remaining fits 

in cj22 (N = 9, i.e. those statistically significant and valid over the null model), 

propagation speeds were all < 0.01 ms-1. While it is possible that these contacts indeed 

showed a consistent propagation of stimulus phase, we see it as more likely that they 

represent either random effects (carried by the multiple comparisons across contacts) or 

other inhomogeneities in the underlying maps (e.g., bad estimates of the RF-region). In 

summary, we did not find clear evidence that stimulus information was propagated 

across non-RF regions in the form of traveling waves in the LFP.  
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Discussion 

Our results provide the first systematic description of how broadband visual flicker is 

represented in primate V1. In the anesthetized animal, we found broadband coupling to 

the stimulus phase in the LFP, and more selective coupling to variable bands in 

individual spiking clusters. In contrast, our LFP recordings in awake, behaving animals 

showed selective coupling in distinct frequency bands unique to each monkey. This 

response was confined to the retinotopic representation of the stimulus patch in V1, and 

showed a systematic increase over the time-course of single fixations.  

 

Temporal frequency selection in the steady state 

Data from both experiments show that, within a few hundred ms following stimulus onset, 

the responses reach a steady state in which the LFP couples its phase to that of the 

stimulus sequence. Steady-state responses to visual flicker have been described before 

using single, constant frequencies (e.g. in cat area 17, Rager and Singer 1998). 

Broadband sequences, on the other hand, have been used extensively with human EEG 

(VanRullen and MacDonald 2012; Chang et al. 2017; Gulbinaite et al. 2017; Benedetto 

et al. 2018; Lozano-Soldevilla and VanRullen 2019; Schwenk et al. 2020). Our study 

provides a first step towards linking these results to cellular-level V1 activity. Indeed, the 

selective frequency tuning observed in awake animals suggests that this paradigm can 

capture properties that would not be evident from mapping single frequencies at a time. 

From the temporal information contained in the stimulus, only two distinct bands were 

represented reliably in the LFP, one at roughly 8-13 Hz (LF, alpha range) and one 

between 20 and 35 Hz (HF, high beta range). This frequency selection likely represents 
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a correlate of active vision: responses in the anesthetized animal were rather broadband, 

demonstrating that both synchronized LFP and spiking activity would in principle allow 

for coupling to frequencies outside the above components. The possible functional role 

of this bimodal selection remains unclear. One explanation may be that specific 

frequency bands are actively disengaged from the stimulus because they are engaged in 

other parallel processing. In one monkey, the LF/HF split corresponded to the global 

beta peak in the raw LFP power spectrum (cj21, Fig. 3E, F). This peak was similarly 

present in the other monkey, although here, it overlapped in frequency with the LF 

component. Beta-band oscillations in the visual cortex have been hypothesized to reflect 

top-down signaling of task- and behavioral contexts to modulate bottom-up processing 

(Engel and Fries 2010; Richter et al. 2018). In our experiments, without a behavioral task 

and long trial durations (20 secs), this signal may reflect behavioral idleness and/or 

prediction about the continued presence of the stimulus. It is unclear if and how this 

(stimulus-unrelated) beta oscillation would relate to the drop in stimulus coupling. It is 

possible that distinct local populations (with summed broadband coupling, and carrying 

top-down beta) contribute concurrently to the LFP, whereas high phase-stability of the 

latter component amplifies their contribution artificially. However, as noted before, this 

antagonistic relationship is supported by the data from only one monkey.  

Another possible explanation for the observed tuning is a split-by-design. That is, each 

component may represent information that is extracted from the stimulus for a different 

purpose. The LF component could represent a similar narrow-band filter as the 

perceptual echo response in the human EEG (and even generate the same propagation 

across the cortex, as discussed below). In the EEG, this mechanism has been 

associated with active rhythmic sampling (VanRullen 2016; Benedetto et al. 2018) and 

temporal prediction of upcoming visual input (Chang et al. 2017; Alamia and VanRullen 
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2019). These theories could be tested at the neural level in future studies by employing 

the methods used here. For instance, the rhythmic sampling account would predict that 

spiking activity (either locally or at remote cortical locations) be modulated by the phase 

of the evoked lower-frequency oscillation, e.g. by altering response gain (Haegens et al. 

2011; Haegens and Zion Golumbic 2018; Davis et al. 2020) or temporal integration 

windows (Chota and VanRullen 2019; Chota et al. 2021).  

 

Our results show that spiking activity may be readily analyzed using the same analysis 

tools as for the LFP, yielding complementary results. Temporal frequency tuning is a 

well-known property of V1 neurons, which show individual preferences for single-

frequency stimuli (macaque: Foster et al. 1985; Hawken et al. 1996; marmoset: Yu et al. 

2010). We interpret our results from spiking clusters in the anesthetized animal as 

reflecting a similar property. Clusters showed consistent preferences for frequency 

bands, covering the full frequency range across the population. Notably, this tuning 

emerged in a sparse steady state with firing rates at or below baseline-levels, indicating 

an adapted spike-time coding regime (Prescott and Sejnowski 2008). In this state, very 

low stimulus-frequencies may not be represented in the SSPL spectrum because coding 

at these frequencies is based on firing rates, explaining why we did not observe lowpass-

type characteristics in our clusters (although this response type generally accounts for 

only a small fraction of V1 neurons: Yu et al. 2010). While not the focus of the current 

study, our results of spiking responses encourage the use of broadband flicker 

stimulation as a tool to characterize neurons’ temporal response properties in future 

studies. 
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Temporal coupling dynamics  

In the awake LFP response we found (for lack of available data in only one monkey) that 

coupling strength increased with fixation duration. This result likely reflects two different 

mechanisms. Saccades bringing the stimulus into the RF are correlated with a transient 

increase in firing rate within the first few hundred milliseconds following fixation onset, 

suppressing stable phase-coupling of local neurons. In addition, saccades that re-

position the stimulus inside the RF may evoke a similar suppression, since fixation 

onsets are followed by brief transients of high excitability and a reset of LFP phases in 

V1, facilitating new visual input (Rajkai et al. 2008). 

Both mechanisms highlight that the visual system may essentially alternate between two 

modes: one optimized to process larger changes to the visual scenery, the other to 

evaluate continuous temporal information. The animals’ gaze behavior suggests a clear 

bias towards the former mode, in line with ecological demands under natural settings 

(Mitchell et al. 2014; Mitchell and Leopold 2015). Interestingly, human observers making 

saccadic decisions based on the perceived brightness of a similar random luminance 

flicker relied disproportionately on the first 100 ms of the 1 s sequence (Ludwig et al. 

2005), indicating that sensory weights may be similarly biased away from the steady 

state.  

Given the short fixation durations in our data, it remains unclear at which duration the 

steady state is fully reached (i.e., when coupling strength plateaus). It should be noted 

that human EEG studies employing the same stimulus included much longer fixations 

(3.125 secs in Chang et al., 2017; 6.25 secs in VanRullen and MacDonald, 2012). It may 

be interesting to explore the dynamics of the temporal response function across the 
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saccade-fixation cycle also in the human EEG, in particular for the perceptual echoes (as 

discussed below).  

 

Spatial response profiles: no evidence for traveling waves  

We found that, in retinal space, LFP stimulus-coupling was tightly confined to the 

retinotopic representation of the stimulus patch. This is in line with standing estimates of 

the cortical volume that contributes to the LFP signal (approx. 200 μm in the absence of 

correlation; Katzner et al. 2009; Lindén et al. 2011). Our analysis of the surrounding 

positions did not provide evidence that information was propagated laterally across the 

cortex. This finding rejects our initial hypothesis of sustained coupling (in a limited 

frequency band) that extends towards adjacent regions, as a correlate of the human 

perceptual echo response (VanRullen and MacDonald 2012).  

We see several possible explanations for this result. First, as discussed above, the echo 

response may rely on longer continuous fixation times to emerge. In our awake 

recordings, the LF responses in both animals were within the extended alpha range. If 

this component corresponds to a resonance frequency of V1 in general (Herrmann 

2001), surrounding cortical regions could be selectively brought to oscillate in relative 

phase with the RF at this frequency. Importantly, this mechanism could still produce 

traveling waves (as observed in the human EEG echo) if the resonance frequency itself 

shows a gradient across the cortex (following the theory of weakly coupled oscillators; 

Ermentrout and Kleinfeld 2001; Zhang et al. 2018). However, unlike direct lateral 

propagation this would require a prolonged steady state to allow local oscillators to 

couple their phases. To illustrate, the median fixation duration in cj21 was approx. 300 
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ms, which, accounting for response delay, allows for only two alpha cycles to be 

completed before the next saccade. Additionally, surrounding areas may be less 

susceptible to pick up the evoked oscillation within the first few hundred ms of a fixation 

because their network-state is transiently synchronized (Lefebvre et al. 2017) as a result 

of post-saccadic phase-resets (Rajkai et al. 2008). 

An alternative explanation for the absence of lateral propagation in our results could be 

the small absolute size of the marmoset cortex. Previous studies have shown similarly 

fast propagation speeds across species for lateral propagation of evoked responses and 

spontaneous traveling waves, of up to ~0.8 ms-1 (Bringuier et al. 1999; Muller et al. 2014; 

Zhang et al. 2018; Davis et al. 2020). At the same speed, a single cycle covers the same 

retinal distance in the marmoset faster than in macaques or humans. For higher speeds, 

the resulting phase gradient may not have been distinguishable from the mean-phase 

null model in our data.  

Related to this, the use of a laminar array (implanted vertically in the cortex) presents a 

limitation of the present study. Our analysis had to rely on a reconstruction of cortical 

space through retinal space (leveraging variable eye position); thus, the phase maps 

used to evaluate the traveling wave hypothesis were not based on simultaneously 

recorded signals. Instantaneous phase gradients over cortical space would allow for a 

more robust wave detection, and also, importantly, the detection of waves that occur 

irregularly over time or with variable spatial frequency (Townsend et al. 2015; Townsend 

and Gong 2018). Taken together, our results are insufficient to rule out the occurrence of 

traveling waves in the steady-state response. However, they show that, if these waves 

are present, they are not readily visible in retinal space and with short fixation durations.  
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Figure 1.  Steady-state phase locking (SSPL) responses in the LFP of anesthetized 

marmosets. A: Evoked response to sequence onset. The trace shown is the trial-

average from a single contact in monkey cj12 (SEM in the shaded area). For the 

subsequent analyses, the LFP in each trial was cut to a time-window starting 250 ms 

after sequence onset (steady-state). B: Distribution (across contacts) of peak latencies 

for the response to sequence onset. Latencies relate to the first positive deflection in the 

trial-average evoked response (cf. A). C: top panels, SSPL responses computed across 

trials for a single contact in each monkey. The color axes indicate the magnitude of the 

complex SSPL spectrum, representing strength of coupling between LFP and stimulus at 

a given lag and frequency. Bottom panels show the corresponding time-domain 

representations of the same responses (arbitrarily scaled). D: Correlation between SSPL 

phase and onset response latencies across contacts. Colors indicate data from the 

different monkeys as before. Phase values were evaluated at 50 ms lag and a frequency 

of 20 Hz. E: Average frequency spectrum of the SSPL response magnitude across all V1 

contacts. Colored curves show mean +/- 1SD in the shaded areas. Grey curves show the 

SSPL obtained for a random shuffling of the stimulus data (see Methods), with the 
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shaded area representing SD across trials, and the dashed black lines showing the 

average 95% CI of a single contact.  

 

 

Figure 2. Steady-state coupling of V1 spiking clusters to the stimulus sequence 

(anesthetized). A: Sequence onset response in a single cluster. The raster plot shows 

spikes in single trials, with the corresponding PSTH plotted above. Note that the time 

axis does not include the full 10s sequence presented on each trial. B: Steady-state 

spike-stimulus coupling in four selected clusters. The top panels show the spike-

triggered average stimulus-phase spectra, with strength of phase coupling indicated by 

the color axis (PLV). The time axis refers to the lag from stimulus to the triggering spike 

(i.e. flipped compared to a classical spike-triggered average). The bottom panels show 

the corresponding inverse transforms (colored traces), overlaid with the sequence onset 

response for the same cluster (grey). Both responses are enhanced to show only the first 

200 ms lag. C:  Comparison of peak latencies for onset and steady-state responses. 

Latencies were significantly reduced in the steady-state in both monkeys. Only clusters 

for which the peaks in both responses had the same sign were included in this analysis. 

D: Population distribution of peak coupling frequencies. Single dots translate to 

frequency peaks in the responses that were significantly greater than chance level (more 

than one per cluster possible). Colored curves show the histograms, grey curves the 

moving average of the peak PLV. E: Correlation between the firing rates and the peak 

coupling frequencies of all clusters. Rates were extracted separately for the pre-stimulus 

baseline (top) and the steady-state (bottom). The grey dashed line marks 7.5 Hz on the 

log-frequency axis for reference. Red and blue colors refer to data from the two different 

monkeys throughout the figure.  
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Figure 3. Steady-state LFP-stimulus coupling in V1 of awake marmosets. Green 

and orange colors refer to data from the two monkeys (cj21 and cj22, respectively) 

throughout the figure. A: Summary of eye-movement behavior during the steady state 

(all trials collapsed) in each monkey. Left panels: spatial distribution of eye positions (in 

screen coordinates). The location of the stimulus patch is shown as a white circle. Right: 

histograms of fixation durations. Dashed vertical lines mark median durations (cj21: 302 

ms; cj22: 197.5 ms). B: top panels: SSPL responses for a single contact in each 

monkey; analogous to Fig. 1C. Responses were computed from the full trial (excluding 

only the first 250 ms), i.e. not accounting for eye-position. Bottom: time-domain 

representations of the same responses, again analogous to Fig. 1C (BB: broadband), but 

here plotted also for the band-limited transforms of LF and HF components. C: Maps of 

SSPL magnitude as a function of eye position (HF component, single contacts). These 

maps were used to estimate the patch-in-RF region (eye positions for which the patch 

was covering the RF) of each contact. Patch-in-RF region center and area (1 patch 

radius) are marked by cross and solid circle, the dashed circle represents an area of 2 

patch radii. D: Left: summary of patch-in-RF region estimates for all 64 contacts in each 

monkey. Right: distribution of eye-positions expressed in radial distance from the patch-
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in-RF region center. Shaded area represent minimum and maximum across contacts. 

Solid and dashed vertical lines represent 1 and 2 patch radii as in C. E: Mean frequency 

spectra of SSPL magnitude across contacts, using the same conventions as in Fig. 1E. 

Dashed vertical lines correspond to the global peak in LFP power (13.4 Hz in both 

monkeys). F: Global power-spectrum of the raw LFP (non-phase-locked, mean across 

contacts) during stimulation (solid curves) and without (blank screen).  

 

 

 

 

Fig. 4: SSPL dynamics across the saccade-fixation cycle. Data from a single monkey 

(cj21), including fixations of > 200 ms duration. A: Instantaneous coupling across the 

average time-course of a saccade and following fixation (for a single contact). Time axis 

is aligned to fixation onset (t = 0 ms) and coupling was evaluated relating to stimulus 

information presented at t-70 ms. B: Time-courses of mean iSSPL within the HF and LF 

components, for the same alignment as in A (average across contacts). Data from patch-

in-RF fixations were split between preceding saccades bringing the patch newly into the 

RF (red) and those maintaining patch-RF alignment (blue). Dashed lines show a linear fit 

to the time-course of all fixations (mean +/- average 95% CI across contacts). 
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Fig. 5: Traveling wave fits of the LFP-stimulus phase differences outside the 

patch-in-RF region. A: Summary of best model fits for each contact and frequency 

component. Each fit is a single dot, plotted as the ratio of explained variance, ρ2
cc, 

against frequency. Colored circles mark ρ2
cc values greater than the 95% CI of a 

bootstrapped random distribution (mean and average CI across contacts indicated by 

horizontal solid and dashed lines, respectively). B: Phase difference maps (top panels: 

observed, bottom: predicted) for the contacts with the best LF fit in each monkey. 

Differences are re-referenced to zero at the assumed wave center. The grey curves 

show a radial cross-section of the predicted phase-difference (patch-in-RF region in the 

shaded area). Note that position/distance in all panels is plotted in retinal coordinates, 

while phases are modeled as a linear function of assumed cortical distance. C: 

Estimated propagation speeds, derived from the combination of spatial (ξ) and temporal 

frequency of each model. Histograms show all 64 contacts in the white, and significant 

fits at p<0.05 (uncorr.) in the colored areas. D: Comparison of the traveling wave fit (LF 

only) to the mean-phase null model for each contact. Scatterplots show the cosine-

weighted sum of circular residuals between actual and predicted phases (�̅�𝑤, higher 
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values indicate a better fit) of the traveling wave model, with the grey curve representing 

�̅�𝑤 of the null model (sorted in ascending order). Colored circles mark significance as in 

A.   
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4 General discussion and outlook 

In my thesis, I investigated the processing of continuous temporal information at different 

stages of the visual cortical hierarchy. The aim of studies I and II was to identify the 

neural correlates of frequency selectivity in the responses to random luminance 

stimulation at early cortical stages. This selectivity had been characterized before 

through the perceptual echo response in the alpha band by human EEG studies. First, I 

combined behavioral paradigms with EEG measurements in human observers to study 

the neural dynamics of the echo response. In the animal model, I then analyzed neural 

responses to the same stimuli in area V1 directly, comparing temporal representations in 

the LFP of anesthetized and awake, behaving marmosets. The motivation for study III 

was based on previous evidence that temporal information processing is modulated by 

saccadic eye-movements. Here, I investigated neural responses in the ventral stream 

area V4 of the macaque monkey, and compared their stability in the temporal domain 

between fixation and perisaccadic time-windows. Lastly, studies IV and V targeted the 

visuomotor processing of temporal information. Using virtual reality combined with force 

platform and body tracking measurements, the two studies investigated postural 

responses to visually simulated oscillating self-motion.  

 

4.1 Neural correlates of frequency selection in the visual TRF 

The neural processing of basic visual features like luminance and contrast in primary 

visual cortex has been investigated extensively over the past decades (section 2.2.1). 

These studies probed temporal response properties such as preferences of single 

neurons for stimuli defined by certain temporal frequencies. Yet, it was discovered only 



4  General discussion and outlook  

_______________________________________________________________________________ 
 
 

 
  
124 

recently that these properties show a non-linear dependence on the spectral contents of 

the input. In the human EEG, the TRF to random luminance stimulation contains a 

sustained rhythmic component in the alpha range, the perceptual echo, in addition to the 

broadband response at early lags (VanRullen and MacDonald, 2012; section 2.2.2). 

While a number of follow-up studies had described the functional relevance of this novel 

response component, its neural basis had not been investigated previously.  

In my first study (Schwenk et al., 2020), I combined human EEG measurements with two 

established behavioral paradigms (luminance- and monocular contrast deprivation) to 

characterize how the perceptual echo response is modulated by cortical excitability in 

V1. The results showed that a global increase of excitability, induced by complete 

luminance deprivation, led to an increase in the amplitude of the response, mediated by 

higher consistency in the phase-locking to the stimulus. In contrast, a selective increase 

of excitability, induced by deprivation of only one eye, did not visibly modulate the echo 

response. However, response amplitudes for the monocular stimulus presentations in 

that experiment were generally reduced compared to those from binocular presentation. I 

concluded from this pattern of results that the neural mechanisms that generate the echo 

response are likely distributed across a wider cortical region, and not confined to the 

local, retinotopic representation of the stimulus. This interpretation is strongly supported 

by the findings of Lozano-Soldevilla and VanRullen (2019). Their analysis demonstrated 

a spatial gradient in the echoes’ phase over the scalp consistent with propagation in the 

form of a traveling wave. An additional analysis of the data from my first study replicated 

this observation. Further support for the model of perceptual echoes as cortical traveling 

waves comes from a computational study (Alamia and VanRullen, 2019). Here, the 

authors demonstrate that the directionality of the propagation can be explained by a 

hierarchical predictive coding model, reproducing both the echo response and 
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spontaneous traveling alpha waves in the same framework. The latter have been shown 

to occur regularly and over long cortical distances in intracranial EEG recordings from 

human subjects (Zhang et al., 2018). 

Thus, the evidence provided by human EEG studies clearly points in the same general 

direction on the cortical origins of the echo response, characterizing it as a distributed 

response in the form of a travelling wave. However, due to its limited spatial resolution, 

the EEG signal cannot answer the question where the assumed wave, and its narrow-

band selection of the alpha band, emerges. Considering that the main stimulus (a 

circular patch in all listed studies) will be first represented at its retinotopic location in V1, 

two different mechanisms are possible (illustrated in Figure 4-1): 

i. Local broadband representation, frequency selection by the surround: In this 

framework, the local representation of the stimulus patch is broadband, i.e., not 

selective for individual frequency bands. The alpha-selection then occurs only 

within the surrounding cortical regions, which are brought to oscillate (by the 

synchronized activity in the local population) selectively in this range, e.g. as a 

result of their shared resonance properties (Llinas, 1988; Herrmann, 2001).  

ii. Local frequency selection: Alternatively, the local stimulus-representation may 

already be selective for the alpha band, processing it in parallel with non-

overlapping other bands. The mechanism of propagation to the cortical surround 

in this case could be both, ‘passive’ resonance (as above), or active propagation 

through lateral connections.  
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Figure 4-1. Schematic illustration of two possible theories on the cortical generation of the echo response. In 

the general stimulation paradigm, the stimulus is a circular patch modulated by a random luminance 

sequence with a flattened frequency spectrum. Within the cortical space of V1, the stimulus is represented 

locally at its retinotopic location (1). The highly frequency-selective echo response (2) is visible in the spatial 

summation of activity in the EEG, at later time-lags of the TRF. Strong evidence suggests that it emerges as 

a traveling wave over a wider cortical space, possibly propagating beyond V1 to extrastriate visual cortex. 

The two theories (i/ii) describe at which stage this frequency selection occurs. Here, the frequency-response 

spectra in each panel indicate the hypothesized coupling of neural activity to the stimulus, with the dashed 

vertical line corresponding to the echo frequency. Graphic by the author (in parts from Schwenk et al., 2020).  

 

The differences between these accounts may seem negligible because the resulting 

response is the same in each case. However, importantly, they differ with respect to the 

temporal information content in the local representation, and thus (because the echo 

response is limited to one frequency in each case) the summed information that is 

represented. More specifically, theory i) (local broadband representation) assumes that 

the visual system represents the broadband stimulus information reliably, merely 

extracting a single temporal frequency from it post-hoc. In contrast, theory ii) (local 
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frequency selection) implies that stimulus information at frequencies neighboring the 

alpha band is lost, or at least attenuated.  

Since the EEG cannot resolve local and global activity, intracortical recordings are 

necessary to determine which of these theories describes the stimulus processing in V1 

best. One approach to this is to study the responses to the same paradigm in the animal 

model, which was the rationale for my second study. However, before considering its 

results, it should be noted that the echo response itself has so far only been described in 

humans. Conclusions about the cortical origins of the human echo should thus be drawn 

cautiously, as long as the homologue response in non-human primates has not been 

established. 

In study II, I investigated the responses to broadband random luminance flicker in area 

V1 of marmoset monkeys. The stimulation paradigm was the same as used in the 

previous human EEG studies (based on VanRullen and MacDonald, 2012). To 

distinguish passive response properties from mechanisms of active sensing, neural 

recordings were performed in two different experiments, in the anesthetized and the 

awake, behaving state, respectively. The local, retinotopic representation showed 

remarkably different responses between the two states. For the anesthetized stimulation, 

LFP coupling to the stimulus sequence was rather broadband, although with an overall 

bias towards lower frequencies. This result demonstrates that the passive properties of 

V1 neurons, or their local circuitry, alone do not lead to a selection of single frequencies 

within the population when the stimulation is broadband. The same recordings also 

showed that the broadband population response was generated by single units with 

tuning to individually selective frequency bands. This variability in temporal frequency 

tuning is well known from studies using single-frequency stimuli (Foster et al., 1985; 

Hawken et al., 1996). The results from my study strongly suggest that this tuning is 
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preserved for the steady-state during continuous broadband stimulation.  

Thus, in the anesthetized state, the local response does not seem to be frequency-

selective. In contrast, the recordings in the awake, behaving state showed highly 

selective responses. Here, stimulus-coupling in the LFP was limited to two distinct 

frequency bands, in the alpha and the upper beta range, respectively. This bimodality in 

the distribution was stable over time, despite an overall loss of stimulus-coupling around 

the time of saccades. The available recordings did not allow isolation of a sufficient 

number of spiking clusters, leaving the question open whether their frequency tuning as 

a population would have mirrored that of the LFP. Theoretically, it is possible that the 

observed gaps (in between the two observed components, as well as at lower 

frequencies) were a result of ongoing oscillations overshadowing the stimulus-related 

activity, despite broadband coupling in the population. However, this seems very unlikely 

given that these gaps were not limited to bands showing high power in the raw LFP 

spectrum. In fact, the response pattern is somewhat similar to that of the human EEG 

TRF, which separates into one higher-frequency component (typically between 15 and 

25 Hz) and one in the alpha band (the echo response). Importantly, the echo frequency 

is variable within the alpha range between, but highly stable within subjects, and seems 

to correspond to a subject’s individual alpha frequency (VanRullen and MacDonald, 

2012). While the results of my study (with N=2) cannot support similar conclusions for 

the observed local frequency selection, the peak frequency of the alpha response was 

indeed unique to each monkey and consistent between the three recording days.  

Taken together, the results from study II clearly show that, in the awake marmoset 

monkey, local stimulus processing of broadband flicker is already frequency-selective, 

thus providing support for theory ii) outlined above. The finding that this selectivity only 

emerged in the awake state suggests that it is controlled by top-down modulation, and 
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not an intrinsic property of the local populations. Under the same caveats of between-

species comparability, this again fits well with findings from human EEG studies. 

Modulations of echo response peak frequency have been shown for manipulations of 

perceptual demand (reliability of visual input; Benedetto et al., 2018), analogous to task-

dependent modulations of the individual alpha frequency (Wutz et al., 2018). In contrast, 

the modulation of cortical excitability in my first study did not alter echo frequency 

(Schwenk et al., 2020). As I concluded in that study, this pattern of results points towards 

an active top-down control of the echo response, which may be able to compensate for 

perceptually irrelevant fluctuations. Yet, to draw the link between this modulatory control 

and the frequency components of local processing in V1, future studies using the same 

type of task between human EEG and monkey neurophysiology will be needed.  

 

4.2 Modulation of temporal information processing by eye-

movements 

Visual processing in primates is challenged by the fact that the retinal input, which 

carries all available information, changes drastically with every eye-movement, 3-4 times 

per second. As outlined in section 2.2.3, distinct neural mechanisms compensating for 

this instability have been identified, including modulations in the temporal domain. Yet, 

substantial differences in the observed patterns between visual cortical areas have made 

it difficult to separate these mechanisms from each other.  

I investigated how the visual processing of temporal information is modulated by 

saccades, as part of study II, and as the main goal of study III. In study II, I analyzed the 

steady-state coupling of the LFP in marmoset area V1 to random luminance flicker over 
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the time-course of eye-movements of different trajectories. In this context, I will mainly 

consider the identified high-frequency response component, since this provides finer 

temporal resolution than the low-frequency band (here and in the following referring to 

Fig. 4 of study II). First, for saccades that brought the stimulus patch into the RF of the 

local population, coupling set in at approximately the same latency for which 

instantaneous coupling was evaluated (70 ms). This pattern confirmed that local 

responses are detectable immediately after fixation onset in phase-based measures in 

the LFP. Due to the sluggish nature of the coupling response, perisaccadic modulation 

could only be analyzed for those saccades for which the stimulus was in the population 

RF at both preceding and following fixation. The response time-course for this set of 

saccades revealed a transient decrease in coupling for approx. 100 ms around the 

saccade. On average, coupling strength was lowest for stimulus information presented 

during the saccade, but did not reach the level of responses outside the RF (assumed 

zero). The reduction of response amplitudes is consistent with previous findings of 

saccadic suppression, and the time-course of suppression fits with those observed in 

single-cell recordings (Bremmer et al., 2009; Ibbotson and Krekelberg, 2011; note the 

two different possible alignments, to stimulus presentation or response). There is still 

scarce evidence from scalp EEG, to which the LFP signal is similar in its spectral 

properties, on perisaccadic visual processing. One notable recent study used SSVEPs in 

response to full-field flicker stimulation while subjects performed horizontal saccades 

(Chen et al., 2019). Their results showed a similar transient suppression of response 

amplitudes (extending over a longer temporal range owing to a broader analysis 

window). Interestingly, both the results from study II and those from Chen et al. (2019) 

did not reveal any modulations in response latency around the time of the saccade, as 

observed e.g. in single-cell responses in areas MT/MST. Both studies used luminance-
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defined stimuli, driving predominantly the geniculo-cortical M-pathway in which latency 

modulations have been shown for comparable (quasi-)continuous luminance stimulation 

(Reppas et al., 2002; Saul, 2010). This discrepancy is most likely a result of the spatial 

pooling of activity from many neurons with different response characteristics in the EEG 

and, to a lesser extent, in the LFP. As a result of this, small shifts in latency (e.g. in the 

order of 10 ms or below in Reppas et al., 2002) may be indiscernible in these signals.  

From a methodological perspective, the perisaccadic response profiles in study II 

demonstrate that continuous measures of temporal processing are robust in the 

presence of (saccade-induced) movements of the stimulus across cortical space. The 

responses set in immediately after initial RF alignment with the stimulus, allowing for 

analyses on very short time-scales. Previous EEG studies using eye-movements 

concurrently with SSVEP measures have made efforts (for different reasons) to eliminate 

relative movement of the flicker stimulus with respect to the fovea, e.g. by using foveated 

or peripheral gaze-contingent targets in smooth pursuit (Chen et al., 2017a; De Lissa et 

al., 2020), or spatially invariant full-field stimulation (Chen et al., 2017b, 2019). Based on 

the fast temporal dynamics of the cortical responses in study II, the use of local, spatially 

fixed stimulation would be equally feasible. Multiple stimuli on the screen may then be 

used to map response properties over cortical space during the eye movement, similar to 

the ‘frequency tagging’ approach that has been used, e.g., in studies on spatial attention 

(Müller et al., 1998; Kim et al., 2007; Walter et al., 2012; the latter directly comparing 

overt to covert attention on an SSVEP target).  

In summary, my findings from study II show that continuous cortical responses in area 

V1 are temporally stable within perisaccadic time-windows, while showing saccadic 

suppression of response amplitude in line with previous studies.   
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In addition to changes of neural responses, the time-period around each saccade is also 

accompanied by both spatial and temporal misperceptions (Burr et al., 2010). The latter 

have been demonstrated in a number of studies in which human observers were asked 

to judge the duration of a visual stimulus, or of an interval between two stimuli, presented 

around the time of a saccade (cf. section 2.2.3). While these studies have revealed 

perceptual temporal distortions of striking magnitude and consistency, the observed 

perisaccadic time-courses of cortical responses have been less conclusive. The 

reduction of response latencies in dorsal-stream areas MT and MST (Price et al., 2005; 

Ibbotson et al., 2006, 2008) has been proposed as a neural correlate of perisaccadic 

perceptual compression of time (Morrone et al., 2005). However, the stimuli used in the 

relevant psychophysical studies are typically defined by low-level visual features, such 

as luminance or hue. Therefore, it seems unlikely that the perceptual judgment of their 

duration would be based to such large degrees on areas primarily associated with 

motion processing.  

In the third study (Schwenk et al., 2021), I investigated the perisaccadic representation of 

temporal information in the macaque area V4. This area is a core part of the ventral 

stream, involved in the processing and integration of visual features into objects (Roe et 

al., 2012). In the spatial domain, perisaccadic response modulations have been shown in 

this area in the form of remapping of receptive fields (RFs) (Tolias et al., 2001; Neupane 

et al., 2016; Hartmann et al., 2017), yet, its temporal response properties had not been 

systematically investigated. Using a pseudo-random continuous stimulation paradigm, 

study III firstly revealed a surprisingly high temporal resolution of visual information in the 

V4 multi-unit activity (MUA), at pre-saccadic baselines. For a given interval of two stimuli, 

MUA response peaks showed a clear separation starting at a stimulus-onset asynchrony 

(SOA) of 30 ms, corresponding to a maximal rate of approx. 33 Hz. This upper bound is 
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in fact similar to the one I obtained for the continuous LFP responses in marmoset area 

V1 in study II (30-35 Hz), although differences in the analysis approach prohibit a direct 

comparison. The finding of such high temporal resolution was unexpected given that the 

ventral stream receives stronger projections from the parvocellular pathway, which is 

selective for lower temporal frequencies (macaque: Livingstone and Hubel, 1988; 

human: Denison et al., 2014). This encourages a more detailed investigation of the 

temporal response properties of area V4, which is still lacking. 

The results from pre- and post-saccadic time-windows did not reveal any systematic 

modulation of response latencies. Both first and second response peaks for any given 

interval were stable around the saccade, providing no evidence for classical saccadic 

suppression (instead, we observed an activity increase, which we proposed as one 

possible correlate of chronostasis). A prior analysis of the spatial response 

characteristics additionally showed that there were no systematic saccade-induced shifts 

in RF positions or sizes. Together, these results suggest that the V4 MUA responses 

remained stable around the time of saccades.  

Several different explanations for this stability, in contrast to previous findings from V4 

and other areas, have already been put forward in the discussion of study III. Here, I will 

extend further upon the notion that the stimulus design should be considered as an 

important factor in determining temporal response characteristics. Stimulation in study III 

was applied in quasi-continuous random sequences, i.e. visual flicker made up of 

individual pulses of 10 ms duration. This marks an important difference to the discussed 

studies in areas MT/MST, as well as the psychophysical studies demonstrating 

perceptual distortions: In all these instances, the stimuli were spatially and temporally 

isolated visual events (flashes). Several lines of evidence suggest that both spatial and 

temporal stimulus context have a strong bearing on the responses’ characteristics. In the 
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temporal domain, repeated or sustained presentations of the same stimulus or feature 

typically evokes reduced responses as a result of neural adaptation (overviews in 

Krekelberg et al., 2006; Kohn, 2007; for a recent computational model, see Zhou et al., 

2019). This reduction is a general property of sensory systems, serving specific roles in 

the maintenance of a population’s homeostatic equilibrium (V1: Benucci et al., 2013). 

Importantly, it can also impact the perceptual discrimination of the adapted features 

(Seriès et al., 2009). In the spatial domain, single neurons in area V4 show response 

modulations by additional stimuli outside their RF (Desimone and Schein, 1987), as well 

as more complex modulations of their feature selectivity by visual context (Oleskiw et al., 

2014; Touryan and Mazer, 2015). The effects of surrounding visual information on the 

responses to a stimulus in the RF depend in particular on the similarity between that 

stimulus and the surround. If the RF-stimulus is salient, i.e. unique by color, shape or 

other features, V4 neural responses to it will be enhanced (Burrows and Moore, 2009). 

This is specifically relevant in the context of saccadic modulations, since the selection of 

saccade targets, and correspondingly the activity in areas of the saccade network, are 

highly dependent on salience (Gottlieb et al., 1998; Fecteau and Munoz, 2006; Goldberg 

et al., 2006). In fact, some of the known effects of saccades on the spatial response 

properties of single cells in these areas (saccadic remapping) seem to be diminished by 

visual context (Churan et al., 2011; Joiner et al., 2011). 

Interpreted as a dichotomous model, this body of evidence suggests that the visual 

system essentially distinguishes between two layers of information: a ‘background’, in 

which non-salient visual elements are spatiotemporally embedded, and a ‘foreground’, 

containing few salient, spatiotemporally isolated elements. The studies highlighted above 

show a separation between these layers mainly in response gain, as well as selectivity 

for features and space. The absence of perisaccadic spatial modulations in study III are 



4.3  Visual processing of temporal self-motion information for balance control 

_______________________________________________________________________________ 
 
 

 
 

   135 

well explained by this, when considering the random noise stimulation as a visual 

background. Yet, the intriguing open question is whether temporal response modulations 

would also differ between the proposed layers. Such a link seems likely given the strong 

similarities in the time-courses of perisaccadic effects between domains, pointing 

towards a shared neural substrate (Burr et al., 2010). Moreover, common neural 

computational principles between spatial and temporal processing suggest that 

spatiotemporal context may be a modulating factor of temporal representations 

generally, i.e. also during fixation (Himberger et al., 2018; Zhou et al., 2018).  

This general theory also opens up interesting questions in the investigation of the visual 

TRF and the perceptual echo. Similar to most studies on perisaccadic neural and 

perceptual modulations, experimental demonstrations of the echo response all used 

either a single, or two identical circular patch stimuli on a uniform black background. The 

initial findings by VanRullen and MacDonald (2012) already revealed that covert 

attention to one of two stimuli enhances the echo response it elicits, showing that the 

echo is sensitive to top-down modulation. Additionally, its traveling wave-like response 

pattern suggests that it could be functionally defined, concomitantly, over time and 

(retinal) space. An investigation of the response for stimuli embedded in spatiotemporal 

contexts, at different levels of salience, would thus provide important clues on its 

functional relevance.  

 

4.3 Visual processing of temporal self-motion information for 

balance control 

The control of balance during quiet stance is a complex mechanism, requiring a number 

of different sensory and motor systems working together in tightly controlled feedback 
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loops. One of the major inputs into this control system comes from the visual domain in 

the form of self-motion information. Postural responses to simulated or real movements 

of the visual environment have been extensively studied for decades (section 2.3.2). Yet, 

these experiments have largely focused on biomechanical properties of the body, often 

using visual perturbations as a tool to determine the constraints of the balance control 

system. This approach makes it difficult to distinguish the sensory from the motor side in 

visuomotor integration. Specifically, for the closed-loop integration of self-motion 

information during standing (i.e. in the absence of isolated visual perturbations), the 

system relies heavily on continuous temporal information contained in the visual input. 

Yet, when postural responses to visual stimulation are quantified based on amplitude, or 

gain, the results will be biased as a result of the body’s natural tendency to oscillate at 

lower frequencies. 

To address these limitations, study IV introduced an analysis approach that is based 

solely on temporal, i.e. phase and frequency, information. Using virtual reality, subjects 

were stimulated with oscillatory self-motion sequences at two frequencies (0.2 and 1.5 

Hz). As expected, the raw amplitude of COP displacement revealed prominent 

responses only for the lower frequency, in line with previous studies using similar, but 

mostly real-world (‘moving room’) stimulation (Lestienne et al., 1977; van Asten et al., 

1988; Hanssens et al., 2013). However, the COP’s relative phase to the stimulus 

(quantified here as inter-trial phase coherence between repeated presentations of the 

same sequence) was highly consistent for both conditions. This finding suggests that low 

and high temporal frequencies contained in a visual scene are equally relayed to the 

balance control system, merely resulting in different motor output. Thus, previous 

conclusions of unresponsiveness to higher frequencies seem to have been biased by 

biomechanical constraints of response amplitude. Based on the results of study IV, 
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phase coherence provides an isolated quantitative measure of temporal information 

processing in balance control.  

The vastly different motor outputs between low and high stimulus frequencies have been 

shown to be based in two different strategies. At lower frequencies, the body sway pivots 

on the ankles, whereas for higher frequencies it is controlled more strongly from the hip 

joint (Creath et al., 2005). Thus, it could be expected that the peaks in phase coherence 

observed in study IV (which only described the COP, i.e., the full-body projection) would 

originate from different body joints depending on stimulation frequency. To explore this, 

study V investigated the distribution of phase coherence across the full body, using a 

video-based motion tracking system. The stimulation procedure was similar to that of 

study IV, but with slightly different stimulus frequencies, now including an intermediate 

condition (0.2, 0.8 and 1.2 Hz). The results first replicated the consistent COP-phase 

coherence to the stimulus at all three frequencies. The distribution of phase coherence 

between body joints revealed the hypothesized shift in control strategy. Phase-coupling 

at 0.2 Hz was uniformly high across the full body, with all joints oscillating at the same 

mean phase. At both higher frequencies, the coupling was largest around the hip joint, 

resulting in consistent phase offsets between head/torso and the hip. These findings lend 

further support for previously established multi-segment models of balance control 

(Creath et al., 2005; Kiemel et al., 2011). More importantly, however, they demonstrate 

that phase coherence as a single measure provides information about both, sensory 

information processing (through its distribution across the temporal frequency spectrum), 

and motor control strategies (through its distribution across the body).  

Taken together, studies IV and V have established an analysis approach for the 

investigation of temporal information processing in balance control. This opens up 

several lines of future research. First, the phase coherence measure is based directly on 
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analysis procedures used in human EEG studies (originally formalized by Lachaux et al., 

1999; see also Cohen, 2014). In fact, I also used the same approach in study II to 

quantify continuous temporal representations in the LFP of area V1. The use of a single 

formalism to describe responses in the postural system, and the sensory systems it 

receives input from, will be crucial for their simultaneous investigation. The latter is made 

possible by recently developed mobile EEG recording systems, which have already been 

utilized in most recent related studies (Solis-Escalante et al., 2019; Kagawa et al., 2020). 

Similar experimental setups could be used to determine, e.g., at which processing stage 

the different strategies between low and high temporal frequencies separate from each 

other. It has been suggested that, in addition to biomechanical constraints preventing 

higher frequency oscillations, increasing the velocity of optic flow also decreases its 

likelihood of being attributed to self-motion (Dokka et al., 2010). Combined EEG and 

body sway studies may clarify these additional sensory (and/or perceptual) influences. 

Another advantage of phase-coherence is that it can also serve as a direct measure of 

the coupling between the EEG and postural responses (alongside coupling of both 

signals to the stimulus). Both cortico-muscular coherence and phase-locked responses 

to oscillatory self-motion have been demonstrated in the EEG before (Gwin and Ferris, 

2012; Kagawa et al., 2020). Thus, mobile EEG recordings in paradigms like the one 

used in studies IV and V could provide the required data to establish a causal model for 

the relationship between visual input and postural responses.   
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4.3.1 Establishing generalized TRFs for visually evoked postural 

responses 

Most of our knowledge about the impact of visual information on the balance control 

system comes from studies using some variation of the same stimulus design. This 

paradigm is characterized by a steady oscillation of the visual environment, simulating 

self-motion in two directions along one axis (most often anterior-to-posterior). As 

described in section 2.3.2 and studies IV and V, the body’s response to this stimulation is 

a sinusoidal sway at the driving frequency, typically with a fixed phase offset. The 

temporal properties of this response can be seen as analogous to the SSVEP in the 

EEG in response to sinusoidal luminance flicker, which is underlined by the fact that the 

same analysis procedures can be used to quantify both responses. Following this 

analogy further, it becomes evident that the generalization of the response to arbitrary 

input, i.e. in the form of a TRF, is still missing for visually evoked postural responses. As 

for the low-level visual features represented in the EEG, the temporal frequency 

spectrum of natural self-motion during quiet stance is not limited to a single frequency or 

band. Secondly, unlike a steady oscillation, it is in most cases not fully predictable. 

Predictability of visual perturbations has been shown to modulate the postural response 

previously (McIlroy and Maki, 1994), implying that a generalized TRF to random stimuli 

would likely show additional dynamics that are not visible in the response to regular 

stimulation at a single frequency. Notably, such (pseudo-)random stimulation has been 

used before by Peterka (2002), although not with the goal of deriving a TRF. Additionally, 

the stimulus used in that study was not designed as a continuous sequence and had 

limited positional degrees of freedom. The results nonetheless show that classical gain 

response functions can be derived from the Fourier-decompositions of input and 

response.  
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In the course of data collection for study V, we included an additional experimental 

condition with a random stimulus sequence, aimed at establishing a generalized TRF of 

visually evoked postural responses. The findings from this separate investigation 

(currently in preparation for publication) are summarized in part in Figure 4-2. The 

experimental setup and design of the visual tunnel-stimulus was the same as in study V 

(Figure 4-2 A; Engel et al., 2021). In the random stimulation condition, the movement of 

the tunnel (anterior-to-posterior axis) followed a unique random sequence of 30 seconds 

duration on every trial. The sequences were designed such that movement amplitude 

scaled inversely with temporal frequency, resulting in approximately equal velocities at 

all covered frequencies. This design assumes retinal optic flow (i.e. movement velocity, 

instead of absolute displacement of the tunnel) as the core visual parameter to which 

balance responses are coupled. Accordingly, we computed the TRF for each subject 

from the cross-correlation between stimulus velocity and COP displacement (B), 

averaged across trials (in direct analogy to the approach by VanRullen and MacDonald, 

2012). The resulting TRFs (shown in panel C for four subjects, normalized) revealed a 

systematic response pattern, in which the COP first followed the simulated movement 

direction (positive correlation) in a sharp deflection at approx. 300 ms latency, followed 

by a smaller counterbalancing displacement in the opposite direction. While this biphasic 

waveform was observed in nearly all subjects, the temporal widths of both, first and 

second, peaks showed a striking inter-subject variability (illustrated by the TRFs of four 

exemplary subjects in panel C). This indicates that each subject was selectively 

responsive to a different band of temporal frequencies in the stimulus. To analyze this in 

more detail, we computed the phase-coherence between COP displacement and 

stimulus velocity across all frequencies (shown in panel D, for the same four subjects). 
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The resulting spectra revealed that, surprisingly, coupling was most consistent at higher 

frequencies (between 1 and 5 Hz). Between subjects, the distributions also confirmed 

the variability observed in the time-domain TRFs, in that broader and narrower temporal 

widths of the two TRF components corresponded to lower and higher median 

frequencies, respectively, in the phase-coherence spectrum. 

 

 

Figure 4-2. Body Sway Temporal Response Functions (TRFs) to random motion stimulation (Schwenk, 

Engel et al., in preparation). A: Experimental setup. Self-motion was simulated visually by displacement of a 

tunnel made up of dots, presented in virtual reality while the subject’s center of pressure (COP) was 

recorded. Image reprinted from Study V (Engel et al., 2021). B: Stimulus velocity and recorded COP of an 

exemplary trial in one subject. Both signals represent movements along the anterior (A) to posterior (P) axis. 

The two time-courses were cross-correlated to yield the TRFs in C. C: Time-domain TRFs for the COP 

response to the presented motion sequences. Each plot shows the trial-average TRF of one subject, with 

shaded areas indicating +/- 1SD across trials. Dashed horizontal lines indicate zero correlation. D: Spectra 

of phase-locking values (PLV) describing the coupling between COP and stimulus phases at different 

temporal frequencies, for the same subjects as in C. The PLV axes are normalized and shown with arbitrary 

units to illustrate the different frequency distributions between subjects. 
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These initial findings already highlight that a meaningful TRF can be derived from the 

COP responses to random self-motion stimulation. The observed biphasic response 

pattern is generally in line with previous descriptions of responses to isolated steps in 

motion velocity (cf., e.g., Fig. 2A in Lestienne et al., 1977). However, our first analyses 

reveal that latencies and temporal widths of the responses seem to be reduced during 

the continuous random stimulation. The presence of high-amplitude phase locking at 

frequencies > 3 Hz, i.e. a band that shows near-zero power in the COP overall, 

furthermore suggests that the TRF waveforms in the COP may include smaller jerk-like 

responses (e.g. in the foot, knee or hip muscles). This type of response could represent 

an extension of the shift of balance control with increasing drive frequency discussed 

above (moving from the ankles towards the center of the body). It has been suggested 

previously that postural adjustments at these higher frequencies are generated by a 

different motor control system than the more regular sway at lower frequencies (Oida et 

al., 1995). This proposed ‘non-linear bang-bang control system’ (Oida et al.) is highly 

optimized for timing in order to react quickly to sudden movements in or of the 

environment. As such, it would likely also involve different motor pathways than those 

controlling the slower, regular sway, e.g., through extrapyramidal motor tracts. In line 

with this idea, leg muscle activity in postural responses to visual movement has been 

shown to start as early as 100 ms after stimulus onset (Nashner and Berthoz, 1978).  

Thus, taken together, temporal information contained in movement of the visual 

environment seems to be separated into different bands (low vs. high frequencies), that 

are relayed to different body joints (ankle vs. hip), possibly through different motor tracts 

(pyramidal vs. extrapyramidal). A major question for future research will be how this 

separation is achieved in the cortical processing of visual (self-)motion.  
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4.4 Outlook: TRFs as ‘spectral fingerprints’ of individuals and 

sensory systems  

In this thesis, I studied representations of continuous temporal information in three 

specialized subsystems of the visual cortical hierarchy - primary visual cortex, area V4 in 

the ventral stream, and the self-motion network in the dorsal stream and its coupling to 

the visuomotor balance control system. These systems differ considerably in their 

temporal response properties, as a result of their functional roles and encompassing 

anatomical structures. Yet, one common computational principle that emerges is that 

their processing is selective for the input’s temporal frequency content. I analyzed this 

selectivity in detail for area V1 (studies I & II) and for postural responses to visually 

simulated self-motion (studies IV & V, and section 4.3.1). The frequency selectivity of 

both systems could be described by reverse-correlation of responses to random 

stimulation, in the time- (TRF) and time-frequency domains (phase-locking). The spectral 

distributions of these responses exhibited a high consistency across trials and/or 

experimental sessions. However, they also showed remarkable variability between 

individuals.  

For the echo response, it had previously been shown that its amplitude envelope and 

frequency are unique to each subject, remaining stable over a 6 months test-retest-

interval (VanRullen and MacDonald, 2012). I also observed this stability over two 

separate testing days in both experiments of my first study (Schwenk et al., 2020). The 

echo’s frequency seems to correspond to each subject’s individual alpha frequency 

(IAF), which varies within a range of 4-6 Hz between, but only marginally within subjects 

(Doppelmayr et al., 1998; Klimesch, 1999). Both the IAF and alpha power in the EEG are 

determined to large degrees by genetic factors (Smit et al., 2005, 2006; Bodenmann et 
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al., 2009).  

The interindividual variability of postural responses is arguably more complex, mainly 

because it represents a mixture of visual and visuomotor determinants on the one side, 

and physical characteristics of the body on the other. For the latter, the impacts of 

different anthropometric factors (height, body weight, relative positions of joints etc.) on 

posture and balance during quiet stance have been described before (e.g., Era et al., 

1996; Kejonen et al., 2003). Additionally, heritability studies have demonstrated some 

independent genetic influences on balance control in elderly populations (Pajala et al., 

2004), and on general neuromuscular coordination (Missitzi et al., 2004). Yet, differences 

in visually-evoked postural responses have not been explored systematically, and our 

description of spectral response profiles (section 4.3.1) is intended as a first step in this 

direction. One major challenge for the future will be in dissociating different age-related 

effects. It is well known that vision deteriorates with age (see Owsley, 2011, for a 

review), notably also affecting the perception of motion and optic flow (Mapstone et al., 

2006; Bennett et al., 2007; Billino et al., 2008; Berard et al., 2009). At the same time, 

postural balance control abilities also change significantly across the lifespan (Horak et 

al., 1989; Woollacott and Shumway-Cook, 1990).  

Together, these findings clearly illustrate that responses in both systems (early visual 

representations and visuomotor balance control) are determined to some degree by 

subject-specific factors. The differences that emerge from these may have immediate 

functional implications (e.g., peak alpha frequency for the temporal resolution of 

perception: Cecere et al., 2015; Samaha and Postle, 2015; Chota et al., 2021). 

Conversely, individual parameters from the responses could also prove useful as 

biomarkers to dissociate healthy from clinical populations.  

Lastly, the reverse-correlation approach also provides a standardized measure for the 
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quantification of temporal frequency selectivity between brain areas. Previous studies 

have shown that the spectral properties of neural activity across the cortex vary 

systematically. The autocorrelation of task-related neural activity increases from lower to 

higher levels of the visual cortical hierarchy (Gauthier et al., 2012; Murray et al., 2014). 

At the same time, spontaneous oscillations in each area exhibit biases for one or multiple 

frequency bands, not following the same hierarchical pattern (Mellem et al., 2017). 

Notably, the frequency distributions of stimulus-related and -unrelated activity can differ 

substantially even when they occur simultaneously, as observed in the LFP of area V1 in 

my second study. Accordingly, the reverse-correlation approach may clarify how the 

observed area-specific temporal properties depend on sensory input.  

In conclusion, my thesis has demonstrated that the investigation of temporal response 

properties offers important insights into how the visual system selects information from 

its continuous input. The characterization of cortical and behavioral TRFs in two 

subsystems revealed new functional mechanisms involved in the selection of distinct 

temporal frequency bands. In the animal model, I was able to identify possible neural 

correlates of this selectivity, as well as its modulation by eye-movements as a key 

behavioral feature of active visual processing. My findings further motivate the use of 

generalized TRFs to characterize inherent biases in neural processing across individuals 

and sensory systems.
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