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Summary

Humans spontaneously blink several times a minute. These blinks are strongly
modulated during various cognitive task. However, the precise function of blinking and the
reason for their modulation has not been fully understood. In the present work, | investigated
the function of spontaneous blinks through various perceptual and cognitive tasks. Previous
research has revealed that blinks rates decrease during some tasks but increase during others.
When trying to understand these seemingly contradictory results, | observed that blink
reduction occurs when one engages with an external input. For instance, a decrease has been
observed due to the onset of a stimulus, sensory input processing and attention towards
sensory input. However, for activities that do not involve such an engagement, e.g.
imagination, daydreaming or creativity, the blink rate has been shown to increase. To follow
up on the proposed hypothesis, | distinguished tasks that involve the processing of an external

stimulus and tasks that involve disengagement.

In the first part of the project, | explored blinking during stimulus engagement. If the
probability of blinking is low when engaging with the stimulus, then one should find a
reduction in blinks specifically during the time period of processing but not during sensory
input per se. To this end, in study 1, | tested the influence of task-relevant information
duration on blink timing and additionally manipulated the overall sensory input using a visual
and an auditory temporal simultaneity judgement task. The results showed that blinks were
suppressed longer for longer periods of relevant information or in other words, blinks
occurred at the end of relevant information processing for both the visual and the auditory
modality. Since relevance is mediated through top-down processes, | argue that the reduction

in blinks is a top-down driven suppression. In studies 2 and 3, | again investigated stimulus
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processing, but in this case, processing was triggered internally and not based on specific
changes in the external input. To this end, | used bistable stimuli, in which the actual physical
stimulus remains constant but their perception switches between different interpretations.
Studies on the involvement of attention in such bistable perceptual changes indicate that the
sensory input is reprocessed before the perceptual switch. The results revealed a reduction in
eye blink rates before the report of perceptual switches. Importantly, | was able to decipher
that the decrease was not caused by the perceptual switch or the behavioral response but
likely started before the internal switch. Additionally, periods between a blink and a switch
were longer than interblink intervals, indicating that blinks were followed by a period of stable
percept. To conclude, the first part of the project revealed that there is a top-down driven

blink suppression during the processing of an external stimulus.

In the second part of the project, | extended the idea of blinks marking the
disengagement from external processing and tested if blinking is associated with better
performance during internally directed processes. Specifically, | investigated divergent
thinking, an aspect of creativity, and the link between performance and blink rates as well as
the effect of motor restriction. While | could show that motor restriction was the main factor
influencing divergent thinking, the relationship between eye blink rates and creative output
also depended on restriction. Results showed that higher blink rates were associated with
better performance during free movement, but only between subjects. In other words,
subjects who had overall higher blink rates scored better in the task, but when they were
allowed to sit or walk freely. Within a single subject, trial with higher blink rates were not
associated with better performance. Therefore, possibly, people who are able to disengage
easily, as indicated by an overall high blink rate, perform better in divergent thinking tasks.

However, the link between blink rate and internal tasks is not clear at this point. Indeed, a
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more complex measurement of blink behavior might be necessary to understand the

relationship.

In the final part of the project, | aimed to further understand the function of blinks
through their neural correlates. | extracted the blink-related neural activity in the primary
visual cortex (V1) of existing recordings of three rhesus monkeys during different sensory
processing states. | analyzed spike related multi-unit responses, frequency dependent power
changes, local field potentials and laminar distribution of activity while the animal watched a
movie compared to when it was shown a blank screen. The results showed a difference in
blink-related neural activity dependent on the processing state. This difference suggests a

state dependent function of blinks.

Taken altogether, the work presented in this thesis suggests that eye blinks have an
important function during cognitive and perceptual processes. Blinks seem to facilitate a
disengagement from the external world and are therefore suppressed during intended

processing of external stimuli.



Zusammenfassung

Menschen blinzeln spontan mehrmals pro Minute. Wahrend verschiedener kognitiver
Aufgaben ist die Haufigkeit dieser Lidschlage sehr unterschiedlich. Jedoch ist die genaue
Funktion des spontanen Lidschlags und der Grund fiir deren Modulation noch nicht vollstandig
verstanden. In der vorliegenden Arbeit habe ich die Funktion des spontanen Lidschlags durch
verschiedene Aufgaben im Bereich der Wahrnehmung und Kognition untersucht. Frihere
Studien haben gezeigt, dass die Haufigkeit der Lidschlage bei einigen Aufgaben abnimmt, bei
anderen jedoch zunimmt. Bei der Priifung dieser scheinbar widerspriichlichen Ergebnisse
beobachtete ich, dass die Reduzierung der Lidschlaghaufigkeit scheinbar immer bei der
Beschaftigung mit externem Input auftritt. Zum Beispiel wurde eine Abnahme aufgrund des
Beginns eines sensorischen Reizes, der Verarbeitung sensorischen Inputs und von
Aufmerksamkeit auf sensorischen Input beschrieben. Fir Aktivitditen ohne solch externes
Engagement, z.B. Fantasie, Tagtraume oder Kreativitat, nimmt die Haufigkeit der Lidschlage
zu. Um die vorgeschlagene Hypothese zu liberprifen, untersuchte ich explizit solche Aufgaben
mit Verarbeitung eines externen Reizes und solchen mit einer Abgrenzung von externem

Input.

Im ersten Teil des Projekts untersuchte ich die Lidschlage wahrend der Prasentation
von externen Reizen. Falls die Wahrscheinlichkeit der Lidschldge an eine Reizverarbeitung
gekoppelt ist, sollte man eine Verringerung der Lidschldige wahrend des
Verarbeitungszeitraums feststellen aber nicht wahrend sensorischen Inputs an sich. Zu diesem
Zweck habe ich in Studie 1 den Einfluss der aufgabenrelevanten Informationsdauer
unabhangig vom gesamten sensorischen Input auf den Zeitpunkt des Lidschlags getestet. Dies

geschah mit einer visuellen und einer auditiven Aufgabe zur zeitlichen



Gleichzeitigkeitsbeurteilung. Die Ergebnisse zeigten, dass Lidschlage wahrend Zeitfenster mit
relevanten Informationen unterdriickt wurden, oder anders gesagt, Lidschlage traten am Ende
der Informationsverarbeitung sowohl in der visuellen als auch auditorischen Modalitat auf.
Weil Relevanz durch Top-Down-Prozesse vermittelt wird, behaupte ich, dass die Verringerung
der Lidschlage eine Top-Down-gesteuerte Unterdriickung ist. In den Studien 2 und 3 habe ich
die Reizverarbeitung erneut untersucht, aber jetzt wurde die Verarbeitung intern ausgeldst
und nicht auf Basis von spezifischen Anderungen im externen Input. Dazu habe ich bistabile
Reize verwendet, bei denen der physikalische Reiz selber konstant bleibt, aber die
Wahrnehmung zwischen verschiedenen Interpretationen wechselt. Studien Gber die Rolle der
Aufmerksamkeit bei bistabilen Wahrnehmungsveranderungen zeigen, dass der sensorische
Input vor dem Wahrnehmungswechsel erneut verarbeitet wird. Die Ergebnisse deckten eine
Verringerung in der Haufigkeit der Lidschlage vor der Mitteilung tiber Wahrnehmungswechsel
auf. Eine wichtige Erkenntnis hierbei war, dass diese Verringerung nicht durch den
Wahrnehmungswechsel oder die Verhaltensreaktion verursacht wurde, sondern mit grolBer
Wahrscheinlichkeit schon vor dem internen Wechsel anfing. AuBerdem waren die Perioden
zwischen einem Lidschlag und einem Wahrnehmungswechsel langer als die Intervalle
zwischen den Lidschlagen, was darauf hinweist, dass einem Lidschlag eine Zeit stabiler
Wahrnehmung folgt. Zusammenfassend zeigte der erste Teil des Projekts die Existenz einer
Top-Down-gesteuerten Lidschlag-Unterdriickung wahrend der Verarbeitung eines externen

Stimulus.

Die Idee dass Lidschlage eine Abgrenzung von der Verarbeitung externer Signale
markieren habe ich im zweiten Teil des Projekts erweitert und getestet, ob blinzeln mit einer
besseren Leistung wahrend intern gesteuerter Prozesse verbunden ist. Insbesondere

untersuchte ich divergentes Denken, ein Aspekt der Kreativitdt, und den Zusammenhang
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zwischen kreativer Leistung und Haufigkeit der Lidschldge sowie die Wirkung von motorischer
Einschrankung. Ich konnte den Einfluss von motorischer Einschriankung auf divergentes
Denken aufzeigen, jedoch auch dass die Beziehung zwischen Haufigkeit der Lidschlage und
kreativem Output von der motorischen Einschrankung abhangig ist. Die Ergebnisse zeigten
eine Verbindung zwischen hoherer Lidschlaghdufigkeit und besseren Leistung bei freier
Bewegung, jedoch nur innerhalb der Gruppe. Anders gesagt, Probanden mit insgesamt
hoherer Haufigkeit der Lidschlage erzielten bei der Aufgabe besser Resultate, aber nur wenn
sie sich frei bewegen durften. Innerhalb eines Probanden waren Versuche mit hoherer
Haufigkeit der Lidschlage nicht mit einer besseren Leistung verbunden. Eine mogliche
Interpretation ist, dass Menschen die sich insgesamt leichter von sensorischem Input
abgrenzen, was moglicherweise durch eine insgesamt hohe Haufigkeit der Lidschlage
angezeigt wird, bei divergenten Denkaufgaben besser abschneiden. Allerdings ist der
Zusammenhang zwischen Haufigkeit der Lidschlage und internen Aufgaben an dieser Stelle
noch nicht klar. Tatsachlich kénnte eine komplexere Messung des Lidschlagverhaltens

notwendig sein, um die Beziehung zu verstehen.

Im letzten Teil des Projekts wollte ich die Funktion von Lidschlagen Uber ihre
neuronalen Korrelate besser verstehen. Ich habe die lidschlagbezogene neuronale Aktivitat im
primaren visuellen Kortex (V1) aus bestehenden Aufzeichnungen von drei Rhesusaffen bei
verschiedenen Aufmerksamkeitsverarbeitungszustanden extrahiert. Die lidschlagbezogene
Rate der Aktionspotentiale, die Multi-Unit-Aktivitdt, frequenzabhangige Aktivitat, lokale
Feldpotentiale und laminare  Aktivitdtsverteilung habe ich wahrend zwei
Versuchsbedingungen analysiert, das Anschauen eines Films und einer Pause vor einem leeren

Bildschirm. Die Ergebnisse zeigten einen Unterschied in der lidschlagbezogenen neuronalen
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Aktivitat in Abhangigkeit von der Versuchsbedingung und somit dem Verarbeitungszustand.

Dieser Unterschied deutet eine zustandsabhangige Funktion der Lidschldge an.

Insgesamt legt die in dieser Dissertation vorgestellte Arbeit nahe, dass Lidschlage eine
wichtige Funktion in Kognition und Wahrnehmungsprozessen hat. Lidschlage scheinen eine
Abgrenzung von der AuBenwelt zu erleichtern und werden daher bei beabsichtigter

Verarbeitung externer Reize unterdriickt.
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1 General Introduction

1. General Introduction

Eye blinks are an integral part of our everyday behavior and are known to have an
important physiological function, namely to moisten and protect the eyes. However, research
indicates that this might be a rather narrow perspective when it comes to the purpose of
blinking, since humans tend to blink more than would be necessary for moisturizing the eyes.
Moreover, blinks are influenced by cognitive processes and demands, as will be carefully
reviewed below. Despite the vast evidence of the link between cognition on blinking, the
general consensus seems to be that this link is due to a simple correlation between cognition
and blinking. A purpose of blinking has not been established. In this project, | strive to uncover
a function of blinks by analyzing their modulation during tasks involving an external (stimulus-

driven) or internal (sensory independent) focus of attention.

1.1 Types of eye blinks

There are three types of blinks: reflex, voluntary and spontaneous. While the main
focus of my research is on spontaneous blinking | want to give a short overview of the
distinguishing features of the different blink types. In the following sections, | will briefly

describe each type of blink.

Reflexive blinking, also known as the corneal blink reflex, is involuntary blinking that
occurs as a response to direct external stimuli. It is observed in all mammals (Pearce, 2008)
and is part of the startle reflex (Davis, 1984; Ladd et al., 2000). It is elicited, for instance, when
the cornea is stimulated; but can also be a part of the startle response to other types of
stimulation without direct contact of the cornea; examples of such stimuli include bright lights
or sudden sounds (Sterling, 2013), somatosensory stimulation of the face (Miwa et al., 1998),
and also fear inducing stimuli (Balaban & Taussig, 1994; Hamm et al., 1997; Miwa et al., 1998).

16



1 General Introduction

There seems to be an evolutionary aspect in the function of these blinks: since they are an
integral part of the startle reflex, they might play a role in protection from potential external

threats (Sterling, 2013).

The blink reflex was first observed by Overend (1896), who noted that there was a
twitch on the lower eye lid of both eyes when the skin on the forehead is tapped. The first
detailed description on the reflex blink introduced by corneal stimulation was given by
Kugelberg (1952). The neural network behind such a reflex blink consists of a loop between
the trigeminal nerve (5% cranial nerve or V) and the facial nerve (7t cranial nerve or VII).
During a reflex blink, a stimulus makes contact with the cornea and activates the sensory
receptors, the sensory information is then carried to the spinal trigeminal nuclei within the
brain stem via the tegmental nerve. The signal from the brain stem then projects to the facial
nerve, which activates the orbicularis oculi muscle, thereby eliciting a blink. Apart from stimuli
that directly introduce a blink, secondary factors or stimuli can elicit a blink reflex through
conditioning via the condition reflex circuit of the cerebellum (Kim & Thompson, 1997; Pearce,

2008; Sterling, 2013).

Voluntary blinks are blinks that occur under conscious control when the individual is
explicitly asked to blink. These blinks differ from other blinks in some aspects. For instance,
there is an upwards movement of the eyeball, which is referred to as the Bell’s phenomenon
(Bell & Davy, 1823). This upward movement is specific to these blinks and not observed during
reflexive blinking (Collewijn et al., 1985a). Although the underlying neural network is similar
to reflex blinks, there is some evidence that they involve a slightly different pathway (van
Koningsbruggen et al., 2012). This was indicated by studies on patients with apraxia of the eye,
who show an intact reflex blink response, but are usually unable to blink when explicitly asked

to do so (Colombo et al., 1982; Miwa et al., 2001). These studies found lesions in the frontal
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1 General Introduction

and/or parietal lobe of the right hemisphere (Colombo et al., 1982) and lesions in the right

cerebral artery affecting the supplementary motor area (Miwa et al., 2001) in such patients.

The third type of blink, which is the focus of my work, are spontaneous blinks, also
known as endogenous blinks. They constitute most of the blinks that we make in our everyday
lives, and occur with little or no conscious effort. Even though they are the most common type
of blinks that humans generate, their function is not fully understood. They occur about
approximately 10 to 15 times a minute (Burr, 2005; Doughty, 2001; Kaminer et al., 2011) and
one main function is to maintain the corneal tear film and protect the eyes (Craig, 2002).
However, their frequency is much higher than what would be required for maintaining the
tear film (Kaminer et al., 2011; Zametkin et al., 1979). The time for the tear film of the eye to
break up is above 10s and about 27s on average (Sweeney et al., 2013) which means that

approximately only 2 to 6 blinks are necessary to maintain the tear film (Norn, 1969).

If it is not only the physiological need to maintain the tear film, then why do humans
blink so often? As early as the beginning of the 20t century, Ponder and Kennedy (1927), had
observed that blinks were not just reflexive in nature and that quite a few of them were
influenced by cognitive factors. Since then, quite a few studies have analyzed blink modulation
during various cognitive tasks in order to understand the function of spontaneous blinks. Note
that, blink modulation may refer to either changes in overall blink rate, time-resolved changes

in blink rate or changes in the timing or latency of blinks

1.2 The modulation of spontaneous blinking

In the following section, | describe in detail the results of previous studies on the
modulation of blinks during different cognitive and perceptual tasks. | have categorized the

these studies into either a) tasks that involve an external attentional focus or b) tasks that
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1 General Introduction

involve an internal attentional focus. An external focus occurs when there is an external
stimulus or information that needs to be processed. An internal focus, as the term suggests,
mainly involves processing that is internally directed and the individual disengages from the
external world. Examples of internal focus include imagination, creativity and certain memory
tasks. The concept of internal or external attentional focus in not new. In motor learning and
sport psychology, this demarcation has been used to denote training that involves one’s own
body movements (internal) or objects in the environment (external) (Kal et al., 2015; Lawrence
et al., 2011; Polskaia et al., 2015; Wulf et al., 2010; Wulf et al., 1998; Wulf et al., 1999).
However, in my work, | use the terms external and internal in order to distinguish whether
processing is directed towards a specific external stimulus or if takes place rather internally.
The reason for this categorization was due to the fact that, as | will show in the following sub-
sections, blinks decrease during tasks involving an external focus but increase during tasks
involving an internal focus. To my knowledge, no previous research has explored the function

of blinks by focusing on these different attentional states.

1.2.1 During externally focused attention

As mentioned above, humans refrain from blinking while processing and paying
attention to external stimuli. Previous research has shown that this influence can be driven
either by changes in the physical properties of the sensory input, or by internal factors that
are independent of physical input changes. Please find a detailed description of these findings

below.

Sensory input

Bonneh et al. (2016) described that blinks are suppressed during the processing of low-

level changes of an external stimulus. Specifically, the length of blink suppression depended
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1 General Introduction

on the stimulus parameters, i.e. the suppression was longer for higher contrast and lower
spatial frequency. Supressing blinks during visual processing could be because we do not want
to miss important information (J. Veltman & A. Gaillard, 1998), since the visual input is
temporarily interrupted during a blink. This might explain why we refrain from blinking during
reading (Karson et al., 1981) or during interesting scenes while watching a movie (Shin et al.,
2015). Additionally, blinks during visual stimulus presentation tend to be shorter in duration
than those occurring during rest (Bauer et al., 1987). Therefore, one could argue that there is
a trade-off between the physiological need to blink and the task-related cost of missing
information (Hoppe et al., 2018). Below, | will further argue that blink modulation goes beyond

the need to not miss visual information.

Although the findings from visual studies allude to the idea that blinks are suppressed
in order to not miss visual information, further evidence clearly indicates that there are other
factors to consider. For instance, the ocular inhibitory mechanism described by Bonneh as
involving a decrease/suppression-increase pattern during stimulus presentation, has also
been observed during the presentation of auditory stimuli (Lance O Bauer et al., 1985;
Goldstein et al., 1985; Gregory, 1952). Additionally, Gregory (1952) showed that the decrease
during auditory task actually correlated with the performance. Specifically, they found that
the more blinking decreased during stimulus presentation compared to baseline periods, the
better the performance. Given that a blink does not interrupt auditory input, this finding
clearly showed that, the modulation of blinks during tasks is at least not exclusively driven by

the need to reduce visual information loss.
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Processing of sensory input

An open question at this point is if the sensory input itself or rather the active
processing of the sensory input leads to the suppression. For instance, Fogarty and Stern
(1989) showed that blinks are suppressed longer for peripheral than centrally presented
stimuli and Bonneh et al. (2016) reported that blink suppression was longer for visual input
with lower contrast and higher spatial frequency. This influence might be based on the
modulation of the visual input itself or on the changed processing introduced by it. However,
further data revealed that the blink modulation is affected even if the stimulus input stays
unchanged. Fogarty and Stern (1989) demonstrated that when the stimuli needed to be
identified rather than merely detected this led to a longer blink suppression. On similar lines,
a study by Siegle et al. (2008) found that when participants performed a digit sorting task and
were given a cue before the stimulus onset as to how many digits would appear, the decrease
was stronger for higher number of digits. Oh, Jeong, et al. (2012) also made similar
observations that the degree of blink suppression depends on the difficulty of the task. That
processing of the stimulus influences the blink modulation has also been shown by Brych and
Handel (2020), who concluded that people tend to blink more after targets than distractors in
an oddball task, independent of the physical properties of the stimulus. The idea that blink
modulation goes beyond a simple reaction to sensory input and could represent the
processing therefore has been suggested by previous research (Fogarty & Stern, 1989;
Himebaugh et al., 2009; Oh, Han, et al., 2012; Oh, Jeong, et al., 2012; Hideki Ohdra, 1995;

Ohira, 1996).

That the modulation of blinking is indeed independent of the actual sensory input is
reaffirmed by the fact that blink suppression can occurs in preparation of stimulus onset

(Brych & Handel, 2020; Fukuda et al., 2005; Hoppe et al., 2018; Poulton & Gregory, 1952;
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Siegle et al., 2008). Such pre-stimulus decrease falls into line with the idea that the preparation
of processing of the predicted stimulus input affects blink modulation. Furthermore,
attention, which is known to influence the processing of sensory input, has shown to increase
the blink modulation. For instance, Broadbent (1958) mentions that blinking decreases during
increased demands of attention. In the study by Brych and Handel (2020), the authors also
found that while unattended sensory (visual and auditory) input did not lead to a visible
modulation of blink probability, once the input was attended, the modulation was clearly
visible. Another study found that blink suppression is stronger during higher attention while
watching a movie (Shin et al., 2015). The same study also found that participants were able to
better recall portions of the movie wherein blinks were suppressed. Other studies have argued
that decreased blinking could be a metric for the amount of attention directed towards an
external stimulus while watching movies (Ranti et al., 2020; Shultz et al., 2011). Interestingly,

Shultz et al. (2011) found the effect of attention on participants as young as two years of age.

To summarize, blinks are suppressed during the presentation of external stimuli both
in the visual and the auditory domain. The length or degree of suppression depends on
cognitive factors such as attention or the complexity of the information. This might be related
to the extent of active processing needed to read out the sensory input. In order to understand
if blink suppression is indeed driven by stimulus processing we asked if the length of blink
suppression reflects the time of stimulus processing and if a blink marks the end of the
processing period. To answer this questions, one needs to disassociate the time of the overall
sensory input from the duration of the processing of relevant input. The aim of study 1 was,
to analyse the modulation of blinks and test if the length of blink suppression actually reflected

the time period when the stimulus was being actively processed independent of the overall
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stimulus duration and motor response. Importantly, both the visual and auditory modalities

were tested.

Perceptual interpretation of sensory input

In the previous sub-section, | had introduced the idea that blink suppression could
reflect the active processing of external information and my study indeed confirmed that it is
not the sensory input per se that drives the blink suppression but the processing of it.
However, processing of sensory input and the perceptual interpretation based on such
processing usually happens in parallel with the appearance or change of the input. This makes
it hard to dissociate between sensory processing and more cognitive perceptual effects. In this
sub-section, | put forth the idea that blink suppression is similarly engaged when we
perceptually re-interpret external stimuli, independent of the stimulus appearance or
changes. One way to test this is through bistable perception. Bistable perception occurs when
a single unchanging stimulus can be interpreted in two or more ways (Leopold & Logothetis,
1999; Long & Toppino, 2004). Hence, while the sensory input stays the same, an internally
triggered re-interpretation leads to switching between the different perceptions. Some
examples of such stimuli are the Necker cube (Necker, 1832) which can be perceived in two
different orientations, the apparent motion stimuli (Schiller, 1933), in which two dots appear
moving either vertically or horizontally, or the ambiguous plaid (Hans Wallach, 1935; Wuerger
et al., 1996), wherein gratings are perceived to move synchronously in one direction or in

opposite directions.

Previous research has already found that blinks can be modulated during the
presentation of bistable stimuli. Nakatani and Van Leeuwen (2005) showed that eye blink

rates are generally lower for frequent switchers. Similar to the pattern of decrease-increase
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caused by changes in the sensory input, a modulation in blinking also occurs around
perceptual switches, or more precisely, around the report of a switch (Junji Ito et al., 2003; L.
C. van Dam & R. van Ee, 2005). Junji Ito et al. (2003) showed that blinks decrease before the
report of perceptual switches of the Attneave’s triangle (Attneave, 1968) and increase during
the report. Similar results were also shown by L. C. van Dam and R. van Ee (2005). According
to Juniji Ito et al. (2003), perceptual switching involves the reorganization and reinterpretation
of the stimulus and cognitive effort to report it. They claim that blink suppression could be
involved in that cognitive effort, but do not explain how it might be involved. L. C. van Dam
and R. van Ee (2005), on the other hand, provide an even more general explanation and put
forth that any relevant event such as external stimulus changes, attention, internal perceptual
changes and even manual reports modulate blinking. In fact, they found that blinking was

modulated even after random button presses.

Based on the idea that decreased blinking can be a marker of (increased) input
processing as shown in study 1, | propose that blink modulation during bistable perception is
also related to sensory processing. The blink decrease is therefore temporally linked to the re-
interpretation of the stimulus. | therefore specifically asked the following questions: Could the
reduction in blinks before a switch report reflect the period of active processing and
subsequent re-interpretation of the bistable stimulus? And would a blink then occur when
the re-interpretation is complete and the percept is stable? To this end, | conducted two
studies (study 2 and 3) using both visual and auditory bistable stimuli and tested if blinks
decrease during the re-interpretation of the stimuli and are generated after a stable

perceptual interpretation was reached.
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1.2.2 During internally focussed attention

While blinks are suppressed during sensory processing and therefore an external focus
of attention, previous research has indicated that blinking increases during tasks that involve
an internal focus. Salvi and Bowden (2016), for instance, argued that closing one’s eyes is a
way to disengage from the outside world and focus on internal thoughts. Smilek et al. (2010)
observed increased blink rates during mind wandering and argued that it can be an indication
as to what extent a person is engaging with internal thoughts. In another study, Salvi et al.
(2015) put forth that increased blinking can help in problem solving through sudden insight.
Indeed, when people engage in imagination and memory retrieval, they tend to make more

saccades and blinks (Salvi & Bowden, 2016).

Creative processes and divergent thinking

A cognitive process that generally involves an internal attentional focus is creativity.
There are several ways in which creativity can be defined, but the most widely accepted
explanation of creativity is that it involves the balance between divergent and convergent
thinking (Guilford, 1967). Divergent thinking is the process through which one comes up with
several solutions or ideas to a specific problem. Brainstorming, for instance, is such an
example of divergent thinking. Convergent thinking, on the other hand, is the ability to find a
single solution or a commonality between ideas or concepts. The most widely used tests for
divergent and convergent thinking are the Guilford’s alternate uses test or AUT (Guilford,
1967) and Mednick’s remote association test or RAT (Mednick, 1962), respectively. In the AUT,
participants have to generate different alternate uses for everyday objects and in the RAT,

they are given three words and asked to find a common word that links them all.
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Studies have suggested that eye blinks particularly facilitate divergent thinking. Work
by Akbari Chermahini and Hommel (2010) demonstrated that moderate eye blink rates (based
on average blink rates of the group) were associated with the highest scores in the alternate
uses task. Importantly, they looked at blinks during rest i.e. when the subjects were fixating
on the screen and did not have to perform any task. The authors link their findings to
dopamine. Eye blink rates and dopamine level have been shown to be associated (Blin et al.,
1990; Bologna et al., 2012; Karson, 1983, 1988; Karson et al., 1984; Lawrence & Redmond Jr,
1991; Sax & Strakowski, 1998; Strakowski & Sax, 1998; Taylor et al., 1999). Since dopamine
also plays a role during divergent thinking (Kulisevsky et al., 2009; Zabelina et al., 2016), the
authors suggest that the correlation between resting eye blink rates and divergent thinking
can possibly be explained by dopamine levels. While the aforementioned study looked at
baseline blinking, a study by (Ueda et al., 2016), tested the relationship between task-related
eye blink rates and performance in the AUT. These authors found that higher eye blink rates

were related to higher scores.

One mechanism put forth through which eye blinks and divergent thinking might be
related is through secondary processes that aid in divergent thinking. For instance, long term
memory can play an important role when trying to come up with different ideas for an object
and in fact, when people engage in imagination and memory retrieval, they make more blinks
(Salvi & Bowden, 2016). Note that, this has not just been shown for blinks but also extensively
shown for eye movements in general (Brandt & Stark, 1997; Damiano & Walther, 2019; De
Jong & Merckelbach, 1990; Hebb, 1968; Johansson et al., 2012; Johansson & Johansson, 2014;
Lenoble et al., 2019). Hebb (1968) suggested that eye-movement during imagery of an object
are similar to while actually viewing that object. Brandt and Stark (1997) showed subjects an

irregularly checkered grid and asked them to later imagine that grid. They found that subjects
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made the same eye movements during imagery as during viewing the grid. In fact, apart from
a mere correlation, other studies have come forth with evidence that eye movements may
actually have a facilitatory role during memory by showing that not allowing any eye
movements worsens performance in memory tasks (Damiano & Walther, 2019; Johansson &
Johansson, 2014; Lenoble et al., 2019). In the study by Johansson & Johansson (2014), for
instance, participants performed a visuospatial memory task and their performance
deteriorated when they made eye movements that were incongruent with the position of the
objects as opposed to when they made congruent movements. Lenoble et al. (2019) showed
that eye movements increase when trying to retrieve autobiographical memories and
importantly that memories retrieved while moving the eyes freely tended to be faster and
more detailed. Another study by Damiano and Walther (2019) also proved that participants
were better able to recall a visual scene when they were allowed to make eye movements
freely as opposed to when they had to refrain from making any movement. Although many of
these studies focussed on eye movements and not blinks, it is conceivable that blinks also
have similar effects. In order to understand the role of blinking during tasks involving an
internal attentional focus, | conducted experiments testing for the relationship between

blinking and divergent thinking.

Previous work, showing a relationship between blinking and divergent thinking
(Chermahini & Hommel, 2010; Ueda et al., 2016), tested the relationship of blinks and
performance between subjects and not within a subject. Using a paradigm similar to Ueda, |
tested if trials with higher blink rates was associated with better performance within a single
subject. Additionally, studies had also shown that walking and more specifically free walking
improves divergent thinking (Kuo & Yeh, 2016; Leung et al., 2012; Oppezzo & Schwartz, 2014;

Zhou et al., 2017). Blinking has been shown to increase during various body movements, such
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as walking (Cao et al. (2020b) and as mentioned earlier, speaking (Brych et al., 2020; von
Cramon & Schuri, 1980). But how increased blinking and other body movements interact to
facilitate divergent thinking is not known. The aim of the study 4 was to test if blinks facilitate
divergent thinking and if movement restriction deteriorates performance in divergent

thinking and importantly, if the influence of blinks was mediated by the level of restriction.

1.3 Neural correlates of blinks

While the link between blinking and behavioral measures can already shed some light
on the function of blinks, in order to uncover the underlying mechanism it is crucial to
understand the neural basis of blinking. Specifically, | explored the neural correlates of
spontaneous eye blinks in the animal model. Importantly, since the results from the behavioral
studies have shown that blinks are influenced by cognitive processes and attentional states,
one could also assume that the underlying neural activity is dependent on the state itself. In
the following paragraphs, | will explain the neural mechanism behind the generation of blinks

and review studies regarding neural responses to a blink event.

1.3.1 Neural pathway of blinks

The neural pathway involved in blinking has been widely studied. However, the focus
has generally been on reflex blinks. The generation of a reflex blink involves the basal ganglia
circuitry (Basso et al.,, 1996; Berardelli et al., 1985; Evinger & Manning, 1993; Peterson &
Sejnowski, 2017), which also happens to control other motor activity (Alexander et al., 1986;
Bhatia & Marsden, 1994; Gerfen & Bolam, 2010). The circuitry involves a direct and indirect
pathway, comprising of excitatory and inhibitory connections among the regions of the basal
ganglia, leading to either an inhibitory or excitatory influence on the motor cortex. Basso et

al. (1996) in their paper, describe the mechanism through which the basal ganglia influences
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the blink reflex. It mainly involves an activation of the substantia nigra leading to an inhibition
of the superior colliculus. This in turn leads to a decreased inhibition of the trigeminal nerve.
As | mentioned earlier (when describing reflex blinks), a loop between the trigeminal nerve
(5th cranial nerve or V) and the facial nerve (7th cranial nerve or VII) leads to the reflex blink.
Although this pathway was specifically described for reflex blinks, it is fair to assume that
spontaneous blinks could involve a similar pathway. For instance, (Kaminer et al., 2011)
postulates that the activation of the trigeminal nerve via the basal ganglia circuitry and the
superior colliculus is also involved in the generation of a spontaneous blinks. Also, since
dopamine plays a central role in the basal ganglia pathway, unsurprisingly striatal dopamine
levels seem to correlate with spontaneous blink rates (Blin et al., 1990; Bologna et al., 2012;
Karson, 1983; Karson et al., 1984; Taylor et al., 1999). Additionally, blinking is also associated
with increased activation of the default mode network (Nakano et al., 2013), which is linked
to dopamine (Dang et al., 2012; Nagano-Saito et al., 2009). Strengthening the link between
dopamine and blinking, blink rate has been shown to increase following the administration of
dopamine agonists (Blin et al., 1990; Lawrence & Redmond Jr, 1991). Moreover, disorders with
abnormal levels of dopamine also exhibit abnormal blinking; for instance schizophrenic
patients exhibit high levels of dopamine and elevated blink rates (Freed et al., 1980), whereas
patients with Parkinson’s disease have lower levels if dopamine and lower blink rates (Deuschl
& Goddemeier, 1998). Apart from the basal ganglia, other regions have also been shown to
be involved in the generation of spontaneous blinks (Baker et al., 2001; Yoon et al., 2005).
Yoon et al. (2005) concluded that the medial frontal gyrus facilitates spontaneous eye blink

generation, whereas precentral gyrus might be involved in blink inhibition.
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1.3.2 Neural activity during blinks

Changes in spiking activity and BOLD signal

The paragraph above has described the neural pathway involved in blink generation
and suppression. Here, | will describe the findings regarding the neural activity associated with
a blink event. This has been mostly studied in the light of blink-related suppression, whereby
the visual system seems to ignore the transient interruption and darkening of the environment
during a blink and maintains a constant visual percept (Volkmann, 1986; Volkmann et al.,
1980). A study by Bristow, Frith, et al. (2005) tested the neural correlates of voluntary blinks
using FMRI in humans distinguishing between blinks during and without visual stimulation.
They found that blinking during visual stimulation led to a greater activation of the medial
parieto-occipital sulcus compared with blinks in the absence of visual stimulation. The
researchers concluded that this region might be involved in maintaining visual continuity
across blinks. Specifically, they argue that there might exist a short-term mnemonic signal

which maintains the previous percept of the input across the interruption caused by the blink.

Another study, on similar lines, tested reflex blinks in humans also using FMRI (Bristow,
Haynes, et al., 2005). They looked at voluntary blinks with and without retinal illumination. In
other words, the retina was directly illuminated through a fibre-optic light source placed in
the mouth. Importantly, the participants in this study wore dark goggles so that opening or
closing the eyes did not alter the input to the retina. The findings revealed a reduction in
activation in visual area V3 when blinks were executed during retinal stimulation. On the other
hand, when blinks occurred during no retinal stimulation, there was an increase in activity in
the LGN and V1. The authors concluded that, while the decrease in V3 represents the neural

correlates of blink-related suppression, the increase in LGN and V1 in the absence of retinal
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illumination might be a purely motor signal. However, the reason why the increase does not
occur during retinal stimulation, if indeed it is a motor signal, has not been discussed in detail.
The authors merely point out that, during retinal stimulation, a lack of a decrease might

explain the results.

In addition to the comparison between stimulation and no stimulation, a few studies
have also compared blink and externally generated darkening. Golan et al. (2018a) in their
study, distinguished voluntary and spontaneous blinks, as well as self-initiated darkening and
external darkening. Using fMRI in humans, while participants performed an image
discrimination task, they found that lower visual areas showed an increase in response for all
events, whereas higher visual areas showed an increase during external darkening, but a

decrease during blinks and self-initiated darkening.

Although the aforementioned FMRI studies provide valuable insights, they cannot
unfold the time-resolved modulation in neural activity around blinks. Single-unit recordings
and electrocorticography (ECoG) indeed have shown such a temporal modulation suggesting
a suppression of neural response during a blink and a transient burst afterwards in various
brain areas. This has been found in human (Golan et al.,, 2016) as well as animal studies
(Buisseret & Maffei, 1983; Gawne & Martin, 2000). The decrease and transient burst also
differs between blinks and external darkenings (Gawne & Martin, 2000; Golan et al., 2016).
Gawne and Martin (2000) compared suppression of V1 activity in rhesus monkeys during
reflex blinking. They compared blinks, darkening of the whole visual environment and also
interruptions of the stimulus. Although both blinks and external interruptions showed a
suppression in the firing rates of V1 neurons, the rate of decrease was faster and more
pronounced during blinks. Importantly, there was a transient burst of activity after the

suppression only for external changes which was observed in a sub-set of neurons (23 out of
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64) that they recorded. The authors emphasize that it is the suppression of this transient burst
that some neurons exhibit that distinguishes blinks from externally generated interruptions.
They conclude that this facilitates visual constancy across blinks. Similar results were found
for spontaneous blinks in a human ECoG study (Golan et al., 2016). These authors also found
a decrease in activity during and a transient burst of activity after both blinks and external
darkenings. However, they found that lower visual areas such as V1 did not differentiate
between the types of input changes (blinks vs external), but in higher visual areas, the
transient burst of activity was reduced for blinks. Note that, although the study by Gawne and
Martin (2000) found that activity in V1 can depend on whether a blink or external interruption

occurred, they only found this for a sub-set of neurons.

Power changes in various frequency bands during blinks

Apart from alterations in the spiking activity and BOLD responses, studies have also
found changes in power in various frequency bands, especially during spontaneous blinks.
This has been termed blink-related oscillations or BROs. Similar to the previous findings, the
focus has not been on uncovering the function of blinks but rather on understanding blink-
related suppression. Kern et al. (2021) found a broadband gamma (55-400Hz) power decrease
during a spontaneous blink (starting before blink onset) and an increase after blink offset,
while subjects completed a free-viewing task. The authors argued that the decrease in gamma
power represents the suppression of visual processing during a blink and the increase could
represent the recovery of visual perception and the resumption of visual processing. A number
of studies by Bonfiglio and colleagues also have addressed blink-related oscillations. For
instance, Bonfiglio et al. (2009) observed an increase in delta (0.5-3Hz) power during and after
a blink during rest, specifically in a time period (300ms) which according to the authors could

indicate the processing of environmental information. In another study, Bonfiglio et al. (2013)
32



1 General Introduction

discovered that this delta blink-related oscillation is localised to the precuneus particularly for
healthy subjects. Similar findings have also been reported by Liu et al. (2017). Note that the
precuneus has been hypothesized to be involved in information consolidation (Cavanna &
Trimble, 2006; Goldman-Rakic, 1988; Kawashima et al., 1995; Lundstrom et al., 2003). Apart
from delta oscillations, Bonfiglio and colleagues also demonstrated changes in alpha (8-12Hz)
(Bonfiglio et al., 2011) and low beta (12-18Hz) power (Bonfiglio et al., 2014). Regarding alpha,
they found three components: (i) an early blink-related synchronisation, which the authors
speculate could be due to the short-term memory maintenance of the last perception before
a blink, (i) a blink-related desynchronization in the same time-window as the delta band
changes (around 300 ms), which could be driven by the comparison of the older and newer
visual input and (iii) a late blink-related synchronization, which according to the authors could
represent neuronal recovery of the last perceived visual input before the blink. Regarding the
low beta blink-related change, Bonfiglio et al. (2014) observed, similar to their previous study
(Bonfiglio et al., 2013), that this change was present only for healthy subjects and not for

subjects with disorders of consciousness.

In summary, studies have found blink-related changes in the neural response as well
as blink-related power changes in different frequencies and various brain areas mainly related
to visual processing. As | mentioned earlier, the focus of these studies was to understand blink-
related suppression and not the actual functioning of blinks. But the results from the
behavioural studies have indicated that blinks might have a specific role, which is the
disengagement from external stimuli and a possible facilitation of internally directed
processes. Given these findings, it becomes crucial to examine if the on-going activity around
a blink is also dependent on the sensory processing state. But before one can answer this

guestion, we would first need to test if the neural correlates of blinks differs between sensory
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processing and no processing. Therefore, as a first step in the understanding of the function
of blinks through their neural correlates, | tested if blink related neural activity in the primary
visual cortex (V1) was dependent on the processing state i.e. on the presence and absence of
actively processed visual stimuli. To this end, in study 5, | analysed blink-induced changes in
V1 of three rhesus monkeys during active sensory processing vs. rest. The main research
qguestion here was: Would blink related activity in V1 be different while the monkey watches

a visual stimulus as opposed to the presentation of a blank screen during rest?

1.4 Overview of the presented work

Previous research had shown that blinks decrease around the presentation of a
stimulus. However, the reason for this consistent modulation of blink probability was not fully
understood. In study 1, the main aim was to test if the length of active blink suppression
represents the timing of external stimulus processing in the visual and auditory modality or in
other words, to test if mark the end of stimulus processing. To this end, participants were
presented with bilateral stimuli and had to judge is they appeared simultaneously or not. The
overall sensory input duration and the task-relevant sensory input duration were
independently manipulated during a comparable auditory and visual simultaneity judgement
task. | found that the length of blink suppression reflected the duration of the time required

to process the task relevant stimulus in both modalities.

Given that study 1 showed that blinks are suppressed during sensory processing
triggered by stimulus features, | wanted to test if blink reduction also occurs during the
internally introduced processing. To this end, | analyzed bistable perception, in which the
perceptual interpretation of the stimulus changes independent of any specific physical change

to the stimulus. The reinterpretation is likely based on refocused processing of the ongoing
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sensory input. Although previous studies have found that blinks decrease before switch
reports of bistable percept (Junji Ito et al., 2003; L. C. van Dam & R. van Ee, 2005), it has not
been established if the decrease represents the active processing of the stimulus. Therefore,
in study 2 and 3 | used bistable visual and auditory stimuli to test if blink decrease represents
the internal perceptual reprocessing of the stimulus. Importantly, in study 3, the visual
stimulus was conducted in normal light (Experiment 1) and complete darkness (Experiment 2)
to test for effects of the visual consequences of blinks. Additionally, external blanks (mimicking
blinks in terms of their rate and duration), which were either an external interruption of the
stimulus alone or a darkening of the environment were also added. The main results showed
a decrease in blinking before the switch report. Importantly, through the timing of the blank
induced change in switch rate, | present evidence that the decrease in blinking most likely
occurs during the internal re-interpretation. Notably, blinks were followed by a period of
stable percept, indicating that they mark the end of the processing, possibly introducing a

period of disengagement from sensory processing.

While blink reduction, which | will argue was based on a top-down driven suppression,
occurred when engaging with an external stimulus, one could assume that increased blinking
marks periods of sensory disengagement. Accordingly, | tested if blink rates correlate with
performance during internally driven processes. While previous studies had found that blinks
increase during tasks involving an internal focus (Salvi et al., 2015; Smilek et al., 2010) and also
specifically during creativity (Ueda et al., 2016), such relationship was only shown between
subjects. Study 4 investigated blinking during divergent thinking using the Guilford’s alternate
uses test or AUT (Guilford, 1967). Importantly, | tested the correlation between blink rate and

performance in a within subject design. A second factor tested was the influence of
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unrestricted movement and its interaction with blinking. | found that subjects with higher

blink rates performed better, but only during free movement.

The aim of study 5 was to explore changes in blink related neural activity in the visual
cortex depending on the processing state or particularly, during sensory processing vs rest. |
analysed the effect of blinks on the on-going activity of the neurons in the primary visual
cortex (V1) in three rhesus monkeys, while the animal was watching a movie compared to
while it was resting during the presentation of a blank screen. The data was obtained as part
of a collaboration with Beshoy Agayby of New Castle University and Dr. Michael Schmid from
the University of Fribourg. Analysing spike related multi-unit activity, frequency dependent
power changed, local field potentials and the laminar distribution of activity, | found a
difference in blink-related neural activity dependent on the processing state. This difference

suggests a state dependent function of blinks.
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2 Study 1: The Latency of Spontaneous Eye Blinks Marks Relevant

Visual and Auditory Information Processing

Eye blinks are influenced by external sensory and internal cognitive factors, as mainly
shown in the visual domain. In previous studies, these factors corresponded to the time-
period of task relevant sensory information and were often linked to a motor response. Our
aim was to dissociate the influence of overall sensory input duration, task-relevant
information duration and the motor response and further understand how the temporal
modulation of blinks compares between sensory modalities. Using a visual and an auditory
temporal judgement task, we found that blinks were suppressed during stimulus presentation
in both domains and that the overall input length had a significant positive relationship with
the length of this suppression i.e. with the latency of the first blink after stimulus onset.
Importantly, excluding the influence of the overall sensory input duration we could show that
the duration of task-relevant input had an additional influence on blink latency in the visual as
well as the auditory domain. Our findings further suggest that this influence was not based on
sensory input, but on top-down processes. We could exclude task difficulty and the timing of
the motor response as driving factors in the blink modulation. Our results suggest a sensory
domain independent modulation of blink latencies, introduced by changes in the length of the
task-relevant, attended period. Therefore, blinks not only mark the timing of sensory input or
the preparation of the motor output, but can also act as precise indicators of periods of

cognitive processing.

Copyright © 2021 Murali & Handel. This is an open access article distributed under the terms of the
Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original authors and source are credited. The official reference for this
material is: Murali, S., & Handel, B. (2021). The latency of spontaneous eye blinks marks relevant visual
and auditory information processing. Journal of Vision, 21(6), 7-7. Headlines, figure and experiment

numbering were adapted to exclude ambiguities in this thesis.
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2.1 Introduction (Study 1)

Humans spontaneously blink about 10-15 times a minute (Burr, 2005; Doughty, 2001;
Kaminer et al., 2011). Although a main function of these blinks is to maintain the corneal tear
film, their frequency is much higher than what would be required for that purpose (Kaminer
et al., 2011; Zametkin et al., 1979). Importantly, these blinks do not occur randomly in time
but show a specific modulation. Blink probability is reduced during the presentation of
important sensory information and is increased after the offset of the sensory input (Bonneh
et al., 2016; D.-K. Cong et al., 2010; Hoppe et al., 2018; Oh, Jeong, et al., 2012; Siegle et al.,
2008; Edmund Wascher et al., 2015). This is also true for the auditory domain (Lance O Bauer
et al., 1985; S. O. Kobald et al., 2019; Oh, Jeong, et al., 2012). In most of these studies, the
sensory input was task-relevant and the effects of task-relevant factors and the sensory offset
coincided with a task-related motor response. Therefore, while the pattern of blink
modulation is well described, it is not clear if it is driven by a sensory input induced bottom-
up process, by cognitively defined task-demands, or if it is linked to the motor response. We

shortly review what is known about the influence of these processes on blink modulation.

Sensory input clearly affects blinking (Bonneh et al., 2016; Doughty, 2001). Bonneh et
al. (2016) showed that the length of blink suppression during stimulus presentation is longer
for stimuli with lower contrast and higher spatial frequency. Nevertheless, it has been
suggested that the modulation of blinking is mediated by attentional mechanisms. The
decrease of blinks has been discussed to reflect attention allocation and the subsequent
increase to represent the point when all information processing has been completed (Edmund
Wascher et al., 2015). Along the same lines, blinks have been shown to be influenced by task
relevance as well as task difficulty. The increase in blink probability following stimulus

presentation is lower if no task is involved and therefore no attention is needed to be directed
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towards the sensory input (Brych & Handel, 2020). Accordingly, attention could be the driving
factor in explaining why the suppression of blinks during sensory input is stronger for more
difficult tasks (Oh, Jeong, et al., 2012). The literature clearly indicates that blinking can be
modulated by top-down processes, but how much of this effect is related to the presence of
sensory input itself is not known since the duration of sensory input usually coincided with the

duration of task-relevant input.

Despite sensory input based effects, indication exists that blink modulation can also
happen independent from sensory input. A study by Hoppe et al. (2018) showed that a mere
expectation of a stimulus could already introduce a reduction in blink probability, meaning
that the sensory input itself is not necessary to drive the modulation. Such a reduction, which
is due to the expectation of the input, can also be modulated by attentional factors. The
decrease preceding stimulus presentation has been shown to be stronger if attention is
directed towards expected visual input compared to auditory input despite the fact that in
both conditions identical audio-visual stimulation would follow (Brych & Handel, 2020). These
findings indicate that blink modulation can be somewhat independent from the sensory input.
However, it has not been tested how much the top-down modulation during stimulation

depends on the sensory input itself.

Stimulus and task-relevant factors have not been disentangled within a single task. This
is also true considering possible effects of the motor output. Although it has been found that
tasks that do not require a motor response still lead to a modulation in blinks (Brych & Handel,
2020; S. O. Kobald et al., 2019; Edmund Wascher et al., 2015), other studies have found that
blinks are in fact modulated around the motor response (Lance O Bauer et al., 1985; Oh, Jeong,
et al., 2012). Additionally, blinks have been shown to be entrained by the motor response

when participants engage in self-paced rhythmic finger tapping without external sensory cues
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(D.-K. Cong et al., 2010). Considering both motor and task-related factors, Colzato et al. (2007)
showed that blink rates reflect the strength of visuomotor binding between a task-relevant
visual stimulus and a key press. The question remains if an executed task related motor

response influences blink timing.

Our goal was to understand and disassociate the influence on blinking that stems from
bottom-up sensory driven effects, the timing of the task related response and top-down
influences, specifically focusing on the cognitively defined time of task-specific sensory
information. To this end, we independently manipulated overall sensory input duration and
the task-relevant sensory input duration during a comparable auditory and visual simultaneity
judgement task. To secure comparable performance between the two modalities, smaller
differences between the timing of the bilateral stimuli were used in the auditory task, since
temporal processing has been shown to be better for the auditory domain (Kanabus et al.,
2002). Additionally, since low level stimulus features have been shown to effect blinking
(Bonneh et al., 2016), we conducted the experiments in complete darkness. Importantly, since
there is a qualitative difference between bilateral simultaneous visual and bilateral
simultaneous auditory stimuli due to binaural fusion, we analyzed and discuss the influence
of this specific case separately. We hypothesized that blinks mark the active processing period
of task relevant input, independent of the overall stimulation duration and independent of
the timing of the planned or executed motor output and further predicted a comparable

timing between modalities.

2.2 Methods

Eighteen subjects (4 males) between the ages of 18-35 years participated in the study.

All participants gave their written informed consent and received either payment or study
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credit for their participation. The study was approved by the local ethics committee and was

in line with the European general data protection regulations (DSVGO).

The mobile SMI Eye tracker glasses (ETG 2W Analysis Pro- 120Hz) were used to record
eye data. The responses were given via two buttons connected to a response box (model: K-
RB1-4; The Black Box ToolKit Ltd, UK), which in turn was connected to a Dell Precision (M6700)
laptop via a USB cable. The experiment and the analysis were coded in MATLAB 2012 and
2015a respectively, using the Psychtoolbox extensions (David H Brainard, 1997; M Kleiner et
al., 2007b; Denis G Pelli, 1997). All data streams were recorded using the Lab Streaming Layer,
LSL (https://github.com/sccn/labstreaminglayer) along with the LabRecorder (version 1.12b).
Note that the visual condition was always tested first. The experimental room was completely
dark as we used a light-tight EEG booth with internal ventilation. The infrared light of the eye
tracker did not extend into the visible range, all internal light sources were turned off or
carefully wrapped in light-tight material and no light could be detected even after staying 10

minutes inside the room.

2.2.1 Visual Condition

Participants

Of the 18 subjects, two were excluded for the visual condition because of an overall
response accuracy of below 10% and a mean blink rate of below 1 blink per minute

respectively.

Procedure

The visual stimulus was presented using three red light emitting diodes (LEDs) with a
diameter of 4mm, placed at eye level using magnets on a horizontally mounted metal ruler at

a distance of 50 cm from the participant. The central LED was only turned on at the start of
41



2. Study 1

the experiment and switched off during the trials. It served to help subjects keep fixation in
between the two lateral LEDs. The other two LEDs were placed on either hemifield, each at 11
degrees from the central fixation. During each trial, the two stimuli (LEDs) were turned on at
the same or at different times with inter-stimulus intervals (ISI) ranging from 0 to 0.2s in steps
of 0.02s. The 0 ISl indicates that both stimuli turn on simultaneously. In the non-simultaneous
trials (ISI # 0), the left stimulus appeared first in half of the trials. The order of the different
trials (simultaneous and non-simultaneous, left first or right first) was randomized for each
subject. After their onset, the two stimuli remained on for 0.4, 0.5 or 0.6s, which is referred
to as the stimulus ON-time, until both were turned off simultaneously. The ON-time was
randomly assigned for every trial and was added to the ISI here, but not in the auditory
condition (see section 2.2). To further add to the unpredictability of the next trial, we jittered
the next stimulus onset by randomly adding an inter-trial interval between 0.5 and 0.6s after

the offset of the two stimuli in the current trial (see Figure 1).

The participants had to indicate whether the two lights appeared simultaneously or
not, by pressing either a left or a right button (randomly assigned for each subject) with their
dominant hand, as fast as possible at any time during the trial. There were a total of 1012
trials, presented in two sessions (11 ISIs*46 trials * 2 sessions). To avoid excessive fatigue,
given the complete darkness of the environment, we included five mandatory breaks (two
during each session and one between sessions) that were taken inside the dark chamber,

wherein participants were allowed to relax and close their eyes if needed.
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2.2.2 Auditory Condition

Participants

Of the 18 subjects tested, one subject was excluded for a low blink rate (<1 blink per
minute). For the analysis regarding ON-time and IS, six additional subjects were excluded due
to missing information. Due to a programming error, the trigger information for the ON-time

and ISl of was not recorded for these subjects.

Procedure

The auditory stimulus was presented using the Sennheiser PC3 headset along with the
Steinberg UR22mk Il external soundcard and consisted of two pure tones of 500 Hz, with no
on/off ramps, presented to each ear. During each trial, the two stimuli turned on at the same
or at different times with inter-stimulus intervals (ISI) ranging from 0 to 0.1s in steps of 0.01s.
Similar to the visual condition, the 0 ISl indicated that both stimuli turn on simultaneously. In
the non-simultaneous trials (ISI # 0), the left stimulus (presented to the left ear) appeared first
in one half of the trials. The order of the different trials (simultaneous and non-simultaneous,
left ear first or right ear first) was randomized for each subject. The duration of the entire
stimulation period (from onset of the first stimulus until the offset of both stimuli) was
randomly assigned to the trials and lasted 0.4, 0.5 or 0.6s. This period was termed as ON-time.
Unlike in the visual condition, the ON-time was not added to the ISI. After this period, both
tones were turned off simultaneously. To further add to the unpredictability of the next trial,
we jittered the next stimulus onset by randomly adding an inter-trial interval between 0.5 and

0.6s after the offset of the two stimuli in the current trial (see Figure 1).

The participants had to indicate whether the two sounds appeared simultaneously or

not, by pressing either a left or a right button (randomly assigned for each subject) with their
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dominant hand, as fast as possible at any time during the trial. There were a total of 506 trials
(11 ISIs*46 trials * 1 session). To avoid excessive fatigue, we included two mandatory breaks

that were taken within the dark chamber.

VISUAL

ISI: 0-0.2s ON-time

ITI (0.5 to 0.65)

AUDITORY

v

ON-time  0.4/0.5/0.6s

Did the stimuli appear simultaneously? (Left or Right key) |

...........................................................................................................

Figure 1. Stimulus and Task during the visual and the auditory condition. The ISIs (Inter-
stimulus Interval) ranged from 0 to 0.2s in the visual and 0 to 0.1s in the auditory condition.
Subjects had to judge whether the two stimuli appeared simultaneously or not. The ON-
time was randomly assigned as 0.4, 0.5 or 0.6s, but was added to the ISl in the visual and
not the auditory condition. Stimuli were turned off simultaneously. The ITI (Inter-trial
Interval) ranged from 0.5 to 0.6s and was randomly assigned after the offset of the
stimulus.

2.2.3 Stimulus Timing Test

Before we started the data collection, we tested our devices to make sure that the
timing was precise. This was done using a photodiode for the visual stimulus and an audio
output recorder that measured the audio output directly from the audio jack. The results of

this test can be found in the supplementary material (Figure S12).
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2.3 Analysis

2.3.1 Blink Detection

We computed a blink detection algorithm similar to previous studies (Brych & Handel,
2020; Brych et al., 2020, 2021), based on the pupil radius data. We first z transformed the
radius data. After this a blink was detected if either 1) data from both eyes were missing or 2)
if data from one of the eyes was missing and the other eye had a z-value below a certain
threshold (-1, -2 or -3, set individually because of considerable difference in signal to noise
ratio in the data). The onset and the offset of the blink were then extended until the pupil radii
of either of the two eyes were higher than the set threshold. Blinks that were less than 100ms

apart were combined. Lastly, blinks with durations longer than 0.5s were discarded.

2.3.2 Blink rates (time resolved)

To visualize the modulation of blinking during a task, we plotted the mean blink
modulation against the trial onset i.e. the onset of the first stimulus (Figure 4). We calculated
the normalized mean number of blinks in each time window (0.1s, non-overlapping) by first
dividing the mean number of blinks in that time window by the mean number of blinks in all
time windows for each subject. The global mean was then taken over all subjects for each time

window.

2.3.3 Blink latency

To test which factor influenced blink latency, we calculated (as dependent variable)
the latency of the first blink from the onset of the trial (i.e. onset of the first stimulus). The
Kolmogorow-Smirnow-Test (KS-Test) revealed a non-normal distribution of blink latencies for
both the visual (KS-stat = 0.64, p<.0001) and the auditory (KS-stat = 0.5506, p<.0001)

condition. Therefore, a log-transformation was applied. Additionally, log transforming all
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positive values has been recommended to improve the fit and predictive power of linear
models (Gelman & Hill, 2006). We then conducted separate repeated-measures two-factor
analysis of covariance (ANCOVA) for the visual and auditory condition to analyze the effect of
the categorical variables ON-time (0.4, 0.5, 0.6s) and reaction time (Low and High, segregated
for each subject according to the median RT of that subject) and the continuous predictor ISl
(0.02 to 0.2s ISl for the visual and 0.01 to 0.1s ISl for the auditory) on the log-transformed blink

latencies.

2.3.4 Reaction time

With regard to the influence on the motor output on blink latency, to test if there is a
correlation on an individual level, we included a linear regression between blinks latency and
reaction time for each individual subject. Additionally, to understand how stimulus and task
features influence the reaction time, we conducted a one-factor analysis of covariance
(ANCOVA) with the categorical variable ON-time (0.4, 0.5, 0.6 s) and the continuous predictor
ISI (0.02 to 0.2s ISl for the visual and 0.01 to 0.1s ISl for the auditory) on the reaction time.
Similar to the analysis on blink latency, we log transformed reaction time for both the

individual regressions as well as the ANCOVA.

2.4 Results

2.4.1 Overall Performance (accuracy)

The overall mean accuracy and reaction time for the visual condition were 48.5% (SD
=15.4%) and 0.56s (SD = 0.22s) respectively; and for the auditory condition were 63.8% (SD =
22.5%) and 0.5s (SD = 0.14s) respectively. As predicted, for both the visual and the auditory
condition, the accuracy was high for the 0 ISI. As further expected, the accuracy increased with

increasing ISls (for ISls above 0) (Figure 2a and b). Regression analysis showed a significant
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linear relationship between accuracy and ISl (calculated without the 0 ISI) for both the visual
(R?=0.98, b=0.02, F(1,8) = 361.1, p < .001) and the auditory (R?= 0.90, b = 0.4, F (1,8) = 72.4,

p < .001) condition.

Visual Audito
a) 100 b) 100 ¢ 'ry .
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Figure 2. Accuracy plotted against the ISI. a) For the visual condition (N=16) b) For the

auditory condition (N=11). Error bars represent standard errors.

2.4.2 General Blink Parameters (overall rate and duration)

The mean blink rate during the visual condition was 11.05 per minute (SE = 3.5) and
during the auditory condition it was 14.7 per minute (SE = 3.7), as shown in Figure 3. A T-test

showed a significant difference between the blink rates of the domains (t (14) = 2.3, p =.03).
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Figure 3. Mean blink rates (or blinks per minute) during the visual (N=16) and the auditory

(N = 17) condition. Error bars represent standard errors. The asterisk symbols represent

data of each subject.

2.4.3 Time Resolved Blink Rates

To visualize the modulation of blinking throughout the trial, we looked at the
normalized mean number of blinks from 0.2s before the trial onset to 2s after the trial onset
for both the modalities (Figure 4). Trial onset was defined by the onset of the first stimulus.
The purpose was to see if we can replicate the previously described modulation in the visual
domain and if it occurs similarly in the auditory domain. The graphs show a similar modulation

in both modalities with an increase in blinks starting about 0.3s and lasting until 1.2s after the

trial onset.
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Figure 4. Normalized mean number of blinks during the visual and the auditory condition
around trial onset (i.e. onset of the first stimulus of the pair). The x-axis represents timing
with 0.1s non-overlapping windows. The y-axis represents the normalized mean number
of blinks in each window over all subjects. The normalized mean was calculated by first
taking the mean number of blinks in each 0.1s bin and dividing that by the mean number
of blinks in all bins for each subject and finally taking the mean for each bin over all
subjects. Therefore, a value of 1 would be the baseline number of blinks. The colored

regions represent the standard error.

2.4.4 Blink Latency

To test which factors (overall stimulus i.e. ON-time, task-relevant period i.e. ISI, and
motor output i.e. reaction time) have an influence on blink latency, we conducted a repeated-
measures two-factor analysis of covariance (ANCOVA) for the visual and auditory modality

separately.

Our results from the ANCOVA showed that there was a significant main effect of ON-
time and ISI, but not for reaction time, in both the modalities. Specifically, for the visual

condition, there were significant effects of ON-time (F (2,502) = 8.5, p = .0002) and ISI (F

49



2. Study 1

(1,502) = 14.8, p = .0001), but not reaction time (F (1,502) = .02, p = .88). Similarly, for the
auditory, there were significant effects of ON-time (F (2,357) = 3.13, p =.04) and ISI (F (1,357)
=5.38, p=.02), but not reaction time (F (2,357) = 5.8057e-04, p = .9). The individual influences

and the corresponding post-hoc tests are presented in detail below.

Factor ON-time

Figure 5a and b show the mean blink latency (log-transformed) for both the visual and auditory
condition. For the visual ON-times, post-hoc t-tests revealed significant differences between
0.4s and 0.6s (t (15) = 3.7, p =.002), 0.5s and 0.6s (t (15) = 3.4, p = .003), but not 0.4s and 0.5s
(t (15) = 1.9, p = .07). For the auditory condition, there were significant differences between
the 0.4sand 0.5s (t (10) = 3.4, p=.007) and 0.4s and 0.6s (t (10) = 2.7, p =.02), but not between
the 0.5s and 0.6s (t (10) = .74, p = .5). Please see supplementary material, Figure S1, for

individual data.
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Figure 5. The effect of ON-time (overall stimulus duration) on blinks. Blink latency for the
three ON-times in a) the visual (N=16) and b) the auditory (N =11) condition. The x-axis
shows the ON-times and the y-axis shows the log transformed blink latency (onset of first
blink after trial onset). Error bars represent standard errors. The ANCOVA revealed a
significant influence in both the visual (F (2,502) = 8.5, p =.0002) and the auditory (F (2,357)

= 3.13, p = .04) domain. Supplementary material Figure S1 shows individual data. The

asterisks mark a significant post-hoc comparison.

Factor ISI

Figure 6 a and b show blink latency plotted against the ISl for both the visual and
auditory modality. In the supplementary material, we show this relationship for each ON-time
(Figure S7) and each RT (Figure S8). Based on the results from the ANCOVA, it is clear that blink
latencies increase with increasing ISls. Note that, all subjects did not contribute to all ISIs in
the auditory condition, because no blink was executed for some of the trials and therefore,
no latency could be calculated. Please see supplementary material (Figure S2) for individual
data.
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Figure 6. The effect of ISI (task-relevant input) on blinks. Blink latency plotted against the
ISIin a) the visual (N=16) and b) the auditory (N =11) condition. The x-axis shows the ISls
and the y-axis shows the log transformed blink latency (onset of first blink after trial onset).
Error bars represent standard errors. The ANCOVA revealed a significant effect in both the

visual (F (1,502) = 14.8, p = .0001) and the auditory (F (1,357) = 5.38, p = .02) domain.

Supplementary material Figure S2 shows individual data.

Since the ISl in the visual task was added to the ON-time, i.e. both factors defined the
total stimulus duration, we wanted to see if the effect of the ISI on the blink latency was indeed
due to increasing task-relevant information processing or merely due to its effect on the
timing of the offset. Hence, we took only those trials wherein the first blink occurred before
the end of the ON-time in the visual task (Figure 7). A linear regression model still showed a
significant effect of ISI on blink latency (F(1,125) = 12.1, r? = .2, p = .0005). Note that, since
only blinks before offset were taken into account, the number of usable data points is reduced

as not all subjects contributed to all ISls, since for some subjects no blink was executed at all
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and therefore no latency could be calculated. Please see the supplementary material (Figure

s3).
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Figure 7. The effect of ISI (task-relevant input) on blinks occurring before the offset. Blink
latency plotted against the ISl in the visual condition (N=16). The x-axis shows the ISls and
the y-axis shows the log transformed blink latency (onset of first blink after trial onset but
only if this blink occurred before stimulus offset). Error bars represent standard errors. A
linear regression model showed a significant effect (F (1,125) = 12.1, r?> = .2, p = .0005).

Please refer to supplementary material Figure S3 for individual data.

As motivated in the introduction, the 0 ISI was excluded from the ANCOVA and
compared separately to the highest ISI. Note that it breaks from the pattern observed in Figure
8 in the auditory, but not in the visual condition. A T-test showed that there was a significant
difference between the 0 and 0.2s ISl in the visual (t (15) = 5.8, p = 3.5989e-05), but not in the

auditory (t (10) = .14, p = .9) condition.

53



2. Study 1

Q

) b)

€ 0. Visual = 0. Auditory

L o

w * wn

o= c

o o

5 -0.2 7 -0.2

()] (@)}

i) i)

3 5

c -04 c -04

e L

L Y

X X

S -0.6 - £ -06 :

aa] 0 0.2 m 0 0.1
ISI [s] ISI [s]

Figure 8. Blink latency plotted against the 0 vs. highest ISls in a) the visual (N=16) and b)
the auditory (N =11) condition. The x-axis shows the ISls and the y-axis shows the log
transformed blink latency (onset of first blink after trial onset). Error bars represent
standard errors. T-tests revealed a significant difference in the visual (t (15) = 5.8, p =
3.5989e-05), but not in the auditory (t (10) = .14, p = .9) condition. Supplementary material

Figure S4 shows individual data.

To see if the blink latency in the auditory domain was driven by the offset of the
stimulus, we exclusively looked at the blinks that occurred after stimulus offset (Figure 9) and
conducted a two-factor ANCOVA (excluding 0 ISl), which revealed no significant effect of ISI (F
(1,305) = .9, p =.3). Therefore, we concluded that the ISl had no influence on the blink latency.
However, the 0 ISI had a higher latency than the rest. A T-test between the 0 and 0.1s ISI
revealed a p-value of .05 (t (9) = 2.2, p =.05). Note that we specifically looked at the auditory
condition here because the visual ISl added to the offset time. Since only blinks after stimulus
offset were taken into account, the number of usable data points was reduced because not
all subjects contributed to all ISls. Please see the supplementary material for the individual

data (Figure S5)
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Figure 9. Blink latency plotted against the ISIs (a) and for the 0 and 0.1s ISI (b) in the
auditory condition (N=10, one subject had no blinks after stimulus offset for the 0 ISI). Only
those blinks that occur after stimulus offset were included. The x-axis shows the ISIs and
the y-axis shows the log transformed blink latency (onset of first blink after trial onset but
only if this blink occurred after stimulus offset). Error bars represent standard errors. A
two-factor ANCOVA (excluding 0 ISI) revealed no significant effect of ISI (F (1,305)=.9,p =

.3). A t-test between the 0 and the 0.1s ISl revealed a p-value of .05 (t (9) = 2.2, p = .05).

Supplementary material Figure S5 shows individual data.

Factor RT

Figure 10 shows the blink latency (log-transformed) for the trials with high and low
reaction times. Reaction times were divided for each subject based on the median reaction

time of all trials for that specific subject. The ANCOVA showed no significant influence in either

domain.
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Figure 10. The effect of reaction time. Blink latency for the low and high reaction times in
a) the visual (N=16) and b) the auditory (N =11) condition. The x-axis shows reaction times
and the y-axis shows the log transformed blink latency (onset of first blink after trial onset).
Error bars represent standard errors. The reaction times were segregated for each subject
based on the median reaction time of all trials of that subject. Note that the ANCOVA
showed no effect in both the visual (F (1,502) = .02, p = .88) and the auditory (F (2,357) =

5.8057e-04, p = .9) domain. Supplementary material Figure S3 shows individual data.

Although the reaction time (as divided in two categories, low and high) did not have a
significant effect on the blink latency, there could still be a correlation on an individual level.
We, therefore, conducted a two-sided linear regression between blinks latency and reaction
time for each individual subject. Figure 11 shows the beta-values from the regression for each
subjects, with stars representing subjects that showed a p-value above 0.05 for the regression
analysis and circles representing those that did show a p-value below 0.05. Supplementary
material (Table S1 and S2) show the beta-values, r2 values, F-values and the p-value for each

individual subject for the visual and auditory condition.
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Figure 11. Beta-values from linear regressions conducted on blink latency vs reaction time

for each subject separately (N=16 for visual and N=17 for auditory). Asterisk symbols

represent subjects that showed a p-value above 0.05 for the regression analysis and circles

represent subjects that showed a p-value below 0.05.

2.5 Discussion (Study 1)

Using an auditory and a visual simultaneity judgment task, our study shows a

temporally precise modulation of blink latency, influenced by sensory as well as cognitive

factors in both the auditory and visual domain. Specifically, periods of stimulus presentation

were associated with a low blink rate, followed by an increase after the offset. Our aim was to

understand what influences this modulation, by investigating the duration of this blink

suppression. To this end, we specifically looked at the influence of the following factors on the

blink latency: the duration of the overall sensory input, the time of the manual response

(reaction time), the duration of the task specific sensory input (ISI), and indirectly at task

difficulty. An understanding of whether these factors have similar influences across

modalities, using comparable tasks, is missing to date.
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The overall sensory input duration showed a robust effect since longer stimulus ON-
times led to an increased blink latency (Figure 5). A modulation of blinking due to sensory
input has been reported before in both, the visual (Oh, Jeong, et al., 2012; Siegle et al., 2008)
as well as the auditory domain (Oh, Han, et al., 2012; Oh, Jeong, et al., 2012). The low blink
rate during sensory input has been interpreted as an active suppression, which is then
followed by a rebound (Bonneh et al., 2016; Hoppe et al., 2018; Oh, Jeong, et al., 2012). Our

results further strengthen the domain generality of this sensory induced effect on blinking.

Importantly, our results show that the influence on blink latency goes beyond just the
sensory input duration. We found that task-specific sensory input (ISI) was significantly
associated with increasing blink latencies independent of the overall sensory input duration
(auditory: Figure 6b, visual: Figure 7). There are several possibilities that might underlie the
influence of the ISI: change in sensory input, task difficulty and the duration of task relevant

input.

Any change of sensory input might modulate blinking. In our task, there are three
changes in sensory input: the onset of stimulus one, the onset of stimulus two and the offset
of both stimuli. That the offset modulates blink latency, we have discussed above. Further,
since the onset of the first stimulus is identical for all ISls it cannot explain the influence of ISI.
We therefore can conclude that it is specifically the second stimulus shaping the mean latency
of the first blink. However, data from the auditory domain suggests that the blink latency is
not driven by the second bottom up sensory onset time that is defined by the ISI. For visual
stimuli, two spatially non-overlapping but temporally overlapping signals can be perceived
easily as two separate inputs. However, when two auditory signals are sufficiently temporally
correlated between the ears they are fused and interpreted as a single auditory event. This is

referred to as binaural fusion (Blauert, 1938; Broadbent, 1955; Leakey et al., 1958). The 0 ISI
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in the auditory domain, therefore has a separate left and right ear input but results in a single
perceived onset. If it were indeed the sensory input driving the blink latency for 0 ISI, we would
expect a short blink latency after visual and auditory stimulus onset. However, the data
suggest an increased blink latency for 0 ISI condition in the auditory domain (Figure 9),
indicating that the influence of ISl is not based on a bottom-up effect of sensory offset but on

the perception on the first and second stimulus in order to solve the task.

The specific case of 0 ISI further helps us to exclude effects related to task difficulty.
Please note that in order to influence the blink latency within an ongoing trial, the difficulty
must be perceived during this period. In our paradigm, the accuracy did not linearly correlate
with the perception of task difficulty. For example, for short ISls, the probability of indicating
a simultaneous appearance was way above chance level. So subjects mostly perceived it
wrongly, but as they did not receive feedback, they likely thought their response to be correct
and therefore did not consider it as difficult. Additionally, as no feedback was provided, the
perceived task difficulty could not be adapted. Therefore, it is rather response probability than
the accuracy that marks the perceived task difficulty. The auditory O ISI has a similar task
difficulty than visual 0 ISI (namely above 80 % response probability for simultaneous
judgment). However, as the blink latency behaves differently for auditory and visual 0 ISls, we
conclude that task difficulty cannot be the driving factor. Additionally, the previously
described influence of task difficulty (Drew, 1951; Goldstein et al., 1992; J. Veltman & A.
Gaillard, 1998), always showed a positive correlation with blinking, i.e. the harder the task the

later the blink. The visual 0 ISI condition clearly shows a different trend.

As we have reasoned above, our findings suggest that it is not task difficulty related
effects, nor bottom-up sensory onset effects that underlie the ISI driven modulation of blink

latency. However, our data is in line with the interpretation that the duration of task-relevant
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input influences blink latency. While in the visual domain, the task-relevant input duration
increases with ISI, this is also true for the auditory domain except for the 0 ISI. Synchronous
auditory inputs would usually be fused and only after the assurance that no second stimulus
was presented, the subject could conclude that the first input must have consisted of two
stimuli. This increases the processing time required for auditory simultaneous input. An
influence of the duration of task relevant input therefore can explain the observed pattern of
blink latency as well as the prolonged latency following 0 ISl in the auditory domain. Of course,
the timing needed to process the task-relevant information is closely related to attentional
allocation towards this processing. Indeed, it has been argued that the suppression of blinks
is associated with increased attention towards sensory input and the subsequent increase in
blinks has been argued to mark the end of the attentional period i.e. when all information
processing is completed (S. O. Kobald et al., 2019; Edmund Wascher et al., 2015). Our findings
strengthen such interpretation by showing effects that are independent of the overall sensory
input duration. Additionally, our data show that it is a domain general top-down effect on

blink suppression.

Finally, our results showed that reaction time is largely independent from blink latency.
As seen in Figure 11, only three out of 16 subjects in the visual and one out of 17 subjects in
the auditory condition showed a significant relationship between reaction time and blink
latency. Interestingly, some showed a negative relationship while others showed a positive
one. This suggests that individual differences drives the relationship between blinks and motor
responses. Studies have argued for a link between blinks and button presses since they involve
overlapping brain regions (D.-K. Cong et al., 2010) and activate overlapping medial frontal
structures (Hanakawa et al., 2008). Additionally, the supplementary motor area has been

shown to be involved in different endogenous motor actions (Halsband et al., 1993) as well as
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endogenous blinks (Jenkins et al., 2000). Hence, individual differences in the amount of
activation and overlap between these different cortical areas might mediate the relationship
between blinks and motor responses. Another relevant individual difference might be related
to dopamine. Striatal dopamine level has been shown to be positively correlated with the blink
rate (Karson, 1983; Taylor et al., 1999) while it shows a negative correlation with reaction time
(Pullman et al., 1988; Rihet et al., 2002). An individually high or low dopamine level might
therefore boost a specific relationship between blinking and other motor responses. Future
studies are needed to identify the factors that lead to individual occurrences of a co-

modulation between different motor outputs.

In summary, while a decrease in blinks was mainly associated with sensory input, our
results show that minute changes of task relevant information length, independent of ongoing
sensory stimulation, modulate blink behavior in the auditory as well as in the visual domain.
Our study therefore, highlights domain general top-down influences that can precisely
modulate the timing of blinking, mapping small temporal changes in sensory-attentional

demands.
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2.6 Supplementary material (Study 1)
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Figure S1 shows individual data for the blink latency (log transformed) for the 3 ON-times
(400, 500 and 600ms) for both the visual and auditory task. Averaged data are shown in Figure

5 of the manuscript.
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Figure S2 shows individual data for the blink latency (log transformed) for the different ISIs for

both visual and auditory. Averaged data are shown in Figure 6 of the manuscript.
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OV_isual (Blinks before stimulus offset)
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Figure S3 shows individual data for the blink latency (log transformed) plotted against the ISI

in the visual task, the averaged data is shown in Figure 7 of the manuscript. Only those blinks

that occur before the stimulus offset (after ISI plus ON-time) are taken into account.
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Figure S4 shows individual data for the blink latency (log transformed) for the 0 and highest

ISI for both visual and auditory. Averaged data are shown in Figure 8 of the manuscript
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Auditory (Blink after offset)
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Figure S5 shows individual data for the blink latency (log transformed) plotted against the ISls
(left) and the 0 and 0.1s ISI for the auditory condition. Averaged data are shown in Figure 9 of

the manuscript. Blinks that occur only after the offset are included.
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Figure S6 shows individual data for the blink latency (log transformed) for the low and high
RTs (Based on median RT) for both visual and auditory conditions. 1 stands for low and 2

stands for high RT. Averaged data are shown in Figure 10 of the manuscript.
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Blink latency for each 1Sl and ON-time, and for each ISI and RT combinations
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Figure S7 shows Blink latency vs ISI for each ON-time for both the visual and the auditory

conditions.
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Figure S8 shows Blink latency vs ISl for the high and low reaction times (RT) for both the visual

and the auditory conditions.
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Figure S9 shows Blink latency vs ON-time for each ISl in the visual condition.
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Reaction time for the different ON-times and reaction times
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Figure S10 shows log-transformed reaction time for the different ON-times for both the visual

and the auditory conditions.
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Figure S11 shows log-transformed reaction time for the different ISIs for both the visual and

the auditory conditions.
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ANCOVA results:

1. For the visual, there is a significant effect of ISI (F(1,527) = 26.8, p =.0001) but not ON-time

(F(2,527) = 2.4, p =.09) and no interaction (F(2,527) = 0.92, p=.40)

2. For the auditory there is no significant effect of ISI (F(1,681) = 1.47, p = .25), but significant

effect of ON-time (F(2,681) = 5.71, p =.004) and no interaction (F(2,681) = 2.8, p = .06).

Stimulus timing test results
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Figure S$12 results from the stimulus timing test. The x-axis represents the trials. Each trial is
defined by a different stimulus duration that we define in the experimental program. The y
axis represents the difference between this predefined duration and the actual duration
recorded by the photodiode or the audio-output recorders, respectively (i.e. Actual time —

Time defined in experimental program) in seconds.

The results of the test revealed that the mean difference (over the trials) between the
experimental input and the actual recording for the visual was 0.0017s (SD = 5.9265e-04s)
and the auditory was 1.5364e-04s (SD = 3.1789e-04). Both domains therefore show an

temporal accuracy of below 2 ms including stimulus on- and offset.
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Table S1

Results from the individual regressions for blink latency vs response time for the visual

condition. Note that two subjects had been excluded (see Methods).

Subject Beta R? F p
number

1 -0.25 0.01 1.2 0.26

2 -0.37 0.01 1.8 0.17

3 - - - -

4 0.5 0.21 18.1 6.59e-05*
5 -0.18 0.005 0.69 0.41

6 -0.75 0.06 6.4 0.01*

7 -0.08 0.02 1.25 0.26

8 -0.02 0.0002 0.09 0.76

9 0.05 0.004 0.57 0.45

10 -0.08 0.006 0.404 0.53

11 0.04 9.25e-05 0.05 0.82

12 0.5 0.07 44.08 7.3e-11*
13 0.2 0.01 0.46 0.5

14 0.03 0.0001 0.05 0.82

15 0.02 0.0004 0.02 0.873

16 - - - -

17 -0.64 0.05 2.5 0.11

18 0.09 0.01 2.81 0.1
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Table S2

Results from the individual regressions for blink latency vs response time for the auditory

condition. Note that one subject had been excluded (see Methods).

Subject Beta R? F p
number

1 0.57 0.1 12.3 0.001*
2 -0.2 0.001 0.13 0.71
3 -0.92 0.1 3.5 0.07
4 0.46 0.04 1.9 0.17
5 -0.07 0.03 3.14 0.08
6 -0.81 0.1 3.7 0.06
7 -0.56 0.04 2.1 0.1
8 - - - -

9 -0.07 0.004 0.1 0.74
10 -0.15 0.01 0.76 0.38
11 -0.16 0.01 1.87 0.17
12 0.07 0.0002 0.07 0.77
13 -0.53 0.08 2.12 0.15
14 0.09 0.003 0.91 0.34
15 0.13 0.005 0.34 0.55
16 0.15 0.01 3.5 0.06
17 -0.005 1.5e-05 0.001 0.97
18 0.22 0.02 3.22 0.07
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3 Study 2: The role of blinks, microsaccades and their retinal

consequences in bistable motion perception

Eye related movements such as blinks and microsaccades are modulated during
bistable perceptual tasks. However, if they play an active role during internal perceptual
switches is not known. We conducted two experiments involving an ambiguous plaid
stimulus, wherein participants were asked to continuously report their percept, which could
consist of either uni-directional coherent or bi-directional component movement.

Our main results show that blinks and microsaccades did not facilitate perceptual
switches. On the contrary, a reduction in eye movements preceded the perceptual switch.
Blanks, on the other hand, thought to mimic the retinal consequences of a blink, consistently
led to a switch. Through the timing of the blank-introduced perceptual change, we were able
to estimate the delay between the internal switch and the response. This delay further
allowed us to evaluate that the reduction in blink probability co-occurred with the internal
perceptual switch. Additionally, our results indicate that distinct internal processes underlie
the switch to coherent vs. component percept. Blanks exclusively facilitated a switch to the
coherent percept, and only the switch to coherent percept was followed by an increase in
blink rate. In a second study, we largely replicated the findings, and included a microsaccade
analysis. Microsaccades only showed a weak relation with perceptual switches, but their
direction was correlated with the perceived motion direction. Nevertheless, our data suggests
an interaction between microsaccades and blinks by showing that microsaccades were
differently modulated around blinks compared to blanks. This study shows that a reduction
in eye movements precedes internal perceptual switches indicating that the rate of blinks can

set the stage for a reinterpretation of sensory input. While a perceptual switch based on
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changed sensory input usually leads to an increase in blink rate, such an increase was only
present after the perceptual switch to coherent motion but absent after the switch to
component percept. This provides evidence of different underlying mechanism or internal
consequence of the two perceptual switches and suggests that blinks can uncover differences

in internal percept related processes that are not evident from the percept itself.

Copyright © 2021 Brych, Murali & Handel. This is an open access article distributed under the terms of
the Creative Commons Attribution License, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original authors and source are credited. The official
reference for this material is: Brych, M., Murali, S., & Handel, B. (2021). The role of blinks,
microsaccades and their retinal consequences in bistable motion perception. Frontiers in psychology,

12. Headlines, figure and experiment numbering were adapted to exclude ambiguities in this thesis.
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3.1 Introduction (Study 2)

Spontaneous eye blinks are strongly influenced by sensory input (Bonneh et al., 2016).
Additionally, they are closely linked to cognitive processes that influence the perceptual
outcome (Brych & Handel, 2020; Grossman et.al., 2019; Ito, et. al., 2003; Maus et.al., 2020;
Nakatani et al., 2011; Otero-Millan et al., 2012; van Dam & van Ee, 2005). Similarly,
microsaccades are related to perceptual (Martinez-Conde et al., 2006; McFarland et. al., 2015;
Intoy & Rucci, 2020, Ko et.al., 2010; Rolfs et al., 2008) and attentional processes (Gao et. al.,
2015; Hicheur et al., 2013; Pastukhov & Braun, 2010; Pastukhov, et.al., 2013). The relationship
between these eye movements and internal perceptual processes is still not clear. One way
to study this is by looking at ambiguous stimuli, wherein a single unchanging stimulus can be
interpreted in two or more ways. In such stimuli, any change in perception reflects an internal
process and not an external change.

There have been attempts to understand the role of eye movements during internal
perceptual switches using such ambiguous stimuli. Conducting a time-resolved analysis, some
studies have found a reduction in microsaccade rate before and an increase after the
perceptual switch report, using the apparent motion stimulus (Laubrock et al., 2008; L. C. J.
van Dam & R. van Ee, 2006). According to these authors, this modulation was likely a
consequence of the switch (van Dam & van Ee, 2006). Pertaining to the drop in microsaccade
rate, Laubrock et al. (2008) discuss the possibility that the modulation could result from the
switch itself and could be associated with the perceptual decision (Laubrock et al., 2008). The
same authors (Laubrock et al., 2008) show that microsaccade directions causes a bias in the
perceived motion direction. Others have also suggested such a causal role of microsaccades.
For instance, Otero-Millan et al. (2012) reported that microsaccades increased before

perceptual switches in the rotating snake illusion. Similarly, Troncoso et al. (2008) found that
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higher microsaccade rates were associated with faster motion perception while viewing the
Enigma illusion.

Concerning blinks, only a few studies have analyzed blink modulation around
ambiguous perceptual switches in a time resolved manner. Junji Ito et al. (2003) for instance,
using a version of the Attneave's (1968) triangles, found that blinks decreased before and
increased after the perceptual switch report. A similar finding was reported in another study
(L. C.J. van Dam & R. van Ee, 2005, 2006), using the slant-rivalry stimulus.

Our goal was to understand if eye movements are a cause or consequence of these
transitions. On the one hand, these perceptual transitions could alter the ongoing eye
movement rate for example due to attention diverted towards them. On the other hand, eye
movements could also trigger switches. This effect could, of course, be due to the visual
disruptions that accompany them. Therefore, to dissociate the effect of eye movements from
their visual consequences, we added external disruptions to the stimulus that mimic the said
eye movements. In experiment 1 we tested the role of blinks and dissociated influences
mediated by their retinal consequences by adding short interruptions of the visual input. In
experiment 2, we additionally analyzed the causal or consequential role of microsaccades and
added small shifts.

Additionally, in both experiments, we accounted for the possible influence of the
movement of eye ball during blinks and microsaccades by testing four different stimulus
versions. For instance, during blinks, it has been reported that the eyeball moves mainly
downward (Collewijn et al., 1985), whereas microsaccades during fixation are mainly
executed in the horizontal direction. As these eye movements might preferably lead to a

switch towards or away from the executed movement direction, we tested four different
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stimulus rotations resulting in either the coherent or the component motion moving in a
cardinal direction (see methods).

We used the ambiguous plaid stimulus, which consists of moving gratings
superimposed over each other (Hupé & Rubin, 2004; H Wallach, 1935). The stimulus is seen
either as one single grating (coherent percept) or as two separate gratings (component
percept). The ambiguity arises due to the aperture problem (Binder et al., 2008).

Our main results showed that blinks and microsaccades did not facilitate perceptual
switches. On the contrary, a reduction in eye related movements preceded the perceptual
switch. Blanks, on the other hand, thought to mimic the retinal consequences of a blink,
consistently facilitated a switch in percept. This allowed us to mark the time period in which
the perceptual switch likely occurred, indicating that the reduction in blink probability was
not a result of the perceptual switch but temporally co-occurring. We additionally found that
blinks succeeding the switch were modulated in a percept specific manner showing a
significant increase only for one type of perceptual switch. This deviation in blink behavior
suggests a difference in the internal process associated with the two perceptual switches.
Such an additional difference is not evident from the subjective perceptual experience.

3.2 Methods

The study consisted of two experiments using a very similar stimulus and setup. Experiment
2 was conducted as a replication study and additionally used an eye tracker that allowed us
to analyze microsaccades in addition to blinks.

3.2.1 Stimulus

A moving grating displayed behind a fixed-size aperture is usually perceived as moving
perpendicular to the parallel lines of the grating. Superimposing another grating with a

different orientation creates the ambiguous plaid stimulus: The two gratings can either be
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perceived on top of each other as two components with different directions or as a unified
plaid pattern coherently moving in one direction. For the stimulus with 0° rotation, the
coherent plaid pattern moved directly downward, the components moved in angles of £67.5°
to the coherent motion direction (Figure 12a). The lines of the grating were square-waved
with a width of 0.5° and a spacing of 1.8° in experiment 1, and a width of 0.4° and a spacing
of 1.4° in experiment 2. Line color was 180 on an 8-bit grayscale (0-black, 256-white), while
the intercept color was 120. The overall size, speed and rotation of the moving grating is
specified for each experiment, separately (please see below).

The experimental program was implemented in MATLAB, using the Psychophysics
Toolbox extensions (D H Brainard, 1997; M Kleiner et al., 2007a; D. D. Pelli, 1997). Response
buttons were stuck on the table being connected to a BBTK response box (model: K-RB1-4;
The Black Box ToolKit Ltd, UK), which was connected to a laptop via USB. Participants
indicated their prevalent percept by continuously pressing one of two buttons with their right
index finger only. Lifting the button was the first indicator that the percept changed, which is
why we present our results in relation to the button lift instead of the later happening button
press.

3.2.2 Experiment 1

Participants

Fourteen psychology students of the University of Wiirzburg (age: 20.5 + 2.18 years
(mean + SD)) took part in the first experiment. They received study credit for their
participation. All participants had normal or corrected-to-normal vision. The study was
approved by the local ethics committee and complied with the European data protection law
(DSGVO). The participants gave their written informed consent before taking part in the

study.
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Procedure

Participants were seated in a dark room 40cm away from the screen with their heads
kept in a fixed position using a chin rest. For stimulus presentation, we used a NEC MultiSync
monitor (1280x1024 resolution, 60 Hz refresh rate), which was controlled by a Dell Precision
(M6700) laptop running Windows 10. Binocular eye movements were recorded with 120 Hz
using SMI eye tracking glasses (SensoMotoric Instruments GmbH, Berlin, Germany). Although
we mentioned that eye gaze as well as blinks can be recorded with the eyetracker,
participants were naive to our intention to analyze blinks.

The stimulus was presented in an aperture of 7.2° in diameter, on a black background
and the gratings moved with a speed of 0.9°/ sec. A red fixation spot of 0.3° in diameter was
placed in the center of the stimulus (Figure 12a).

During a spontaneous eyeblink, the eyeball has been reported to slightly move
downward and inward (Collewijn et al., 1985b). To test for a possible influence of the vertical
movement of the eyeball during blinks on the percept, four different stimulus rotations were
presented: 0°, 67.5°, 112.5° and 180°, with respect to the coherent motion. These specific
rotations were chosen such that either the coherent motion of the gratings moved up (180°)
or downwards (0°), or one of the gratings (components) moved up (112.5°) or downward
(67.5°).

To control for the visual changes during a blink, the screen was blackened for arandom
duration between 116ms and 167ms randomly every three to six seconds (in steps of 0.5s) in
half of the trials, which is similar to blink characteristics and will be referred to as “blanks”.

The first experiment consisted of eight trials with a duration of six minutes each. Each

of the four stimulus rotations were presented twice, once with blanks once without. Trial
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order was completely randomized. A 1-point calibration of the SMI eyetracker was performed
prior to the start of the experiment.
3.2.3 Experiment 2

Participants

Twenty-two new participants (15 females, age: 27.4 + 8.88 years (mean + SD)) took
part in the second experiment. They received payment or study credit for their participation.
All participants had normal or corrected-to-normal vision. They gave their written informed
consent prior to the participation. The study was approved by the local ethics committee and
complied with the European data protection law (DSGVO).

Procedure

Participants were seated in a darkened room and placed their head on a chin rest 68cm
away from the monitor. The stimulus was presented on a Mitsubishi Diamond Pro 2070SB
monitor (1152x864 resolution, 60 Hz refresh rate). The experiment was controlled by a
Tuxedo laptop running Ubuntu 16.04 LTS. To analyze very small eye movements, binocular
eye movements were recorded at 500 Hz using an Eyelink 1000 eyetracker (SR Research,
Ottawa, Ontario, Canada). Similar to experiment 1, we mentioned that the eyetracker is able
to record various eye movements (blinks, (micro-)saccades, drift, ...), but participants were
naive to our explicit analysis of blinks and microsaccades.

The stimulus had a diameter of 5.8° and the coherent pattern moved with a speed of
0.7°/ sec. The fixation spot was 0.25° in diameter.

Again, the influence of the vertical movement of the eyeball during a blink and the
horizontal movement of the eyeball during a microsaccade were controlled with four stimulus
rotations. We used again the stimulus rotations of 0° & 67.5° (blink related) and added

rotations of 22.5° (coherent motion, i.e. one component moving horizontally to the left, the
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other one to the bottom right) and 90° (coherent motion horizontally to the left)
(microsaccade related). Our supplementary materials includes illustrations of the rotations.

In addition to the blanking trials, microshift trials were introduced to control for the
visual changes during a microsaccade. During microshift trials, the stimulus randomly shifted
every three to six seconds randomly towards the right or the left by 0.2°. While the size of the
microshift was similar to a real microsaccade, we reduced the rate for two reasons. First,
microshifts are clearly visible to the observer and if they are presented as often as
microsaccades, they introduce a sort of jitter. This might interfere with the resulting percept
possibly forming intermediate or additional perceptual interpretations. Second, to have a
within condition control, we preferred to have periods with and without microshifts for data
analysis. The fixation spot stayed at its position. The maximal deviation of the stimulus from
the original position was 0.8°, i.e. the shift could maximally happen 4 times in the same
direction.

The second experiment consisted of two blocks each having eight trials of three
minute duration in random order. Before each block, a 5-point calibration and validation of
the Eyelink eye tracker was performed. Each block consisted of four test trials (all four
rotations described above), two blank trials to simulate blinks (rotations 0° and 67.5°) and
two microshift trials to simulate microsaccades (rotations 22.5° and 90°).

3.3 Data analyses (Experiment 1 and 2)

For the first experiment, two participants were excluded because of a lower blink rate
than 5 blinks/min, another one due to more than 39% of missing data. For the second
experiment, one participant was excluded due to very high blink rate (>35 blinks/min) and
two more due to a blink rate lower than 5 blinks/min during all trials without blanks or

microshifts.
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The identical trials of block one and two in the second experiment were concatenated
before analysis. Event (blinks, blanks, microsaccades, microshifts) onsets were counted for
bins every 100ms around the button lifts indicating perceptual switches. If such an event was
detected around multiple switches, we divided the counts by the number of occurrences. To
incorporate different switch rates, we averaged the time course over all switches.
Furthermore, we controlled for different rates of eye movements by dividing the result by the
number of eye movements during the trial. Finally, these time series were z-transformed and
averaged over trials. These time series around a switch were compared to time series where
no switch occurred, i.e. all possible non-overlapping 4sec time periods without a perceptual
change starting two seconds after the last perceptual switch. Every second of these no switch
periods was used for comparison with a switch to coherent motion, every other no switch
period for comparison with a switch to component motion.

Cohen’s d for paired samples t-tests was calculated as the mean of D divided by the
standard deviation of D, where D is the differences of the paired samples values.

For statistical analysis, we implemented the nonparametric statistical test described
by Maris and Oostenveld (2007) which is based on clustering of adjacent time samples that
show a similar difference in sign and magnitude. The threshold for clustering was selected as
the 97.5 quantile of a T-distribution. Critical t-values were approximated by a Monte Carlo
estimate which was calculated on 1000 random partitions and a critical alpha-level of 0.05.
3.3.1 Blink detection (Experiment 1 and 2)

Whenever the eyelid covers the eye, rapid changes in pupil diameter are recorded by
the eyetracker. Therefore, we developed a blink detection algorithm based on pupil diameter.
Firstly, pupil diameter was z-transformed. By visual inspection, a manually set amount of

standard deviations (between 1.9 and 4) of the z-transformed pupil diameter was chosen for
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threshold. A blink was assumed when z-transformed pupil diameters of both eyes decreased
below this threshold (pupil was partly covered by the eye lid during the start/end of a blink)
or if the pupil was not detected at all (pupil was fully covered by the eye lid). The start and
the end of the blink were then extended until the pupil diameter of both eyes were higher
than half the threshold. Blinks less than 100ms apart from one another were concatenated
and blinks shorter than 50ms or longer than 1000ms were discarded.

3.3.2 Microsaccade detection (Experiment 2)

We implemented an algorithm based on the description by Engbert and Kliegl (2003)
where a transformation of fixation positions to two-dimensional velocity space is performed
to detect (micro-)saccades using their high peak velocities. We assumed a minimal duration
of four samples (8ms) and only considered binocular (micro-)saccades. In line with previous
research, (micro-)saccades showed a linear relation of amplitude and peak velocity known as
“main sequence” (Zuber et al., 1965). Microsaccades were defined by an amplitude of
maximally 1°. Furthermore, we excluded microsaccades based on a velocity criterion (0.2% of
all microsaccades) as well as around blinks (0.01% additional excluded). For more details,
please refer to our supplementary materials.

3.4 Results

During the first experiment, participants perceived coherent motion for a longer total
amount of time than component motion (21.03 + 21.83 sec compared to 8.06 + 8.03 sec
(mean * standard deviation); paired t-test: t(10)=2.16, p = .056, d = 0.65). Coherent motion
was also dominant in the second experiment (t(18) =4.61, p < .001, d = 1.06), but percepts
switched faster (percept durations of 14.77 + 6.65 sec compared to 7.57 + 4.41 sec (mean *

SD) for coherent and component motion respectively). The duration of percept was calculated
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between a button press and the corresponding lift and revealed the typical unimodal and
positively skewed distribution when plotted as histograms (not shown).

3.4.1 Blinks (Experiment 1 and 2)

During the first experiment, participants blinks on average 11.12 + 5.39 (SD) times per minute
with a mean duration of 136.80 + 26.80 ms (SD). For the second experiment, the blink rate
was 12.09 + 8.83 (SD) blinks per minute with a mean blink duration of 171.32 + 46.47 ms (SD).
Furthermore, we calculated the blink rate separately for the different percepts taking into
account the respective percept durations. During both experiments, participants blinked
significantly more during coherent motion than during component motion (experimenti:
t(10) =5.56, p<.001, d = 1.68; experiment 2: t(18) = 4.86, p < .001, d = 1.12) (Fig. 1B,C). Blanks
were slightly shorter than blinks in both experiments with a mean length of 125 + 19 ms (SD)
and 141 + 19 ms (SD) respectively.
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Figure 12. A. Stimulus representation B. Blink rate during the different percepts in experiment
1. C. Blink rate for the different percepts in experiment. Bars and error bars represent mean
+ standard error of the mean (SEM). Gray lines represent data of individual participants. An
asterisk marks a significant difference at p < .001.

To investigate if a change in perception is linked to a blink event, we looked at the

normalized blink rate around perceptual switches, separately for switches to coherent and
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component motion and statistically compared it to the normalized blink rate when no switch
occurred. The same was done for the normalized blank rate. This was done to assess if any
influence was introduced by the visual consequences of the eye closure during a blink, as
mimicked by the blank. Normalized blink rates were taken from trials without blanks or
microshifts, but were combined over stimulus rotations. Please note that no p-values are
reported due to the non-parametrical statistical testing that was applied (Maris and
Oostenveld (2007).

When switching to coherent motion, there was a significant decrease in blink rate
between -800 and -200 ms before the button lift (indicating a perceptual switch) in the first
experiment compared to time periods with no switch. This decrease was replicated in the
second experiment, where we found significant differences between -700 and -400 ms (Figure
13). When switching to component motion, such a decrease in blink rate was found in the
first experiment (-300 to 0 ms before the switch), but did not reach significance in the second
experiment, although a decrease before the switch is clearly visible. Interestingly, blink rate
strongly increased around the time of a response indicating a switch to coherent motion,
possibly at the time of the perceptual switch. This peak in blink rate is clearly visible in both
experiments, but statistical comparison between blink rate around a switch and around no
switch only reached significance in the second experiment between 300 and 600 ms after the
response.

In contrast to the blink rate modulation, blanks, albeit again showing the strongest
effect for switches to coherent motion, showed a different temporal pattern. As shown in
Figure 14, the blank rate increased before the switch to coherent motion in experiment 1,
which was even more pronounced in experiment 2. This increase in blank rate around the

switch to coherent motion was significantly different from the blank rate around no switch
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between -900 and -500 ms before the response in the second experiment. . This pattern was

not visible when switching to component motion. When looking at the different stimulus

rotations separately, all patterns were very similar which means that the effect of blanks and

blinks are independent of the movement direction of the stimulus (see supplementary

material).
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motion in experiment 1. C. Switch to coherent motion in experiment 2. D. Switch to

component motion in experiment 2.
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3.4.2 Microsaccades (Experiment 2)

Due to the low sampling frequency of the eyetracker used in experiment 1, we were
only able to analyze microsaccades in the second experiment.

Over all trials and participants, we found a microsaccade rate of 1.39 + 0.40 per second
(mean + SD). Looking at the different percepts, a paired t-test revealed that participants had
a significantly higher microsaccade rate during coherent motion (1.42 + 0.40 per second) than
during component motion (1.29 + 0.38 per second; t(18) = 2.43, p = .026, d = 0.56) taking into
account the respective percept durations. Coherent percept is therefore associated with a
higher microsaccade rate as well as with a higher blink rate as compared to the component
percept.

Similar to the comparison of normalized blink rate around perceptual switches and no
switches, we looked at the differences between normalized microsaccade rate around
switches and no switches. To assess the specific influence of the visual shift accompanied by
a microsaccade (as mimicked by the microshift), we compared microshift rate around
switches and no switches (Figure 15).

Similar to the blink rate decrease before a switch, we found a significant decrease in
microsaccade rate between -300 and 0 ms before the switch to component motion. However,
such a decrease was not visible before a switch to coherent motion. Microshifts showed a
different pattern, which resembles the blank rate pattern in respect to the increase before a
switch to coherent motion, but the difference between normalized microshift rate before or

after any switch compared to no switch was not significant.
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shaded area marks significant time points revealed by the non-parametrical statistical test
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coherent motion. B. Microsaccade rate around switch to component motion. C. Microshift

rate around switch to coherent motion. D. Microshift rate around switch to component

motion.

In addition to the analysis of microsaccade rate, we explored the direction of fast eye

movements. During the perception of the stimulus, fast eye movements with typical
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microsaccadic characteristics could be observed in the direction opposite to the stimulus
motion. Independent of the percept, we found that the main direction of microsaccades was
opposite to the coherent motion direction. After calculating the percentages of
microsaccades for all directions in steps of 10° (Figure 16), we found 21.99 % of all
microsaccades during coherent percept directed opposite to the physical movement of the
coherent motion (180° + 10°), but also 15.53 % during component percept share this
direction.

Despite this clear dominance of the direction opposite to the coherent motion, there
was an influence of the percept on the distribution of the microsaccade direction
circumstantiated by the significantly higher percentage of microsaccades in this direction
during coherent percept (mean + SD: 21.99 + 9.48%) than during component percept (15.53
+4.32%; t(18) =3.57, p =.002, d = 0.82).

Accordingly, significantly more microsaccades were directed opposite to the
component motions (112.5°+10° and 247.5°+10°) when component motion was perceived
(12.70 £ 2.25%) compared to when coherent motion was perceived (8.63 + 2.93%; t(18) = -

5.84, p<.001, d =1.34).
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motion. B. Microsaccade direction presented as the difference in microsaccade number
during coherent motion and component motion perception in percent.
3.4.3 Relationship between eye blinks and microsaccades

Normalized microsaccade rate (within 50 ms bins) around external sensory changes
(blanks and microshifts) and internally introduced sensory changes (blinks) is depicted in
Figure 17 aligned to either blink or blank on- or offset. Microshifts consisted of a change
between two frames, so the onset is equal to the offset. A pronounced reduction in
microsaccade rate could be observed around all events. However, the microsaccade rate
decrease started at different time points for external events (blank and microshift) compared
to the internally introduced blinks. While the rate dropped immediately after the onset of the
(unpredictable) blanks and microshifts, the decrease started already 200 ms before a blink.
The quick closure and opening of the eye during a blinks can lead to the wrong detection of

saccadic events. However, due to the observed long alteration in microsaccade rate around
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blinks, our conservative exclusion of microsaccades 20 ms around a blink (see methods) is
unlikely to have influenced this outcome.

Looking at the time after the onset of events, there was a clear peak in microsaccade
rate at approx. 400 ms after blank onset, but not for microshifts or blinks. Note that the
reduction before blink onset is a real rate modulation, while the low rate after blink onset is
due to the fact that the eye is closed and therefore no microsaccades can be detected using

a video-based eye tracker.
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Figure 17. A. Normalized microsaccade rate around blink onset (blue), blank onset (red) and
microshift (yellow). B. Normalized microsaccade rate around blink offset (blue), blank offset
(red) and microshift (yellow). Colored lines and ribbons represent mean + SEM.

3.5 Discussion (Study 2)

We examined the time-resolved rate of eye blinks and microsaccades during
perceptual bistability of the ambiguous plaid stimulus. We found that eye blinks decrease
before and increase after the reported perceptual switch depending on the percept. When
examining the two types of perceptual switches (coherent vs component motion) separately,
there was a difference in modulation, with only the switch to coherent motion being

accompanied by an increase after the perceptual switch report. Microsaccades, also showed
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a percept specific modulation in their rate, with a decrease specifically before the report of
the switch to the component percept. Additionally, the distribution of microsaccade direction
reflected the perceived motion direction. When mimicking the visual consequences of blinks
and microsaccades, by introducing a transient visual interruption (blank) or a small shift of
the stimulus (microshift), we found that a blank significantly facilitated a switch in percept,
however, only towards coherent motion. Interestingly, a specific interaction between blinks,
blanks and microshift was found with respect to the microsaccade rate. While all events led
to a significant reduction in microsaccade rate, this reduction started notably before the onset
of a blink. Additionally, a subsequent increase in microsaccade rate above the baseline was
found only for the blank.
3.5.1 Overall rate changes

Independent of the fact that the length of the percept was significantly longer for
coherent compared to component motion, we found a significantly higher overall rate of
blinks and microsaccades for coherent motion. Our results further indicate that this difference
might be explained by the modulation over time with respect to the switch event, as discussed
below.
3.5.2 Temporal modulation of blinks dependent on the perceptual event

With regard to the time resolved modulation in blinks, the manual response indicating
a switch was either preceded by a decrease or followed by an increase in eye blink rates
depending on the type of percept subjects switched to. Previous studies have reported this
modulation (Junji Ito et al., 2003; L. C. J. van Dam & R. van Ee, 2005, 2006) and have also
found a percept specific influence of blinks (Nakatani et al., 2011; Otero-Millan et al., 2012)

Increase of blink rate after the indicated perceptual switch

91



3. Study 2

An increase in blink rate occurred exclusively after the indicated switch to the
coherent motion. The difference between the two percepts excludes several possible causes
for the modulation of blink rate. Junji Ito et al. (2003) argue that blink modulation reflects
response preparation. This has been further supported by, L. C. J. van Dam and R. van Ee
(2005) who found that blinks increase, not just for the perceptual switch report, but also for
random button presses. Similar results with regard to manual key presses, though in a
different paradigm, were found by D. K. Cong et al. (2010), who showed that blinks are
entrained by rhythmic finger tapping. The differences between the modulation of blinks
around the two percepts in our study reveal that it is not a mere representation of the motor
response and its preparation.

Another possible cause for the increase in blink rate is related to attentional processes.
Many studies have found that at the end of an attentional period or at the end of task relevant
information, there is an enhancement of blinking (Edmund Wascher et al., 2015). The
reporting of the switch in our study could be considered the end of an attentional period or a
task relevant perceptual event. In other words, to relate to the question of cause or
consequence, it seems that blinks are a consequence of the coherent switch. However, this
does not explain why the influence is specific to the coherent percept. It is, therefore, an
interesting consideration that this difference in blinking reflects a difference in the internal
process that underlies the two percepts. The two interpretations are not only quantitatively
different (one motion direction vs two) but might also be qualitatively different, in the sense
that, only the component motion might include an additional calculation of depth.

Another possible explanation could be related to the difference in perceptual
dominance, which could bias attention towards one of the two precepts. However, previous

findings do not support an interpretation based on perceptual dominance. Neither the
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described idea that blinks lead to the preferred percept (Nakatani et al., 2011), nor the finding
that a ‘surprise’ stimuli (which would correspond to the less likely non-preferred percept)
causing a reduction in blinks (Bonneh et al., 2016) is consistent with our data. Nevertheless,
the deviation in blink behaviour as revealed by our study suggests a difference in the internal
process associated with the two perceptual switches. Many studies have shown that
perceptual changes, based on a change in the sensory input, is associated with an increase in
blink rate (Bonneh et al., 2016; Hoppe et al., 2018; Oh, Jeong, et al., 2012; Hideki Ohdra, 1995;
Siegle et al., 2008). Such increase is further modulated by internal factors such as the
interpretation of the sensory input as target or neutral stimulus (Brych & Handel, 2020). It is
therefore an interesting observation, that the usually observed increase in blink rate is not
present after a perceptual switch to component motion. It suggests a difference in the
underlying mechanism or internal consequence of the two perceptual switches. While the
subject is aware of the perceptual switch (and reports it), it seems not aware that the switch
to coherent is resembling a real switch based on changing sensory input, whereas the switch
to component motion does not. Therefore, blink behaviour is likely a marker to detect
differences in percept related processes that are not necessarily evident from the subjective
experience.

It is important to note that the exclusivity of the blink modulation for one specific
percept was not due to differences in the physical direction of the perceived motion direction.
We addressed this by changing the direction of the stimulus. This was done to understand 1)
if the vertical movement of the eyes during a blink (Collewijn et al., 1985b) are linked to the
perceived motion and 2) if the direction of the two motion percepts matters. It is known that
the visual system is biased towards the cardinal directions, on a neuronal level and a

perceptual one (Girshick et al., 2011; Schluppeck & Engel, 2010). If the coherent motion is
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following a cardinal direction while the component one is not, this could cause the system to
treat perceptual interpretations differently. However, we found that the direction of the
perceived motion had no significant effect on the blinking pattern. Hence, the difference
between the percepts is, most likely, not due to any preference of physical directions, but
rather, due to some internal process.

Decrease of blink rate before the indicated perceptual switch

Our second main finding was a decrease in blink rate before the response indicating a
switch. Itis hard to tell if this decrease was percept specific, since it did not reach significance
before the reported switch to component percept in the second experiment, albeit higher
power. This could indicate a weaker or less stable effect compared to the switch to coherent
motion.

In general, both perceptual changes are internal events in our task, which needed to
be reported and therefore, should have drawn attention towards them. Studies have
reported that people tend to suppress their blinks during moments of increased attention
(Hoppe et al., 2018), and even before the onset of a task-relevant stimulus (Hoppe et al.,
2018; ). A. Veltman & A. W. K. Gaillard, 1998). This suppression occurs even for stimuli outside
the visual modality (Lance O Bauer et al., 1985), indicating the involvement of a more general,
vision-independent attentional mechanism. The allocation of attentional resources caused by
the switch in percept might have introduced the decrease in blink rate. This interpretation
however would mean that the decrease happened as a consequence of the perceptual switch.

Another possibility is that the reduction in blinking is not only a result of the perceptual
switch but also a likely cause. Indeed, increased fixation duration has been shown to lead to
perceptual switching in other studies (Ellis & Stark, 1978) and since blinking interrupts

fixation, the suppression of blinks might facilitate a perceptual switch. Unfortunately, it is
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difficult to conclude with certainty as to which event, the switch or the reduced blinking,
occurred first, simply because there was no objective measure of the internal perceptual
switch itself. However, we have a strong indication as to when the perceptual switch
happened by looking at the blank results (Figure 14). Here, it is clear that the blank must have
introduced the switch and not the other way around. This allowed us to mark the period in
which the perceptual switch likely occurred, namely between blank and response. Figure 13
clearly shows that the time of blink reduction before the perceptual switch overlaps with the
time when the switch-introducing blank occurred. This indicates that the reduction in blink
probability was not a result of the perceptual switch but temporally co-occurring.
Interestingly, multi- second interruptions in ambiguous stimuli has been shown to stabilize
percept (Leopold et al., 2002; Noest et al., 2007).

In summary, although one of our initial goals was to see if blinks act as a cause for
perceptual switches due to their retinal consequences, we found that their role is different.
Indeed, it is not the blink occurrence and the corresponding visual interruption that facilitates
a switch, but rather the absence of a blink that does.

3.5.3 Modulation of microsaccades (rate and direction)

In experiment 2, we looked at the role of microsaccades in the ambiguous plaid
stimulus and controlled for their retinal consequence by adding microshifts to the stimulus.
We found that the overall microsaccade rate was higher for the coherent than the component
percept. Additionally, we found a reduction in microsaccade rates specifically before the
switch to the component percept. Please note that the discrepancy to other studies, reporting
that an increase in microsaccades can introduce a perceptual switch, is most likely due to the
different ambiguous stimuli used (Otero-Millan et al., 2012; Troncoso et al., 2008). These

studies used the rotating snakes and the Enigma illusion, both of which alternate between
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movement and stationary percepts. Hence, it is likely that microsaccades specifically facilitate
a switch to a motion percept. The plaid stimulus, used in our experiments, does not have
switches between movement and no movement percept, but involves switching between
different types of motion. Using a more comparable ambiguous apparent motion stimulus a
reduction before a perceptual switch has been reported before (Laubrock et al., 2008). These
authors further argued that the microsaccade modulation might possibly precede the internal
switch, indicating a possible causal role of microsaccades. As discussed above, we believe that
our observed blank introduced perceptual switch is a strong indication as to when the
perceptual switch happened with respect to the response, namely between -900 and -500 ms
before the response (Figure 14). The timing of reduction in microsaccade rate as shown in
Figure 15 (between -300 and 0 ms) therefore suggests that the effect happened between the
perceptual switch and the response, given an average reaction time of about 500 ms to 700
ms to an actual external stimulus change (Baker & Graf, 2010; Laubrock et al., 2008; L. C. J.
van Dam & R. van Ee, 2005, 2006). Although it is not possible to tell with absolute certainty if
the decrease in microsaccade rate follows the internal switch, the decrease only before the
response indicating a switch to component percept argues against a mere consequence of
response preparation.

Interestingly, we found that the direction of microsaccades is linked to the direction
of the ongoing percept. Specifically, as shown in figure 16, we found that while the overall
direction was mainly opposite to the coherent motion, this proportion was reduced during
component percept and at the same time, the proportion of microsaccades in the direction
opposite to the two possible component motion directions was increased. Since the direction
is opposite to the percept, it is likely that the percept draws the eyes in the direction of

perceived motion and the detected microsaccade is a saccade back to the required position
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of fixation. This could mean that the microsaccades we observe are some sort of small
optokinetic nystagmus. (OKN), which is a well-known phenomenon that is triggered by
moving background stimuli introducing optic flow. It consists of a slow phase in the direction
of the optic flow and a short, fast jump back towards the center of the visual field. OKN is
greatly reduced if visual fixation is demanded (Murphy et al., 1975). However, even during
fixation of a stationary target, small eye movements, affected by a moving background, can
be observed. For instance, Re et al. (2019) found that microsaccade directions are influenced
by and correspond to the direction of moving dot clouds that are attended during fixation.
While Laubrock calls them “OKN-like rudiments” (Laubrock et al., 2008), Pola and colleagues
note that these residual movements have a rather complex relationship with the OKN (Pola
et al.,, 1995). Further studies will need to clarify if the direction of microsaccades are a
consequence of the percept or lead to the specific perceptual interpretation. What, however,
is clear from our results is that, the microsaccade direction and the perceptual interpretation
of sensory input are not independent from each other.
3.5.4 The effect of external events: blanks and microshifts

Blanks and microshifts are external events that were initially planned as controls for
the visual consequences of blinks and microsaccades. Interestingly, they have a different
effect on perceptual bistability compared to their corresponding eye movements. One main
finding was that the blanks introduced a switch to the coherent motion in experiment 2.
Please note that the effect is also visible in experiment 1 (Figure 14), but the lower power in
experiment 1 might have prevented significance. Two questions arise through the finding: 1.
Why do blanks but not blinks introduce a switch despite their similar visual consequences and

2. Why do blanks specifically introduce a switch to the coherent percept?
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With regard to the first question, one should bear in mind that even though blinks and
blanks have a similar consequence on the retinal image, they are intrinsically different
(Deubel et al., 2004; Golan et al., 2018b; Higgins et al., 2009). Deubel et al. (2004) found that
adding a blank after a saccade can counteract the reduced detection of target displacement
due to saccadic suppression, but a blink after a saccade does not have the same effect. A
similar finding was also reported for blink suppression, wherein introducing a blank period
after a blink reduces the displacement suppression. The idea is that an external interruption
due to a blank introduces a need to recompute the post-saccadic target location; whereas, if
the interruption is due to a blink, no such need is generated (Higgins et al., 2009). In other
words, interruptions or small changes during blinks are generally ignored (Maus et al., 2017).
This means that the oculomotor system treats an internal event such as a blink, differently
from a blank. A difference between the two is also found on a neural level. A higher activity
in several visual areas have been reported for blanks, but not blinks (Gawne & Martin, 2000,
2002; Golan et al., 2018b) and blinks (both voluntary and spontaneous) along with self-
initiated blanks are associated with a decrease in activity in higher visual areas; whereas
unpredictable external darkening cause an increase in higher level areas (Golan et al., 2018b).
A difference in perceptual consequence following a blink vs. a blank is, therefore, not
surprising. Moreover, we must note that, in our experiments, there is also an additional
difference between the two, namely that the blank causes interruptions in the stimulus, and
not the entire visual scene like a blink.

However, the specificity of the perceptual change due to a blank, is somewhat
surprising. Blanks often led to a switch to coherent percept. This was the preferred
interpretation of the stimulus. This could indicate that if a certain interpretation of a sensory

input is preferred, anything that causes one to reassess/ recompute the input will tend to
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switch the perceptual interpretation to the preferred one. Once we reach this preferred
perceptual interpretation we are more likely to blink, assuming that all relevant information
has been assessed. It is important to point out that our findings might be specific for the
ambiguous plaid stimulus where the two percepts are clearly based on different internal
processes. While the component percept interprets the stripes separately due to different
depth, the coherent percept is based on an integration over the two stripe stimuli. The
investigation of other bistable stimuli can clarify this specificity.

With regard to microshifts, we did not find a significant modulation. This suggests that
any possible effect of microsaccades is not due to the visual perturbation they introduce.
3.5.5 Modulation of microsaccade rate around internal and external events

We found that the microsaccade rate, albeit mostly constant around perceptual
switches, was modulated around blanks, microshifts and blinks, but with a difference in
temporal dynamics around the internal (blinks) versus the external (microshifts and blanks)
events. Specifically, though there was a continued microsaccade reduction for approximately
250 ms after the event offset, this decrease started only after the onset of external events,

but clearly before the onset of the internal event.

With regard to the blanks, the modulatory pattern introduced by the blank followed
the typical microsaccade rate signature, characterized by a decrease, followed by an increase
and a return to baseline (Bonneh et al., 2016). This modulation has been observed during
other tasks and was suggested to be the reaction to sudden changes in visual input, such as
display changes as well as to internal attention capturing processes (Betta & Turatto, 2006;
Engbert & Kliegl, 2003; Gao et al., 2015; Pastukhov et al., 2013). Our blanks interrupted the
visual information intake likely leading to a reassessment of visual input, which required the

allocation of attention. However, microshifts and blinks did not show an increase in
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microsaccade rate after the decrease. A possible explanation stems from the fact that during
the shift, there still is visual input, whereas during the blank, there is no visual information at
all, which might generate a stronger need for reevaluation. This again would not happen after
a blink, since a blink is self-introduced and provides no reason to assume that the input has
changed. With regard to the internal blink event, we found that the actual decrease started
earlier than for the external events, namely around 200 ms before blink onset. It has been
shown that microsaccades are suppressed when there is an expected visual stimulus followed
by a response (Betta & Turatto, 2006). An expected change in sensory input due to a blink
could trigger the same mechanism. However, it must be noted that the suppression reported
by Betta and Turatto (2006) was specific to sensory information that should trigger a motor
response and therefore, be linked to response preparation, as argued by the authors. The
predicted sensory change caused by a blink is not task relevant and is, as mentioned earlier,
ignored by the system. That no microsaccades were detected during a blink is a result of our
video-based eye tracker, where it is not possible to detect microsaccades when the eyes are
closed. We conclude that, although the reason for the suppression of microsaccades before
blink onset is not certain, our findings clearly indicate an interaction between blinks and

microsaccades.

3.5.6 Conclusion (Study 2)

Our study on blinks and microsaccades during a visual bistable task indicates that the
execution of these eye related movements is related to internal perceptual processes, and
that these movements influence each other’s probability. The fact that different perceptual
interpretations of the same sensory input are accompanied by a different eye movement
pattern further suggests a difference in the internal process associated with the two

perceptual switches. Such a difference is not evident from the subjective perceptual
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experience. The analysis of eye movements can therefore differentiate between distinct
cognitive processes that might otherwise go undetected. Additionally, our findings suggest

that eye movements might play a role in stabilizing percept.
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3.6 Supplementary Material (Study 2)

Details on microsaccade detection

We detected saccades based on an algorithm described by Engbert and Kliegl (2003).
We further excluded all saccades which had a logarithmic peak velocity more than three
absolute deviations away from the median (Leys et al., 2013a). As an example, Figure S13a
shows the peak velocity plotted against the amplitude of all detected saccades in one trial of
one participant. The excluded saccades based on peak velocity are marked by yellow stars.
We further marked those events detected as saccades, which happened within 20 ms of a
blink (Figure S13a, red crosses). These events show a much larger amplitude with higher peak
velocity compared to other saccades. Additionally, they primarily show a downward direction
when happening before the blink and an upward direction when happening afterwards
(Figure S13b). This suggests, that these detected events are of different nature than saccades
during undisturbed gaze and rather blink-induced. Importantly, our analysis regarding
saccadic eye movements was confined to microsaccades, which were defined by a maximal
amplitude of 1°. Only 0.2% of microsaccades were excluded by the velocity criterion and

additional 0.01% were excluded around blinks (Figure S13c).
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Figure S13. A. Example of saccade detection in one trial of one participant. Yellow dots mark
saccades, which were marked based on the velocity criterion. Red crosses mark saccades,
which were detected + 20 ms around a blink. Blue dots represent valid saccades. B. Direction
of detected saccades 20ms before or after a blink of all participants. C. Microsaccade

detection of all trials and all participants.

Additional blink results

In addition to the analysis of the normalized blink/blank rate around perceptual
switches averaged over stimulus rotations, we present the data for the four different stimulus

rotations separately for experiment 1 (Figure S14) and 2 (Figure S15).

Following the significant effect of blink increase after the response indicating a
perceptual switch to coherent motion, there is a clear increase for all four rotations. Similarly,
all rotations show a decrease before the perceptual switch, however, as expected from the
averaged results, this decrease is more pronounced for switches to component percept. We

therefore assume that blink related effects are independent of the movement direction.

The effect of blanks on the perceptual switch is prevalent for switches to coherent

motion only, as expected from the analysis of the averaged data, but the effect seems to be
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mostly confined to downward motion of one component in experiment 1 (see second subplot
of Figure S14d) . However, experiment 2 again shows a motion direction independent effect.
Please note that rotations 22.5° and 90° (two right most rotations in Figure S15) were chosen
because of the prevalence of microsaccades in the horizontal direction and therefore could

include microshifts, but not blanks.
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Figure S14. Normalized blink/blank rate separated for the four different stimulus rotations in
experiment 1. A. Stimulus illustration for the rotations 0°, 67.5°, 112.5° and 180° (from left to
right). Solid line represents direction of coherent motion, dashed lines represent direction of
component motion. B. Normalized blink rate for the four rotations separately when a switch
to coherent motion occurred. The mean is presented in the main manuscript in Figure 14a. C.
Normalized blink rate for the four rotations separately when a switch to component motion
occurred. The mean is presented in the main manuscript in Figure 14b. D. Normalized blank
rate for the four rotations separately when a switch to coherent motion occurred. The mean
is presented in the main manuscript in Figure 15a. E. Normalized blank rate for the four
rotations separately when a switch to component motion occurred. The mean is presented in

the main manuscript in Figure 15b.
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Figure S15. Normalized blink/blank rate separated for the four different stimulus rotations in
experiment 1. A. (From left to right) Stimulus illustration for the rotations 0°, 67.5°(blank
trials), 22.5° and 90° (microshift trials). Solid line represents direction of coherent motion,
dashed lines represent direction of component motion. B. Normalized blink rate for the four
rotations separately when a switch to coherent motion occurred. The mean is presented in
the main manuscript in Figure 14c. C. Normalized blink rate for the four rotations separately
when a switch to component motion occurred. The mean is presented in the main manuscript
in Figure 14d. D. Normalized blank rate for the two rotations separately when a switch to
coherent motion occurred. The mean is presented in the main manuscript in Figure 15c. E.
Normalized blank rate for the two rotations separately when a switch to component motion

occurred. The mean is presented in the main manuscript in Figure 15d.
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4. Study 3: Spontaneous eye blinks modulate the probability of a

perceptual reinterpretation during visual and auditory ambiguity

Spontaneous eye blinks are modulated around perceptual events. Our previous study,
using the ambiguous plaid, indicated that blinks decrease before the reported switch. In the
current study, we replicated these findings for the auditory domain and excluded an influence
of the motor response and the visual consequences of blinking. Importantly, we tested our
hypothesis whether an absence of blinks facilitates switches. Using three experiments
involving the visual motion quartet (in light and darkness) and a bistable auditory streaming
stimulus, we found a significant decrease in blink probability before the perceptual switch
report in all three experiments. Through the timings of short interruptions in the visual
stimulus that we introduced, termed blanks, which are accompanied by modulations in blinks
and switches, we could estimate the time of the internally generated perceptual switch. We
deduced that the decrease in blink rate possibly occurred before the internal switch.
Importantly, by showing that the duration of switch to blink was significantly longer than the
inter-blink interval, our study indicates that the absence of a blink facilitates a perceptual
switch within and outside vision. Importantly, we discuss the role of attention during the
reduction of blinking as an important influence and also propose that blinks might stabilize
percept since they mark the end of the attentional period. Our study supports the idea that
blinks can influence perceptual processes independent of the modality. From our work, we
further derive the novel hypothesis that blinking stabilizes the perceptual interpretation of

the sensory input.

108



4. Study 3

4.1 Introduction (Study 3)

Spontaneous eye blinks are modulated around perceptual events introduced by visual
and auditory input (Oh, Han, et al., 2012; Oh, Jeong, et al., 2012) or in expectancy or prediction
of sensory input (Y. Bonneh et al., 2015; Brych & Héandel, 2020; Hoppe et al., 2018). This
modulation is further enhanced by internal processes like endogenous attention allocation
towards visual (Hoppe et al., 2018; Hideki Ohdra, 1995; Siegle et al., 2008) and auditory
(Lance O Bauer et al., 1985; O. S. Kobald et al., 2019) stimuli. A widely accepted explanation
for the found pre-stimulus (if predictable) and stimulus induced decrease and the post-
stimulus increase in blinking is that the system suppresses blinks during sensory input (and in
preparation of it) and blink rate increases above baseline after this period. While this makes
sense considering vision, as the closed eyes during a blink cannot receive input, it is rather
puzzling for auditory input. Similarly, it is not obvious why a blink modulation is observed
around perceptual switches of ambiguous stimuli where the perception is not based on
external sensory changes (Brych et al., 2021; Juniji Ito et al., 2003; L. C. van Dam & R. van Ee,
2005, 2006). The question if blinks, especially those modulated independent from sensory

input serve a function is not known and subject of the present work.

Previous research that has observed a modulation of blinks around internally
generated perceptual switches, have either argued that blinks are a consequence of the
perceptual task (L. C. van Dam & R. van Ee, 2005) or that blinks facilitate perceptual switches
(Junji Ito et al., 2003; Nakatani et al., 2011; Otero-Millan et al., 2012). Juniji Ito et al. (2003),
for instance, found that in a version of the Attneave’s triangle blinks decrease before and
increase after the response indicating a perceptual switch (Attneave, 1968). According to the

authors, the decrease was a result of the effort required to complete the task, and the
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increase was mediated by the relaxation after the response. Similar results were found by van
Dam & van Ee (2005,2006) using a slant rivalry stimulus. After additionally finding increased
blinking after random button presses, the authors concluded that blinks do not influence the

percept but rather increase after a task relevant event.

Contrary to the aforementioned results, a study by Nakatani et al. (2011) indicated
that blinks can trigger a perceptual switch to the preferred interpretation in the Necker cube.
According to these authors, this could have been mediated by the visual interruptions brought
about by blinks, leading to a detaching and reorganizing of attention. Similarly, Otero-Millan
et al. (2012) reported that blinks facilitate switching to the rotating percept in the rotating
snake illusion. They argued that the resetting of the retinal image after a blink triggers motion
signals. In contrast to that, we previously found that a switch between two ambiguous motion
states was rather preceded by a decrease in blinking (Brych et al., 2021). Overall, the findings
concerning internal perceptual switches in ambiguous stimuli and the role of blinking are
divergent. Additionally, motor responses were mostly not well differentiated from the
perceptual event, the sensory consequence of blinking was not assessed and only the visual

domain has been investigated so far.

In the current study, we set out to answer the following question:

1. Can we replicate our previous findings suggesting that a reduction in blinks precedes
perceptual switches possibly facilitating them?

2. Is the influence of blinks linked to its visual consequence? In other words, would the
role of blinks differ between different lighting conditions?

3. Can we find similar evidence for blink related perceptual switching for auditory

bistability?
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4. Is the modulation of blinks around perceptual changes mediated by the motor

response?

To answer these questions, we compared the influence of blinks in complete darkness
to normal light conditions and investigated a visual as well as auditory ambiguity paradigm.
We used the ambiguous motion quartet in normal light or absolute darkness (Experiment 1

and 2) and the auditory ambiguous streaming stimulus (Experiment 3).

The motion quartet, also known as Stroboscopic alternative motion (von Schiller,
1933), is an ambiguous motion stimulus that consists of dots in opposing diagonals of an
imaginary quartet that seem to be moving either horizontally or vertically. This specific
stimulus allowed us to produce the ambiguous percept either conventionally, using a screen
in a normally lit environment (Experiment 1), or with simple LED lights in an otherwise
completely dark environment, minimizing the visual consequence of a blink (Experiment 2).
To specify the timing of the motor response as well as the timing of the blink rate modulation
with respect to a temporally unknown perceptual event, we added unpredictable short
pauses to the visual input. In a previous experiment (Brych et al., 2021), we could show that
such interruptions lead to perceptual switches thereby serving to estimate reaction times. To
test if blink modulation is mediated by the motor response, we additionally analyzed blink
rates around random key presses in complete darkness. Finally, to investigate the
generalization of effects across modalities, we used an auditory streaming stimulus (Van
Noorden, 1975), which is an ambiguous stimulus that can be interpreted as one rhythmic tone
or two separate auditory streams (Experiment 3). To our knowledge, the only previous study
that did look at auditory bistability and eye movements, focused on pupil dilation (Einhauser

et al., 2008).
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Our results showed that while blanks triggered switches, a refrainment from blinks
likely facilitated switches in both modalities and independent from the lightning condition.
Since other studies had found that blink reduction could be indicative of attentional
processing, we discuss the role of attention in this influence and additionally propose that

blinks could reflect the end of the attended period and stabilize percept.

4.2 Methods

We conducted three different experiments. Experiments 1 and 2 involved the visual
ambiguous motion quartet in normal light and complete darkness respectively. Experiment 3
involved an auditory bistable streaming stimulus. Participants gave their written informed
consent and either received study credits or payment for their participation in all
experiments. The study was conducted according to the European data protection rules
(DSGVO) and was approved by the local ethics committee (Ethik-Kommission des Instituts
fuer Psychologie der Universitdat Wirzburg). In the following sections, we describe the set up

and procedure for each of the experiments.

4.2.1 Experiment 1: Motion Quartet in normal light

Participants and stimulus

Eighteen subjects participated in this experiment. The stimulus was displayed on a NEC
MultiSync LCD1770NX monitor with a refresh rate of 60 Hz and a resolution of 1280*%1024
pixels (33 * 27cm). The subject was seated 50 cm away from the screen with their head fixed
using a chinrest, in a normally lit room. The stimulus consisted of 4 circles (diameter=30 pixels)
that were presented alternatingly on opposing diagonal ends of an invisible rectangle of size

256*512 pixels or 7.6*15.4 degrees (width*height), and a central fixation circle (of 10 pixels).
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We used a rectangular formation for the stimulus, since ambiguous motion quartets are
usually biased towards the vertical percept (Boeykens et al., 2019; Geng et al., 2011;
Gengerelli, 1948). One way to reduce this bias is to increase the distance between the vertical

dots and decrease the distance between the horizontal ones.

Each diagonal pair was presented alternatively for 0.45s, with no pause between the
alterations. The resulting perception was of two dots moving either horizontally or vertically

(shown in Figure 18a).

Experimental design

There were a total of 10 trials of 5 minutes each. In five of these trials, transient
interruptions in the stimulus referred to as ‘blanks’ were included, wherein we blackened the
screen for a randomized duration between 0.1 to 0.2s and unpredictable onsets. The rate was
about 10 per minute (leading to a blank between every 5 to 7 seconds). Duration and rate of
these blanks was based on an averaged value of blink duration and rate as described in our
previous study (Brych et al., 2021). Participants were not informed about the blanks. The trials
(with or without blanks) were presented in a randomized manner for each subject. The task
for the subjects was to continuously press one of two keys assigned to each percept, using
one finger of the dominant hand, to indicate their percept. Indicating a perceptual change

would require subjects to release one key first and then press the other.
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4.2.2 Experiment 2: Motion Quartet in complete darkness

Participants and stimulus

Thirty-two subjects participated in this experiment. One subject was excluded because
in the time-resolved analysis of blink rate around switches shown in Figure 19 and switch rate

around blanks shown in Figure 24, there was data in only one of the time-windows.

The stimulus was created using 5 LED lights of diameter 4mm, placed on a metal frame
with magnets. The participant sat at a distance of 50 cm from the stimulus with their heads
resting on a chinrest. The central LED acted as the fixation cross and the remaining 4 LEDs
were placed in the 4 corners of an imaginary rectangle of 5*10 cm (width*height). We again
used a rectangular formation to reduce the vertical bias. Similar to Experiment 1, each

diagonal pair of LEDs was alternatively switched on for a period of 0.45s (Figure 18a).

The experimental room was completely dark as we used a light-tight EEG booth with
internal ventilation. Additionally, the infrared light of the eye tracker did not extend into the
visible range, all internal light sources were turned off or carefully wrapped in light-tight

material and no light could be detected even after staying 10 minutes inside the room.

Experimental design

Similar to experiment 1, we had 10 trials of 5 minutes, with five trials containing blanks
and the other five containing an uninterrupted presentation of the stimulus. Trials were
randomized for each subject. Blanks (wherein all 5 LEDs were shut of) were added the same
way as for Experiment 1, with a randomized duration between 0.1 to 0.2s, an unpredictable

onset and at a rate of 10 per minute (between every 5 to 7 seconds). Participants were not
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informed about these blanks. The task, similar to experiment 1, was to continuously press one

of two keys, using the one finger of the dominant hand, to indicate the percept.

4.2.3 Experiment 3: Auditory streaming

Participants and stimulus

Twenty-six subjects participated in this experiment. Two participants were excluded

for having a very low switch rate (<1 per minute).

The auditory input was presented using a Sennheiser PC3 headset along with the
Steinberg UR22mk Il external soundcard for timing precision. The stimulus consisted of a high
frequency pure tone of 500 Hz, alternated by another low frequency pure tone of 300 Hz as
shown in Figure 18b. The duration of each tone was 0.12s. The parameters of the stimulus
were similar to previous studies (Almonte et al., 2005; Kondo et al., 2012; Pressnitzer & Hupé,
2005). The only visual input that was presented was a fixation cross displayed on the NEC
MultiSync LCD1770NX monitor. Participants sat at a distance of 50 cm distance from the

screen with their heads fixed on a chinrest.

Experimental design

The experimental design was similar to experiment 1 and 2. There were five trials of
uninterrupted presentation of the stimulus. Blanks were not included for this stimulus, since
their purpose was to test the influence of external interruptions to a visual stimulus. The task
was for the participant to press one of two keys, with one finger of the dominant hand, to

indicate their percept.
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Figure 18. a) Visual motion quartet stimulus. The sensory input is depicted in the upper
part and the most likely perceptual interpretation of horizontal or vertical motion are
sketched below b) Auditory streaming stimulus. The auditory input is shown in the upper
part. The two likely perceptual interpretations, namely of one single auditory stream or

two separate streams is indicated below.
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4.2.4 Data recording and equipment

In all 3 experiments, eye data was recorded using the mobile SMI Eye tracker glasses
(ETG 2W Analysis Pro- 120Hz) and responses were recorded using the Black Box ToolKit K-
RB1-4 response box. All devices were connected via a USB cable to a Dell Precision (M6700)
laptop. The experiment and the analysis were coded in MATLAB 2012 and 2015a respectively,
using the Psychtoolbox extensions (D H Brainard, 1997; Kleiner et al., 2007; D G Pelli, 1997).
All data streams were recorded using Lab Streaming Layer

(https://github.com/labstreaminglayer) along with LabRecorder (version 1.12b).

4.3 Analysis

4.3.1 Blink detection

We computed a blink detection algorithm based on the pupil radius data similar to the
one described in previous studies (Brych & Handel, 2020; Brych et al., 2020, 2021). First, the
z- score of the radius data was calculated (per trial, for each subject) and then a potential
blink was considered if either 1) both radii values were missing or 2) if either the left or right
eye data was missing and the other eye had a z-score below a threshold of -1 (Exception:
Experiment 1: threshold set to -0.5 for one trial for one subject and two trials for another
subject; Experiment 2: threshold set to -2 for 4 subjects). The onset and the offset of the blink
was then extended until the pupil radius of either of the two eyes was higher than the set
threshold. Blinks that were less than 16ms apart were combined. Lastly, blinks with durations

longer than 0.5s were discarded.
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4.3.2 Detection of the switch

As mentioned earlier, participants had to press a key continuously to indicate the
percept. This would mean that when a perceptual switch occurs, he/she would have to
release a specific key and press the second key. We take the moment of this release as the
perceptual switch. This was done for two reasons: 1) The key release would be temporally
closer to the actual perceptual switch than the press 2) A perceptual switch that is too short
lived might consist of a release and press of the same button and in this case, the release

could be informative.

4.3.3 Normalized blink and switch rates

Blink and switch rates were analyzed by taking into account a normalized rate, which
was calculated by dividing the rate (or number of events in a minute), in a specific time
window by the overall rate during the trial. Hence, a value above or below 1 would indicate
an increase or decrease in rate during that time period compared to the mean rate during the

trial.

4.3.4 Time resolved analysis

The time series consisted of 0.2s non-overlapping, sliding time windows. The
normalized rate was calculated for each time-window as mentioned above with a value above
or below 1 indicating an increase or decrease in the rate. Hence, we conducted one sample t-
tests on each time window against 1 and tested it against a Bonferroni adjusted alpha. The
adjusted alpha was calculated based on the number of time windows for which the one-

sample test was applied.

4.4 Results
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4.4.1 Overall blink and switch parameters (rate and duration)

Experiment 1

The mean blink rate was 19.3 (SE = 3.8) and the mean switch rate was 3.5 per minute
(SE = .45). There was no dominant percept since a t-test between the mean switch durations
revealed no significant difference (t (17) = 1.5, p=.2) between horizontal (M = 22.3s; SE = 2.5)
and vertical (M = 30.1s; SE = 5.8) percepts.

Experiment 2

The mean blink rate was 16.3 (SE = 1.9) and the mean switch rate was 4.27 per minute
(SE =.5812). T-tests again revealed no significant difference (t (30) = 1.7, p =.11) between the
mean switch durations of the horizontal (M = 24.4s; SE = 3.8) and vertical (M = 28.4s; SE = 3.6)
percepts.

Experiment 3

The mean blink rate was 22.4 (SE = 2.3) and the mean switch rate was 8.6 per minute
(SE = 3.94). T-tests between the mean switch durations revealed no significant difference (t
(23) = .32, p =.75) between the single (M = 19.8s; SE = 3.6) and two stream (M = 21.2s; SE =
4.2) percepts.

4.4.2 Blink rate modulation around perceptual switches

Time resolved analysis

To test if blink rates are significantly modulated around perceptual switches, we
looked at the time-resolved evolution of normalized blink rates with respect to the baseline
in a time period of 1.5s before and after the key release indicating a switch. This specific time
period was chosen based on the results of a previous study (Junji Ito et al.,, 2003). We

conducted a time-resolved analysis (moving time window of 0.2s, non-overlapping) with one-
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sample t-tests against 1 (threshold for the normalized blink rate) and with a Bonferroni
adjusted alpha of .0029 (based on the 17 0.2s windows between -1.5 and 1.5s). Results are
shown in Figure 19, see supplementary Figure S16 for the t and p-values of each time window.

Note that only trials without blanks were included.

Experiment 1

Time-resolved analysis showed significant decrease in the blink rate before the
response at the consecutive time points of -0.6s (p <.001), -0.4s (p <.001) and -0.2s (p < .001)

Experiment 2

Time-resolved analysis showed significant decrease in the blink rate before the
response during the time points of -0.8s (p <.001), -0.6s (p < .001) and -0.4s (p < .001).

Experiment 3

Time-resolved analysis showed significant decrease in the blink rate before the

response during the time point -0.8 (p <.001).
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Figure 19. Normalized blink rates around the perceptual switch report during the Motion
guartet-in light (a) in dark (b) and during auditory streaming (c). Only trials without blanks
are included. The 0 on the x-axis represents the release of the key (see Methods) which is
the first indication of a perceptual switch. The y-axis shows the normalized blink rate i.e.
the blink rate in each time window divided by the blink rate for that trial; the mean over
all trials is then calculated for each subject. The horizontal black dashed line indicates the
baseline and the boxes mark time periods of significance (Bonferroni adjusted alpha =

.0029). The grey colored regions in the graph show standard errors.
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Percept specific modulation of blinks

To test if the modulation of blinks is specific for the switch to a particular percept, we
took the mean of the entire 1.5s before and after the response and conducted a two-way
ANOVA with factors Time (Before switch vs After switch) and Percept (Horizontal vs Vertical)
as shown in Figure 20.

Experiment 1

The ANOVA (Figure 20a) revealed a significant effect of Time (F (1, 71) = 19.42, p <
.01), but not of percept. Post-hoc t-tests showed a significant difference between before and
after the percept for the vertical (t (17) = 3.8, p < .01), and horizontal (t (17) = 2.4, p = .02)
switch.

Experiment 2

The ANOVA (Figure 20b) confirmed the significant effect of Time (F (1,123)=9.94, p <
.01). Post-hoc t-tests again revealed a significant difference between time periods for the
vertical percept (t (30) = 2.14, p = .04), as well as the horizontal percept (t (30) = 2.5, p =.02)

Experiment 3

The ANOVA (Figure 20c) again revealed a significant effect of Time (F (1,95) =9.2, p <
.01) but not for percept. Post-hoc t-tests only showed a significant difference between pre-
and post-switch time periods in the switch to the two-stream percept (t (23) = 4.23, p < .01),

but not the single-stream percept (t (23) = 1.7, p = .12).
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Figure 20. Normalized blink rates in the time period 1.5 s before and after the switch

responses during the Motion quartet-in light (a) in dark (b) and during auditory streaming

(c). Error bars represent standard errors. The normalized blink rate is calculated similar to

Figure 19, but taking the whole 1.5 period before and after instead of a time-resolved

approach.

4.4.3 Does blinking influence the switch probability?

The aforementioned results show that a blink does not lead to switching, however,

that a significant blink reduction precedes the perceptual switch. To investigate if there is a

causal relationship between blink reduction and perpetual switch, we compared the duration
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between switches and the previous blink with the duration between blinks (i.e. inter-blink
intervals or IBI) that do not have a switch in between them (Figure 21). We hypothesized that
if the absence of a blink facilitates switching, the IBI would be significantly shorter than the
blink-to-switch interval. A one-tailed paired t-test revealed significance in experiment 1 (t(17)

=2.3; p =.02), experiment 2 (t(30) = 3.5; p <.001 and experiment 3 (t(23) = 1.8; p = .03).
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Figure 21. Inter-blink intervals (IBI) and the duration between a switch and previous blink
(blink to switch) for experiment 1 (a), experiment 2 (b) and experiment 3 (c). Only those
blinks that did not have any switches in between them have been included for the IBI. A
one-tailed paired t-test revealed significance in experiment 1 (t(17) = 2.3; p = .02),

experiment 2 (t(30) = 3.5; p = 6.7006e-04) and experiment 3 (t(23) = 1.8; p = .03).
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In addition, we also related overall blink and switch rate between subjects. As a first
step, we sorted participants into low or high blinkers (based on the median blink rate), and
compared the mean switch rate between them (Figure 22). A one-tailed independent sample
t-test revealed that low blinkers had a significantly higher switch rate than high blinkers for
experiment 1 (t(16)=1.9; p=.03) and experiment 3 (t(19)=2.7; p=.006) but only marginally

significant in experiment 2 (t(26)=1.4; p=.08).
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Figure 22. Switch rate (per minute) for low and high blinkers in experiment 1 (a),
experiment 2 (b) and experiment 3 (c). A one-tailed independent sample t-test revealed
that low blinkers had a significantly higher switch rate than high blinkers in experiment 1
(t(16)=1.9; p=.03) and experiment 3 (t(19)=2.7; p=.006), but only marginally significant in

experiment 2 (t(26)=1.4; p=.08).
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As a second step, we conducted a regression between the mean blink rate and mean
switch rate over all the subjects (Figure 23). While there was a clear trend indicating a
negative correlation, i.e. as the individual blink rate increased, the individual switch rate
decreased, only for experiment 1 (r2=.3; p=.02), but neither for experiment 2 (r2=.05; p=.2)
nor experiment 3 (r2=.1; p=.1) this reached significance. Please note that we used an outlier

rejection using the absolute deviation around the median (Leys et al., 2013b) for this analysis.
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Figure 23. Mean switch rate vs mean blink rate with each data point representing an
individual subject, for experiment 1 (a), experiment 2 (b) and experiment 3 (c). Regression
showed significance only for experiment 1(r2=.3; p=.02), but not for experiment 2 (r2=.05;

p=.2) or experiment 3 (r2=.1; p=.1).

4.4.4 The effect of Blanks on perceptual switches

To estimate the timing of the internally generated perceptual switch, we had included
external interruptions called ‘blanks’ similar to our previous study (Brych et al., 2021). We
looked at the time-resolved modulation of the normalized switch rates around the blank
offsets (Figure 24a and b) for experiments 1 and 2 (experiment 3 did not have any blanks.)

We specifically took the time windows from 0 to 1.5s after the blank offset for the analysis
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and conducted time resolved one sample t-tests with a Bonferroni corrected alpha of .0056.
The adjusted alpha was calculated based on the fact that there were 9 time windows (0.2s
non-overlapping, from 0 to 1.5), and therefore, 9 one-sample t-tests conducted for each

experiment. See supplementary Figure S17 for the t and p-values of each time window.

Experiment 1

Time resolved analysis revealed a significant decrease in switch rate during the 0 (p =
.002) time point, marking that during a blank perceptual switches occurred less likely. Data
shows a pronounced increase in switch rate between 0.8 to 1.2s after blank offset (p < .05),
which however, after correcting for multiple comparisons, did not reach significance.

Experiment 2

Time resolved analysis revealed a significant decrease in switch rate at the 0 (p <.001)
time point (during the offset of the blank) and a significant increase at 0.8s (p = .0051) and

1.2s (p =.002) after blank offset.
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Figure 24. Normalized switch rates around the blank offset indicating switches during the
Motion quartet-in light (a) and in dark (b). The 0 on the x-axis represents the offset of the
blank. The y-axis shows the normalized switch rate i.e. the rate in each time window
divided by the rate for that trial; the mean over all trials is then calculated for each subject.
The horizontal black dashed line indicates the baseline and the dotted boxes mark the time
period of significant deviation from 1 (Bonferroni adjusted alpha = .0056). Note that the
time period from O to 1.5 s was taken for the analysis. The grey shaded regions in the graph

show standard errors.

4.4.5 Modulation of blinks around blanks

We plotted blinks around blanks to disentangle the influence of the motor response
on the blink modulation (Figure 25) as blanks are perceptual events that do not lead to a
motor response. We considered only those blanks that were not followed by a switch report
within 1.5s. One-sample t-tests with a Bonferroni adjusted alpha of 0.0029 was conducted.

See supplementary Figure S18 for the t and p-values of each time window.
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Experiment

The time-resolved analysis revealed a significant decrease in blink rate in the 0.2s (p < .001)

time window after blank offset (Figure 25a).
Experiment 2

Similarly, the time-resolved analysis revealed a significant decrease in blink rate in the 0.6s (p

<.001) time window after blank offset (Figure 25b).
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Figure 25. Normalized blink rates around the blanks during the Motion quartet-in light (a)
and in dark (b). The 0 on the x-axis represents the offset of blanks. The horizontal black
dashed line indicates the baseline and the dotted boxes mark the time period of
significance (Bonferroni adjusted alpha = .0029). The grey colored regions in the graph
show standard errors.

4.4.6 Modulation of blinks around random key presses

Lastly, to see if motor activity in the absence of an external stimulus could drive the
blink modulation, we used 5 additional participants who were asked to press a key at random

intervals in a completely dark room. We tested normalized blink rates around the key lifts as

130



4. Study 3

shown in Figure 26. Our time resolved analysis did not reveal a significant change in any of
the time windows. The adjusted alpha was again calculated based on the fact that there were
17 time windows (0.2s non-overlapping, from -1.5 to 1.5), and therefore, 17 one-sample t-

tests in total. See supplementary Figure S19 for the t and p-values of each time window.

2 glinks in complete darkness (no stimulus)

Normalized blink rate

-2 -1 0 1 2

Time around key lift [s]
Figure 26. Normalized blink rate around key presses in complete darkness and in the
absence of external stimuli. Time point 0 on the x-axis represents the onset of the key

press. The horizontal black dashed line marks the baseline. One sample t-tests showed no

significant change from the threshold (Bonferroni adjusted alpha = .0029).

4.5 Discussion (Study 3)

We studied the role of spontaneous eye blinks during visual and auditory ambiguity.
In a previous study, we had found a decrease in blinks before visual perceptual switches
(Brych et al., 2021). In the current study, we replicated these findings in the visual and
auditory domain, showing a domain general link between blinking and internal perceptual

switches. We could further demonstrate that neither motor responses nor the visual
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consequences of blinks caused the observed blink modulation. Importantly, by showing that
the time between switches and the previous blink were significantly longer than the inter-
blink interval, our studies provide first evidence that a decrease in blink probability facilitates
a perceptual switch. The corresponding conclusion, namely that blinking prevents a switch,
was further supported by the finding that participants with a high blink rate showed a
significantly lower rate of perceptual switches compare to participants who displayed a low

blink rate.

4.5.1 The absence of a blink could facilitate switches in the visual and the auditory domain

A decrease in blinks was observed before the perceptual report in all three
experiments. We thereby replicate previous findings within the visual domain (Brych et al.,
2021), but add that the decrease in blinks is not mediated by the lighting condition and is
therefore independent from the effect the blink has on the visual system. Further, we show
that the decrease is not specific to the visual modality. Although others have also observed a
switch related decrease in blink rate in the visual domain (Junji Ito et al., 2003; L. C. van Dam
& R. van Ee, 2005), most have argued that attentional processes are likely the driving factor.
For instance, according to Junji Ito et al. (2003), top-down processes such as attention and
effort required to successfully complete a given task might lead to a decrease before the
switch report. Similarly, L. C. van Dam and R. van Ee (2005) argued that a decrease in blinking
might occur for relevant events such as perceptual switches due to attention directed towards
them. Although attentional processes could very well be involved, it still does not rule out the
possibility that the blink reduction occurred before the switch and likely caused it. We would
first discuss evidence for why we believe the internal switch happened after blink reduction

and then discuss the role of attention in this influence.
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Our current results further support this interpretation by showing that the decrease
in blinks starts before the perceptual switch (as deduced through the timing of the blank-
induced perceptual switch) and that the length of this no-blink period exceeds the normal
inter-blink interval. We could further show that subjects with a high blink rate have a lower

switch rate. We will discuss each point in detail below.

Our blank results provide two important estimates: First, Figure 24b indicates that a
blank increases the probability of a switch report after a period of around 0.8 to 1.2s. The
actual switch therefore must have happened in between this period of blank and switch
report. Additionally, since the blank introduced the perceptual switch likely after a certain lag,
we can assume that the actual perceptual switch happened considerably after the blank.
Therefore, the time taken from a switch to the report would, according to Figure 24b, be less
than 0.8s. However, as seen in Figure 19b, the reduction in blinks is significant already 0.8s
before the report of the switch which is before the estimated time of the switch. This indicates
that the blink rate reduction is most likely not caused by the perceptual event. A second
important result further shows that it is indeed unlikely that the internally introduced
perceptual switch caused the blink decrease: Figure 25 indicates that a perceptual event (i.e.
a blank) alters blinks after a period of 0.2 to 0.6 s. If we assume that the internally generated
perceptual switch introduced the blink decrease, we need to assume this perceptual switch
to happen 0.2 to 0.6s before the observed blink reduction (see Figure 19). However, as
discussed above, this would assume the perceptual switch to happen even before the blank
and we know that the blank precedes the switch. The two estimates therefore clearly argue
against the interpretation that the perceptual switch caused the blink reduction but argue for

the interpretation that the blink reduction started before the perceptual switch. Please note
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that this estimate could only be done for the visual domain since no blanks were presented

in the auditory domain.

To further show evidence that the decrease in blink probability is linked to the
probability of switching, we compared the duration between a switch and a previous blink
with the distribution of inter-blink intervals (IBl). We had theorized that, if the absence of a
blink facilitates a perceptual switch, these no-blink intervals should be longer than the inter-
blink intervals (in which no switch happened), which was confirmed by our results for both
domains. This suggests that a period of no blinks sets the stage for a re-interpretation of the
sensory input. Indeed, an early study by Ellis and Stark (1978) found that increased fixation
durations were accompanied with increased switching. A decreased blink probability would
increase the duration of a fixation period. The reduced blink rate during focused attention
could therefore mark a stage of flexibility to allow a re-interpretation of sensory input.
Conversely, we can deduce that blinks stabilize the perceptual interpretation. To test this
hypothesis, we compared switch rates between participant with low and high blink rates and
all experiments showed an increased switch rate for low blinkers (experiment 1 and 3
significant, experiment 2 marginally significant). We further conducted a regression between
blink rate and switch rate, however, while again all experiments showed a clear trend, i.e. as
the individual blink rate increased the individual switch rate decreased, the regression

showed significance only for experiment 1.

4.5.2 The role of attention in the influence of blinks

The previous section provided evidence for the blink reduction preceding the internal
switch. This would mean that a decrease or suppression of blinking could facilitate switching.

But an important question is what the mechanism behind this influence is and if attention or
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other top down processes could be involved. We and others have found that blink reduction
is indicative of attentional processing. Importantly, in our previous work, we showed that a
blink precisely represents the time point where all information processing has ended.
Importantly, we showed that this is also the case for auditory information processing. Taking
this idea, when a reduction of blinking occurs, we could assume that there is an increase in
attention and therefore, processing of the stimulus. In this case, it would be a reprocessing to
reinterpret the bistable stimulus. After the new percept is formed, a blink occurred, possibly
indicating the end of the (re-)processing of the stimulus and therefore stabilizing the new

current percept.

4.5.3 Blink modulation is not mediated by the motor response

We provide two results showing that the modulation of blinks preceding the switch
response are not due to the preparation of the motor output. First, random key presses
showed no influence on blinking which argues against it (Figure 26). Contrarily, L. C. van Dam
and R. van Ee (2005) found that blinks were modulated even when subjects were asked to
press keys at random. However, a key difference to our experiments is that we conducted the
random key press task in complete darkness, whereas they continued to present the
experimental stimulus. Hence, it is seems possible that the stimulus, albeit unintentionally,
modulated key presses and blinks. Additionally, their low number of subjects did not allow a
statistical test on a group level. A study by Cong et al. (2010) particularly showed a relationship
between blinking and rhythmic tapping. As rhythmic motor outputs have been previously
reported to show a temporal concurrence (Cao et al.,, 2020a), we speculate that such a
process led to the co-modulation of tapping and blinking. The arrhythmic random motor

output, as produced in our experiment, would not facilitate such temporal link via an internal
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rhythm. Further findings from experiment 1 and 2 argue against the influence of motor output
on blink rate. The decrease in blinks around blanks (Figure 25), despite not requiring any
response, showed that sensory events can influence the blink rate without involving motor
output. Blanks are unpredictable external events that likely lead to a re-computation of the
sensory input (Deubel et al.,, 2004; Golan et al., 2018b; Higgins et al., 2009), and hence,
suppress blinks. It is indeed interesting that these external events had an influence on blinks,
despite not being of any relevance to the task itself. Overall, the absence of blink modulation
around random key presses and the pronounced blink modulation despite the absence of
motor output, suggests that the motor related processes did not triggered the blink

modulation.

4.5.4 Conclusion (Study 4)

Our study showed that internally generated perceptual changes, as experienced
during visual and auditory bistability, were preceded by a reduction in spontaneous blink rate.
This reduction was independent of the visual consequences of a blink and not related to the
motor response. As we further found that the time between switches and the previous blink
were significantly longer than the inter-blink interval, we argue that an absence of blinks
facilitates internally introduced perceptual switches within and outside vision. Importantly,
we take the idea that blink reduction indicates increased attention and put forth that the
reduction also indicates a re-processing of the bistable stimulus. Conversely, we propose that

a blink represents the end of the re-processing and might stabilize percept.
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4.6 Supplementary Material (Study 3)
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Figure S16 Shows the results of the time-resolved analysis of normalized blink rate around
switch report (see Figure 19 in manuscript). The x-axis shows the time around the perceptual
report in seconds, the y and z-axes show the log-p values and the t-values respectively. Note
that a one-sample t-test against 1 was conducted for each time window and a Bonferroni

correction was applied. The horizontal dashed line marks the threshold for the Bonferroni

corrected p-value.
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Figure S17 Shows the results of the time-resolved analysis of normalized switch rate around

blanks (see Figure 24 in manuscript). The x-axis shows the time around the blank in seconds,

the y and z-axes show the log-p values and the t-values respectively. Note that a one-sample

t-test against 1 was conducted for each time window and a Bonferoni correction was applied.

The horizontal dashed line marks the threshold for the Bonferoni corrected p-value.
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Figure S18 Shows the results of the time-resolved analysis of normalized blink rate around

blanks (see Figure 25 in manuscript). The x-axis shows the time around the blank in seconds,

the y and z-axes show the log-p values and the t-values respectively. Note that a one-sample
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t-test against 1 was conducted for each time window and a Bonferoni correction was applied.

The horizontal dashed line marks the threshold for the Bonferroni corrected p-value.
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Figure S19 Shows the results of the time-resolved analysis of normalized blink rate around
key lifts in complete darkness and no external stimulus (see Figure 26 in manuscript). The x-
axis shows the time around the key lift in seconds, the y and z-axes show the log-p values and
the t-values respectively. Note that a one-sample t-test against 1 was conducted for each time

window and a Bonferoni correction was applied. The horizontal dashed line marks the

threshold for the Bonferroni corrected p-value.
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5. Study 4: Motor restrictions impair divergent thinking during

walking and during sitting

Creativity, specifically divergent thinking, has been shown to benefit from
unrestrained walking. Despite these findings, it is not clear if it is the lack of restriction that
leads to the improvement. Our goal was to explore the effects of motor restrictions on
divergent thinking for different movement states. Additionally, we assessed whether
spontaneous eye blinks, which are linked to motor execution, also predict performance. In
experiment 1, we compared the performance in Guilford’s alternate uses task (AUT) during
walking vs sitting, and analysed eye blink rates during both conditions. We found that AUT
scores were higher during walking than sitting. Albeit eye blinks differed significantly between
movement conditions (walking vs sitting) and task phase (baseline vs thinking vs responding),
they did not correlate with task performance. In experiment 2 and 3, participants either
walked freely or in a restricted path, or sat freely or fixated on a screen. When the factor
restriction was explicitly modulated, the effect of walking was reduced, while restriction
showed a significant influence on the fluency scores. Importantly, we found a significant
correlation between the rate of eye blinks and creativity scores between subjects, depending
on the restriction condition. Our study shows a movement state-independent effect of
restriction on divergent thinking. In other words, similar to unrestrained walking,
unrestrained sitting also improves divergent thinking. Importantly, we discuss a mechanistic
explanation of the effect of restriction on divergent thinking based on the increased size of

the focus of attention and the consequent bias towards flexibility.

Copyright © 2022 Murali & Handel. This is an open access article distributed under the terms of the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
provided the original authors and source are credited. The official reference for this material is: Murali, S., & Handel,
B. (2022). Motor restrictions impair divergent thinking during walking and during sitting. Psychological research, 1-
14. Headlines, figure and experiment numbering were adapted to exclude ambiguities in this thesis.
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5.1 Introduction (Study 4)

The notion that walking and thinking are linked goes back to the Peripatetic school of
philosophy in ancient Greece and throughout history, there have been anecdotal claims that
walking helps people think, solve problems and come up with creative ideas. Over the past

couple of decades, some empirical evidence for these claims has been obtained.

Creativity has been proposed to involve two main processes: divergent and
convergent thinking (Guilford, 1967). Divergent thinking, which is the focus of this study, is
the ability to come up with new ideas or solutions to a single problem. Convergent thinking,
on the other hand, involves the generation of a single novel solution by bringing together
different concepts or problems. Two of the most commonly used tests are Guilford’s alternate
uses test or AUT (Guilford, 1967) for divergent thinking and Mednick’s remote association test
or RAT (Mednick, 1962) for convergent thinking. In the AUT, participants are asked to come
up with alternate uses for everyday objects and in the RAT, they are required to find a
commonality between three given words. Although these tests assess specific processes, they
have been said to be good indicators for creative potential (Runco & Acar, 2012). With regard
to the AUT, there are several sub-scores such as fluency, flexibility and originality. In this study
we use fluency and flexibility sub-scores of the AUT, which is defined by the number of valid
responses generated and the number of categories the responses can be assigned to,

respectively to characterize divergent thinking.

Concerning large body movements, walking has been experimentally associated with
better performance in divergent thinking (Kuo & Yeh, 2016; Leung et al., 2012; Oppezzo &
Schwartz, 2014; Zhou et al., 2017). For instance, Oppezzo and Schwartz (2014) found that

people performed better in a divergent thinking task while walking as opposed to sitting. The
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same authors also found that there was a residual effect of walking by showing that
performance continued to be enhanced when people performed the sitting condition after

the walking condition.

Specifically, not just walking, but free walking has been shown to have the most
benefit for divergent thinking. Kuo and Yeh (2016) showed that performance in the AUT
improved during unrestrained or free walking as opposed to walking in a prescribed
rectangular path. In the same study, the authors tested whether the effect was due to the
path itself by including a condition where participants had to walk in a path which was
generated during another participant’s free walking condition. They found that performance
improved only during the actual free walking and thus concluded that it is the freedom to

move and not the characteristics of the path that has an influence.

Although unrestricted walking in particular seems to have an effect, to our knowledge,
no study has tested if this effect pertains to motor restriction in general. However, studies
have suggested that free walking as well as other fluid movements can form an association of
bodily states and abstract concepts and thereby improve divergent thinking (Kuo & Yeh, 2016;
Leung et al., 2012; Slepian & Ambady, 2012, 2014). Slepian and Ambady (2012), for instance,
found that AUT fluency scores were higher when participants made fluid movement with the
hand while drawing as opposed to when they made non-fluid movements (by drawing straight
lines). The authors argue that fluid movements could be linked to fluid thought processes. A
similar argument was made by Kuo and Yeh (2016) namely that walking/moving freely could

activate the idea of mind wandering.

Albeit less, there also is evidence for a link between creativity and eye-related

movements, namely blinks. Eye blinks are of three types: reflexive, spontaneous or voluntary.
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Reflexive blinks occur as automatic responses to startling external stimuli such as an air puff.
Voluntary blinks occur when someone is explicitly asked to make a blink. Spontaneous
blinking, which is the focus of our study and has been found to be linked with divergent
thinking (Akbari Chermahini & Hommel, 2010; Ueda et al., 2016), is blinking that occurs
unconsciously and not as a reflexive response. These blinks occur about 10-15 times a minute
(Burr, 2005; Doughty, 2001; Kaminer et al., 2011). Although they serve to moisten the eyes,
their frequency is much higher than what is required just for that cause (Kaminer et al., 2011).
The purpose of these surplus blinks is not completely decoded, but they have been shown to
reflect cognitive processes (Brych & Handel, 2020; Brych et al., 2020, 2021; Fogarty & Stern,
1989; Goldstein et al., 1992). One study by Akbari Chermahini and Hommel (2010) found that
participants who had a comparably moderate baseline eye blink rate, as identified as the
centre of the distribution of blink rates for this specific study, had higher scores on the AUT
compared to subjects showing blink rates at the left and right side of the distribution. Another
study, specifically focussing on blinking during the task as opposed to during a baseline period,

found a positive correlation between blink rate and AUT scores (Ueda et al., 2016).

Despite this sparse evidence from directly testing for creativity, there is rather strong
experimental indication that cognitive aspects that might be applied during creative thinking
are linked to eye movements. When people engage in imagination and memory retrieval, they
tend to make more saccades and blinks (Salvi & Bowden, 2016). Although eye blinks are not
specifically investigated, a number of studies have found a link between eye movements in
general and memory retrieval (Damiano & Walther, 2019; Johansson et al., 2012; Johansson
& Johansson, 2014; Lenoble et al., 2019). In fact, not allowing any eye movements worsens
performance in these tasks (Damiano & Walther, 2019; Johansson & Johansson, 2014).

Moreover, Johansson & Johanssonn (2014) also showed that asking participants to make eye
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movements that were incongruent with the position of the objects during a visoospatial
memory task, worsened performance as opposed to congruent movements. Apart from visual
memory, a study by Lenoble et al. (2019) showed that eye movements could also aid in
retrieving autobiographical memories. These authors found memories retrieved while making
free eye movements were more detailed and faster than those retrieved during fixation.
Moreover, Salvi and Bowden (2016) in their paper, mention how it has been anecdotally
suggested that closing one’s eyes is thought to reflect the process of disengaging from the
outside world and concentrating on inner thoughts. Indeed, we recently showed that blinks
could directly reflect cognitive processes independent of external sensory input (Brych &

Handel, 2020; Brych et al., 2021; Murali & Handel, 2021).

So while there is strong evidence that eye movements are related to cognitive
processes and some evidence that they are linked to creativity, it is not clear if eye
movements play a role in cognition or if they are linked via a common process. Akbari
Chermahini and Hommel (2010) suggested that the link between eye blinks and divergent
thinking performance could be mediated by dopamine levels. Dopamine has been shown to
play a role during divergent thinking (Kulisevsky et al., 2009; Zabelina et al., 2016) and at the
same time is correlated with eye blink rates (Bologna et al., 2012; Karson, 1983; Taylor et al.,
1999). Blink rate has been shown to increase following the administration of dopamine
agonists (Karson et al., 1984) and decrease following dopamine antagonists (Blin et al., 1990;
Strakowski & Sax, 1998; Strakowski et al., 1996). However, a few recent studies have found a
lack of evidence for the positive relationship between dopamine and eye blinks in healthy
human adults (Dang et al., 2017; Sescousse et al., 2018). Overall, when it comes to eye blinks,
dopamine and creativity, the relationship is hard to interpret since there are several neuronal

processes modulated by dopamine, which could influence blinking as well as creativity. For
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example, a link might be realized via the default mode network. Blinks activate the default
mode network (Nakano et al., 2013), which has been shown to play a role in creativity (Beaty
et al., 2014; Kiihn et al., 2014) as well as to be linked to dopamine (Dang et al., 2012; Nagano-

Saito et al., 2009).

Using three experiments, we tested the influence of body movement and motor
restriction on the AUT and additionally tested the relationship between blinks and
performance during the different conditions and the interaction between blinks and other
body movements. In experiment 1, we focused on the interaction between walking and
blinking. When investigating specific movements, it is important to consider that many body
movements interact. As shown by us and by others, spontaneous blink rate increases can be
linked to movements of the mouth during speech (Brych et al., 2020; von Cramon & Schuri,
1980). Also walking goes hand in hand with an increased blink rate (Cao et al., 2020b).
Importantly, this association is not dependent on the visual input, as it persists even during
absolute darkness, suggesting a link deeply integrated into the system. We, therefore, set out
to better understand the influence of different movement states on creativity, while
additionally assessing the interactions between large movements and blinks. The purpose of
experiment 1 was to a) replicate previous findings on walking and blinking on divergent
thinking, b) to differentiate the effects for the different phases of the creativity task (baseline,
thinking, responding), and c) to understand if effects of blinking and walking are additive or

independent from each other.

The aim of experiment 2 was to understand if the mere execution of motor output is
the relevant factor or if it rather is specific instruction/ body state, which introduces the

effect. As detailed earlier, particularly walking without restriction to the path, has been
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shown to improve divergent thinking. Free eye movements, although not been studied in the
context of creativity, have been shown to benefit memory. We wanted to understand if the
positive effect on cognition extends to other movement states and hence, compared
performance in the AUT not only during free and restricted walking, but additionally during
free and restricted sitting. The aim of experiment 3 was to replicate the findings of experiment

2 and importantly test if eye blinks show a link to fluency depending on the level of restriction.

5.2 Experiment 1

5.2.1 Participants

Twenty fluent German speakers (7 males) between the ages of 18 and 35, took part in
the first experiment. All participants were bachelor’s students from the Psychology
department at the University of Wuerzburg and were recruited via the SONA-systems
software. They gave their written informed consent and received study credit for their

participation. The study complied with the European data protection law (DSGVO).

5.2.2 Procedure

Stimulus and equipment

We used 14 words (translated to German) from the Guilford’s Alternate Uses Task:
bandage, brick, chair, desk, frying pan, garbage bag, lipstick, pencil, newspaper, shoes, spoon,
tile, toothbrush, and towel. These specific words were chosen based on two previous studies
(Akbari Chermahini & Hommel, 2010; Ueda et al., 2016). In particular we used 13 words from
Ueda et al. (2016) and additionally added the word “newspaper” from Akbari Chermahini and
Hommel (2010) to get an even number of words to divide among the two conditions. A

headset (Sennheiser PC3) was used to present the words and to record the verbally given
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responses. The words as well as the instructions (more details in the next section) were
presented via a text-to-audio function in MATLAB using an automated voice for audio output.
The verbally given responses were saved as a raw audio (wav) format. A response key
connected via a response box (model: K-RB1-4; The Black Box ToolKit Ltd, UK) was provided
and used by the participant to begin the trials or conditions whenever they were ready (see
next section for more information). The experimental program was implemented in MATLAB
2015a, with the Psychophysics Toolbox extensions (David H Brainard, 1997; Mario Kleiner et
al., 2007; Denis G Pelli, 1997), using a Dell Precision (M6700) laptop running Windows 10.
Binocular eye movements were recorded using the 120Hz SMI video-based eye tracking
glasses (SensoMotoric Instruments GmbH, Berlin, Germany). The experiment was conducted

in a normally lit room of size 9m * 2m and took approximately 90 minutes.

Experimental Design

A within-subject design was applied to test the effects of the two conditions: walking
vs. sitting. The conditions were presented in two blocks, each consisting of 7 trials (words),
with the order of the blocks randomized between subjects. Specifically, at the start of the
experiment, a randomization was applied, such that a random order for the conditions and
words was generated. Note that 7 subjects did the walking condition first and 13 subjects did

the sitting condition first.

Before starting the experiment, subjects were prepared with the eye tracker, the
headset and the laptop in a backpack. The experimenter then gave the initial instructions as
to the task and the conditions. Participants were informed that they would have a minute to
think after each word is presented. They were asked to give as many ideas as possible and

told that they should not give non-uses such as ‘throw away’. After this, subjects could press
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a key to receive further instructions and information regarding which condition they were

going to start with, through an automated voice via the headphones.

Before starting each condition, the automated voice indicated that the baseline would
begin and that an auditory beep would mark the start and end of the baseline period. Subjects
were instructed to either walk or sit during this baseline, depending on the condition. No
external stimulus or task was given during this period. In the walking condition, subjects were
allowed to walk freely around the room. In the sitting condition, no specific instructions were
given except that the subject had to comfortably sit in a chair. After the baseline, the audio
instructions would again indicate that a trial was about to start and that a word would be
presented followed by two auditory beeps to indicate the start and end of think time
respectively. After the think time, participants were asked to give their responses after
another beep. Lastly, participants were informed of the end of the (3 minutes) response time
and that they could take a break and press a key for the next trial (or condition) to start. Note
that the procedure for a trial with a separate think time and response time was similar to
Ueda et al. (2016). The reason for this was because voluntary actions such as speaking is
associated with an increase in blinking (Brych et al., 2020; von Cramon & Schuri, 1980).
Participants were allowed breaks between trials and between conditions. However, there was
no minimum or maximum time between conditions and all measurements were completed

in a single session.

5.2.3 Scoring of the AUT

We scored the responses using the criteria from a previous study (Ottemiller et al.,
2014). We first took all responses given by the subject and then filtered out responses that

were 1) repetitive (a direct repetition of a previous use given); 2) implausible (given the
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objects properties, e.g. pen used as a skirt) or 3) a non-use (e.g. throw in the garbage). For
the repetition criteria, only direct repetitions were used. For example, for the object “towel”,
responses such as “use as a skirt” and “use as a t-shirt” were considered separate ones.
However, responses such as “used as shirt” and “used as a blouse”, were regarded as one
idea, whether they were given consecutively or not. Responses that might belong to the same
category (in the case of the first example: clothing) were not treated as repetitions. However,
responses belonging to a specific subcategory (in the case of the second example: tops) were
considered repetitions. This was done to avoid high fluency scores stemming from giving

random repetitive ideas (Zhang et al., 2020).

Fluency was then defined as the total number of correct responses and flexibility was

defined by the different categories in the responses.

5.2.4 Blink Detection

We used a blink detection algorithm based on the pupil radius data similar to our
previous studies (Brych & Handel, 2020; Brych et al., 2021; Murali & Handel, 2021). Blinks
were detected if the z-transformed radii data of either of the two eyes was missing or if the
data from one of the eyes was missing and the other eye had a z-value below a certain
threshold (-1,-2 or -3 set for each individual subject). These blinks were then extended until
the radii data of either eye was higher than the set threshold. Blinks that were less than 100ms

apart were combined and those longer than 0.5s were discarded.
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5.2.5 Results
AUT fluency and flexibility score during walking vs sitting

The mean fluency score during walking was 14.1 (SD = 5.7) correct responses per trial
and during sitting was 12.7 (SD = 5.3) correct responses per trial (see Figure 27). The mean
flexibility score during walking was 7.3 (SD = 2.4) and during sitting was 6.5 (SD = 2.1). A T-
test revealed a significant difference between the two conditions for fluency (t(19) = 2.4; p =
.03) and for flexibility (t(19) = 2.9, p = .008). Additionally, supplementary figure S21 shows the
mean fluency score over all subjects for each word. A within subject ANOVA revealed no
significant effect of the words (F (13,269) = 0.96, p = .5).

a) b)
30 , ' 15

Fluency score
Flexibility score

Walk Sit Walk Sit

Figure 27. The mean fluency score (a) and the mean flexibility score (b) during walking and
during sitting are shown. T-tests revealed a significant difference between walking and
sitting for fluency (t (19) = 2.4; p = .03) and flexibility (t(19) = 2.9, p = .008). The asterisk
symbols represent the data from each subject. The blue lines represent cases where the
fluency score is higher for the walking condition and the red lines represent cases wherein

it is higher for the sitting condition.
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AUT fluency and flexibility score vs eye blink rate

The mean think-time eye blink rate (blinks per minute) during walking was 42.1 (SD =

22.9) and during sitting was 31.7 (SD = 13.2). A linear regression model was applied to see if

eye blink rates (during the think time) predicted the fluency and flexibility scores (see Figure

28). For fluency, the analysis did not reveal any significance for either the walking (F (1,19) =

.2, r2 =.01, p =.7) or the sitting (F (1,19) = 0.001, r2 = 4.49e-05, p = .7) condition. Also for

flexibility, there was no significance either in the walking (F (1,19) = .2, r2 =.01, p = .6) or the

sitting (F (1,19) = .07, r2 =.004, p = .7) condition.
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Figure 28. The mean fluency score (a, b) and flexibility score (c, d) is plotted against the

blink rate for each subject during walking (a, c) and during sitting (b, d). Each coloured circle

represents data from a single subject. Linear regression gave no indication that eye blinks

predicted the fluency or flexibility scores during the think time.
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Eye blink during walking vs. sitting and task vs. no task

To see if eye blink rates differed during the conditions and the different phases of the
trial, we conducted a repeated measures two-factor ANOVA for the factors condition (Walk

vs Sit) and task phase (Baseline vs Think time vs Response Time).

There was a significant effect of condition (F (1,125) = 9.95, p = .005). However, no
significant effect of task phase (F (1,125) = .86, p = .43). From Figure 29, it is clear, that eye
blink rates during walking were higher than during sitting. Additionally, it can be seen that
task phase indeed has an effect on blink rate but only when sitting. This is confirmed by a

significant interaction effect (F (2,125) = 4.05, p=0.025).

Post-hoc T-tests showed that eye blink rates were higher for baseline walking than
baseline sitting (t (20) = 2.5, p =.02), as well as for think-time walking compared to the think-
time sitting (t (20) = 2.7, p = .01), but not for response time walking compared to response
time sitting (t (20) = .3, p = .8). In fact, eye blink rate during the sitting response time was
higher than the sitting baseline (t (20) = 2.7, p = .01) and the sitting think time (t (20) = 2.8, p

=.01).
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Figure 29. The mean blink rate during the different phases of the task, namely baseline,
think time and response time, for the walking and sitting condition is shown. A two-factor
ANOVA revealed a significant effect of condition (F (1,125) =9.95, p = .005) and a significant
interaction (F (2,125) = 4.05, p = 0.025), but no significant effect of the different phases of

the task (F (1,125) =.86, p = .43).

5.2.6 Interim discussion

Experiment 1 showed that performance in the AUT is higher when walking than when
sitting. However, as can be seen in figure 27 (a & b), 9 participants in the fluency score and 5
in the flexibility score showed the opposite trend. Interestingly, it seems that participants
showing an improvement when walking do so rather pronounced, whereas those participants
who are better for sitting, are only slightly better. It is important to point out that this is not
caused by the order of conditions, as walking always showed a group-wise averaged
improvement in fluency compared to sitting, independent if people walked or sat first (Figure
S20). Nevertheless, in a supplementary analysis the improvement only reaches significance
for those participants who sat first, which could be indicative of a residual effect of walking,

as described in the literature (Oppezzo & Schwartz, 2014). However, as there is a power
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difference between walking first (N=7) and sitting first (N=13), a larger sample size would have

been necessary to draw conclusions as to such a residual effect.

As to the reason why not all subjects showed an improvement in AUT performance for
walking compared to sitting, we speculate that the difference in movement restriction caused
this division. As restriction was not explicitly instructed for experiment one, it is possible that
some subjects interpreted the sitting condition as an unrestricted condition in which they
moved freely (while sitting), whereas the other group of subjects interpreted the requirement
of the sitting condition as moving as little as possible. This might explain why one group was
very comparable in its performance (walking and sitting was equally unrestricted), whereas
the other group showed gross difference in performance in the unrestricted walking condition
as opposed to a very restricted baseline. In experiment 2 we directly tested if the effect of

improved AUT performance is mediated by restriction, independent of walking.

5.3 Experiment 2

5.3.1 Participants

Seventeen new participants who were fluent German speakers (4 males) between 18
and 35 years, took part in the second experiment. They received monetary compensation for
their participation. The study complied with the European data protection law (DSGVO) and
was additionally approved for Hygiene regulations regarding COVID-19. All participants were

recruited via the SONA-systems software.
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5.3.2 Procedure

Stimulus and equipment

We used 12 words out of the 14 translated words that were used in experiment 1:
bandage, brick, chair, desk, frying pan, garbage bag, lipstick, pencil, newspaper, shoes, spoon,
tile. Similar to experiment 1, the experimental program was implemented in MATLAB 20153,
with the Psychophysics Toolbox extensions (Brainard, 1997; Kleiner et al., 2007; Pelli, 1997),
using a Dell Precision (M6700) laptop running Windows 10. We also used the same response
key connected to a response box (model: K-RB1-4; The Black Box ToolKit Ltd, UK). Restrictions
due to the COVID-19 pandemic did not permit the use of an eye tracker or headset. All
instructions and the words were instead presented directly using the in-built speakers of the
laptop. This was again done similar to experiment 1, using a text-to-audio function in MATLAB.
The responses were recorded via the in-built microphone and saved as a raw audio recording
(.wav format). The experiment was conducted in a normally lit room of approximately 5*6m?

and took approximately 60 minutes.

Experimental Design

Similar to experiment 1, a within subject design was conducted with 4 conditions and
three words (trials) per condition. At the start of the experiment, a randomization was
applied, such that a random order for the conditions and words was generated. The order of
the conditions for each subject is presented in the supplementary table S3. Note that all
subjects completed all condition and the recording was done in a single day. Similar to
experiment 1, participants were allowed breaks in between conditions and trials, with no

minimum or maximum length.

155



5. Study 4

Before starting each experiment, subjects were informed by the experimenter as to
the task and conditions. They were instructed that they would have one minute to think about
the answers and three minutes to give their answers and that they could give as many
responses as possible, but should not give non-use responses such as “throw away”. During
this initial instruction phase, participant were also shown the restricted path that they had to

take (details below).

Once the experiment began, the automated voice indicated the condition and that a
trial was about to start. Note that unlike experiment 1, no baseline measurement was
conducted since no eye tracker was used and the main purpose of the baseline in experiment
1 was to measure baseline eye blink rates. At the start of each trial, similar to experiment one,
the audio instructions would indicate that a word would be presented followed by two beeps
to indicate the start and end of the one minute think time. Following the end of the think
time, participants were asked to start giving their responses after another beep. At the end
of the (3 minutes) response time, participants were allowed to take a break and could press
a key whenever they were ready to go to the next trial or condition. The experimenter kept a
close watch on the participant, to detect obvious violations of the task requirements with

regard to movement or restriction.

The 4 conditions were as follows:

1. Free walking: subjects could walk around a large room without any restriction as to

the path.

2. Restricted walking: subjects had to walk back and forth in a straight path from wall

to wall in the centre of the room. A horizontal mark depicted the width of the path.
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3. Free sitting: subjects sat comfortably on a stationary non-rotating armchair with a
solid non-moving back and no wheels. For all subjects the position of the chair was
against one of the walls of the room such that the person would face the room and

not the blank wall.

4. Restricted sitting: subjects sat at a distance of 50 cm from a computer screen with
a fixation cross at the centre. The position of the chair and laptop was always the same
for all subjects. As we did not track motor output, we cannot assess to what extent

subjects were moving in the sitting condition.

5.3.3 Scoring of the AUT

We used the fluency and flexibility sub-scores as in experiment 1. The criteria were
the same with the following responses considered as incorrect 1) repetitive (a direct
repetition of a previous use given); 2) implausible (given the objects properties, e.g. pen used
as a skirt) or 3) a non-use (e.g. throw in the garbage). For more details on the exclusion

criteria, please see experiment 1.

5.3.4 Results

Effect of movement and restriction on fluency and flexibility

The mean fluency score during free walking was 10.5 (SD = 4.4), during restricted
walking was 9.5 (SD = 4.9), during free sitting was 10.2 (SD = 4.4) and during restricted sitting
was 9.3 (SD = 3.5). The mean flexibility score during free walking was 7.2 (SD = 3.2), during
restricted walking was 3.6 (SD = 1.6), during free sitting was 7.1 (SD = 2.5) and during
restricted sitting was 3.1 (SD = 1.2). Figure 30 shows the mean fluency and flexibility scores

during all four conditions.
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For fluency, a repeated-measures two-factor ANOVA was conducted between the
factors movement (Walk vs Sit) and Restriction (Free movement vs. Restricted movement).
The results showed a significant effect of restriction (F (1,67) = 8, p =.01), but not movement
(F(1,67) = .35, p =.56), and also no significant interaction (F (1,67) = .02, p = .8). A post-hoc
T-test for the factor Restriction (Free movement vs. Restricted movement) revealed that
fluency scores were significantly higher during free movement (t (33) = 2.8, p =.01). Similarly,
for flexibility, the two-factor ANOVA showed a significant effect of restriction (F(1,67) = 39.4,
p < .001) but no significant effect of movement (F(1,67)=1.07, p=.3) and also no significant
interaction (F (1,67) = 1.6, p =.2). A post-hoc T-test for the factor restriction (Free movement
vs. Restricted movement) revealed that fluency scores were significantly higher during free

movement (t (33) =8.7, p <.001).

Supplementary figure S21 additionally shows the mean fluency score over all subjects
for each word. Note that, just as in experiment 1, a within-subject ANOVA revealed no

significant effect of the words (F (11,203) = 0.3, p = .9).
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Figure 30. The mean fluency score (a) and the mean flexibility score (b) during free and restricted
walking and sitting are shown. For the fluency, a two-factor ANOVA revealed a significant effect
of restriction (F (1,67) = 8, p = .01), but not movement (F (1,67) = .35, p =.56), and no significant
interaction (F (1,67) = .02, p = .8). Similarly, for flexibility, the two-factor ANOVA showed a
significant effect of restriction (F(1,67) = 39.4, p < .001) but no significant effect of movement
(F(1,67)=1.07, p=.3) and also no significant interaction (F (1,67) = 1.6, p = .2). The asterisks
represent data from individual subjects. The blue lines represent cases with higher scores during
free movement, the red lines represent higher scores during restriction and black lines represent
equal scores.
5.3.5 Interim discussion
Experiment 2 showed that the absence of movement restriction rather than walking
per se improves performance in the AUT. With this insight, we conducted a third study in
order to i) replicate the importance of restriction and ii) to examine the relationship between

blink rates and fluency or flexibility scores in dependence of restriction.

5.4 Experiment 3
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5.4.1 Participants

Twenty-three new participants, who were fluent German speakers (4 males) between
18 and 35 years, took part in the third experiment. However, one subject had to be excluded
for the eye blink analysis because the eye tracker had a technical problem during the
recording. All participants received monetary compensation for their participation. The study
complied with the European data protection law (DSGVO) and was additionally approved for
Hygiene regulations regarding COVID-19. All participants were recruited via the SONA-

systems software.

5.4.2 Procedure

Stimulus and equipment

We used 8 words in this experiment: bandage, brick, chair, desk, frying pan, garbage
bag, lipstick, newspaper. For details regarding the experimental room and equipment, please
refer to experiment 2. Binocular eye movements were recorded using Pupil Core mobile eye
tracker developed by Pupil Labs (Kassner et al., 2014). The experiment took approximately

120 minutes.

Experimental Design

Similar to experiment 2, a within subject design was conducted with 4 conditions and
two words (trials) per condition was conducted. For details regarding the procedure and the
conditions, please refer to experiment 2. Supplementary table S4 shows the order of
conditions for each subject. Note that, due to restrictions regarding the duration of the

experiment in view of the COVID-19 pandemic, the think time was 45s instead of 1 minute.

5.4.3 Soring of the AUT
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We used the fluency and flexibility sub-scores. The criteria to exclude incorrect

responses was the same as experiment 1 and 2.

5.4.4 Blink Detection

The blink detection algorithm was the same as our previous studies (Brych & Handel,

2020; Brych et al., 2021; Murali & Handel, 2021) and same as in experiment 1.

5.4.5 Results

Effect of movement and restriction on Fluency

The mean fluency score during free walking was 10.6 (SD = 4.2), during restricted
walking was 6.02 (SD = 2.9), during free sitting was 10.3 (SD = 4.01) and during restricted
sitting was 5 (SD = 2.03). The mean flexibility score during free walking was 7.8 (SD = 2.6),
during restricted walking was 3.1 (SD = 1.04), during free sitting was 7.5 (SD = 2.4) and during

restricted sitting was 2.4 (SD = .92). Figure 31 shows the mean scores in all conditions.

For fluency, a repeated-measures two-factor ANOVA was conducted between the
factors Movement (Walk vs Sit) and Restriction (Free movement vs. Restricted movement).
The results showed a significant effect of restriction (F (1,91) = 39.9, p < .001), no significant
effect of movement (F (1,91) = 4.6, p = .0504) and no significant interaction (F (1,91) = 2.6, p
= .4). However, as one can see, the p-value for the factor movement is close to significance
(.0504). A post-hoc T-test for the factor Restriction (Free movement vs. Restricted movement)
revealed that fluency scores were significantly higher during free movement t (45) = 7.8, p <

.001).

For flexibility, a repeated-measures two-factor ANOVA was conducted between the

factors Movement (Walk vs Sit) and Restriction (Free movement vs. Restricted movement).
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The results showed a significant effect of restriction (F (1,91) = 170.2, p < .001), but not for
movement (F (1,91) = 4.6, p = .07) and no significant interaction (F (1,91) = .8, p = .4). A post-
hoc T-test for the factor Restriction (Free movement vs. Restricted movement) revealed that
flexibility scores were significantly higher during free movement (t (45) = 15.6, p < .001).
Additionally, supplementary figure S21 shows the mean fluency score over all subjects for

each word. A within subject ANOVA revealed no significant effect of the words (F (7,179) =

0.7,p=.6).
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Figure 31. The mean fluency score (a) and flexibility score (b) during free and restricted walking
and sitting in experiment 3 are shown. A two-factor ANOVA revealed a significant effect of
restriction (F (1,91) = 39.9, p < .001), but no significant effect of movement (F (1,91) = 4.6, p =
.0504). However, the p-value for the factor movement was close to significance (.0504). The
asterisks represent data from individual subjects. The blue lines represent cases with higher scores
during free movement, the red lines represent higher scores during restriction and black lines

represent equal scores.

Eye blinks related to different motor states and AUT scores
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The mean think time blink rate during free walking was 15.4 (SD = 13.1) and during
restricted walking was 16.8 (SD = 13.4). A t-test showed no significant difference between the
two conditions (t(21) =1.6 ,p = .1). The mean time blink rate during free sitting was 12.1 (SD =
7.8) and during restricted sitting was 10.9 (SD = 10.6). A t-test showed no significant difference

between the two conditions (t(21) = .4,p = .6).

To test if eye blink rates are linked to the scores, we conducted a multiple regression
model with eye blink rate as a predictor and movement (Walking or Sitting) and restriction
(Free or Restricted) as categorical independent variables. For fluency, the model revealed a
significant effect of blink rate (F (2,182) = 19.1, p < .001), no significant interaction between
blink rate and restriction (F (2,182) = 3.8, p =.054) and also no significant interaction between
blink rate and movement (F (2,182) = .5, p = .4). The p-value for the interaction between blink
rate and restriction was close to significance (.054). For flexibility, the model showed a
significant effect of blink rate (F (1,182) = 18.4, p < .001), a significant interaction between
blink rate and restriction (F (1,182) = 7.8, p =.01), but no significant interaction between blink
rate and movement (F (1,182) = .3, p = .5). Figure 32 shown the mean scores plotted against

blink rate, for each subject.

A post-Hoc regression analysis conducted on fluency vs blink rate on the restricted and
free conditions (taking the mean over the movement conditions) revealed no significance for
free (F(1,20)=3.5,r2=.2,p=.07), or for the restricted (F(1,20)=1.9,r2=.1,p=.2) condition. A post-
hoc regression test on flexibility revealed significance for the free (F(1,20) =4.6,r2 = .2,p =

.04) but not the restricted (F(1,20) = 0.7, r2 = .03, p = .4) condition.
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Figure 32. The mean fluency score (a, b) and flexibility scores (c, d) plotted against the

blink rate for each subject during the free (a, c) and restricted (b, d) conditions are

shown. Each circle represents data from a single subject. For fluency, a multiple

regression model revealed a significant effect of blink rate (F (2,182) = 19.1, p <.001), no

significant interaction between blink rate a restriction (F (2,182) = 3.8, p = .054) and no

significant interaction between blink rate and movement (F (2,182) = .5, p = .4). The p-

value for the interaction between blink rate and restriction was close to significance

(.054). For flexibility, the model showed a significant effect of blink rate (F (1,182) = 18.4,

p < .001), a significant interaction between blink rate a restriction (F (1,182) =7.8, p =

.01), but no significant interaction between blink rate and movement (F (1,182) = .3,p =

.5).
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Note that one outlier was excluded (due to blink rate > 3 standard deviations in the

restricted sitting condition) in the above analysis (see figure 32).

Additionally, to test for a possible within-subject effect of eye blinks on performance,
we included a within subject analysis sorting trials as to low and high AUT scores for each
subject and tested for a difference in blink rates. There was no indication of a relationship
between blink rate and flexibility/ fluency scores as can be seen in our supplementary

material (see Figure S22).

5.5 Discussion (Study 4)

Our studies show that fluency and flexibility scores in a divergent thinking task are
higher during unrestricted movement than during restricted movement. Although, previous
work has already described a difference between free vs. restricted walking (Kuo & Yeh, 2016;
Leung et al., 2012), we extend these findings by showing improved performance during free
compared to restricted sitting, thereby identifying a movement state independent effect of
restriction. We ascribe this effect to a broadening of the attentional focus, as will be discussed
below. Additionally, our data suggests that while the overall rate of spontaneous blinking can
correlate with the performance in the AUT, i.e. subjects with a higher blink rate tend to score
higher, a change in the blink rate within subjects does not go hand in hand with a modulation
in performance. Accordingly, while we found that blink rates increase during other motor
output like walking and speaking, this blink rate increase is not related to divergent thinking

but likely depicts movement interaction as part of natural behaviour.
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5.5.1 The benefit of free movement during divergent thinking

The beneficial effect of free movement during divergent thinking seems surprising at
first since performance normally suffers during dual tasks. Activity involving gait or balance,
indeed binds cognitive resources as they interfere with certain cognitive tasks (Al-Yahya et al.,
2011; Patel et al., 2014). This contradiction was explained by the idea that, for certain tasks
like the AUT, depleting cognitive resources might actually be beneficial by reducing top-down
control mechanisms (Zhou et al., 2017). In fact, a study by (Radel et al., 2015) showed that
experimentally depleting cognitive resources through an additional task improved
performance in the AUT. Both (Radel et al., 2015) and (Zhou et al., 2017) discuss the idea that
a lack of top-down control leading to a decrease in attentional focus might benefit divergent
thinking. This idea was applied to explain why participants performed better in a divergent
thinking task while standing compared to while sitting or lying down (Zhou et al., 2017).
Whereas in this case it is easily conceivable that sitting or lying down required less cognitive
resources, in our study, it is not obvious that following instructions during restriction would
involve fewer cognitive resources than unrestricted movement. In fact, one might expect the
opposite. Our finding that restricting and thereby controlling motor output has a negative
effect on divergent thinking, therefore rather supports an underlying mechanism of AUT
improvement that is not based on the amount of cognitive or attentional resources but rather
on the distribution of those resources. More specifically, we propose that the size of the
attentional focus during free movement influences divergent thinking. Although, the
influence of the size of attentional focus on creativity has been proposed before, as will be
discussed in the next paragraph, the idea that the difference between free and restricted

movement could stem from this attentional difference has not yet been put forward.
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For quite some time, studies have shown that creative individuals tend to have a
broader attentional focus than less creative individuals (Dykes & McGhie, 1976; Martindale,
1999; Mendelsohn & Griswold, 1964, 1966). More recent, studies have additionally revealed
that manipulating attentional breadth can effect creative performance. For instance, Nijstad
et al. (2010) conducted an experiment wherein attentional breadth was manipulated via a
Navon task (Navon, 1977). They found that attending to the larger letter during the task,
improved performance in a subsequent AUT task. Similar results were also shown by
Friedman et al. (2003) where participants completed a visual search task in a narrow or broad
visual area. Specifically, the visual stimuli were present either in a narrow area around the
fovea or at a comparably large area including the periphery. The concluded that after
broadening the focus of visual attention, participants gave more original ideas in a subsequent
AUT. According to the authors, the narrowing or broadening of perceptual (or visual)
attention could facilitate the narrowing or broadening of conceptual attention. The benefit of
a broad attentional focus on divergent thinking has been replicated (Memmert, 2007; Moraru
et al.,, 2016) and the longitudinal study by Memmert (2007) could show that attention

broadening training improved creative performance.

However, studies have not linked the positive effect of a broad attentional focus to
the benefit of walking or free walking for divergent thinking. Here we propose that a main
difference between restricted and unrestricted movement lies in the size of the focus of
attention. During our restricted sitting condition, subjects had to fixate a small dot on the
screen. This means the task directly implied a focus of attention on a very small area. With
regard to free and restricted walking, a similar effect is likely, as subjects had to monitor the
visual markers that defined their walking path. Indeed, walking itself seems to broaden the

attentional focus as it has been shown that compared to standing still, walking leads to a
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stronger processing of peripheral visual input despite fixation (Cao & Handel, 2019). So even

without explicit instruction, walking can broaden the attentional focus.

But how does a broad attentional focus facilitate divergent thinking? An explanation
has been proposed by Nijastad in the dual pathway to creativity model (Nijstad et al., 2010).
The dual pathway model proposes that two processes are involved in creative thinking,
namely, cognitive flexibility and cognitive persistence. Flexibility involves switching between
different ideas and concepts that are normally not associated with each other. On the other
hand, persistence refers to the focused search for a specific solution. According to Nijstad et
al. (2010) there could be a bias towards one or the other process, depending on the task. This
idea has been extended to cognitive control by Hommel (2015) in the Metacontrol State
Model (MSM). Both (Nijstad et al., 2010) and (Hommel, 2015) agree that a bias towards
flexibility facilitates divergent thinking. Importantly, according to Nijstad et al. (2010), such a

bias towards flexibility can be introduced by a broadening of attention.

To summarize, we propose that a broadening of the attentional focus during free
compared to restricted movement biases the system towards flexibility and therefore
improves divergent thinking. So rather than an activation of abstract concepts, such as voiced
in the conceptual metaphor theory (Lakoff & Johnson, 1980) which was previously used to
explain the positive effect of movement (Kuo & Yeh, 2016; Slepian & Ambady, 2012), we
suggest that the attention based effect as previously described to influence divergent thinking

can be extended to free movement-

5.5.2 The relationship between eye blinks and divergent thinking

Can blink behaviour help us to assess a difference in attentional state during the
various conditions of our creative thinking task? It has been shown that there is an active
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suppression of blinks during the processing of a visual stimulus (Bonneh et al., 2016; Murali
& Handel, 2021; Edmund Wascher et al., 2015). This can be most prominently observed as
blink rate reduction during the presentation of the sensory input and a subsequent blink rate
increase (Brych & Handel, 2020; Oh, Jeong, et al., 2012; Siegle et al., 2008). The degree of
blink rate modulation introduced by a stimulus is elevated if a perceptual task is included
(Brych & Handel, 2020) and can further be suppressed by task difficulty (Oh, Jeong, et al.,
2012). This could indicate that blinking is influenced by visual attentional load. When
considering the difference between restricted and free conditions, subjects indeed needed to
attend to the visual input that indicated the restriction (fixation point or marker for the
walking path). However, the visual information was continuous whereas the blink rate
modulation is mostly observed around stimulus on- and offset. Additionally, no task, such as
a detection of temporal changes was required, which renders the suppression of blinks in
order not to miss information unnecessary. It is therefore not surprising that we found no
difference in blink rate between the restricted and free conditions (see Section 5.4.5). We
conclude that the blink rate cannot shed further insights as to the attentional state during the

two restriction conditions in our set up.

The comparably lower blink rate during sitting compared to walking (see Figure 29) is
likely based on movement interaction as part of natural behaviour. Eye blinks, like other
movements such as saccades and pupil size, are linked to other motor output such as walking
and speaking. For instance, blink rates have been reported to be higher during walking
compared to standing (Cao & Handel, 2019), corresponding to the present results (see Figure
29). Further, we corroborated the finding of increased blink rates due to speaking (Brych et
al., 2020; von Cramon & Schuri, 1980) which was clearly associated with the motor activity

during speech production (Brych et al., 2020). Interestingly, we could show that this increase
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during speaking was specific to the sitting condition, while blink rates were similarly elevated
during the walking condition for all three task phases (baseline, think time and response
time). This suggests that blinking does not depict the quantitative motor output (as it is a non-
cumulative effect) but rather marks a movement state. In other words, since walking and
concurrent talking does not have a higher blink rate than walking or talking separately, the
increase in eye blink rates goes hand in hand with a change in the state of movement, but
more body parts moving would not lead to a stronger enhancement. Overall, our data clearly
shows that an increase in blinking e.g. due to walking cannot be associated with an
improvement in divergent thinking as restricted walking shows a clear blink rate increase but
no behavioural improvement, while free sitting shows a low blink rate despite a behavioural
improvement. Also within a movement condition, the blink rate does not indicate the ability
for divergent thinking, as trials with high scores are not the ones with a high blink rate (Figure

S22). This is true despite a quite sensitive within subject analysis.

However, we do find that subjects with a higher overall blink rate performed better in
the AUT task during free movement. Previous studies have also shown such a between-
subject correlation between eye blink rate and divergent thinking (Akbari Chermahini &
Hommel, 2010; Ueda et al., 2016). While Akbari Chermahini and Hommel (2010) showed a
guadratic relationship between baseline eye blink rates and AUT scores, Ueda et al. (2016)
described a linear relationship when analysing eye blinks during the task. Baseline eye blink
rates have been shown to reflect dopamine levels and therefore, as Akbari Chermahini and
Hommel (2010) put forth, benefit divergent thinking when they exhibit moderate rates.
However, Ueda et al. (2016) explain the linear effect of task-related eye blinks through the
activation of the default mode network. As mentioned in the introduction, the default mode

network has been proposed to be involved during creativity (Beaty et al., 2014; Kiihn et al.,

170



5. Study 4

2014). We can add, as the level of blink rate within a subject did not correlate with the scores
(see Supplementary figure S22) a temporally fine-grained marker of dopamine is not likely.
Our data further weakly indicates that blink rates mainly correlate during unrestricted
behaviour. It is a possibility that only during unrestricted states the default mode network can
exert its full influence. To our knowledge, studies have not tested the influence of restriction
on the default mode network. However, as our study has a comparably low sample size

compared to previous studies, future studies are required to test this specific effect.

5.5.3 Conclusion (Study 4)

Our studies showed a beneficial effect of unrestricted (or free) movement on
divergent thinking independent if restriction was minimized during walking or during sitting.
We propose that this effect is due to a broadening of the field of attention when no restriction
is placed. The subsequent benefit in divergent thinking might be introduced by a bias towards
flexibility due to the broadened focus of attention (Nijstad et al., 2010). Our results further
provide evidence that an externally guided increase in motor output, walking or blinking, will
not lead to improved creativity, because if subjects are forced to move in a controlled fashion,
they will not profit from it. These findings have several important implications. Given the
current situation of the COVID-19 pandemic and the resulting increase in online teaching, it
is important to understand its effects on learning and creativity. Since most online teaching
involves fixating on a computer screen, the amount of free body movements, including head
and eye movements, are greatly reduced compared to a normal classroom set up. Considering
our findings, simple and effective strategies such as introducing periods of free movements
in between sessions of online teaching, even if during sitting, can improve the flow of ideas

and aid in the learning process.
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5.6 Supplementary material (Study 4)

Walk first (N = 7) Sit first (N =13)

25 25
o o
o o
> >
0 o
$ 10 *4,: S 10t
= =
5 *\* 5} M
0 0
Walk Sit Walk Sit

Figure S20 Shows the mean fluency scores for walking and sitting dependent on the order of
the conditions in experiment 1; difference between the walk and sit condition for those who
did the walk condition first (left) and those who did the sit condition first (right). The asterisks
represent data from each subject. The blue lines represent cases where the fluency score is
higher for the walking condition and the red lines represent cases wherein it is higher for the
sitting condition. A t-test showed significance only for those who sat first (t (12) = 2.6, p =.02)

and no significance for those who walked first (t (6) = 0.7, p = .5).
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Figure S21 shows the mean fluency score over all subjects for each of the 14 words in

experiment 1 and 12 words in experiment 2. An ANOVA revealed no effect of the words in

experiment 1 (F (13,269) = 0.96, p = .5), experiment 2 (F (11,203) = 0.3, p =.9) and experiment

3(F(7,179)=0.7,p = .6)

173



5. Study 4 (Supplementary)

Table S3

Shows the order of the conditions for each subject of experiment 2.

Subject  Condition sequence
1 3 2 4 1

1= Free walking

2= Restricted walking

3 = Free sitting

4 = Restricted sitting
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Table S4

Shows the order of the conditions for each subject of experiment 3.

Subject Condition
sequence
1 3|2 41
2 2 |14 |3
3 412131
4 4 3|12
5 4 11|23
6 13|42
7 2 |13 4
8 4 13|12
9 1 (3|2 4
10 [ 3|12 4
11 12|43
12 2 | 4 1] 3
13 2 | 4 1] 3
14 | 2|4 | 1 3
15 | 4|1 ]2 | 3
16 2 | 4|13
17 | 4|2 |1 3
20 | 4| 3|12
21 12|34
22 13|42
23 | 4| 3|12

1= Free walking

2= Restricted walking
3 = Free sitting

4 = Restricted sitting
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To exclude any within subject influence, we took the difference between the blink
rates of the trials with lowest and highest fluency for each subject in experiment 1 and 3 and
conducted a one-sample T-test against O (see Figure 15). The T-test found no significant
difference in walking (t(40) = .6, p = .5) or for sitting (t(40) = 1.5, p = .1). The same was done
using the flexibility scores which also showed no significant difference during walking (t(40) =

1.5, p = .1) or during sitting (t(40) = 1.1, p = .2).
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Figure S22. shows the difference in eye blink rate of the highest and lowest fluency (left)
and flexibility (right) scores during walking and during sitting. The T-test found no
significant difference from zero during walking (t(40) = .6, p = .5) or for sitting (t(40) = 1.5,
p = .1) when taking fluency scores. Similarly, no significant difference was found during

walking (t(40) = 1.5, p =.1) or during sitting (t(40) = 1.1, p =.2) when taking flexibility scores.
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6. Study 5: Qualitative difference in blink related modulation of V1

activity for different processing states

Previous human behavioral studies have shown that spontaneous blinking decreases
when engaging with an external stimulus. On the other hand, blinking possibly increases (or
even facilitates) stimulus disengagement. However, whether the neural response to blinks
differs between sensory processing states of the individual is not known. In order to
understand this, we analyzed the neural activity, both spiking activity and changes in different
frequency bands, in the primary visual cortex of three rhesus monkeys around a blink while
the animal was watching a movie or shown a blank screen. The results revealed a difference
in the neural activity between the two conditions/processing states. Specifically, we found
that the multiunit activity envelope (MUAe) around blinks increased during the blank screen,
decreased during the movie condition. With regard to frequency related modulations, there
was an increase around blinks in three different frequency bands: theta (4-8 Hz), beta (16-30
Hz) and gamma (35-80 Hz) differed between conditions; however this increase was less
pronounced and later in time during the movie condition. Additionally, the distribution over
the channels in the laminar probe suggest a focus in the granular and infragranular layers.
Overall the data suggests that blink related neural responses are dependent on the
attentional state and that the main difference in the pattern between the states occurs in the

deeper layers of V1.
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6.1 Introduction (Study 5)

Blinking is an integral part of ongoing natural motor behavior. The most common type
is spontaneous blinking, which consists of non-consciously executed blinks that are to a
certain extent driven by the need to maintain the tear film of the eye. About 3-4 blinks a
minute were calculate to be required for this purpose (Norn, 1969). However, the normal rate
of occurrence is between 10 to 15 times a minute (Burr, 2005; Doughty, 2001; Kaminer et al.,
2011; Zametkin et al., 1979), which means that approximately 70 to 80% of spontaneous
blinking is not driven by such physiological needs. Despite quite a number of studies
describing what factors modulate these excess spontaneous blinks, their role is not yet

established.

Spontaneous eye blinks have been shown to be modulated by low-level stimulus
features as well as cognitive processes that influence the processing or interpretation of such
stimuli. The pattern that is generally found is that blinks decrease around stimulus onset and
increase afterwards (Bonneh et al., 2016; Brych & Handel, 2020; Murali & Handel, 2021; Oh,
Jeong, et al., 2012). Bonneh et al. (2016) found, using a passive-viewing task, that the degree
of the reduction can depend on low-level stimulus features, such as contrast and spatial
frequency. The pattern of blink decrease followed by an increase also occurs during active
processing of the stimulus during a task (Brych & Handel, 2020; Oh, Jeong, et al., 2012; Siegle
et al., 2008). Additionally, the decrease/ increase pattern can be independent from sensory
input onset as it was found during continuous stimulation but temporally related to a
perceptual change as shown using ambiguous stimuli (Plaid reference). For perceptual tasks,
the decrease was shown to be/ interpreted to be an active suppression (Bonneh et al., 2016;

Murali & Handel, 2021; Edmund Wascher et al., 2015). Indeed, the time taken to process the
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important information embedded in the stimulation has been shown to be a relevant factor
affecting the length of blink suppression (Murali & Handel, 2021). This clearly highlights a
cognitive aspect as the relevance of the stimulus is not defined by sensory features but by
cognition. Hence, the decrease or suppression does not merely occur in order to not miss any
relevant visual information. This is also shown by the fact that it has also been observed in
the auditory domain (Bauer et al., 1985; Goldstein et al., 1985; Gregory, 1952, Murali &
Handel, 2021). The increase above baseline suggests an active process of blinking. Other
cognitive factors such as task difficulty have further been shown to play a role in blink rate

modulation (Brych et al., 2020; Oh, Jeong, et al., 2012).

An important observation we made in a previous study was the effect of attention on
blink modulation. While unattended visual input led to a blink probability increase shortly
after stimulus onset, this increase was enlarged if the visual input was attended. Even more
interesting, while unattended auditory input did not lead to a visible modulation of blink
probability, once the auditory input was attended, the modulation was clearly visible (Brych
& Handel, 2020). Other studies have also found that attention and/or cognitive load would
have an effect on the strength of the decrease or duration of blink suppression (Fogarty &
Stern, 1989; Oh, Jeong, et al., 2012; Siegle et al., 2008). This would suggest that the role of
blinks depends on the attentional state. Knowing the neural pattern related to blinks can help

establishing and further understanding such this role.

Unfortunately, although the neural correlates of spontaneous blinks have been
previously studied, researchers have not distinguished between the neural patterns
introduced by blinks during different attentional states. In fact, most of the studies involved

passive viewing (Bristow, Frith, et al., 2005; Bristow, Haynes, et al., 2005; Gawne & Martin,
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2000, 2002). The reason is that the focus of previous research has been to understand visual
constancy, which is the continuous perception of the surround despite the interruption by a
blink. This visual constancy seems at least partly based on blink-related suppression, whereby
the visual system seems to ignore the transient interruption and darkening of the
environment during a blink (Volkmann, 1986; Volkmann et al., 1980). A study by (Bristow,
Frith, et al., 2005), investigating voluntary blinks in humans, found a reduced fMRI BOLD signal
in the bilateral temporo-occipital and parietal cortical loci when comparing periods of blinks
with periods without blinks. They further described an increase in activation in the medial
parieto-occipital cortex when comparing periods of blinking in the presence of a visual
stimulus vs in the absence of a visual stimulus. They argued that the decrease in activity could
be associated with blink-related suppression. The increased activity according to them, on the
other hand, could indicate memory processes involved in visual constancy whereby the last
visual image is maintained. In another study, the same authors (Bristow, Haynes, et al., 2005)
analyzed blinks in the presence and absence retinal stimulation independent of the position
of the eyelid. In their study, they directly stimulated the retina from the roof of the mouth
while the actual closing and opening of the eyes did not generate any visual changes. They
found that when blinks occurred during such retinal stimulation, there was a decrease in
activity in area V3. However, when blinks occurred without retinal stimulation, there was an
increase in activity in V1 and LGN. Similar to their previous paper, they concluded that a
decrease in V3 might represent blink-related suppression since it occurs only during
stimulation. The authors discuss that the increase in LGN and V1 could be a motor related
signal. This however, would assume a rather complex process, as the motor act of blinking is
executed independent if there is retinal stimulations during the blink or not. Comparing

blinks, with external darkening and self-initiated external darkening while subjects performed
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an image discrimination task, Golan et al. (2018a) found that lower visual areas showed an
increase in response for all events, whereas higher visual areas showed an increase during
external darkening. Overall these studies show that lower and higher visual areas respond
differently dependent if the blink is leading to a change in visual input or not. They specifically
suggest that V1 increases due to a blink if there is no retinal stimulation while it does not

show any specific change in the absence of retinal stimulation.

The aforementioned studies were conducted on humans using fMRI and therefore
could not show a temporal relationship between blink event and changes in BOLD signal but
rather a temporally unspecific change dependent on task condition. ECoG recordings in
humans (Bristow et al., 2005) and single unit recordings in animals (Buisseret & Maffei, 1983;
Gawne & Martin, 2000) add such time resolved information on neural activity related to blink
events. For instance, Buisseret and Maffei (1983) found that there was a decrease followed
by an increase (sometimes) in the firing rate of neurons V1 of an anesthetized cat during a
reflex blink, both during and without visual stimulation. Other studies have also found similar
results, but most studies have focused on the blink related neural response during visual
input. In a human ECoG study, probing areas beyond V1 one study compared blinks with
external darkenings (Golan et al., 2016). These authors, using an image discrimination task,
found a decrease in activity during and a transient burst of activity after both blinks and
external darkenings. However, while the lower visual area (V1) did not differentiate between
the types of input changes (blinks vs external), the transient burst was reduced for blinks in
the higher visual areas (V3 and V4). A study by (Gawne & Martin, 2000), using single-unit
recordings in rhesus monkey V1, compared blinks with external darkenings. They found that
the rate of decrease was faster and more pronounced during blinks compared to external

darkenings. Additionally, only a subset of neurons in V1 showed a transient burst and such
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burst was only observed after the external darkening and not after a blink. The authors
concluded that the suppression of this transient burst is the distinguishing factor between
blinks and externally generated interruptions. In summary, these time resolved data indicate
that blinks during visual input lead to decrease in V1 and that the corresponding transient

burst differentiates external from blink related events.

These findings provide fascinating first insights about the neural activity related to
blinking, however, these studies were conducted in order to explain the difference between
blinking and externally introduced visual changes in order to explain why we do not perceive
our blinks. Importantly, as reviewed above, if and when blinks are executed is highly affected
by various external and internal factors. The suppression but particularly the increase of blink
probability significantly above the normal rate suggests an active role of blinking during
sensory and cognitive processes. Our aim was to understand if there is a neural difference in
blinks dependent on the factor that influence blink execution. To this end, we analyzed
the neural correlates of blinking during attended visual stimulation vs task irrelevant visual
input in V1 laminar recordings in 3 rhesus monkeys. A distinct neural pattern might help to

understand the function of spontaneous blinking.

6.2 Methods

6.2.1 Subjects

Three female rhesus monkeys (Macaca mulatta) were used to obtain the
electrophysiological and eye movement data (DP, 6 years old, 9 kg; AL, five years old, 9 kg; FL,
4 years old, 6 kg). For the headpost and chamber implants, surgical and anaesthesia
procedures, postoperative care, and implant methods were described in detail in a previous

manuscript (Ortiz-Rios et al., 2018). All procedures were approved by the UK Home Office,
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and they comply with the Animal Scientific Procedures Act (1986) on the care and use of
animals in research and the European Directive on the protection of animals used in research

(2010/63/EU).

6.2.2 Electrophysiological recordings and analysis

In all monkeys, the activity of all the cortical layers was recorded with laminar probes.
A laminar Plexon S-probe (Plexon Inc., Texas, USA) was used with 24 or 32 contacts (100um
electrode spacing, 15um electrode diameter) and a total length of 100mm and a probe
diameter of 300 um. Guide tubes were used to penetrate the granulation tissue on top of the

dura and to stabilize the probe.

Raw electrophysiological signals were recorded using a Blackrock recording system
(BlackRock Microsystems, Inc.) and sampled at 30kS/s. Data analysis was done in Matlab using
the Fieldtrip toolbox (Oostenveld et al., 2011) and custom scripts. The CSDplotter toolbox
(Pettersen et al., 2006) was used to calculate the CSD profiles of the visual responses using
the standard CSD method. Local field potential (LFP) signals were obtained by downsampling
the raw signal to 500Hz and then applying a notch filter at 50Hz to remove any line noise.
Multiunit activity envelope (MUAe) signals were obtained by applying a high pass filter at 300
Hz to the raw signal, rectifying and then downsampling the signal to 500Hz (Supér and

Roelfsema, 2004).

6.2.3 Naturalistic viewing task

Animals were positioned at a distance of 84cm in front of a ViewPIXX computer screen
(RR: 120Hz, VPIXX technologies), allowing for the presentation of stimuli on the screen at +/-

16° horizontally and +/- 9.5° vertically. Behavioural tasks were programmed and executed
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using MWorks (MWorks) with custom scripts that used the MWorks Experiment Language

(MWEL).

The animals passively viewed twenty video sequences in the experiment; each video
sequence lasted 30 seconds (movie condition) and was followed by a blank grey screen for 30
seconds (blank screen condition). The video sequences consisted of four videos depicting a
variety of activities and four edited versions of each video (such as tile scrambling and phase
scrambling). The videos played in full screen and therefore occupying the visual field covered
by the monitor. The video sequences were played sporadically across recording sessions with

the animals so that they are not used to them and actively view them each time.

6.2.4 Eye movement recording

Eye position was recorded with Eyelink 1000 plus with a sampling rate of 1000 Hz; the
raw signal was calibrated and converted to visual degrees by Mworks. The animals’ eye
movements were calibrated to the eye-tracking system such that we were able to infer their
fixation location from a stimulus position on the screen and vice versa. During visual
calibration, animals were performing saccades to visual stimuli that appeared at different
locations (12 points) on the screen. The animals were trained to fixate on these stimuli for
500 ms with adequate precision (<2° visual angle). Upon successful fixation, the animals

received a reward in the form of fruit juice or water.

Blinks were detected based on missing eye vector data. First, potential eye blinks were
detected if data was missing for a minimum of 50ms and a maximum of 1000ms. Then, blinks
that were less than 100ms apart were combined. The onset of the blink was defined by the
first time point where the eye data was missing. The criteria was similar to previous studies

(Brych & Handel, 2020; Brych et al., 2021b; Murali & Handel, 2021).
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Two sessions have been used from monkey 1 and 3 and five sessions have been used

from monkey 2. The table below (Table 1) shows how many trials were used per session. A

trial refers to the presentation of a movie for 30 seconds (movie condition) and a subsequent

30 s period of blank screen (blank screen condition). The last column indicates for each session

separately in which channel the first sink was observed following visual onset.

Table 1. The number of sessions and trials as well as the channel number at layer 4c (showing

the first sink after visual onset) along with blink rate, is given for each monkey. Note that each

trials consists of thirty seconds of a movie followed by thirty seconds of a blank screen.

Monkey Session No. of trials First sink Blink rate
channel (Blank, Movie)

Monkey 1 Session 1 20 14 9.6;7.7
Session 2 20 15 10.9; 6

Monkey 2 Session 1 8 13 9.7;12.2
Session 2 10 12 7.8;9.2
Session 3 10 14 7.4; 8.8
Session 4 5 15 6.8; 7.6
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Session 5 10 9 7.6;9.2
Monkey 3 Session 1 15 14 45;6.4
Session 2 9 17 3.3;4.1

6.3 Analysis

6.3.1 MUAe around blinks during a blank and during a movie

To analyze the time-resolved modulation of MUAe around a blink, we first combined
the data from the different sessions for each monkey. As a second step, we low-pass filtered
the MUAe data and cut out periods of 0.4 seconds around blink onset (0.2 s before and 0.2 s
after) and averaged over the different channels for each blink separately. Lastly, we
conducted a t-test for blank screen vs movie conditions on non-overlapping .002s time
windows. A permutation-based approach by (Maris & Oostenveld, 2007) was applied to

correct for multiple testing.

6.3.2 Frequency power changes around blinks

The spectral power was assessed by means of FFT (Hanning window). For the averaged
time frequency representation (Figure 34), frequencies targeted were 2 to 100 Hz in steps of
2 Hz. The frequency analysis was done in shifting time windows (namely over 500ms in steps
of 2ms) applied for a -0.5s to 0.5s period around blink onset. Power values were baseline
corrected (relative baseline change, baseline from -0. 5 -0.3 s) All blinks irrespective of
whether they occurred during a movie or a blank were used in order to visualize the changes
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in the different frequencies with respect to a blink. The data from the different sessions were
combined. For a consistent analysis in all three monkeys, we chose three frequency bands
which we refer to as theta (4-8Hz), beta (16-30 Hz) and gamma (35-80 Hz). We then extracted
the raw time resolved power over these different frequency ranges from the above frequency
analysis (i.e. without baseline correction) separately for a one minute time period (-0.5s to
0.5s) around blinks occurring during a blank and during a movie. The time series consisted of
0.5s time windows with .002s overlap. Power values were averaged over sessions and
channels. A t-test on each time window was conducted and a permutation-based (Maris &
Oostenveld, 2007) was applied to obtain the significant time windows. In addition, we also

tested the difference in the latency of peak power between the blank screen and movie.

6.3.3 Current source density (CSD)

The CSDplotter toolbox (Pettersen et al., 2006) was used to calculate the CSD profiles
around blinks for the movie and the blank screen using the cubic spline iCSD method.
Additionally, the average MUAe was taken over the channels of the supragranular (layers 2),
granular (layers 4)and infragranular layers (layers 5-6) separately, using the position of the

first-sink channel.

6.4 Results

6.4.1 MUAe around blinks during a blank and during a movie

Figure 33 shows the mean MUAe around blink onset plotted separately for the movie
and the blank screen condition. Monkey 1 and 2 showed a similar pattern with an increase in
activity during the blink onset for the blank screen condition and a decrease in activity for the
movie condition. Note that the increase and decrease seem to start before the blink while the

peak/ trough is reached after blink onset. For monkey 1 and 2 t-tests (on non-overlapping
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.002s time windows) show a significant difference between blank screen vs movie condition
(corrected for multiple testing using a permutation-based approach) before and after blink
onset. The results of the non-parametric test including the T and p-values of each windows of

the tested period (.202 s — 202 s) has been included as supplementary figure S46.
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Figure 33. MUAe (averaged over channels) around blink onset for blank (pink) and movie
(cyan) condition shown for monkey 1, 2 and 3. The x-axis marks the time around blink in
seconds, with 0 indicating blink onset. The y-axis shows the MUAe averaged over channels
and blinks. The shaded region marks the standard error. The dashed boxes show the time
periods of significant difference between blank screen and movie condition as revealed by

shifting t-tests and a permutation based correction.
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Figure 34 shows the relative power plotted from -0.5 to 0.5 s in steps of .002 s around
blink onset averaged over all blinks and sessions for each monkey separately. The plotted
time refers to the center of the time window. Figure 34 shows an increase in relative power
change in all three monkeys around blink onset. For monkey 1 and 2, we see a clear peak in
power change in a low frequency band (around up to 8Hz), in a frequency range between 15-
30 Hz and also at higher frequencies (>50 Hz). While monkey 3 showed a less clear pattern,

the increase is still visible in however mainly above 60 Hz.
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Figure 34. Relative power change around blink onset between 2 and 100 Hz shown for the
three monkeys. All sessions, channels and blinks, regardless of movie or blank screen

condition were included. The relative power change is plotted using -0.5 to -0.3 s as

baseline. X-axis shows the different frequencies and the colour scale shows the relative

power change.
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condition (same for all three monkeys). Time windows that showed a significant difference
(after T-test on each window as mentioned in the analysis) between movie and blank screen
are marked with boxes (with dashed outlined). Please see supplementary figures S47-49 for
the t and p-values for the whole period of .501 s — .501 s. In the theta and beta frequency
bands, the raw power before the blink onset was significantly higher for blank screen
condition compared to the movie condition. Power was significantly lower for blank screen
condition compared to the movie condition after the onset. This pattern was consistent for
monkey 1 and 2. Monkey 3 showed no significant effect in these two frequency ranges. In the
gamma frequency band, there was a similar pattern and a significant effect for all three
monkeys. In addition to these results, there was significant shift in peak latency the theta
band (t(340)=2.2,p=.02) and a marginally significant shift in the beta band (t(340)=1.9,p=.05)
only for monkey 1, but not for monkey 2 and 3 (p > .1). Note that the mean time window of
the peak theta power is at -.02s (std=.2) for blank and .04s (std=.3) for movie for monkey 1.
For the gamma band, however, there was no significant shift in peak power in any of the

monkeys (p > .1).
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Figure 35. Raw theta power (4-8 Hz) around blink onset during blank screen (cyan) and movie
(magenta) condition plotted separately for all three monkeys. The x-axis shows the time
around blink onset in seconds. The y-axis shows raw change in power. Time of significant

difference between blank screen and movie condition are marked with a box.
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Figure 36. Raw beta power (16-30 Hz) around blink onset during blank screen (cyan) and movie
(magenta) condition plotted separately for all three monkeys. The x-axis shows the time
around blink onset in seconds. The y-axis shows raw change in power. Time of significant

difference between blank screen and movie condition are marked with a box.
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Figure 37. Raw gamma power (35-80 Hz) around blink onset during blank screen (cyan)

and movie (magenta) condition plotted separately for all three monkeys. The x-axis shows

the time around blink onset in seconds. The y-axis shows raw change in power. Time of

significant difference between blank screen and movie condition are marked with a box.

6.4.3 Power in the different frequencies over the different V1 layers

To understand the distribution of power changes over the different layers, we plotted
the raw power change around blink onset for each frequency range (theta, beta and gamma),
separately for the different channels (Figure 38). We also plotted the difference in power
between blank and movie (Figure 39). Figure 38 shows that, for the theta band, there is an

increase around layer 4 and 5 for both the movie and the blank screen. The beta band shows
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an ongoing increase in power below layer 4 for the movie condition (Figure 38) and a power
increase around blink onset around layer 4 and 6. The gamma band also shows an ongoing
activity for both the movie and the blank screen below layer 4. Figure 39 shows that this
ongoing activity in the beta and gamma range is higher during the movie compared to blank
screen condition in the time before and after blink onset. While there is a blink related
gamma power increase around layer 4 and 5 during the blank screen condition, such an
increase is if at all very week during the movie condition. Consistently over all frequency
bands, the power increase seems to be earlier for the blank screen (starting even before the
onset) but well after blink onset for the movie condition. Figure 39 shows that the change in
power due to blinks is maximal around layers 4-5. For beta and gamma the maximal
difference between blank screen and movie condition is in layer 4 (a/b) and possibly layer 6.
Note that we show the results here for monkey 1, session 1. Session 2 and the corresponding
figures for monkey 2 and 3 can be found as supplementary figures (523 to S38). The pattern,
is variable over sessions and monkeys, however overall one can observe that the maximum

power difference seems to be around layers 4,5 or/and 6.
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Figure 38. The raw power in the theta, beta and gamma frequencies with respect to blink
onset for monkey 1, session 1. The x-axis shows the time period around blink onset in seconds
and the y-axis shows the different electrodes (1:24). The vertical dashed line represents the
blink onset and the horizontal line marks layer 4c. The colour scale shows raw power. The
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Figure 39. Power difference between blank screen and movie condition in the theta, beta
and gamma frequencies with respect to blink onset for monkey 1, session 1. The x-axis
shows the time period around blinks in seconds and the y-axis shows the different
electrodes (1:24). Power scale shows the raw power difference i.e. Blank power-Movie
power. The horizontal dashed line marks layer 4c and the vertical line shows the timing of

blink onset. The colour bar shows the raw power in each frequency band.

6.4.4 Current source density (CSD)

As can be appreciated in Figure 40, there was a clear source-sink pattern at blink onset

in the blank screen condition. For the movie condition, this pattern was less pronounced and
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shifted in time so that the source only started after blink onset. While this pattern was mainly
visible in the granular and infragranular layers for session 1, there was a shift to only the
infragranular layers for session 2. The overlain MUAe pattern parallels this shift in latency of
maximal deflection, and shows, as already shown in Figure 33, the opposite modulation for
blank vs movie condition. The corresponding figures for monkey 2 and 3 can be found in the

supplementary information as figures $39-45, but unfortunately do not show a clear pattern.
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Figure 40. shows the CSD profiles around blinks for the blank screen and movie condition.
The y-axis shows cortical distance in mm and the x-axis shows the time around blink onset
in seconds. The vertical line shows the time of the blink onset and the horizontal line shows
the layer 4c. The MUAe averaged over the supragranular, granular and infragranular layers

has been superimposed.
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6.5 Discussion (Study 5)

Comparing blink related V1 neural responses between two conditions which differed
in attentional state and intensity of visual input revealed a pronounced difference in various
measures. The MUAe showed a qualitative difference, i.e. an increase around blinks during
blank screen, but an equally strong decrease in MUAe around blinks during the movie
condition. When analyzing frequency specific effects, we found that the amplitude as well as
the latency of the blink related power modulation in the theta (4-8 Hz), beta (16-30 Hz) and
gamma (35-80 Hz) band also showed a significant difference between conditions; however, it
was rather a quantitative one. Theta power, for example, increased more strongly around a
blink during the blank screen condition, while this increase was less pronounced and later in
time for blinks during the movie condition. The distribution over the channels in the laminar
probe suggest a focus in the granular and infragranular layers (layers 4-6). A sink source
pattern related to the blink along with a latency difference between conditions was found in
the CSD, also mainly visible in the granular and infragranular layers. Overall the data suggests
that blink related neural responses are dependent on the attentional state and that the main

difference in the pattern between the states occurs in the deeper layers of V1.

6.5.1 MUAe around blinks decreases during movie and increases during blank

Our data shows a comparably low MUAe during the blank screen condition with a
pronounced increase around blink onset. In contrast, MUAe is relatively high during the movie
condition but shows a strong decrease around the blink. Previous studies, investigating
blinking during visual stimulation, have already reported that activity in different areas of the
visual cortex is reduced around blinks (Bristow, Haynes, et al., 2005; Gawne & Martin, 2000;

Golan et al., 2016; Golan et al., 2018a). For instance, Gawne and Martin (2000) showed that
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there is a decrease in firing rates in monkey V1 around 100 ms after blink onset. Similar
results were also shown by Golan et al. (2016), reporting an activity minimum at blink offset
across higher visual areas (V1-V4) in human ECoG recordings. The observed blink related
decrease in MUAe during movie stimulation as described here is therefore well in line with
previous studies (Bristow, Haynes, et al., 2005; Buisseret & Maffei, 1983), which have linked
the reduction to the phenomenon of blink-related suppression. However, can this idea
explain why the opposite blink related modulation of MUAe is found during the blank screen
condition? There are two main differences between the blank screen and the movie
condition, which is that visual input was reduced but still visible to the monkey and that the

visual input was irrelevant and therefore no attended.

A few studies have investigated the influence of blinks with respect to variable visual
input. Bristow, Frith, et al. (2005) looking at the interaction between blinking and visual input
showed that BOLD activity in medial parieto-occipital sulcus increased during periods of
voluntary blinking in the presence of a visual stimulus as opposed to blinking in the absence
of a visual stimulus. Another study by the same authors Bristow, Haynes, et al. (2005), also
analyzed BOLD activity related to blinking during retinal stimulation (by shining slight on the
retina through the roof of the mouth) and blinking without retinal stimulation. They showed
that activity in a number of visual areas, (including LGN, V1, V2 and V3) increased during the
condition of blinking during no retinal stimulation, but did not show a significant change
during the blinking during retinal stimulation condition. In contrast, they found that blinking
during retinal stimulation was associated with a decrease in activity in V3. Our results could
well explain these findings and link it to spiking activity in neurons as we show a MUAe
decrease when blinks occur during retinal stimulation, and an increase if blinks occur without

retinal stimulation. Despite this modulation, the MUAe shows the expected overall higher
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level during extensive visual input in the movie condition vs an overall lower MUAe level
during reduced visual input (blank screen condition). Further, our findings show that the
modulation is specifically introduced by the blink event and not an overall in- or decreased
during the time when blinks happen. As we find both increase and decrease in activity within
V1 it is interesting to see if the laminar distribution would suggest that the decrease has a
focus on layers of V1 that either forward information to V3 or receive input from V3. While
there was no indication in the distribution on MUAe over the laminar profile, we find an effect
in the frequency range which will be discussed below. As the BOLD signal is associated with
spiking but also with power in various frequency bands (REF: Logothetis), we cannot be sure

what neural signal caused the previously reported changes in BOLD signal.

Overall, our finding adds important insights to the role of blink related modulation in
V1 activity. Previously, the increase in activity due to blinking in V1 and other early visual areas
was ascribed to a motor signal. The reduction in activity in V3 found if visual stimulation was
present, was linked to the phenomenon of blink-related suppression (Bristow, Haynes, et al.,
2005). However, blinks are perceptually suppressed even if the visual input is weak and
unattended and the motor aspect of spontaneous blinks is the same independent of visual
input and attention. Our data therefore suggests that the MUAe modulation in V1 is neither
due to a motor related signal nor is it the driving factor for blink-related suppression. We
rather suggest that the blink induced MUAe modulation marks another process that is
dependent on the attentional/ stimulation state of the observer. While a change in visual
input usually leads to an increase in V1 MUAe, a decrease during ongoing stimulus
presentation was reported based on the onset of an attentional cue indicating the direction
of the relevant target position (Cox et al., 2019). In this study, the appearance of the visual

cue introduced a pronounced but short lasting (~100ms) MUAe decrease with a latency of ~
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100ms. Interestingly, this decrease was not observed in naive and passively viewing monkeys
but only in trained monkeys familiar with the task. This could suggest that blinks during active
viewing are comparable to a cue to shift spatial attention. A possible attentional function of

blinks will be discussed further below.

6.5.2 Power around blinks during movie and blank screen

Our frequency based results showed that there are relative power change around

blinks in at least three frequency bands: theta, beta and gamma.

Theta

For the theta band, we found an increase in power temporally related to the blink.
Previous research, analyzing power changes due to blinking, have described such an increase
specifically in the delta (0.5 to 3/4 Hz) power (Bonfiglio et al., 2013; Bonfiglio et al., 2009;
Bonfiglio et al., 2011; Liu et al., 2017; Liu et al., 2020; Liu et al., 2019) localized to the
precuneus, during different attentional states (freely sitting, passive fixation with and without
a visual stimulus, mental arithmetic task). As in our study, the theta frequency band (4-8 Hz)
overlapped with the delta band in Bonfiglio’s studies (0-4 Hz), the results are congruent.
However, in our study the increase occurred earlier, i.e. about 100 — 200 ms after blink onset,
compared to around 250 to 300 ms after the point of maximum blink amplitude observed in
the EOG. Bonfiglio et al. (2009) compared the increase in delta power in their study with the
P300 amplitude, which occurs after information processing. Interestingly, the P300 occurs
specifically after targets in an oddball task and a previous study in our group showed that
blinks increase after targets (Brych & Handel, 2020). This might link blinking to internal

processes related to the consolidation of information. This is interesting as we found that
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theta power modulation differed significantly between the movie (intended information

processing) and the blank screen (reduced information intake) condition.

To further understand what the power modulation in the low frequencies could
indicate, we looked how the power changes were represented in the different layers and how
the latency changed with condition. The theta power increase was significantly earlier and
more pronounced for blinks during the blank screen condition. The difference between movie
and blank screen condition (Figure 39) showed that there was a positive power peak around
blinks followed by a negative one as expected given the latency change of the modulation of
the theta power. The maximum difference in power was mostly confined to layers (5-6) with
some session showing an additional local increase in the difference in the supragranular
layers. We further found that the maximum theta power was approximately in layer 5 and/or
6 for both the movie and the blank screen and only at some cases (mainly monkey 1) included
part of layer 4. Visual input has shown to induce theta power in rat V1, generated through
external input or by recurrent activity within cortical layers (Zold & Shuler, 2015). However,
as the sensory input that reaches V1 via LGN has the same latency for blinks during blank
screen and movie condition, we can assume that the theta power increase does not mark
input from lower visual areas. The layer specificity could suggest that the blink related change
in theta marks an output signal that is either sent back to the LGN or to the pulvinar or a top-
down input from higher visual areas (Bastos et al., 2015). There is strong evidence that theta
oscillations reflects feedforward sensory processing from V1 to V4 (Bastos et al., 2015;
Bosman et al., 2012; Grothe et al., 2012; Spyropoulos et al., 2018; Van Kerkoerle et al., 2014),
possibly even more than gamma (Kienitz et al., 2021). Our blink related theta power
modulation therefore rather marks a feedforward signal. As to the difference between

conditions, previous work has described lower theta V1 power if attention was directed
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towards the visual stimulus compared to away from it (Spyropoulos et al., 2018). Indeed, this
would fit to our observation, as attention was likely lower during the blank screen condition,
which showed the stronger and earlier theta power modulation. However in our case, the
theta modulation was linked to the blink event and possibly a corresponding change in visual
input. Following the idea of attention induced effects, the different theta power modulation
would indicate that blinks differ as to the attention associated with them. Taken together, our
data shows evidence that theta power represents feedforward information linked to a blink
event and that this information transfer is different, dependent on the attentional/
stimulation state of the observer. Meaning that activity in V1 is significantly affected by non-
visual aspects as also shown by others (Fournier et al., 2020). Specifically, showed that, in the
case of movement, the visual cortex is affected via hippocampal theta oscillations.
Gamma

With regard to gamma power, we repeatedly found ongoing high power
approximately in layers 4 and 5. Gamma activity is strongest in superficial layers (Buffalo et
al., 2011; Xing et al., 2012) suggesting that gamma might serve feedforward signaling (Fries,
2015). This was supported based on granger causality measures in human
magnetoencephalography (Michalareas et al., 2016). The observed sustained gamma power
in both conditions and independent of the blink event could mark input from LGN
representing visual stimuli. Figure 39 shows that the ongoing gamma power is higher for the
movie condition which would be in line with such an interpretation as the sensory input was
more intense compared to the blank screen condition. However, the pattern is not
consistently visible over sessions and monkeys.

The blink related change of gamma power shows a quite variable pattern over the

channels. However, as we already know from Figure 37, gamma is such modulated around
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blink onset that it shows a higher power around blink onset for the blank screen condition
but a higher power approximately 250 ms after blink onset for the movie condition. This
should be converted to a red-blue pattern when plotting the color coded power difference
over the channels. Indeed when looking for such a pattern there is a relatively consistent one
found in layer 5 and 6 as well as supragranually, but importantly, is not confined to the
location where the ongoing gamma activity was found. This would suggest that the gamma
difference is not caused by the sensory input sent from LGN. It might rather mark signals that
are sent from V1 upstream the visual pathway. For the movie condition, there would be less
signal related to a blink that additionally is forwarded with a delay compared to the blank

screen condition.

While both theta and gamma power seem to represent a feedforward signal there is
a fundamental difference. While theta follows the attentional state (i.e. lower for attended
condition), the gamma power does not show the expected higher modulation due to

attended sensory input.

Beta

When assessing the beta band, we unfortunately found that the variance over sessions
and monkeys was very high. While for monkey 1, theta and beta seemed to be relatively
similar, for monkey 2 it would be beta and gamma that were more alike. Additionally, monkey
3 showed a very high variance. Given that also the layer specific pattern were very variable,
we would like to refrain from intending an interpretation. Overall, the laminar pattern as well
as the latency change in the observed power modulation due to blinks in dependency of the
condition suggests that the change in power, as well as the influence of the visual-attentional

state is based on top-down information.
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We want to add that while the power difference between blank and movie condition
only reached significant shortly before and after blink onset, the MUAe difference already
showed a difference well before blink onset. This, however, does not indicate a causal
influence but might be only due to the fact that MUAe is overall increased during the movie
condition, possibly reflecting the higher amount of processing of visual input. Interestingly, if
we take the amount of raw MUAe as indicator of the level of sensory processing, we could
interpret the pattern such that the processing drops to the blank screen level due to blink
during the movie condition and processing increases to the movie level due to a blink during

the blank screen condition.

6.5.3 CSD

Our CSD results showed that for monkey 1 there was a clear source-sink pattern at
blink onset in the blank screen condition. For the movie condition, this pattern was less
pronounced and shifted in time so that the source only started after blink onset. While this
pattern was mainly visible in layer 4 to 6 for session 1, there was a shift of the maximal effect
to layer 6 for session 2. The overlain MUAe pattern parallels this shift in latency of maximal
deflection, which however, as already shown in Figure 33, is the opposite modulation for
blank vs movie condition. This suggests that the MUAe and the CSD show independent blink
related processes. Unfortunately, the CSD profiles of the other two monkeys show no clear

pattern.

6.5.4 Role of blinking

The question remains as to why the neural blink related activity is different if there is
no attended stimulus compared to when there is attended visual input? Behavioral studies
show that a task will significantly change the timing and probability of blinking. In general,
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blink probability is reduced during attentive sensory processing but increased above baseline
after its completion or during internal processing. Accordingly, blinks executed during a task
have a certain function, while blinks during passive viewing do not or have a different
function. We suggest that the neural pattern observed in the condition including an
attentional task (i.e. movie condition) is related to the task demand. Looking at the neural
data, a blink during passive viewing leads to an increase in MUAe, gamma and theta power
i.e. it rather follows a pattern as would be expected after a change in sensory input (as is the
case due to the closing eyelid). The blink during the active task results in a decrease in MUAe
and a shift in latency and amplitude in the theta and gamma range. As argued above, a
decrease in theta power as well as a decrease in MUAe has been found in connection with
changes in attention. Behavioral studies have associated the blink with attentional
disengagement (Salvi et al., 2015; Smilek et al., 2010). We would like to put forward the idea
that the decrease in MUAe and the reduction and latency change in theta power marks such
an attentional disengagement from (visual) sensory input while attentively scanning the visual
input of the movie. Such a mechanism could help observing the environment without over
processing parts of increased spatial frequency, contrast, color or luminance, by helping to

disengage and initiate an attentional shift.

6.5.5 Conclusion (Study 5)

Overall, while the qualitative and quantitative difference in neural modulation clearly
suggest a difference in the consequence of blinks on the visual system, we connected this
neural result to the well-known findings from behavioral studies, namely that blinks are
suppressed during attentive visual processing but increased above baseline after its

completion or during internal processing. While a suppression might only indicate that we do
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not want to be disturbed by a blink during sensing, an active increase suggests an active role
of blinks. This role of blinks could be, as argued above, be the disengagement from sensory
input processing. The blink related decrease in V1 MUA and reduction and latency shift of
theta power exclusively found during the attentive viewing condition might mark the
disengagement from the processing of the sensory input. allowing to either shift the focus of
attention or focus on internal processes. The blink related increase in MUA and increased
theta power modulation during passive viewing is in line with a response to a change in visual
input. Overall, our findings describe for the first time a qualitative difference in blink related
V1 responses due to the attentional/ stimulation state. It further proposes that the function
of blinks is to help disengaging attention which leads to a clear and testable prediction of blink
modulation in experimental and natural settings. Additionally, our work confirms the
complexity of the relationship between motor output, early sensory processing and

attentional/visual input state.
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6.6 Supplementary material (Study 5)
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Figure $23. The power in the theta, beta and gamma frequencies over the different electrodes for monkey

1, session 2. The x-axis shows the time period around blinks in seconds and the y-axis shows the different

electrodes (1:24). The colour scale represents the raw power.
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Figure $26. Power difference between blank and movie in the theta, beta and gamma
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Power scale shows the raw power difference i.e. Blank power-Movie power.

211



6. Study 5 (Supplementary)

Theta: M2S2 (Blank screen)

-5 -3 -1 0 A1 3 5

Time around blink onset[s]

0.5 1 1.5 2 25 3

<10°
Beta: M2S2 (Blank screen)

-5 -3 -1 0 A1 3 5

Time around blink onset[s]

200 400 600 800

Gamma: M2S2 (Blank screen)

-5 -3 -1 0 1 3 5

Time around blink onset|[s]

.

0 10 20 30 40

Theta: M2S2 (Movie)

-5 -3 i 0 .1 3 5

Time around blink onset[s]

-5 -3 -1 0 1 3 5
Time around blink onset([s]

H

200 400 600

Gamma: M2S2 (Movie)

s;---___-.-.'-i

_- gy

1
[ I j
C ' , .
-5 -3 -104 3 5

Time around blink onset[s]

HE

0 10 20 30 40 50

Figure S27. The power in the theta, beta and gamma frequencies over the different electrodes for monkey
2, session 2. The x-axis shows the time period around blinks in seconds and the y-axis shows the different

electrodes (1:24). The colour scale represents the raw power.



6. Study 5 (Supplementary)

Theta: M2S2 (Blank screen-Movie)
F ¥ ¥ T v v ]

Beta: M2S2 (Blank screen-Movie)

-5 -3 -1 0 1 3 5 -5 -3 -1 0 1 3 5

Time around blink onset[s] Time around blink onset[s]
2 45 A 05 0 0.5 1 1.5 200 0 200 400
X 10‘1

Gamma: M2S2 (Blank screen-Movie)

-5 -3 -1 0 1 3 5
Time around blink onset[s]

-10 5 0 5

Figure S28. Power difference between blank and movie in the theta, beta and gamma
frequencies over the different electrodes for monkey 2, session 2. The x-axis shows the
time period around blinks in seconds and the y-axis shows the different electrodes (1:24).

Power scale shows the raw power difference i.e. Blank power-Movie power.
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Figure S30. Power difference between blank and movie in the theta, beta and gamma
frequencies over the different electrodes for monkey 2, session 3. The x-axis shows the
time period around blinks in seconds and the y-axis shows the different electrodes (1:24).

Power scale shows the raw power difference i.e. Blank power-Movie power.
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Figure S31. The power in the theta, beta and gamma frequencies over the different electrodes for
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Figure S32. Power difference between blank and movie in the theta, beta and gamma
frequencies over the different electrodes for monkey 2, session 4. The x-axis shows the
time period around blinks in seconds and the y-axis shows the different electrodes (1:24).

Power scale shows the raw power difference i.e. Blank power-Movie power.
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Figure S33. The power in the theta, beta and gamma frequencies over the different electrodes for
monkey 2, session 5. The x-axis shows the time period around blinks in seconds and the y-axis shows

the different electrodes (1:24). The colour scale represents the raw power.



6. Study 5 (Supplementary)

Theta: M2S5 (Blank screen-Movie) Beta: M2S5 (Blank screen-Movie)

1
1
1
I
I
1
1
}
0

i
-5

-3 -1

-3 -1 0 1 3 D 5 ;
Time around blink onset[s] Time around blink onset[s]
' [
I !
-10000 5000 0 5000 500 400 -300 200 -100 O 100 200

Gamma: M2S5 (Blank screen-Movie)

1
1
1
- b
1
1
1
]
1
1
1
'
0

-5 -3 -1 A 3 5
Time around blink onset([s]

N 4

30 20 -10 0 10 20 30
Figure S34. Power difference between blank and movie in the theta, beta and gamma
frequencies over the different electrodes for monkey 2, session 5. The x-axis shows the
time period around blinks in seconds and the y-axis shows the different electrodes (1:24).

Power scale shows the raw power difference i.e. Blank power-Movie power.

219



6. Study 5 (Supplementary)

Theta: M3S1 (Blank screen)

-5 -3 -1 0 1 3 5
Time around blink onset|[s]

B

5000 10000 15000

Beta: M3S1 (Blank screen)

-5 -3 -1 0 1 3 5
Time around blink onset[s]

B 4

200 400 600 800

Gamma: M3S1 (Blank screen)

-5 -3 -1 0 A1 3 5
Time around blink onset[s]

Theta: M3S1 (Movie)

-5 -3 -1 0 A1 3 5
Time around blink onset[s]

B

5000 10000 15000

Beta: M3S1 (Movie)

-5 -3 -1 0 A1 3 5
Time around blink onset[s]

HE

200 400 600 800 1000

Gamma: M3S1 (Movie)

-5 -3 -1.0 1 3 5
Time around blink onset[s]

Figure S35. The power in the theta, beta and gamma frequencies over the different electrodes for
monkey 3, session 1. The x-axis shows the time period around blinks in seconds and the y-axis shows

the different electrodes (1:24). The colour scale represents the raw power.
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Figure S36. Power difference between blank and movie in the theta, beta and gamma
frequencies over the different electrodes for monkey 3, session 1. The x-axis shows the
time period around blinks in seconds and the y-axis shows the different electrodes (1:24).

Power scale shows the raw power difference i.e. Blank power-Movie power.
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Figure S37. The power in the theta, beta and gamma frequencies over the different electrodes for
monkey 3, session 2. The x-axis shows the time period around blinks in seconds and the y-axis

shows the different electrodes (1:24). The colour scale represents the raw power.
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frequencies over the different electrodes for monkey 3, session 2. The x-axis shows the
time period around blinks in seconds and the y-axis shows the different electrodes (1:24).

Power scale shows the raw power difference i.e. Blank power-Movie power.
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The following figures show the CSD (using the cubic spline iCSD method) around

blinks for the movie and the blank for each session for the three monkeys. The MUAe is the

average over 5 channels above and below the first sink channel of each session.
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Figure S39. CSD using the cubic spline iCSD method for monkey 2, session 1. The x-axis

shows the time period around blinks in seconds and the y-axis shows distance in mm. The

colour scale represents the sinks (blue) and sources (red)
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Figure S40. CSD using the cubic spline iCSD method for monkey 2, session 2. The x-axis
shows the time period around blinks in seconds and the y-axis shows distance in mm. The

colour scale represents the sinks (blue) and sources (red)
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Figure S41. CSD using the cubic spline iCSD method for monkey 2, session 3. The x-axis
shows the time period around blinks in seconds and the y-axis shows distance in mm. The

colour scale represents the sinks (blue) and sources (red).
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Figure S42. CSD using the cubic spline iCSD method for monkey 2, session 4. The x-axis
shows the time period around blinks in seconds and the y-axis shows distance in mm. The

colour scale represents the sinks (blue) and sources (red)
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Figure S43. CSD using the cubic spline iCSD method for monkey 2, session 5. The x-axis
shows the time period around blinks in seconds and the y-axis shows distance in mm. The
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Figure S44. CSD using the cubic spline iCSD method for monkey 3, session 1. The x-axis
shows the time period around blinks in seconds and the y-axis shows distance in mm. The

colour scale represents the sinks (blue) and sources (red)
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Figure S45. CSD using the cubic spline iCSD method for monkey 3, session 1. The x-axis
shows the time period around blinks in seconds and the y-axis shows distance in mm. The

colour scale represents the sinks (blue) and sources (red)
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Results of the permutation-based approach
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Figure S47. T-values and p-values of the independent sample t-test between the raw power

in the theta range (4-8Hz) around blinks movie and blank screen.
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Figure S48. T-values and p-values of the independent sample t-test between the raw power

in the beta range (16-30Hz) around blinks movie and blank screen.
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Figure S49. T-values and p-values of the independent sample t-test between the raw power

in the gamma range (35-80Hz) around blinks movie and blank screen.
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7. General discussion

Spontaneous blinking is one of the most frequently executed body movement in
humans. Nevertheless, why we blink so often is not fully understood. The aim of this project
was to understand the function of blinks through different tasks and attentional demands in
the visual as well as the auditory domain and additionally by analysing the neural correlates
of blinks. As reviewed in the introduction, previous research has suggested a relationship
between blinking and cognition. To this end, in three studies, | investigated blinking during
human behavioural tasks and analysed the neural correlates of blinks in rhesus monkeys.
Specifically, the human behavioural tasks involved external processing using visual and
auditory temporal judgement and bistable perception tasks, and internal cognitive processes
using a divergent thinking task. The results have indicated that blinks are actively suppressed
during external processing, independent from sensory onset and the visual domain. Extending
this idea by taking into account that blinks are notable executed after the external processing
resulting in a perceptual interpretation, we hypothesized that blinks might facilitate the
disengagement from external input. Study 4 gave an indication (although a weak one) for a
relationship between blinking and internally directed processing. Interestingly, study 5
revealed that the neural correlate of blinks differs depending between sensory processing
and rest. In the following section, | will provide a short summary of the results from the
different studies.

7.1 Summary of the results

In study 1, using one experiment, | tested whether the distribution of blinks reflects

the timing of sensory input processing in the visual and auditory modality (Murali & Handel,

2021). To this end, a temporal judgement task was used wherein participants had to judge if
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bilateral stimuli appeared simultaneously or not. The timing of the relevant information
(inter-stimulus interval, i.e. time period between the onsets of the stimuli) and the duration
of the entire stimulation was modulated independently. The results showed that blinks were
shifted in latency, i.e. suppressed during a certain time period during sensory input.
Importantly, this shift was predicted by the length of the relevant information (which was the
ISI) and not mediated by the overall sensory input or the motor response. In other words,
longer relevant information periods delayed a subsequent blink, indicating that blinks are
supressed during processing of important sensory input. From an attentional point of view,
blinking is suppressed when attention is directed towards an external stimulus.

While in study 1 the attentional and processing period was defined by changes in
sensory input, study 2 and 3 tested the modulation of blinks around purely internally
generated events using bistable stimuli (Brych et al.,, 2021). In total, | conducted five
experiments, using the visual plaid, the motion quartet and the auditory streaming paradigm.
These stimuli are characterized by switching between two main perceptual interpretations,
not mediated by any physical changes to the stimulus itself. The main results revealed that
blinks decreased before the switch report and increased afterwards, and this modulation was
found for both the visual as well as the auditory modality. The pattern was not driven by the
motor response and was also present irrespective of lighting conditions, indicating that it was
not based on the sensory change introduced by the closure of the eye during a blink.
Importantly, when adding a condition with external darkenings (either of the stimulus or of
the whole environment, both referred to as blanks) blinking decreased and switches
increased after these interruptions. The timing of this blank-related blink and perceptual
modulation allowed to decipher that the decrease in blinking before the switch report indeed

occurred during the re-interpretation of the stimulus. In line with the suggested
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interpretation from study 1, study 2 and 3 also indicate that blink reduction (which | will later
argue is likely based on top-down driven blink suppression) marks the time period of
productive processing (i.e. leading to conscious percept) of an external stimulus. Importantly,
in study 3, | additionally found that inter-blink intervals were significantly shorter than
intervals between a blink and a switch. In other words, a blink was most likely followed by a
stable percept (as indicated by the longer duration between blink and switch). This finding is
in line with the idea that blinks mark the end of the processing of sensory input, while periods
of not blinking might stabilize percept.

In study 4 | extended the idea that blinks mark the end of stimulus processing and
therefore tested if they are associated with a possible shift towards internal processes (Murali
& Handel, 2022). Specifically | analysed the association of blinking and divergent thinking, an
important aspect of creative cognition using three experiments. | tested the influence of
unrestricted walking and sitting on divergent thinking. Importantly, | assessed the relationship
between eye blinks and performance in the task and if this relationship is dependent on the
movement or restriction state. | had hypothesized that higher eye blinks would be associated
with higher creativity scores within and between subjects. This is because, blinks might
facilitate a disengagement from the external world, which would in turn benefit divergent
thinking. The results revealed a modulation of eye blink rates by the movement condition and
a significant correlation between the rate of eye blinks and creativity scores between subjects,
i.e. subjects with higher blink rates showed higher scores; but only during free movement.
There was no correlation between eye blinks and creativity scores within the subjects.
Therefore, investigating blinking and internal cognitive processes, we did not find a simple
relationship between blinking behaviour and creativity scores and therefore, increased

blinking within a participant was not associated better performance. Nevertheless, although
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dependent on motor restriction, there seems to some sort of correlation between eye blinks
and internally directed processes between subjects. A more detailed analysis of blinking
pattern might be necessary to understand such a relationship.

To further the understanding of the function of blinks, in study 5 | explored the neural
correlates of blinks during stimulus presentation vs rest. To this end, | analysed on-going
neural activity in the primary visual cortex of three rhesus monkeys while they were shown a
movie or a blank screen. The multi-unit activity envelope (MUAe), representing spiking
activity, was reduced around blink onset during the movie, but increased during the blank
screen condition. Additionally, there was also a blink-related change in power in the theta (4-
8Hz), beta (16-30Hz) and gamma (35-80Hz) band, which was earlier and more pronounced for
the blank screen as compared to the movie condition. This finding clearly indicates that blinks
not only differ in rate and latency for various processing conditions but also that a blink has a
different neural characteristic dependent on if it is executed during heightened sensory
processing or rest. These findings, not only show for the first time that the neural response
in V1 during a blink event is highly variable, but also show that it is dependent on the state of
the subject.

7.2 Blinks are suppressed during stimulus processing

A total of six experiments (in studies 1-3) described in this thesis showed that blink
probability decreases when attention is directed towards an external auditory or visual
stimulus. Furthermore, the results revealed that a blink often marks the time point when task
defined sensory processing has been completed and a perceptual interpretation has be
reached.

7.2.1 Timing of suppression reflects the processing period

233



General Discussion

The experiments in this thesis have revealed that blinks probability is reduced during
the processing of external stimuli in the visual and auditory domain. Specifically, when the
processing is governed by changes to the stimulus itself (such as in the case of the temporal
judgement task of study 1), the length of the reduction is predicted by the duration the
relevant input. It is important to consider that the decision on what is relevant is a top-down
driven process. When it comes to internal reinterpretation of unchanging bistable stimuli (in
the case of ambiguous perception in studies 2-3), the timing of the reduction in blinking
represent the time period of processing of the input that leads to a perceptual
reinterpretation; however, this is not triggered by external events. Earlier studies have
observed a modulation of blinking around stimulus presentation. Specifically, it has been
reported by quite a few studies that blinking is reduced around the presentation of a stimulus
(Baumstimler & Parrot, 1971; Y. Bonneh et al., 2015; Bonneh et al., 2016; Brych & Handel,
2020; Goldstein et al., 1992; Oh, Jeong, et al., 2012; Poulton & Gregory, 1952; Siegle et al.,
2008; Edmund Wascher et al., 2015) and is increased after a certain time period (Y. Bonneh
et al., 2015; Bonneh et al., 2016; Brych & Handel, 2020; Oh, Jeong, et al., 2012; Poulton &
Gregory, 1952; Siegle et al., 2008). This pattern of decrease-increase has been termed as an
oculomotor inhibitory mechanism by Bonneh et al. (2016). Importantly, because the decrease
in blinks was found to occur even before the stimulus onset itself (Brych & Handel, 2020;
Fukuda et al., 2005; Hoppe et al., 2018; Poulton & Gregory, 1952; Siegle et al., 2008), one can
conclude that it is, to a certain extent, independent from sensory input. Hoppe et al. (2018),
for instance, found that blinks decrease during, what they term as “high event probability”
which is the high probability that a stimulus would occur. Similarly, Fukuda et al. (2005)
observed that participants tended to blink only during non-stimulus periods. Some studies

have postulated the decrease to be an active suppression of blinks (Y. Bonneh et al., 2015;
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Bonneh et al., 2016; Brych & Handel, 2020; Goldstein et al., 1985; Oh, Jeong, et al., 2012). |
would also argue that the reduction in blinks is in fact a top-down suppression. In study 1, |
had analysed blink latency, which was the time period from the onset of the first stimulus to
the onset of a first blink. This time period had a positively correlated with the relevant
information period, which was defined by the inter-stimulus interval (ISI). As | mentioned
earlier, relevance is defined by top-down processes. Therefore, the period of reduced blink
probability could be taken as a period of top-down driven blink suppression.

Studies have further shown that stimulus complexity can modulate blink suppression.
For example, Bonneh et al. (2016) demonstrated that the suppression was longer for lower
contrast and higher spatial frequency and postulated that this increase was likely due to the
fact that these physical properties were processed slower by the visual system. Similar
findings regarding the processing time were reported by (Fogarty & Stern, 1989). While these
studies already indicated a role of blinks in sensory processing, our study clearly shows that
the modulation is based on the top down (voluntarily or involuntarily) assigned relevance of
sensory input. Accordingly, not any sensory input, but task relevant stimuli introduce a
suppression in blinking. If the stimulus is predictable in its temporal appearance, the pre-
stimulus reduction in blinking might be a preparatory response for processing the incoming
input, weighted by the probability of stimulus appearance. If the complexity of a stimulus
requires more processing time, the suppression is longer.

Importantly, | would like to propose here that the driving factor for blink suppression
is not sensory processing itself, but rather externally directed attention. The prediction that
follows is that blinking does not show a general correlation with attention, but is specific to
externally directed attention. Accordingly, blinking should only be suppressed during

externally directed attention such as found during active engagement in stimulus processing.
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It would further predict, that attention to internal processes do not lead to a decrease in
blinking. Indeed, as | will discuss in more detail further below, tasks that require internally
directed attention such as memory retrieval, daydreaming or creativity have not been
associated with decreased blinking but rather with an increased blink rate (Salvi et al., 2015;
Smilek et al., 2010; Ueda et al., 2016). The focus away from actual processing towards an
attention based effect further fits well with the domain generality of the blink modulation.
Importantly, the underlying cause for a specific attentional allocation should be irrelevant. As
explained for study 1, if the relevance of the stimulus is modulated by sensory input, external
attention is modulated alongside. However, the attentional focus can also be modulated via
non-sensory driven internal processes. One example is the rhythmic change in spatial
attention as observed by (Landau & Fries, 2012) during the detection of bilaterally presented
simultaneously stimuli . Such a change in attention might also be at the basis of the perceptual
switch experienced during perceptual bistability. In these cases, the internal interpretation of
the sensory input alters between two (or more) different possibilities but is not based on
changes of the stimulus itself. Previous findings have indicated that attentional focus on the
stimulus might be an important prerequisite for the perceptual switches (Alais et al., 2010;
Brascamp & Blake, 2012; Dieter et al., 2016; Hol et al., 2003; Kohler et al., 2008; Paffen &
Alais, 2011; Paffen & Van der Stigchel, 2010; Schélvinck & Rees, 2009; Stonkute et al., 2012).
For instance, it has been reported that diverting attention away from a bistable stimulus can
reduce perceptual switching. For instance, Alais et al. (2010) proved that an additional
auditory task reduces perceptual switching of a Necker cube and also during house/face
binocular rivalry. In another experiment Schélvinck and Rees (2009) tested the influence of
attention on motion induced blindness (MIB), which is a bistable stimulus consisting of a

stationary visual target that alternatively disappears and reappears when superimposed over
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moving distractors. The authors observed that when attention is directed towards the target,
it increased the probability of its disappearance. But more importantly, directing attention
away from the stimulus itself, decreased the number of switches between target appearance
and disappearance. Similar findings have also been obtained for the motion quartet (Kohler
et al., 2008). According to these authors, when participants were asked to do an additional
detection task, durations of a specific percept were prolonged, or in other words, switching
was reduced. These findings reveal that an active processing and engagement with the
ambiguous stimulus is essential for the perceptual re-interpretation. Therefore, blink
reduction occurs during this active re-interpretation of the stimulus, since one needs to avoid
disengagement.

According to my hypothesis, the increase in external attention, which lead to
increased sensory processing and in turn to the possibility of a perceptual reinterpretation,
should be accompanied by a decrease in blink rate. Interestingly, a few studies have described
a modulation of blinking around perceptual switches of bistable stimuli (Junji Ito et al., 2003;
L. C. van Dam & R. van Ee, 2005). Since the timing of the actual internal switch is not easily
known, these studies analysed blinking with respect to the report of the switch. They found
the same ocular inhibitory pattern described by Bonneh et al. (2016), namely that there was
a decrease in blinks before the switch report and an increase afterwards. Junji Ito et al. (2003)
suggested that the blink decrease was driven by the reorganization and reinterpretation of
the stimulus and the cognitive effort in order to report the switch. Nakatani and Van Leeuwen
(2005) revealed that people who exhibited frequent switching between percepts of a Necker
cube tended to have lower blink rates. They postulate that lower blink rates might be
associated with a higher concentration during the task. A similar interpretation has been given

by L. C. van Dam and R. van Ee (2005), according to whom, any relevant event during a task,
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be it a perceptual switch or motor response might mediate blinking. While these studies all
associated the blink modulation to the effort introduced by the task of reporting an event,
Study 2 and 3 of this thesis clarified the relationship between blink modulation during bistable
perceptual changes. First, | could exclude a motor based influence as there was no modulation
of blinking around random key presses. Second, visual as well as auditory bistable perceptual
changes are associated with a blink rate modulation. Third, in study 2 and 3 could | was able
to decode if the decrease in blinking occurred during the internal re-interpretation of the
stimulus or was caused by the perceptual (task relevant) event. | have argued for this in the
discussion of study 2 and 3 through the timing of blank induced modulations in blinks and
switches. For instance, in study 2, one can see that that blank increased 0.5s before the
switch, i.e. that a blank increased the probability of a perceptual switch about half a second
later (Figure 14). Since the internal switch was caused by the blank, we can conclude the
timing of this event (i.e. the internal switch) as being below 0.5s (with reference to the switch
report). However, the blink decrease begins much earlier than 0.5s (Figure 13), indicating that
it occurred before or during the internal switch but not as a result of it. Similar results were
observed in study 3 (please see Discussion section 4.5.1). It is important to stress that while
the same blink decrease was found in the auditory domain (Figure 19), due to the absence of
blanks in this experiment | could not decipher if the decrease occurred during the internal re-
processing. Nevertheless, a reduction during the reinterpretation, which likely occurs along
with an increase in externally focussed attention is in line with the hypothesis that blinking is
suppressed when engaging with a stimulus. Importantly, attention on the external input is
internally generated and not necessarily voluntarily driven. But | would like to put forth here
that even though attention may not be necessarily voluntary driven, the reduction could still

be mediated via a top-down suppression just like in the processing of relevant information
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during temporal judgements, since, as | had mentioned earlier, the study by (Landau & Fries,
2012) revealed that attention could be modulated via non-sensory driven internal processes.
The reason for the top-down driven blink suppression could be due to the fact that blinking
would possibly foster a disengagement from the external input. Thereby, there could be a
shift towards attention that is internally directed.

Although such a disengagement and shift to internally directed attention has not been
put forth before, some authors have loosely suggested that blinking might be associated with
an attentional disengagement from visual stimulus (Ang & Maus, 2020; Nakano et al., 2013;
Smilek et al., 2010). Smilek et al. (2010) postulated that blinking is a shift away from the
external stimulus to internal daydreaming. However, their paper specifically discusses a shift
away from a visual stimulus to mind wandering and not a modality-independent
disengagement from externally focussed attention to internally focused attention.

7.3 Blinks denote the end of external engagement and a possible shift towards internal
consolidation

Blinks are not merely suppressed during stimulus processing, but also increase above
baseline level at a certain time after stimulus onset. Previous studies have reported an active
increase in blinking above baseline after the stimulus onset (Baumstimler & Parrot, 1971; Y.
S. Bonneh et al., 2015; Bonneh et al., 2016; Oh, Jeong, et al., 2012; Poulton & Gregory, 1952;
Siegle et al., 2008; Edmund Wascher et al., 2015). Blink rate modulation in the temporal
judgment task (study 1) showed that the first blink after stimulus onset always occurs at the
end of the relevant information independent if other sensory input is still ongoing. This
suggests that a blink can mark the time point when one can disengage from the sensory task.
Edmund Wascher et al. (2015) already had put forth that people tend to blink at the end of

information processing. However, | would like to argue here that the occurrence of the blink
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might have an active role in the process, and it might be that they represents the internal
consolidation of the information presented. For instance, in study 1, in the figure showing the
temporal modulation of blinks (figure 4), one can see that blinking increases a certain point
after the trial onset. In a previous study, Ang and Maus (2020) also put forth a similar idea,
stating ,,Blinks may reflect transitions in cognition, during which previously attended visual
information is consolidated...”. Notably, in the study by Brych and Handel (2020), it was shown
that the increase in blink probability was higher for a target as opposed to a distractor in an
oddball task. Interestingly, in oddball tasks, EEG studies have revealed that a P300-like
amplitude occurs only after targets and not after distractors (Duncan-Johnson & Donchin,
1977; Jang et al.,, 2011). Such a P300 also reflects information consolidation (Alday &
Kretzschmar, 2019; Batterink et al., 2012) and has also been associated with blinks (Bonfiglio
et al., 2013; Bonfiglio et al., 2014; Liu et al., 2017). Since consolidation is an internal process
following sensory processing, this fits with the idea that a blink is involved in the switch away
from external attentional focus.

Findings from the bistable stimulus experiments indeed indicate that blinks mark the
end of external attentional engagement and a possible shift towards internal processes. In
study 3, | found that blinks are followed by periods of stable percept. Specifically, in both the
motion quartet and auditory streaming stimulus, the duration between a blink to a switch
was longer than the inter-blink interval (Figure 21). Because a blink is followed by a long
duration of a specific percept (Blink to switch is longer, as mentioned), it is possible that a
blink likely occurs when no further reprocessing of the stimulus needs to take place. This
might also explain the increased blink probability (although not significant in all cases) during
the switch report (Figures 13 & 19). As a perceptual switch likely involves attentional

engagement with the bistable stimulus, the stable percept after the blink indicates a
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disengagement from the sensory input. Accordingly, a blink could mark the shift away from
the external stimulus and towards internal processes.

If a blink marks a shift towards internal focus, it is possible that they also facilitate
these processes. | had specifically analysed the relationship between blinks and divergent
thinking to test this. A link between blinking and divergent thinking has been observed as
between-subject effect by earlier studies (Chermahini & Hommel, 2010; Ueda et al., 2016). In
study 4, | found that blinking is associated with better performance in divergent thinking,
however, only when participants were allowed to move freely. Additionally, this relationship
was found only between subjects and not within a subject, i.e. subjects with higher blink rates
performed better but within a subject a trial with higher blink rate did not coincide with better
performance. It is possible that people who are able to disengage easily, possibly indicated by
an overall high blink rate, perform better in divergent thinking tasks, the relationship between
blink rate and internal tasks is not clear at this point. Indeed, a more complex measurement
of blink behaviour might be necessary to unravel such a relationship.

To summarize, a top-down driven blink suppression takes place when the attentional
focus is directed externally, i.e. towards a specific stimulus and its processing. The subsequent
blink marks the end of this attentional period and concurrent stimulus processing and
represent a the time of the shift from externally to internally directed processes and may even
facilitate these processes. Interestingly, both Smilek et al. (2010) and Nakano et al. (2013)
mention the default mode network (DMN), but do not explicitly state that this could be a
possible mechanism through which blinking might facilitate internally directed processes. It
has been put forth that activity in the DMN is suppressed in order to disengage from internally
directed processes and in-turn facilitate externally focussed demands (Raichle et al., 2001).

Blinking has been associated with increased activation in the DMN (Nakano et al., 2013). More
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importantly, the increased activation in the DMN has been associated with better
performance in internally directed creativity tasks (Beaty et al., 2014; Kiihn et al., 2014).
Exploring the relationship of blinking and external vs internal processes with respect to DMN
activity could be an important step in future research in order to uncover the role of blinks
during internally directed processes such as creativity.
7.4 Blink-related neural activity in the sensory cortex

To further understand the function of blinks, | studied the ongoing neural response in
V1 of three rhesus monkeys, around a blink event during sensory processing vs rest. During
this experiment, the animal was shown either a movie or a blank screen. The aim was to
understand if the neural response differs depending on the attentional state of the animal.
Although there was faint light and therefore sensory input even during the blank screen, the
movie most likely involved higher attentional engagement and increased processing
compared to the blank screen. By analyzing single electrode recordings, | found that multi-
unit activity (associated with spiking) around a blink was reduced during the movie, but
increased during rest. Additionally, | observed an increase in power during blinks across three
different frequency bands, namely theta (4-8Hz), beta (16-30 Hz) and gamma (35-80 Hz)
during a blink. The increased power was earlier and stronger during the blank and rather
suppressed during the movie.

While it is already puzzling why a motor event such as a blink affects neural activity in
early visual cortex, it is even more surprising that this influence is dependent on the state of
the monkey and the amount of sensory input. Does this differential effect of blinking mark a
single process or two different processes dependent on the situation? As | explained above,
blinks might facilitate a disengagement from external attention and therefore need to be

suppressed during sensory processing in order to avoid such disengagement. However, not
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all spontaneous blinks are under full cognitive control and about 20 to 40% are likely executed
for reasons such as moisturizing the cornea. If such a blink occurs during stimulus processing,
on-going neural activity might be reduced in order to minimize disengagement. However,
when there is no specific stimulus that needs to be processed (for instance, when the animal
is shown a blank screen), disengaging does not pose a problem and might even be welcome.
The found increase in activity associated with blink during rest might therefore mark such a
disengagement process. This of course does not mean that increased activity in V1 would in
general represent attentional disengagement. Indeed, just as most researchers prior to me,
| have also found an overall higher neural activity during the intense visual input of a movie
compared to blank screen. Similarly, the blink-related power increase during a blank might
also reflect the possibility to disengage. Other studies have put forth a power increase in the
delta range, localized to the precuneus, to be associated with blinking (Bonfiglio et al., 2013;
Liu et al., 2017; Liu et al., 2019). As mentioned in the discussion of study 5, the theta power
(4-8 Hz) in my study overlapped with the delta band in the Bonfiglio’s studies (0-4 Hz). Note
that the precuneus is an important structure in the default mode network DMN (Fransson &
Marrelec, 2008) and blinking, as | had pointed out, has been found to be associated with
increased activation in the DMN. Liu et al. (2017) indeed mention that the DMN is active
during internally directed states. However, the studies on increased power in the delta range
localized to the precuneus used passive sitting or fixation paradigms. However, one study
compared passive fixation and stimulus processing and found a reduction in the delta blink-
related oscillation in the precuneus during the latter (Liu et al., 2019). This goes in line with
the findings of study 5, namely that there is a suppression of the blink related power increase
when there is a stimulus to be attended. But do note that the focus of study 5 was on V1 and

not the precuneus or DMN. Nevertheless, the observed delay and suppression of the blink
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induced power increase while the monkeys watched the movie might be indicative of the fact
that the effect of blinks is reduced when in a state of active external processing. Hence, while
the qualitatively different MUAe possibly suggests two different processes, the reduction and
delay of the power modulation rather suggests one process that is either fully executed

(blank) or suppressed (movie).

To summarize, | found that in the early visual cortex, blinking induces a modulation of
multi-unit activity and oscillatory activity which depends in its type on whether the blink is

executed during processing of an external stimulus or during reduced sensory input in rest.

7.5 Why do humans blink so much?

If disengagement is a consequence of blinks, does this fit with the observation that
humans blink on average as much as 15 times a minute? A possible answer to this question
that | would like to put forth is that attentional disengagement is indeed very important in
our everyday lives. Because humans are inundated with an extreme amount stimuli on a daily
basis, blinks might be one way to avoid that attention is stalled and irrelevant sensory input
is processed. This might also explain why blink rates are generally higher during walking (Cao
et al., 2020b), since we encounter more stimuli and also more changes in sensory input while
walking and might need to disengage more often. Importantly, while blinking might be one
way to keep prolonged attention to the external world in check, the studies have also clearly
shown that by controlling the timing of a single blink event, a prolonged undisturbed

processing of stimuli is also possible when necessary.

7.6 General conclusion

Overall, the findings of this project have put forward considerable evidence that blinks
serve an important function during cognitive and perceptual processes. Importantly, it seems
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that blinks facilitate a disengagement from the external environment. Therefore, they are
suppressed when one needs to avoid such a disengagement; for example, while processing
relevant external information. This is true for the visual and the auditory domain. Some
evidence further associates increased blinking with better performance in tasks that involve
an internal attentional state. However, further research is needed to understand this
relationship and establish if it is based on a blink induced facilitation of internal processes.
Finally and importantly, the on-going neural activity in the primary visual cortex differs

possibly depends on the attention state of the individual.
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