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Abstract

Active movements are a key feature of human behavior. Even when we do not move

our limbs we almost never stop guiding our eyes. As a minimal but omnipresent

form of behavior, fast eye movements, called saccades, sample the visual world and

determine to a large extent what we perceive. Despite being an integral part of

visual perception, prevalent research practice treats the human subject as a passive

observer who fixates a spot on the screen and is not allowed to move. Yet, learning

sensorimotor interactions by active exploration in order to predict future changes

and guide actions seems to be a fundamental principle of neural organization. This

results in neural patterns of active behavior that can be fundamentally di↵erent from

the neural processes revealed in movement-restricted laboratory settings questioning

the transferability of results from experimental paradigms demanding fixation to

real-world free viewing behavior. In this thesis, we aim at studying the neural

mechanisms underlying free viewing behavior. In order to assess the fast, flexible

and possibly distributed neural dynamics of active vision, we established a procedure

for studying eye movements in magnetoencephalography (MEG) and investigated

oscillatory signatures associated with sensorimotor processes of eye movements and

saccade target selection, two fundamental processes of active vision.

Electroencephalography (EEG) and MEG can non-invasively measure fast neu-

ral dynamics and hence seem ideally suited for studying active vision in humans.

However, artifacts related to eye movements confound both EEG and MEG sig-

nals, and a thorough handling of these artifacts is crucial for investigating neural

activities during active movements. Mostly, cleaning of ocular artifacts has been

performed for occasional eye movements and blinks in fixation paradigms in EEG.

Less is known about the impact of ocular artifacts and especially the saccadic spike

on MEG. As a first step to enable active vision studies in MEG, we investigated

ocular artifacts and possible ways of their separation from neural signals in MEG.

We show that the saccadic spike seriously distorts the spatial and spectral charac-



teristics of the MEG signal (Study 2). We further tested if electrooculogram (EOG)

based regression is feasible for corneo-retinal artifact removal (Study 1). Due to an

often-raised concern, we addressed if EOG regression eliminates neural activity when

applied for MEG. Our results do not indicate such susceptibility and we conclude

that EOG regression for removing the corneo-retinal artifact in MEG is suitable.

Based on insights from both studies, we established an artifact handling procedure

including EOG regression and independent component analysis (ICA) to assess the

neural dynamics of active vision.

In Study 3, we investigated spectral signatures of neuronal activity across cortex

underlying saccade preparation, execution and re-fixation in a delayed saccade task.

During preparation and execution, we found a dichotomic signature of gamma power

increases and beta power decreases in widespread cortical areas related to saccadic

control, including fronto-parietal structures. Saccade direction specific signatures

resided in hemisphere lateralized changes in low gamma and alpha power in posterior

parietal cortex during preparation extending to extrastriate areas during re-fixation.

Real-world behavior implies the constant need to flexibly select actions between

competing behavioral alternatives depending on both sensory input and internal

states. In order to assess internally motivated viewing behavior, we compared neu-

ronal activity of externally cued saccades with saccades to freely chosen, equally

valuable targets. We found gamma band specific power increases in fronto-parietal

areas that are likely to reflect a fast transient process of action guidance for sensory-

guided saccades and a sustained process for internally selecting between competing

behavioral alternatives. The sustained signature of internal action selection suggests

that a decision between spatially oriented movements is mediated within sensorimo-

tor structures by neural competition between assemblies encoding parallel evolving

movement plans. Since our observations support the assumption that a decision

emerges through the distributed consensus of neural activities within e↵ector spe-

cific areas rather than in a distinct decision module, they argue for the importance

of studying mental processes within their ecologically valid and active context.

This thesis shows the feasibility of studying neural mechanisms of active vision

in MEG and provides important steps for studying neurophysiological correlates of

free viewing in the future. The observed spectrally specific, distributed signatures

highlight the importance of assessing fast oscillatory dynamics across the cortex for

understanding neural mechanisms mediating real-world active behavior.
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Seeing is a way of acting.

O’Regan and Noë (2001)

1
General Introduction

Understanding the mechanisms of human real-world behavior is one of the central

interests in the field of cognitive science. The interaction with a complex world

produces constant demands for actions and makes active movements of the limbs

and eyes an essential part of behavior. Especially the eyes never stay still for a

prolonged period of time; instead, humans continuously sample the visual scene by

making fast eye movements denoted as saccades.

Eye movements are not only an omnipresent feature of everyday behavior but

also fulfill fundamental roles for perception and goal-orientedness. Since humans

have evolved with eyes that allow precise and colorful vision only at their foveal

centers, much of the visual input that is processed by the brain requires individuals to

actively direct their senses through movements (Schroeder et al., 2010). In addition,

where and when individuals look is both task and context dependent (for reviews see

Hayhoe and Rothkopf, 2011, Schütz et al., 2011, Tatler et al., 2011) so that grasping a

jar of jam and putting on its lid dependably results in distinct eye positions (Hayhoe

et al., 2003). Consequently, perception does not only guide human actions, but these

actions also determine what we perceive. By emphasizing di↵erent aspects of the

world through directing gaze, we construct a unique visual experience.

Notably, the conviction that vision is a process involving both movement and

sensation was already stated over a hundred years ago:

We find that we begin not with a sensory stimulus, but with a sensori-

motor coördination [sic], the optical-ocular, and that in a certain sense

1



it is the movement which is primary, and the sensation which is sec-

ondary.... In other words, the real beginning is with the act of seeing;

it is looking, and not a sensation of light. The sensory quale gives the

value of the act, just as the movement furnishes its mechanism and con-

trol, but both sensation and movement lie inside, not outside the act. –

Dewey (1896, pp.358f.)

Despite these early attempts towards an active account of vision, neuroscientific

practice of the past century has mostly tackled mental processes from the perspec-

tive of a passive observer. Consequently, determining which physical properties of

a stimulus cause changes in neuronal activity has long been the primary focus in

the neurosciences of vision. These studies have relied on the assumption that the

mechanisms of vision (and, correspondingly, any other mental processes) can be as-

sessed analytically, by investigating neural responses to simplified visual stimulation

in isolation. Experiments were and still are often conducted in artificial settings

with movement-restricted subjects that fixate spots on the screen and perform tasks

upon visual presentations on a trial-by-trial basis. In these settings, periods with

movements indicating task-specific responses are usually discarded from the analysis.

On the upside, these procedures have allowed studying mental processes within

the technical and methodological constraints of the time. In particular, since signal

distortions of neurophysiological measurements through movements are substantial,

excluding movements from the experimental analysis has helped to prevent these

kinds of artifacts (cf. Talsma and Woldor↵ , 2005). Importantly, however, real-world

behavior unfolds in a complex and dynamic environment that constantly involves

active processes such as eye movements, working memory, information selection

mechanisms, decision making, and action control. These processes often work in-

teractively and in parallel and rely on internal and spontaneous action selection

mechanisms (Cisek and Kalaska, 2010). Therefore, isolating single mental functions

through artificial experimental settings will not be su�cient for understanding the

full complexity of real-world goal-driven behavior.

Instead, it is our opinion that the neurosciences will have to move from passive

and artificial stimulation towards research paradigms that investigate behavior in

increasingly natural settings that mirror everyday situations. These settings require

that subjects are able to move unrestrictedly and spontaneously. An important

first step towards this paradigm is allowing the subjects to move their eyes, when
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investigating underlying neural dynamics.

Two key approaches for studying these possibly fast neural dynamics in the hu-

man brain are electroencephalography (EEG) and magnetoencephalography (MEG).

These techniques allow non-invasive recordings across the whole cortex and with high

temporal resolution. However, they are highly susceptible for ocular artifacts arising

from eye and eyelid movements that mask underlying neural signals. Consequently,

separating cerebral from artifactual sources is a significant challenge impeding neu-

roscientific investigation of real-world human behavior.

The primary goal of this thesis is to study the electrophysiological signatures of

active human vision. To this end we first address methodological problems related to

eye movement artifacts in EEG and MEG. Subsequently, we investigate oscillatory

cortical control mechanisms that are associated with the planning and execution

of saccades, as well as subsequent re-fixation. Finally, we proceed towards the

investigation of spectral signatures associated with intentional action selection of

saccade targets, a key process in real-world goal-oriented behavior.

In detail, this thesis is organized as follows: Within the introductory chapter,

we demonstrate the importance of evolving current movement-restricted paradigms

towards action-oriented paradigms: First, we report on illustrative neuroscientific

evidence suggesting that visual sensation and action are causally linked and that

visual perception is a constructive process based on actions (Section 1.1). Second,

we incorporate this idea in the larger context of action-oriented accounts on mental

processes that argue for holistic investigations of any cognitive phenomena by taking

their embodied nature and action-dependence into account (Section 1.2). Sections

1.1 and 1.2 are not a pre-requisite in order to understand the thesis but provide a gen-

eral subsumption into the field of cognitive science and neuroscience. Subsequently

in Section 1.3, we introduce the specific scientific background of the experimental

work in this thesis and refer to the contributions that this thesis provides to the

field.

Following the general introduction we present the experimental work itself. Sec-

tion 2 describes a procedure for investigating saccade related potentials (SRPs) dur-

ing active vision. The presented project includes an MEG experiment for applied

ocular artifact cleaning, which has been the author’s (Christine Carl) contribution

and which is therefore focussed on when discussing this project in the thesis. In Sec-

tion 3, we provide a characterization of the saccadic spike artifact in MEG, an ocular

artifact that has previously been investigated extensively in EEG only. In Section
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4, we present work that investigates the spectral signatures of saccade control and

target selection. The concluding general discussion in Section 5 holds a summary of

the results and o↵ers an outlook on future directions of the field of active vision.

1.1 Active Vision

In this section, we would like to motivate that eye movements are not only an

omnipresent and essential aspect of human real-world behavior but might also be

linked to vision in a more fundamental manner than is immediately apparent. In

addition to being a subject of interest in itself, studying the neural correlates of eye

movements and saccade selection is therefore relevant for understanding vision and

real-world behavior in general.

Due to the anatomical structure of the human body and, in particular, the inho-

mogeneous sensor distribution in the retina, human vision captures only a fraction

of the environment at any given time. In order to alleviate this circumstance and

provide increased visual access to the environment, humans employ fast movements

of the eye, termed saccades, that drastically change gaze position multiple times

per second1. Eye movements occur during sleep and with eyes closed. Even while

attempting to fixate a target for a prolonged time, small saccades, termed microsac-

cades, occur every 1� 2 times per second (Martinez-Conde et al., 2013)2.

This omnipresence of eye movements suggests that they are a substantial com-

ponent of vision in general. Neurophysiological studies indicate that vision critically

depends on temporal modulation for optimal stimulation (Arend, 1973, Ditchburn

and Ginsborg, 1952, Kelly, 1981, Yarbus, 1957). Eye movements are one source of

this temporal change. Some researchers have suggested that saccades and microsac-

cades in particular counteract a fading of vision resulting from prolonged fixation

due to adaptation mechanisms of sensory neurons (Martinez-Conde et al., 2006,

McCamy et al., 2012, for a review see also Martinez-Conde et al., 2013).

Apart from their fundamental role in visual perception, eye movements subserve

behavior by selecting and emphasizing information out of the vast amount of possi-

1In this thesis, we focus on saccadic eye movements, although other types of eye movements
exist such as smooth pursuit, tremor, and drift.

2Recent evidence suggests that fixational vision and saccades form a continuum and should
not be seen as two opposing states (Otero-Millan et al., 2013). This is supported by evidence
suggesting a common generator for micro- and regular saccades (cf. Martinez-Conde et al., 2013,
for a review).
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ble visual input from the world. By initiating systematic patterns of eye and head

movements, humans actively sample the visual scene (Schumann et al., 2008), a

process that we here refer to as active sensing (modality indi↵erent) or more specifi-

cally active vision (Maldonado et al., 2009, Schroeder et al., 2010)3. The temporally

discrete sampling of saccadic vision in particular seems to be an optimal strategy for

acquiring information. This assumption is supported by anecdotal evidence from a

patient su↵ering from extraocular muscular fibrosis: Unable to move the eyes, the

patient showed head movements with spatio-temporal dynamics strikingly similar

to those of saccades from healthy controls. These head movements seemed to ensure

surprisingly normal perception (Gilchrist et al., 1997, 1998).

This active sensing seems to select information for guiding future actions. It

is long known that the spatial and temporal distribution of eye movements and

fixations correlate with attentional attribution and other cognitive aspects in favor

of achieving specific goals (Buswell, 1935, Kowler, 1990, Yarbus, 1967/1965). This

becomes evident, for example, by the fact that selected fixation positions usually

fall on task relevant objects (Hayhoe et al., 2003, Land et al., 1999) or anticipate

relevant locations for actions (Land, 2006, Pelz and Canosa, 2001). Also, atten-

tional processes that enhance input relevant for behavioral goals at the expense of

other distractions usually go together with overt active sensing in real-world be-

havior (Schroeder et al., 2010). Both processes are mediated partly by the same

networks (Corbetta et al., 1998, Kustov and Robinson, 1996) and many studies re-

port evidence that suggests attentional allocation as a planned but not executed

movement (Craighero et al., 2001, Moore and Armstrong, 2003, Moore and Fallah,

2001), thereby arguing in favor of the premotor theory of attention (Rizzolatti et al.,

1987). Even microsaccades during fixations are modulated in occurrence, amplitude

and direction by visual stimulation or cognitive and attentional factors (Engbert and

Kliegl, 2003, Hafed and Clark, 2002, Valsecchi and Turatto, 2008, Yuval-Greenberg

et al., 2008). Because of these tight correlations to cognitive functions, eye move-

ments have been considered as a window of the mind (e.g., van Gompel et al., 2007)

and viewing behavior has served as a surrogate for revealing underlying cognitive

processes.

Additionally, behavioral studies in humans have shown evidence for the causal

e↵ect of eye movements on visual experience (e.g., Hafed and Krauzlis, 2006). Study-

3This term is mainly used in the field of robotics, but we think it is appropriate here in order
to emphasize the role of motor sampling routines for vision.
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ing ambiguous line drawings, Kietzmann et al. (2011) could demonstrate that eye

movements prior to conscious precept of an object causally influence what humans

perceive. Furthermore, later fixation positions were chosen in favor of this ini-

tial percept. In these studies, action precedes perception – an observation that

is at odds with the majority of neuroscientific studies in which the experimental

paradigm already imposes a fixed sequence of sensation, cognition and subsequent

motor response.

From these observations, we can conclude two practical implications for neuro-

scientific research in general. First, the omnipresence of eye movements and their

systematical modulation in combination with other mental processes make eye move-

ments a concern in any investigation about the human brain even if one is not inter-

ested in eye movements themselves. More specifically, even if subjects are instructed

to fixate, small fixational eye movements occur and may covary with experimental

manipulations, thus, inevitably confounding measurements. For electrophysiological

recordings, this impact is especially detrimental because of artifactual signal distor-

tions produced by eye movements (see Section 1.3.1). Second, these observations

show that active vision is a critical part of real-world goal-oriented behavior. This

is not reflected in most current scientific paradigms in which subjects are passively

stimulated and are allowed motor responses only at the end of a trial according to

task instructions. Real-world behavior will probably only be understood in its en-

tirety if we move away from these restricted paradigms towards settings that allow

for active vision. Critically, assessing the neural correlates of such active processes

requires the characterization of cortical mechanisms associated with eye movements.

In the following, we go a step further and argue that vision and related mental

processes are inherently active and might be inseparable from action. There exists a

large body of neuroscientific evidence supporting the hypothesis that perception is

grounded in action (cf. Engel et al., 2013, for a review on action-oriented paradigms),

meaning that perception arises from learning the laws of sensorimotor interactions

and dependencies in order to predict future movement related changes and guide

behavior. Consequently, studying vision and its neural correlates without consider-

ing motor components poses the danger of disregarding the fundamental nature of

visual perception. In the following, we report illustrative examples from the neuro-

scientific literature that suggest such tight and possibly inseparable linkage between

action and perception.

If perception results from learning sensorimotor contingencies, the development
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of perceptual capacities should strongly depend on the ability to move. Indeed,

many neuroscientific studies have shown that the development of perceptual skills,

sensorimotor adaptations, and neuroplasticity critically depends on active explo-

ration in order to learn sensorimotor interactions for action guidance. An influential

study by Held and Hein (1963) proved that kittens showed defective development

in visually guided behavior if they were deprived of self-produced movements but

otherwise received the same visual input as an actively moving control group. An-

other example comes from studies in non-human primates investigating changes in

receptive fields based on active tool use. Visual receptive fields in intraparietal

visuo-tactile neurons of these primates usually covering the hand or the arm were

shown to enlarge in order to include the tool or the newly accessible space resulting

from its use. Critically, this modification only took place if the monkeys were al-

lowed to intentionally use the tool for food retrieval. Passive holding of the tool did

not produce any adaptation (Iriki et al., 1996). In humans, experiments of sensory

substitution have investigated perceptual learning by translating visual input from

a camera to tactile or auditory stimulation (Amedi et al., 2007, Bach-y Rita et al.,

1969, 2003). After active exploration with the translating device subjects reported

having visual-like experiences. Again, learning to predict the dependencies between

active manipulation of the camera and resulting changes in the sensory input were

necessary for developing this experience (Bach-y Rita, 1972, 1984).

The above-mentioned examples demonstrate that abilities for active modification

of sensory input and learning the laws of sensorimotor interactions are critical for

sensorimotor adaptation and perceptual development. This interdependence of sen-

sation and action in learning results in neuronal activity patterns that often change

drastically with behavioral context. In particular, neuronal responses to identical

visual stimulation are often di↵erent in moving compared to passively stimulated

animals. For example, responses of motion-processing interneurons in the visual

cortex of Drosophila melanogaster double as soon as the animal flies in compari-

son to responses during rest (Maimon et al., 2010). In monkeys, rhythmic theta

band activity in the hippocampus, a cerebral structure that is crucial for memory

consolidation, is modulated by saccadic exploration through phase resetting (Jutras

et al., 2013). This modulation might contribute to optimal conditions for stimu-

lus encoding. A drop in performance in an object discrimination and recognition

task when preventing eye movements during learning supports this assumption in

humans (Nazir and O’Regan, 1990).
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Eye movements, in particular, influence visual processing throughout the cortex.

In order to di↵erentiate self-movement related changes from sensory changes induced

by the environment, corollary discharges from movement related regions initiate

predictive and modulatory processes in sensory areas (for a review see Crapse and

Sommer, 2008). Consistently, pre- and perisaccadic suppressions of visual responses

(e.g., Sylvester et al., 2005, Watson and Krekelberg, 2009, Wurtz, 2008)4 as well

as predictive remapping5 and postsaccadic enhancements of visual responses (e.g.,

Dorr and Bex, 2013, Duhamel et al., 1992, Ibbotson et al., 2008, Ito et al., 2011,

Merriam et al., 2003, Nakamura and Colby, 2002, Rajkai et al., 2008) have been

observed throughout the visual pathway in brains of humans and other primates

(for a review see Ibbotson and Krekelberg, 2011, Martinez-Conde et al., 2013).

We conclude from this evidence that changes in neural activity due to movements

are not restricted to areas that are primarily involved in motor control. Rather,

action related activity modulates almost all stages of visual processing in the brain

(cf. Engel et al., 2013, Hafed and Krauzlis, 2006).

On the single neuron level, sensory and motor processes are so closely intertwined

in some parietal and premotor areas of the monkey brain that these neurons’ activi-

ties are hard to attribute exclusively to motor or perceptual functions. For example,

in anti-saccade tasks, where a saccade is performed in the opposite direction to an

appearing visual stimulus, single neurons in lateral intraparietal area (LIP) seem

to switch between sensory and motor related functions (Zhang and Barash, 2000).

The group of Rizolatti and colleagues reported that mirror cells in premotor cor-

tex, a region previously assumed to be purely motor related, did not only fire when

an action is executed but also when it is visually observed in another individual

(di Pellegrino et al., 1992, for a review see Casile, 2013). As reviewed in Lebedev

and Wise (2002), on the neural population level, most higher brain areas of primates

cannot be functionally specified to solely visuomotor or perceptual functions, but

participate in both, arguing against a functionally modularized brain structure in

space.

To summarize, the presented evidence shows widespread and multi-level action-

modulation and action-dependence of perceptual activity, suggesting that vision is

4Some studies have questioned an extra-retinal movement induced suppression of visual activity
during the saccade (e.g., Dorr and Bex, 2013).

5Predictive remapping refers to the phenomenon that some cells in retinotopically organized
brain areas increase activity in anticipation of a saccade that will bring stimuli in their receptive
fields.
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fundamentally grounded in action. Furthermore, evidence suggests that processes

are inherently distributed and cannot easily be separated in solely sensory, cognitive

or motor related modules. All these phenomena imply that studying vision without

allowing eye movements will result in studying a perceptual system that is di↵erent

from the one that occurs under real-world behavior. As O’Regan and Noë (2001,

p.947) stated: ”Seeing involves testing the changes that occur through eye, body,

and attention movements. Seeing without such movements is ... a subspecies of

seeing: an exception.” Therefore, it is questionable how many of the experimental

results from movement-restricted paradigms can be readily transferred to settings

involving real-world active behavior. Conclusively, we have to begin studying the

neurophysiological correlates of eye movements and associated processes that occur

under active vision.
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1.2 Embodied Accounts of Cognition and

Perception

In this section, we would like to embed the active and ecological view on vision

presented in Section 1.1 in the context of cognitive science. Embodied or action-

oriented accounts of cognition6 are increasingly gaining support in the cognitive

science community. It is our belief that active vision is an important component

and starting point of this new research agenda, which motivates a brief outline of

these embodied views here7.

Before the rise of action-oriented views on cognition, cognitive science was founded

on a computational metaphor (Fodor, 1981, 2000, Marr, 1982, Newell and Simon,

1963/1961, Newell and Simon, 1972) where cognition is seen as abstract, rule-based

computation on symbolic mental representations within the brain. According to this

view, cognition can be fully understood by focusing on the organism’s internal men-

tal processes. Sensations and motor control are considered to be merely peripheral

inputs and outputs of the system and are thus separated from cognition. Depart-

ing from this classical representationalist view, assumptions of a modular brain with

separate perceptual, cognitive, and motor units that operate in a serial manner have

been inherent to many studies in the field of neurosciences (cf. Cisek and Kalaska,

2010, for a comprehensive description of the impact of the representationalist view

on the scientific practice in psychology and neuroscience).

In the context of visual neuroscience, this has led to research paradigms that

treat subjects as passive observers merely retrieving and representing information

6Depending of the specific conceptions, various terms have been employed to describe these
paradigms besides embodied cognition (e.g., Clark, 1999, Shapiro, 2011, Varela et al., 1993), among
them enactive (Varela et al., 1993) and grounded (Barsalou, 2008) cognition. Others have empha-
sized the distributed (Barrett, 2011) or situated (Clancey, 1997) nature of cognition. Engel et al.
(2013) has employed the term action-oriented views on cognitive science to subsume di↵erent em-
bodied accounts on cognition. While terms are not consistently used throughout the literature
and action-oriented accounts on cognition are diverse, most conceptions assume embodiment as
a necessary part of cognition. Therefore, we use the term embodied cognition in the following in
order to refer to all approaches that base cognition within the context of an active organism’s
sensorimotor capacities and the resulting unique interactions within its specific environment.

7For the sake of brevity, this chapter does not aim at an extensive description of the di↵erent
and often divergent and still developing theories within the field of embodied cognition or their
philosophical implications (see e.g., Engel, 2010, Shapiro, 2011, Wilson, 2002, for reviews on dif-
ferent concepts). While the experimental work that we present later on contributes to realizing
action-based paradigms in the future, it is not primarily designed to argue in favor of a particular
embodied approach.
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about pre-given features in the world as presented to their sensors. Inherent in the

classical representationalist account on perception is the assumption that perception

is flawed, in the sense that sensors only capture a fraction of the reality of the outside

world. The brain – seen as the only problem-solving device available to cognitive

agents – has to solve tasks and produce intelligent behavior solely based on this

incomplete sensor information. According to the representationalist view this is

achieved by internal cognitive representations stored in the neural structures that

reconstruct the real world in a mirror-like version (cf. Marr, 1982). The experience

of seeing then directly arises from the activation of these internal representations.

The classical representationalist view has led to several important insights re-

garding neural mechanisms of the brain. These insights primarily resulted from

analytical decomposition of complex real-world and interactive behavior into small

controllable units that could be separated from presumed confounding factors and

thus investigated for their neural correlates. However, even without relating to the

various critical arguments coming from embodied accounts on cognition8, is should

be evident that these restrictive paradigms are very far from ecologically relevant

goal-oriented behavior. For example, until today, neurophysiological recordings in

humans usually require the subject to refrain from eye movements and blinks during

visual stimulation. Given the prominence of eye movements in real-world behavior

and the close relation of eye movement to other mental functions (see Section 1.1), it

is especially undesirable that even such minimal way of active behavior is prevented.

In contrast to this prevalent research practice of the past century, arguments for

an active and constructive account on perception, in particular on vision, have been

raised for a long time and started long before the recent rise of embodied approaches

to cognition (e.g., Dewey, 1896, Gibson, 1966, 1979, Merleau-Ponty, 1963/1942, von

Helmholtz, 1867, pp.442↵.). Gibson (1966, 1979) has claimed that humans have a

direct and high quality access to the world by active sensing using the ability to move

eyes, head and body. Consequently, he has argued that in order to perceive and act

upon the world humans do not need realistic and complete internal representation

of the environment but can obtain information whenever needed by directly probing

the world as best and veridical source of knowledge (see also Noë, 2005, O’Regan

and Noë, 2001 for a more recent elaboration on active perception)9. The evidence of

8Among them is, for example, the symbol-grounding problem (Harnad, 1990, Searle, 1980),
which, in short, asks how the symbolic representations in the brain acquire meaning.

9Indeed, eye movement studies have shown that observers acquire the information they need
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a tight coupling between perception and action and the goal-orientedness of active

sensing as reviewed in the last section seems to support this assumption from the

neuroscientific side.

With this direct and goal-driven perceptual access to the environment via actions,

internal knowledge and mirror-like internal representations of the world that are

disconnected from sensorimotor processes loose their primary role in cognition and

problem solving. Instead, resources distributed over environment, body, and brain

may participate in cognition and remove the brain from its island position of being

the only and isolated structure able to generate intelligent behavior (Barrett, 2010,

2011).

Within this line of thinking, a shift in paradigm has started in the di↵erent

cognitive sub-disciplines in the last decades towards more action-oriented accounts

on mental processes (e.g., Agre, 1997, Ballard et al., 1997, Cisek and Kalaska, 2010,

Clark, 1997, Noë, 2005, Pulvermüller and Fadiga, 2010, Thelen et al., 2001, Varela

et al., 1993, see Engel, 2010, for a recent review of this pragmatic turn). These

accounts describe cognition to result from the real-time goal-directed exploration

within the world. It is by actively exercising movements that organisms develop an

understanding of the lawful relationship between sensory changes and own actions

and learn about their sensorimotor capacities within the bodily and environmental

constraints and possibilities. These sensorimotor experiences have been suggested to

be a first essential step for developing more complex cognitive capabilities like object

categorization (cf. Beauchamp and Martin, 2007, Maye and Engel, 2011). While

there exist di↵erent theories on action-oriented accounts to cognition, most di↵erent

conceptions claim that embodiment is a crucial part for developing cognition. An

often-cited quote that explains this central claim originates from Esther Thelen:

To say that cognition is embodied means that it arises from bodily inter-

actions with the world. From this point of view, cognition depends on the

kinds of experiences that come from having a body with particular percep-

tual and motor capabilities that are inseparably linked and that together

form the matrix within which reasoning, memory, emotion, language,

and all other aspects of mental life are meshed.

–Thelen et al. (2001, p.1)

A well-known example that illustrates the full explanatory power of embodied

just-in-time when the information is required for the behavioral task (Ballard et al., 1995).

12



accounts on intelligent behavior is the outfielder problem (see Wilson and Golonka,

2013, for a detailed description). How does a baseball outfielder catch a highflying

ball? Classical representationalist accounts on this problem suggested that, based

on the initially perceived flying parameters of the ball, a simulation about the balls

motion is computed in the outfielder’s brain in order to predict the ball’s landing

position (Saxberg, 1987a,b). However, given the initially perceived information of

the very distant ball, it was shown that such a prediction is highly error prone and

probably not the way, the task is solved (Sha↵er and McBeath, 2005). In contrast,

the embodied solutions to the problem rely on the kinematics of the ball perceived

by the outfielder in constant interaction with his own movements: One solution

suggests that the outfielder will align his running path with the ball so that in

appears to move with constant velocity (Chapman, 1968, Fink et al., 2009). The

second solution assumes that the fielder will move in a way so that the ball appears to

fly in a straight line (McBeath et al., 1995). Evidence suggests that both strategies

are indeed used in real-time behavior depending on the position of the fielder (Fink

et al., 2009, McBeath et al., 1995). Both solutions show that optimizing through

action the moment-to-moment relationship between perceptional information of the

flying ball and the outfielder can replace an internal complex computation of the

ball’s flying trajectory within the outfielder’s brain10.

Radical approaches to embodied cognition deny any representation of the out-

side world in the brain. Instead, these accounts claim that most abstract cognitive

concepts like language acquisition or mental calculation arise from the organism’s

sensorimotor activities and interactions with its environment. Based on this view,

a living organism constructs or enacts a world by generating action relevant struc-

tures (Varela et al., 1993). Other conceptions of embodied cognition suggest action-

oriented (Clark, 1997, 1999) representations that incorporate context sensitive and

action-related information. The sensorimotor contingency theory assumes that the

knowledge and mastery of the rules of sensory transformation according to motor

actions constitutes cognition (O’Regan and Noë, 2001). According to this view, the

role of the brain in visual perception is to ”enable the knowledge and exercise of

sensorimotor contingencies. Seeing ... is constituted by the brain’s present attune-

ment to the changes that would occur as a consequence of an action on the part

10Barrett (2011) describes in her book other various compelling examples of embodied cognition
from the animal kingdom that demonstrate how intelligent behavior can arise based on bodily
design and coevolution even under conditions of limited computational capacity of the brain.
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of the perceiver” (O’Regan and Noë, 2001, p.968). Despite their variety, all these

concepts of embodied cognition call for studying mental processes of an organism

in a dynamic and ecologically valid context that takes into account the relationship

between body, mind, and environment in real-time goal-oriented behavior11. Apart

from developing suitable experimental paradigms, action-oriented accounts require

rethinking the role of neural activity in generating intelligent behavior. Instead of

studying neural activity as implementation of internal representations, neural pat-

terns need to be understood as being primarily determined by their functions to

guide action in a situated and behaviorally relevant manner (cf. Engel et al., 2013).

Assuming that cognition is a distributed process emerging from real time inter-

active behavior probably implies distributed as well as non-linear dynamics on the

neural level and questions a classical separation of the brain into functional and

often serially operating modules (cf. Cisek and Kalaska, 2010, Engel, 2010, Flus-

berg et al., 2010, Fox and Friston, 2012, Maldonado, 2007, Rohde, 2010, pp.36f.).

In particular, neural activity underlying action guidance is most likely organized in

flexible networks of tightly coupled sensorimotor processes interacting with memory

processing and intentional states important for action guidance (cf. Engel et al.,

2013).

How do these fast changing and distributed neuronal networks arise? More

specifically, how are interactions between brain areas established in a flexible and

yet highly specific way? Coherent oscillatory activities especially in the gamma

range have been suggested to enhance both inter- and intra-areal communication

by inducing non-linear increases in input gain in downstream neurons (Salinas and

Sejnowski, 2001, Womelsdorf et al., 2007). This makes frequency specific correlated

oscillations a key candidate for dynamically setting up distributed networks of neural

assemblies with possibly large-scale interaction between areas (Engel et al., 2001,

Fries, 2005, see also Fries, 2009, Maldonado, 2007, Siegel et al., 2012). Hence, Engel

(2010) suggests that these dynamic oscillatory patterns might, on the neural side,

contribute to implementing the procedural knowledge of the lawful interaction in

sensorimotor couplings.

Entrainment of sensory oscillatory activity to the rhythmicity of active sampling

mechanisms further highlights the importance of oscillatory activity in active ex-

ploratory behavior (Schroeder et al., 2010). During active viewing, saccades occur

11See Wilson and Golonka (2013) on an elaborate suggestion for a radical turn in experimental
paradigms that we clearly not pursuit in this thesis.
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with an average frequency of 3 Hz. Corollary discharges that inform sensory areas

about each performed eye movement seem to modulate ongoing oscillations in visual

areas in human (Ossandón et al., 2010) and non-human primates (Bartlett et al.,

2011, Rajkai et al., 2008). This motor related information seems to prepare visual

areas for the temporal pattern of visual input by establishing a coupling between

sensory and motor rhythms. Even during fixation, microsaccades impose a simi-

lar rhythm in visual processing and modulate synchronized gamma band activity

(Bosman et al., 2009).

In order to assess such oscillatory neural signatures that are part of human active

behavior in real-time, neurophysiological measures are required that can resolve fast

and distributed dynamics across the cortex. MEG and EEG provide non-invasive

measurements of neural population activity across the whole cortex and allow as-

sessing spectral signatures of fast dynamics. Since both technologies face method-

ological problems induced by movement artifacts (see Section 1.3.1), studying active

movements in general and eye movements in particular is currently rare in scientific

practice.

To summarize, the pragmatic turn in cognitive science questions whether we can

understand the actual nature of mental processes without studying active real-world

behavior in a holistic way by taking into account the dynamic, situated, and em-

bodied nature of cognition. This approach calls for new methods and paradigms in

the field of neuroscience that allow unrestrictive dynamic behavior like free viewing.

If methodological problems concerning movement artifacts can be overcome, MEG

and EEG are optimal measurement methods to investigate these paradigms due to

their ability to access the probably distributed and fast dynamics of active behavior.

1.3 Neurophysiological Recordings of Active

Vision

As detailed in previous sections, allowing free eye movements as well as studying

the underlying neural correlates of these movements is an important aspect of re-

search paradigms that investigate human real-world behavior. A first step into this

direction is to investigate the cortical dynamics of saccade control and target se-

lection mechanisms, which underlie each free viewing behavior. This is the aim of

the thesis. However, artifacts induced by eye movements still pose serious prob-
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lems for investigating the neurophysiological signatures during eye movements in

humans. Therefore, the first part of the thesis contributes to a better understand-

ing and handling of these artifacts. Subsequently, we investigate cortical signatures

of active vision and target selection during a delayed saccade task. We assess the

oscillatory population dynamics of planning and execution of saccades as well as in-

ternal mechanisms of target selection across a wide range of frequencies and across

the cortex. By investigating saccade related sensorimotor activities in the cortex we

provide the foundation for studying real-world free viewing behavior in humans.

In the following sections, we introduce the neuroscientific background and our

contributions to the fields of ocular artifacts (Section 1.3.1) and neural signatures

of active vision (Section 1.3.2).

1.3.1 Ocular Artifacts

When studying the physiology of free viewing behavior with MEG or EEG, potential

or field changes we measure during movements of the eyes do not solely origin from

underlying brain activities but also from non-cerebral sources related to the motion

itself. These so-called ocular artifacts arise from eye and eyelid movements, as

well as from associated muscle activity. The amplitude of the potential or field

change of these ocular artifacts can be orders of magnitude higher than the signal

of interest, thus yielding small signal-to-noise ratios for investigating underlying

neural processes (Fatima et al., 2013, Talsma and Woldor↵ , 2005). Consequently,

ocular artifacts lead to experimental confounds that mask the neural signals that

the experiment was originally designed to measure. Separating these artifacts from

cerebral sources out of the mixed sensor data is therefore a major challenge for

EEG/MEG investigations.

1.3.1.1 Types of ocular artifacts

There are at least three types of ocular artifacts with distinct underlying mecha-

nisms and significant impact on neurophysiological measurements. These are the

corneo-retinal artifact, the eyelid artifact, and the saccadic spike artifact (for a com-

prehensive review on these artifacts see Plöchl et al., 2012). We shortly introduce

these artifacts in the following.

The corneo-retinal artifact is a prominent o↵set in potential or field strength

of the EEG or MEG, respectively. The artifact is caused by eye movements and
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arises from the rotation of the eyeballs. Between cornea and retina resides a po-

tential di↵erence that can be described by an equivalent dipole in the optic axis of

the eyeball with a positively charged cornea relative to the retina (Mowrer et al.,

1935, cf. also Arden and Constable, 2006, Pasik et al., 1965 on details about the

physiological causes of this dipole). Following the direction of gaze, this dipole al-

ters its orientation and hereby produces changes in the electrical potential at the

periorbital surface. These changes depend on the amplitude and direction of the eye

movement as well as on alterations in light intensity (Malmivuo and Plonsey, 1995,

pp.440-442).

The eyelid artifact, occurring when the eyelid slides over the eyeballs, is mostly

elicited during blinks and in association with upward saccades (Barry and Jones,

1965, Lins et al., 1993a,b, Picton et al., 2000a, Plöchl et al., 2012). Eyelid movements

change the geometry of the volume conductor, so that the eyelid acts as a sliding

electrode that short circuits the positively charged cornea to the surrounding skin,

producing a current upwards to the forehead (Antervo et al., 1985, Barry and Jones,

1965, Lins et al., 1993b, Matsuo et al., 1975).

The saccadic spike artifact, a transient deviation in voltage, reflects the cumula-

tive, synchronized activity of recruited motor units of the extraocular muscles when

initiating saccades (Boylan and Doig, 1989b, Kovach et al., 2011, Moster and Gold-

berg, 1990, Riemslag et al., 1988, Thickbroom and Mastaglia, 1985, Yuval-Greenberg

et al., 2008). Its appearance changes with direction, and amplitude of the movement

(Carl et al., 2012, Keren et al., 2010a, Kovach et al., 2011), or the initial position

of the eye (Plöchl et al., 2012). This artifact can have prominent e↵ects on the

EEG/MEG signal even during fixations since also microsaccades produce a saccadic

spike artifact that induces transient high frequency distortions from roughly 30 to

120 Hz (Jerbi et al., 2009, Yuval-Greenberg et al., 2008).

1.3.1.2 Practical implications for neurophysiological experiments

A diligent handling of the ocular artifacts is important for a number of reasons:

The low signal-to-noise ratio of artifact contaminated data goes in hand with usu-

ally small e↵ect sizes of the experimental contrasts of interest. Consequently, true

e↵ects might be hidden due to the artifact induced high variance of the data. More

importantly, systematic changes of artifact occurrence can seriously distort statis-

tical analysis so that signal cancellation hides true experimental e↵ects (Hipp and
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Siegel, 2013) or apparently significant e↵ects result from eye movements rather than

the experimental contrast of interest (Hillyard and Galambos, 1970, Low et al., 1966,

Yuval-Greenberg et al., 2008). Indeed, eye movements and associated artifacts often

co-vary with experimental conditions. This is even true for periods where subjects

are required to fixate: The rate and metrics of microsaccades, which occur on average

1� 2 times per second during fixations (Martinez-Conde et al., 2013), is modulated

by visual and auditory stimulation (Engbert and Kliegl, 2003, Hipp and Siegel, 2013,

Rolfs et al., 2008) and other cognitive factors like shifts in spatial attention (Engbert

and Kliegl, 2003, Hafed and Clark, 2002, Laubrock et al., 2005) and working memory

(Valsecchi et al., 2007). Similarly, the occurrence of blinks is linked to attentional

processes and cognitive load (Oh et al., 2012, Siegle et al., 2008, Smilek et al., 2010),

or social communication (Nakano and Kitazawa, 2010).

Ocular artifacts may be considered in the analysis by approaches with varying

complexity. A basic strategy for dealing with these artifacts consists of simply reject-

ing all contaminated data periods. When investigating active vision and perisaccadic

neuronal signatures, this is infeasible since rejecting data implies loosing the signal

of interest. However, because eye movements are present even during fixations and

may correlate with experimental factors, selecting and rejecting periods containing

artifacts may in any case introduce bias in data selection and thus influence the

experimental contrast of interest.

A more advanced method for controlling the e↵ects of ocular artifacts is to closely

monitor their occurrence, directions, and amplitudes with the help of an eye tracker

or the electrooculogram (EOG) (cf. Keren et al., 2010a). This procedure allows

for additional analyses of artifact statistics, which may uncover possible systematic

e↵ects of ocular artifacts on the experimental results.

Last, several analysis approaches have been published that aim to reduce the

amount of the artifactual signal within the data. These cleaning procedures try

to separate the artifact from the cerebral sources. Since the true distribution of

artifactual and cerebral sources is generally unknown, an objective evaluation of

cleaning methods is di�cult. Still, results suggest that, so far, no cleaning proce-

dure is able to perfectly separate cortical from artifactual signals in all situations

(Keren et al., 2010a, Nottage, 2010, Shackman et al., 2010). Despite these draw-

backs, artifact cleaning is a common and useful analysis procedure for neuroscientific

investigations and we present the most applied approaches in the next section.

Finally, we note that appropriate source localization techniques can mitigate
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the detrimental impact of eye movements on measurements (Hipp and Siegel, 2013,

see also Section 3). However, even analysis in source space does not completely

prevent contamination by artifacts especially in frontal and temporal sources (Carl

et al., 2012, Fatima et al., 2013). Therefore, source localization techniques may be

considered additions rather than alternatives to artifact cleaning.

Irrespective of the specific approach chosen for handling ocular artifacts, spa-

tial, spectral, and temporal characteristics of the ocular artifacts have to be known

in order to identify systematic contamination (in case the artifacts have not been

removed at all) or possibly remaining contamination (in case artifact cleaning has

been used). While details about the characteristics of the presented artifacts are

known in EEG, the appearance of the saccadic spike artifact in MEG has not yet

been addressed in the literature.

1.3.1.3 Procedures for cleaning the ocular artifact in MEG and EEG

Several di↵erent approaches exist for the cleaning of ocular artifacts. Among them

are EOG based linear least square regression (Croft and Barry, 2000b, Elbert et al.,

1985, Gratton, 1998, Schlögl et al., 2007), blind source separation techniques like in-

dependent component analysis (ICA) (Hyvärinen and Oja, 2000, Jung et al., 2000b)

or principal component analysis (Ille et al., 2002, Lins et al., 1993b), dipole modeling

(Berg and Scherg, 1991, Lins et al., 1993b), as well as methods based on a Bayesian

estimation (Fujiwara et al., 2009, Kierkels et al., 2007). We here focus on EOG

based linear least square regression and ICA since these approaches are among the

most frequently used in the literature and their performance has been extensively

evaluated.

Cleaning based of the EOG signals exploits the fact that the EOG depicts poten-

tial changes next to the eye and is therefore dominated by changes resuming from

eye movements. By volume conduction, these potential changes are propagated

across the skull and diminish with increasing distance to the eye. Consequently,

eye movement related signals are measured to di↵erent degrees by the MEG/EEG

electrodes. Given that electromagnetical signal propagation in the head can be con-

sidered to be linear and instantaneous (i.e., without a delay between sensors; Nunez

and Srinivasan, 2006), ocular artifacts within MEG/EEG signals can be removed by

subtracting the properly weighted EOG from the MEG/EEG. This way, any activity

in the MEG/EEG that is correlated with the EOG as a measure of the artifact will
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be eliminated.

Often bipolar EOG electrodes capturing horizontal and vertical potential dif-

ferences (measured as di↵erence between supra- and infra-orbital or left and right

EOG recordings, respectively) are used as a measure of the corneo-retinal dipole ro-

tations for saccades covering all directions. Regression coe�cients are then derived

according to the model:

EEG(t) = S(t) + �1vEOG(t) + �2hEOG(t) (1.1)

with S(t) being the potential di↵erence of underlying true cerebral sources at

any measured point in time t, EEG being the measured EEG (or MEG) signal,

vEOG and hEOG being the vertical and horizontal EOG, respectively, and �1 and

�2 being the regression coe�cients.

EOG regression provides some important benefits. First, the cleaning procedure

is both, fast and automatic. Second, the regression coe�cients can be derived from

a relatively small dataset. Third, the coe�cient can be applied to any number of

MEG or EEG channels. Hence, small amounts of experimental data or only few

measured EEG/MEG channels argue for EOG based regression (cf. Ho↵mann and

Falkenstein, 2008).

Several variants of this approach exist that employ di↵erent electrode montages of

the EOG or exploit event related data for estimation of coe�cients (see Croft et al.,

2005). Dependent on the spatial arrangement and referencing of the EOG, di↵erent

ocular artifacts may be preferentially depicted by the EOG and can consequently

be subtracted from the EEG/MEG signal. Removal of the saccadic spike artifact

with an EOG based regression, for instance, requires an axial EOG component with

reference to posterior electrodes for optimal results (usually referred to as radial

EOG (REOG) component, cf. Plöchl et al., 2012).

Various studies have compared EOG regression to other cleaning methods such

as ICA (Ho↵mann and Falkenstein, 2008, Plöchl et al., 2012, Wallstrom et al., 2004)

or have evaluated the relative performance of di↵erent regression approaches (Croft

et al., 2005, Pham et al., 2011, Plöchl et al., 2012), yielding somewhat contradictory

conclusions. A recent study suggests that using EOG regression is problematic if all

ocular artifacts are cleaned simultaneously (Plöchl et al., 2012). It may, however,

be feasible for removing only the corneo-retinal or eye lid artifact.

Another common approach for artifact cleaning is ICA. ICA is a data-driven ap-
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proach that assumes that the multiple sensor measurements represent mixtures of

mutually statistically independent sources. These sources can be of cerebral origin

as well as physiological or environmental artifacts. In order to uncover the origi-

nal sources, ICA aims at finding a (usually linear) transformation of the sensor data

that de-mixes the measured signal into estimates of minimally dependent source sig-

nals (independent components). In the context of electrophysiological recordings,

it is usually further assumed that the measured signals are an instantaneous linear

mixture of the electromagnetic activity from the neuronal and artifactual sources,

and that the number of sources equals (or is less than) the number of sensors.

Additionally, both the source signals and the mixing process are presumably sta-

tionary. Notably, for ocular artifacts these assumptions either have been proven to

be reasonably satisfied or their violation has been shown to produce only minimally

detrimental e↵ects (Debener et al., 2011, James and Hesse, 2004, Vigario and Oja,

2008, Vigario et al., 2000).

The performance of ICA depends on the choice of algorithm, the definition of

training dataset, and the selection of independent components that – in case of

artifact cleaning – represent the artifact.

Algorithms for ICA can be roughly di↵erentiated into approaches that exploit

higher order statistics assuming non-gaussian distributions of sources and second

order methods that rely on di↵erent spectra of sources (for reviews see: James and

Hesse, 2004, Vigario and Oja, 2008). As a consequence of these assumptions, which

group of approaches will perform better depends on the characteristics of the data.

To date, according to Delorme et al. (2012), the algorithms most commonly applied

to EEG data are – from the first group – FastICA (Hyvärinen, 1999) and (extended)

Infomax ICA (Bell and Sejnowski, 1995, Lee et al., 1999) and – from the second

group – Second-Order Blind Identification (Belouchrani and Cichocki, 2000).

For a good separation of the artifact from cerebral sources, training data used

for ICA should contain all cortical signals under investigation. At the same time,

the proportion of the artifact that is to be be removed should be maximized in the

signal. This might require special preprocessing of the data. In order to remove

the saccadic spike artifact, for example, Kovach et al. (2011) improved separation

by filtering the data to its characteristic frequency range. Our observations as well

as those of others (Hipp and Siegel, 2013) suggest that successfully cleaning each

dataset from the saccadic spike artifact may indeed require training data tailored

to the specific artifact. This can result in the necessity of repeatedly applying ICA
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with di↵erently tailored training data for removing distinct artifacts (cf. Section 4

and 5).

ICA does not provide the researcher with any information about which inde-

pendent component represents an artifactual source. Often components for ocular

artifact rejection are selected by visual inspection based on pre-known qualities of

the specific artifact, like topographic distribution, the temporal evolution of single

trials or of averaged time courses, or spectral composition (e.g., Fatima et al., 2013,

Hipp and Siegel, 2013, Ho↵mann and Falkenstein, 2008, Keren et al., 2010a). Auto-

matic procedures for independent component selection have been suggested (Joyce

et al., 2004, Kovach et al., 2011, LeVan et al., 2006, Nolan et al., 2010) for ocular

artifact cleaning, but usually do not provide a full rejection of all three major types

of ocular artifacts. Recently Plöchl et al. (2012) showed that this is feasible in a

fully automated way for EEG. This approach exploits additional information about

eye movement occurrence using an eye tracker and selects independent components

based on the relative variance of component activity during saccades and fixations.

Conclusively, selecting independent components and appropriate training datasets

are not trivial, and either require a competent user or additional information. In

addition, reliable ICA results are more di�cult to achieve for small amounts of data

(see Debener et al., 2011). Apart from these limitations, ICA has been shown to per-

form well as a tool for eliminating corneo-retinal and blink artifacts in EEG (Joyce

et al., 2004, Jung et al., 2000b) and MEG (Barbati et al., 2004, Fatima et al., 2013,

Vigario et al., 1998) and has been used extensively in practice (Vigario and Oja,

2008). Only recently, it has been shown that ICA is also appropriate for removing

the saccadic spike artifact in EEG and intracranial EEG (iEEG) (Hassler et al.,

2011, Hipp and Siegel, 2013, Keren et al., 2010a, Kovach et al., 2011). However,

removal of this artifact has not yet been systematically investigated for MEG.

Due to the missing ground truth, objective evaluation of cleaning methods can

be considered di�cult. In general, cleaning procedures can either over- or under-

correct the EEG/MEG signal. While under-correction results in residual artifactual

signal in the cleaned data, over-correction results in loss of true cerebral sources or

the addition of noise to the data. To validate performance, spectral components

or event related averages of cleaned and raw data have been visualized for periods

with and without eye movements, respectively (Ho↵mann and Falkenstein, 2008,

Plöchl et al., 2012, Schlögl et al., 2007). Ideally for such a comparison, an eye

tracker yields an independent measurement in order to detect the occurrence of
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eye movements (cf. Keren et al., 2010a, Kierkels et al., 2007, Plöchl et al., 2012).

Alternatively, quantification of cleaning performance is based on simulated data

containing artifacts (e.g., Ho↵mann and Falkenstein, 2008, Kierkels et al., 2007, Ma

et al., 2011).

This thesis provides contributions for better evaluating artifact cleaning and

identifying artifact contamination. First, by using source reconstruction, we evaluate

the cleaning based separation of artifacts from true cerebral source. Second, we

characterize the saccadic spike artifact in MEG in order to allow identification of

the artifact when using this technology.

1.3.1.4 Contributions of this thesis

For EOG regression analysis any potential change that is measured at the skull

propagates by volume conduction to other regions. Hence, not only do we measure a

mixture of cerebral and artifactual sources at the EEG electrodes, but also the EOG

might depict to some degree potential changes originating from true cerebral sources

(Iacono and Lykken, 1981). Consequently, it has been criticized that EOG based

regression might also subtract true cerebral sources from the MEG/EEG signal (Ille

et al., 2002). In Section 2 we introduce an approach based on source reconstructions

to investigate the amount of loss of cerebral sources by regression analysis and show

that the applied EOG based regression is not susceptible to removing true cerebral

sources.

In Section 3 we provide a detailed spatial, temporal and spectral characteriza-

tion of the saccadic spike artifact in MEG. While the characteristics of eyelid and

corneo-retinal artifact have been examined extensively, the saccadic spike artifact

has only recently recaptured awareness with the advent of frequency specific analyses

of neuronal data that are prone to being contaminated by this artifact. A thorough

characterization of this artifact for MEG has been missing. It has even often been

assumed that MEG is not seriously a↵ected by this kind of artifact. By providing a

description of saccadic spike characteristics for MEG in Section 3, we show that this

artifact seriously a↵ects the MEG in frontal and temporal electrodes. In addition,

we further investigate how adaptive source reconstructions can help to reduce the

impact of this artifact.

Finally, in Section 4 we describe a cleaning procedure that combines EOG based

regression with ICA for reducing saccade related artifacts in MEG in a conservative
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manner. In particular, similar to previous reports on EEG data (Hassler et al.,

2011, 2013, Hipp and Siegel, 2013, Keren et al., 2010a, Kovach et al., 2011), we

found that ICA successfully separates an independent component representing the

saccadic spike artifact also in MEG. By analyzing the cleaned signals in source space

we further reduced the risk of residual artifact distortions even after cleaning.

1.3.2 Neural Signatures of Active Vision

As stated in Section 1.2, the assumption of an embodied and action-oriented nature

of mental processes implies searching for their neural correlates in a holistic man-

ner that assesses possibly fast changing and distributed dynamics of interdependent

processes. Oscillatory mechanisms have been proposed as key candidates for imple-

menting these action-based structures on the neural level, and we assume that these

mechanisms likewise play an important role in the neural correlates of active vision.

Functional magnetic resonance imaging (fMRI) studies have revealed relevant

cortical structures involved in eye movement control in humans (for reviews see

McDowell et al., 2008, Sweeney et al., 2007). However, due to measuring blood-

oxygen-level dependent (BOLD) activity, fMRI cannot reveal fast temporal dynam-

ics associated with saccades. While studies on the neural dynamics of saccades

and saccade selection mechanisms in monkey (Johnston and Everling, 2008, Kable

and Glimcher, 2009) have access to fast neural dynamics, these studies are invasive

and therefore not appropriate for studying the human system. In addition, low

spatial coverage across the cortex and limitations to measuring single neurons with

specific response patterns have prevented many studies from assessing presumably

distributed neural population dynamics for active vision. Only recently, neural activ-

ities in animals have been recorded at the network level in order to reveal large-scale

communication in distributed networks (e.g., Bosman et al., 2012, Rubehn et al.,

2009). Consequently, MEG and EEG are to date the methods of choice for mea-

suring the supposed distributed oscillatory population dynamics underlying active

vision in humans12.

After carefully addressing saccade induced artifact problems as outlined in the

previous section, we present spectral signatures of saccadic control and saccade se-

lection mechanisms in MEG (see Section 4). Understanding these cortical dynamics

12We deliberately did not mention electrocorticography here, since this method is limited to a
specific patient group.
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provides the foundation for revealing neural mechanisms of active vision in goal-

oriented real-world settings on the system level. In the following, we introduce the

background on saccadic control and saccade selection in separate subsections.

1.3.2.1 Dynamics of cortical control of saccades

It is widely accepted from monkey neurophysiology, human functional imaging, and

lesion studies that cortical areas involved in saccade programming include frontal

and supplementary eye fields, the parietal eye fields (known as LIP in monkeys)

within the intraparietal sulcus, and dorsolateral prefrontal cortex (for reviews see

Johnston and Everling, 2008, McDowell et al., 2008, Munoz and Everling, 2004).

Within the cortical oculomotor network, the parietal and frontal eye fields have been

attributed to spatial aspects of orienting behavior and sensorimotor transformations

from stimulus encoding to motor planning of the saccade (Andersen and Cui, 2009,

Medendorp et al., 2011)13.

These fronto-parietal structures exhibit spectrally specific changes in local popu-

lation dynamics associated with saccadic control. In monkeys, LIP shows direction-

selective increases in rhythmic synchronization in gamma frequency range (25-90 Hz)

with increases in local field potential (LFP) power, spiking activity and LFP-spike

coherence when planning memory-guided saccades (Pesaran et al., 2002). Analo-

gous observations in frequencies starting from 50 Hz on have been made in posterior

parietal cortex when recording the spectral signatures of memory-guided saccades

in humans measuring MEG (Buchholz et al., 2011, Medendorp et al., 2007, Van

Der Werf et al., 2013, 2008, 2010).

Memory-guided delayed saccade tasks are a common paradigm for studying

preparatory activity, since the neural signatures can be investigated in an artificially

prolonged period of saccade planning. In these paradigms, because of the memory

delay, motor preparation is tightly coupled to attentional processes and memoriz-

ing the stimulus location (for a discussion see Andersen and Cui, 2009, Medendorp

et al., 2011, Van Der Werf et al., 2009). By dissociating the motor component en-

13Animal and fMRI studies have revealed a spatially detailed and distributed organization of the
fronto-parietal structures including several distinct topographic maps reflecting spatial orienting,
as well as e↵ector-specific encoding patterns reflecting movement preparation (Gallivan et al., 2011,
Pertzov et al., 2011, Silver and Kastner, 2009). Since these detailed maps do not mirror the signals
that are usually encountered when studying preparatory signals of saccades in MEG or EEG, we
do not decribe them in detail. Instead, we focus on evidence on oscillatory signatures of saccade
preparation and execution.
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coding the upcoming saccade goal during the memory delay from the initial sensory

component, it could be shown that sustained local gamma band oscillations in the

posterior parietal cortex are a neural correlate of the preparatory set for the up-

coming saccade (Van Der Werf et al., 2008, cf. Zhang and Barash, 2000, 2004, for

comparable results recording single cell firing rates in monkeys).

Accompanying these direction specific increases in gamma power, prolonged con-

tralateral alpha band suppression was observed in posterior parietal and extrastriate

areas around the lateral occipital cortex as a signature of a general regulatory mech-

anism, allocating resources for processing sensory information (Medendorp et al.,

2007, Van Der Werf et al., 2008). Lateralization of alpha band was also shown to

follow the fast dynamics of overt attention14 in non-delayed saccades (Belyusar et al.,

2013) in EEG. In addition, ongoing pre-trial phase of alpha oscillations in EEG in

frontal and occipital areas predict variability in saccadic control capabilities like re-

action time and performance in anti-saccade tasks (Drewes and VanRullen, 2011,

Hamm et al., 2010, 2012) and might reflect fluctuations of excitability (Mathewson

et al., 2011).

In parietal and occipital areas, beta band power was shown to be also suppressed

with a weaker direction specificity during saccade planning and bilateral power re-

ductions after saccade onset (Hinkley et al., 2011, Medendorp et al., 2007). Beta

band power was suggested to be essential for linking sensory evidence to motor plans

for upcoming movements (Gregoriou et al., 2012, Hinkley et al., 2011, Siegel et al.,

2008, 2011).

There is little evidence for a direction specific enhanced gamma band activity

in the frontal and supplementary eye fields during saccade preparation in humans

(Lachaux et al., 2006) – although expected from their involvement in saccade gener-

ation of visually and memory-guided saccades in humans as well as monkeys (Bruce

and Goldberg, 1985, Curtis and Connolly, 2008, Curtis and D’Esposito, 2006, Dias

and Segraves, 1999, Prime et al., 2010, Schall et al., 2002). Gamma increases have

been observed in supplementary eye fields and frontal eye fields during execution

(Hinkley et al., 2011, Lachaux et al., 2006), but direction specificity is weak or ab-

sent (cf. also Kagan et al., 2010, for an fMRI study). In monkeys, direction specific

spike-LFP coherence and LFP power in the beta frequency range within frontal eye

14The term overt attention focuses on the act of directing sense organs, e.g. by moving the
eyes, towards the attended stimulus and is used in contrast to covert attention, where stimuli are
mentally focussed on without movements, e.g. by maintaining eye fixation.
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fields was suppressed during saccade planning in memory-guided saccades, while

direction selective LFP gamma power was slightly increased in the same area (Gre-

goriou et al., 2012).

1.3.2.1.1 Contributions of this thesis

To circumvent problems of ocular artifacts during saccade execution, most elec-

trophysiological studies in humans focused on the preparatory phase of saccade

generation and stopped analysis before the saccade is actually executed (e.g., Brig-

nani et al., 2010, Buchholz et al., 2011, Cordones et al., 2013, Hamm et al., 2010,

2012, Lee et al., 2011, Medendorp et al., 2007, Moon et al., 2007, Van Der Werf

et al., 2008, 2010). Only recently, dynamics during saccades were investigated while

carefully controlling for artifacts (e.g., Ossandón et al., 2010, Van Der Werf et al.,

2013).

Conclusively, while saccade direction specific modulation in local oscillatory pop-

ulation activity within frontal and parietal structures has been implicated in the

process of saccade planning, little is known about the spectral dynamics of the hu-

man cortical saccade network involved in eye movement execution. Further studies

are needed to reveal the metric specific spectral signatures of the saccade related

network during execution while carefully accounting for movement induced artifacts

that can distort the oscillatory signatures (see Section 3 for an example of artifact

generated changes in spectral power).

In Section 4 we examine saccade metric specific spectral signatures of the net-

work involved in saccade generation, execution, and re-fixation in a delayed saccade

task. Because of the high dimensionality of data when studying oscillatory processes

across the cortex, the majority of existing studies in the field restrict analysis to sen-

sor space or depict very narrow temporal, spectral, or spatial regions of interest (but

see Hinkley et al., 2011). In contrast to this common procedure, we present spectral

power changes at source level cortex-wide and across a broad temporal and spec-

tral range. While physiological investigations of oscillatory mechanisms of saccade

control in humans focused mostly on the aspect of motor preparation for externally

guided saccades, we show saccade specific cortical dynamics not only for visually

guided behavior but also for internal selection of saccade goals.
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1.3.2.2 Saccadic decisions

So far we have considered guided saccades, where a movement is performed accord-

ing to fixed instructions. In real-world ongoing behavior, humans seldom have to

respond with a predefined action to a sensory cue. Rather, they repeatedly have

to choose between several competing behavioral alternatives. Action selection is

therefore an integrative part of ecologically relevant behavior, and it most proba-

bly involves voluntary and internally motivated processes that are absent in guided

actions. Humans constantly decide when and where to look, and these decisions

influence to a great extent what is perceived at any moment in time. Consequently,

uncovering the neural correlates of saccadic decisions is a crucial step towards real-

world action based paradigms in vision.

Behavioral studies have identified various internal and external aspects that influ-

ence our decisions where to look such as current behavior goals, saliencies of a visual

scene, object identification, indirect values and intrinsic motivations (for reviews see

Einhäuser and König, 2010, Hayhoe and Rothkopf, 2011, Schütz et al., 2011). De-

spite this variety, neural correlates of saccadic decision making have mostly been

investigated in non-human primates as a model for value learning and encoding in

the field of neuroeconomics (Glimcher, 2003, 2009, 2011, Sugrue et al., 2005). While

saccadic decisions in ongoing free viewing behavior rather rely on indirect values

(see Schütz et al., 2011, and Section 5), saccadic decisions in these neuroeconomic

studies have usually been based on stimuli associated with direct rewards that are

experimentally manipulated by the researcher.

Consequently, studies from the field of neuroeconomics have found subjective

value related responses in primate ventromedial prefrontal areas and striatum (see

Kable and Glimcher, 2009, for a review). Activity specific for action value learning

and linking of abstract rewards to actions has been found in anterior cingulate cortex

(Hayden and Platt, 2010, cf. also Kennerley et al., 2006, for a non-saccadic decision

task). The areas from the valuation circuitry are strongly influenced by midbrain

dopaminergic neurons implicated in reinforcement learning (Kable and Glimcher,

2009). Representations of context dependent rules have often been suggested to

originate from dorsolateral prefrontal cortex (see Bunge et al., 2005, for a review).

Interestingly, saccade decision related signals are not only restricted to the afore-

mentioned areas but can also be identified in a multitude of distributed regions,

namely in sensorimotor structures like the frontal (Coe et al., 2002, Schall and
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Hanes, 1998) and parietal eye fields (Dorris and Glimcher, 2004, Platt and Glim-

cher, 1999, Sugrue et al., 2004, Yang and Shadlen, 2007), and superior colliculus

(Basso and Wurtz, 1998)15, that means regions that have traditionally been impli-

cated in the process of motor control (for a review see Cisek and Kalaska, 2010,

Gold and Shadlen, 2007, Kable and Glimcher, 2009). These areas of sensorimotor

transformation seem to encode the subject’s choice preference (e.g., by encoding

relative reward values based on the available options) and mediate the choice of a

specific action towards a movement command (Glimcher, 2009, Gold and Shadlen,

2007, Kable and Glimcher, 2009, see also de Jong, 2011, Hare et al., 2011, Trom-

mershäuser et al., 2009, for studies focussing on the human system).

Since a multitude of sensorimotor related areas were shown to simultaneously en-

code parallel evolving competing movement plans and potential targets for saccades

and other skeletal movements (Basso and Wurtz, 1998, Cisek and Kalaska, 2005, Cui

and Andersen, 2007, Klaes et al., 2011, McPeek et al., 2003, Mysore and Knudsen,

2011, Pastor-Bernier and Cisek, 2011, Pastor-Bernier et al., 2012, Platt and Glim-

cher, 1999, Powell and Goldberg, 2000, Scherberger and Andersen, 2007, Shadlen

and Newsome, 2001), it has been suggested that the decision for a specific motor

outcome emerges from the competing distributed activations within these structures

(Cisek, 2006, 2007, Cisek and Kalaska, 2010, Shadlen et al., 2008). In support of this

assumption, competitive neural activities strongly inhibit each other if they relate

to potential movements that are mutually exclusive (e.g., movements in opposite di-

rections), while mutual inhibition for choices of similar actions is weaker and might

even allow a mixture of both movements (Pastor-Bernier and Cisek, 2011). Indeed,

spatially close target alternatives can lead to movements that are in-between both

presented alternatives (Chapman et al., 2010). These observations illustrate how a

competition between cell populations that define the physical properties of an action

can lead to a decision about the action itself.

The aforementioned observations put to question – at least for decisions leading

ultimately to a movement – classic representationist models, which define decision

making as an isolated cognitive operation in a sequential and modular process of sen-

sation, decision, and subsequent movement preparation. Rather, these observations

argue in favor of an action-based framework of decision making where movement

15In this thesis we focus on the structures of the cerebral cortex that we investigated in the
MEG analysis, although the superior colliculus plays an important role in saccade selection (e.g.,
Glimcher, 2009, Mysore and Knudsen, 2011).
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preparation and the choice of an action are formed in an integrated and distributed

manner to ensure flexible adjustments in interactive real-world behavior (Cisek and

Kalaska, 2010). Cisek claims that throughout evolutionary history, the individual

was constantly faced with the requirement of adapting quickly to fast changing

behavioral context during ongoing behavior. These evolutionary demands favored

development of a system that can operate action preparation and selection in par-

allel so that actions can be flexibly modified on the fly. This system is supposed to

work in close interaction with other processes originating for example from frontal

regions that might either bias the fronto-parietal competition by providing infor-

mation about value and behavioral relevance, or mediate more abstract decisions

independent of immediate actions (cf. Cisek, 2012). Cisek proposes that from such

a parallel architecture, decision emerges as a ”consensus distributed among a variety

of representations” (Cisek, 2012, p.933), rather than resulting from the activity of

a central executive brain structure.

As discussed in Section 1.2, we hypothesize that neural oscillations play an im-

portant role in the flexible implementation of such a proposed distributed and in-

teracting network of internal choice. For reaching movements, stronger oscillatory

couplings between frontal and parietal areas were indeed attributed to the process

of internally selecting between equally valuable reach targets in monkeys (Pesaran

et al., 2008). For perceptual decisions, where individuals accumulate sensory ev-

idence over time before making a discriminatory judgment about what they have

perceived, investigations in animals and humans have emphasized the importance of

oscillatory population activity in sensorimotor areas (Donner et al., 2009, Haegens

et al., 2011, Siegel et al., 2011, Wyart et al., 2012, see also Gould et al., 2012).

1.3.2.2.1 Contributions of this thesis

Evidence supporting the presented distributed and integrative view on action se-

lection with sensorimotor areas as key structures primarily originates from animal

studies. Some studies in humans have argued so far for response competition between

simultaneously activated movements plans, for example for reaching movements in

posterior parietal cortex (Coulthard et al., 2008, Oliveira et al., 2010). If human

internal choice of saccade target is mediated by parallel evolving movements plans

within sensorimotor structures and if oscillatory processes play a key role in guiding

this competitive saccadic choice remains unclear.
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In case response competition between behavioral alternatives is indeed reflected

in enhanced synchronized oscillatory activity within or in between areas, then the

choice between many equally valuable saccade targets should maximally drive spec-

tral changes presumably in distributed fronto-parietal networks. Therefore, we in-

vestigated the oscillatory mechanisms associated with selecting a saccade target be-

tween equally rewarding behavioral alternatives (Section 4). This way action selec-

tion was relatively independent from sensory input. Consequently, our investigation

emphasized internally motivated or voluntary action selection, which we consider

a crucial part of active real-world behavior. This aspect has been rather absent in

studies of neuroeconomic and perceptual decisions involving saccades. Also, the role

of oscillatory dynamics in human voluntary action selection has not been addressed

yet.

Consequently, the experimental work presented in this thesis will add to our

understanding of neural and in particular oscillatory mechanisms of voluntary sac-

cade target selection and saccadic control, which are two fundamental processes of

real-world free viewing behavior.
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2
Towards Active Vision in EEG and MEG

(Study 1)

The content of this chapter is based on an internal report, which was originally written in

2009. For the thesis, the author (Christine Carl) has adapted the report to address some

recent publications of high relevance. The authors of the report are: Joerg F Hipp1,2, Alper

Açık3, Christine Carl2,3, Kai Görgen3,4, Andreas K Engel2 & Peter König3

1Centre for Integrative Neuroscience, University of Tübingen, Germany 2Department

of Neurophysiology and Pathophysiology, University Medical Center Hamburg-Eppendorf,

Germany 3Institute of Cognitive Science, University of Osnabrück, Germany 4Bernstein

Center for Computational Neuroscience, Berlin, Germany

J F Hipp, A Açık and K Görgen designed the research, performed the experimental

recordings and data analysis in EEG. C Carl performed the experimental recordings and

data analysis in MEG. J F Hipp and A Açık wrote the manuscript part concerning the

EEG study and J F Hipp contributed to the manuscript part concerning the MEG study.

C Carl wrote the manuscript part concerning the MEG study and contributed to the part

concerning the EEG study. A Engel and P König provided general ideas and contributed

to the manuscript. The Bachelor thesis of K Görgen was based upon the here presented

EEG study (Görgen, 2010).
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2.1 Introduction

Every second, humans perform approximately three fast, ballistic eye-movements,

called saccades, in order to project di↵erent portions of the visual scene onto the

fovea where it is processed with maximal acuity. This makes saccadic eye-movements

a key feature of our visual system (Sparks, 2002).

EEG and MEG are the means to non-invasively study fast neuronal dynamics in

the human brain. However, the electrical properties of the eye cause severe method-

ological problems when studying natural vision with EEG/MEG. The eye is the

source of an electric potential that can be described as a dipole with a positive pole

at the cornea and a negative pole at the retina with a potential di↵erence of 0.4 to

1.0 mV (Malmivuo and Plonsey, 1995, pp.440-442). Consequently, an eye movement

causes change in electrical potential around the eyes, which is commonly referred to

as the corneo-retinal potential (CRP) or corneo-retinal artifact (Lins et al., 1993a,

Mowrer et al., 1935). This change can be measured with the EOG but also confounds

EEG/MEG signals, that are applied in order to measure neuronal activity fluctu-

ations. Together with the saccadic spike artifact, a transient deflection resulting

from the concurrent recruitment of motor units at saccade initiation (Thickbroom

and Mastaglia, 1985), the CRP is a major source of EEG/MEG distortion due to

eye movements. Consequently, to allow the interpretation of EEG/MEG signals as

genuine changes in neural activity, the vast majority of experiments demand steady

fixation – a rather unnatural constraint. This discrepancy between experiments and

natural vision raises a fundamental question: Do findings from experiments with

steady fixation generalize to natural conditions with eye movements?

Some of the existing studies investigating saccade related processes in humans

have indicated a close relation between covert attention and gaze shifts (Rizzolatti

et al., 1987, Schafer and Moore, 2007, Wauschkuhn et al., 1998). Others have

shown saccade induced modulations of visual responses like saccadic suppression

and predictive remapping or updating processes that rely on information of self-

induced saccadic movements by corollary discharges (Dodge, 1900, Haarmeier et al.,

1997, Merriam et al., 2003, Parks and Corballis, 2010, Peterburs et al., 2011, Wurtz,

2008). These findings indicate that eye movements are indeed key for understanding

natural vision. In order to address ecological validity concerns of passive stimulation

paradigms we have to fortify the research of active vision and the study of neural
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processes of saccade performance in EEG/MEG. This requires a thorough handling

of the eye movement artifacts.

Until today, many researchers are reluctant to use artifact cleaning procedures in

order to study the active performance of eye movements. Researchers interested in

saccade related processes often focus on the preparatory phase of saccades and stop

analysis before the saccade is executed (e.g., Brignani et al., 2010, 2007, Cordones

et al., 2013, Gutteling et al., 2010, Lee et al., 2011, Medendorp et al., 2007). There

exist only a few studies that investigate active execution of regular saccades. Some

of them try to separate the artifactual from cortical signals by employing artifact

cleaning procedures (e.g., Bellebaum and Daum, 2006, Van Der Werf et al., 2013).

Others investigate saccade related activity without cleaning for artifacts (e.g., Be-

lyusar et al., 2013, Hinkley et al., 2011, Moon et al., 2007, Peterburs et al., 2011),

following the reasoning that e.g. posterior sensors are not a↵ected by the artifacts

(Belyusar et al., 2013), or with the underlying assumption that reconstructed cor-

tical sources are artifact-free (cf. Herdman and Ryan, 2007, Hinkley et al., 2011).

It was also proposed to subtract di↵erent saccade conditions to remove eye move-

ment artifacts (Parks and Corballis, 2010), or average equal amounts of rightward

and leftward saccades (Kleiser and Skrandies, 2000, Kurtzberg and Vaughan, 1982).

This way, the CRPs of opposing directions cancel out.

Although disentangling motor commands, visual responses, remapping processes,

and eye movement artifacts remains a challenge for EEG/MEG research, we think

that eye movement artifact cleaning methods are pivotal for active vision studies.

Balanced designs as mentioned above can address only those SRP components that

are common to saccades into both directions. In contrast, artifact cleaning can help

to uncover cerebral lateralized potentials related to saccade direction (cf. Bellebaum

and Daum, 2006, Bellebaum et al., 2005, Wauschkuhn et al., 1998). Furthermore,

studying neuronal processes underlying natural human vision demands a procedure

that allows arbitrary fixation statistics and single trial analysis. This is not possible

when relying on balanced designs for artifact reduction. Finally, it was shown that

ocular artifacts (i.e., from blinks and eye movements) can contaminate even channels

distant from the eyes, such as those above occipital areas (cf. Plöchl et al., 2012),

or reconstructed cortical sources (Fatima et al., 2013). Consequently, restriction

to distant sensors or an analysis in source space may be not su�cient to prevent

artifact contamination. This makes reliable cleaning procedures for ocular artifact

reduction extremely relevant.
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Since the seventies, there have been attempts to subtract ocular artifacts from

the recorded data by employing mathematical models (Quilter et al., 1977, Whitton

et al., 1978). Such methods include regression techniques (Croft and Barry, 2000a),

making use of the EOG recorded concurrently with EEG, and blind source separa-

tion techniques such as ICA (Jung et al., 2000a). Automated and easily employable

routines based on linear regression have been shown to return satisfactory results as

validated by experts’ inspections of the cleaned data (Schlögl et al., 2007). Mostly,

these routines have been tested for cleaning the data from ocular artifact contami-

nations due to small and unintentional eye-movements, rather than for developing

paradigms that allow natural unrestricted viewing behavior. More importantly,

linear regression methods have repeatedly been accused of removing parts of the

cortical potentials of interest together with the CRP (Ille et al., 2002, Jung et al.,

2000a,b). Such concerns may be another reason why many researchers refrain from

studying active vision and using cleaning procedures to reduce the related artifacts.

The goal of this study is to re-evaluate if regression cleaning is an appropriate tool

for studying regular saccades in order to provide a procedure that allows studying

active vision in EEG. To do so, we recorded, in separate experiments, EEG and

MEG employing an active vision task and applied an EOG regression procedure

to subtract eye movement artifacts. Concurrent eye tracking provided accurate

information on gaze position and allowed the detection of saccades. As a proof

of principle, we aimed at assessing direction specific cortical signatures of saccades

that are normally covered by the CRP. We further used source reconstruction of the

MEG data to evaluate what parts of the data are subtracted by the EOG regression.

2.2 Materials and Methods

2.2.1 Stimulation and Behavioral Task

For the main EEG experiment subjects performed a continuous guided saccade task.

Stimuli were presented on a CRT-monitor that covered horizontally 15� of visual

angle (stimuli were presented using Presentation software, Neurobehavioral Systems,

San Francisco, CA). A target, either a white Gaussian patch (0.25� full width at half

maximum (FWHM), probability 0.8) or a radially contracting grating (probability

0.2, data not analyzed here) was presented at one of 9 possible locations on a gray

background screen (see Figure 2.1B; possible locations: 3⇥3 grid; horizontal/vertical
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Figure 2.1: Removing eye movement artifacts. A. Grand average broadband power
of the EEG in 1 s periods around detected saccades during the 3 min session of voluntary
eye movements with (bottom) and without (top) EOG regression cleaning (average over
trials, subjects, and time). B. Temporal evolution (color-coded) of gaze position during
one representative trial of the continuous guided saccade task. The rectangle represents
the stimulation screen and the gray circles indicate all possible target locations. Note that
the screen during the experiment only showed one target at a time, with white target on
a gray background. In this representative trial, a horizontal saccade from the right to the
left target location is executed between 0.6 and 0.7 s. C. Corresponding EOG (top) and
horizontal gaze position (bottom). D. Illustration of the EOG regression cleaning. The
recorded EEG (left) can be decomposed into a cleaned EEG signal (middle) and corneo-
retinal potential (right). Data recorded concurrently to eye position (B, C) and EOG
(C).

spacing 6�/5.5� of visual angle respectively). The target remained at a location for

1 � 1.5 s (flat probability distribution) before it disappeared, just to re-appear at

another randomly chosen location. The task was to fixate the target and follow it

upon changes in location. This required the subjects to perform saccades with a

minimal and maximal distance of 5.5� and 16.3� of visual angle respectively.

An experimental block was organized in 40 sections of 20 s each (⇠16 saccades)

intermitted by breaks. 9 Subjects performed 1 to 3 blocks with a total of 14 blocks.

Each section started with the presentation of a central fixation cross that had to be

fixated stably for 1 s before the task began. The fixation cross was used for drift

correction of the eye tracker data. Before each experimental block subjects per-
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formed 3 min of voluntary eye movements. Subjects were presented a gray screen

and were instructed to perform arbitrary, self-paced saccades within the screen bor-

ders. The identical protocol with 2⇥ 3 min voluntary eye movements was recorded

in a separate MEG experiment.

2.2.2 Analysis Software

All data analyses were performed in Matlab (MathWorks, Natick, MA) with cus-

tom software and several open source Matlab-toolboxes: Fieldtrip (http://www.

ru.nl/fcdonders/fieldtrip/), SPM2 (http://www.fil.ion.ucl.ac.uk/spm/),

FastICA (http://www.cis.hut.fi/projects/ica/fastica/), and BioSig (http:

//biosig.sourceforge.net/).

2.2.3 Participants

Nine healthy volunteers participated in the experiment (4 female, mean age 26)

and received monetary compensation for their participation. All participants had

normal or corrected-to-normal vision (visus > 0.9) and had no history of neurological

or psychiatric illness. The study was conducted in accordance with the Declaration

of Helsinki, and informed consent was obtained from all participants prior to the

recordings.

2.2.4 EEG and Eye Tracker

2.2.4.1 EEG/EOG recording and preprocessing

Subjects were seated in a sound isolated and electrically shielded chamber. Con-

tinuous EEG data were collected from 124 scalp sites using active ring electrodes

mounted on an elastic cap (Falk Minow Services, Herrsching, Germany). The left

mastoid was used as reference. Four additional electrodes were positioned around

the eyes to record the EOG. The data were recorded with an analog passband of

0.016�250 Hz and digitized at a sampling rate of 1000 Hz using BrainAmp amplifiers

(BrainProducts, Munich, Germany).

O✏ine, the EEG and EOG data were band-pass filtered (0.3 Hz high-pass, 150 Hz

low-pass, zero phase Butterworth IIR filter, filter order 3). Noisy channels (9 ± 4,

mean ± sd) were interpolated. Data segments with obvious muscle artifacts or
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eye blinks were detected manually and excluded from further analysis. The EEG

data were re-referenced to average reference. The EOG channels were re-referenced

against one of the channels reducing EOG channels to three, positioned above the

nasion and below the outer canthi of each eye (cf. Schlögl et al., 2007).

2.2.4.2 Eye tracker recording and preprocessing

Simultaneous to EEG/EOG we recorded the eye position using a high-speed eye

tracker system (iView X Hi-Speed 1250, SMI, Berlin, Germany). The system was

placed in front of the subject inside the recording chamber. The system monitors the

left eye with an infrared camera to detect the pupil center and the corneal reflection

of the infrared light source. After calibration (13 points) the system determines

the gaze direction from the relative position of pupil and the corneal reflection at

a rate of 1250 Hz. The system was placed without a chin-rest and without direct

contact to the participant in order to keep the viewing behavior of the subject as

unrestrained as possible. To ensure good acuity we calibrated the eye tracker before

each experimental block and validated the accuracy frequently.

O✏ine, the eye tracker signal (x/y gaze position and pupil diameter) was down-

sampled from 1250 Hz to the sampling rate of the EEG system (1000 Hz). We

excluded all data from the analysis showing one of the following characteristics:

(a) blinks (regions in which the pupil-diameter size approached or reached 0) (b)

extreme and as such erroneous position values (if the x/y position exceeded ±3

sd from the median of the all recorded data) (c) regions with instantaneous jumps

in the pupil diameter values (caused by errors in the pupil detection). Data were

smoothed and di↵erentiated (Savitzky-Golay filter, 1st order, 61 ms, Savitzky and

Golay, 1964) to derive the eye-movement speed. We defined all those periods as

saccades in which the speed profiles were higher than 25�/s for a duration of at least

15 ms. Given the simple, stereotypical saccades demanded by the paradigm and

the absence of smooth-pursuit movements, additional threshold parameters, such

as acceleration, were not needed. The first time point in the saccadic interval was

defined as the saccade onset and the last point as the saccade o↵set. We then merged

all saccades that were closer than 75 ms to a single saccade with the onset of the

earlier saccade to avoid miss-categorizing saccadic periods as fixations. All other

periods were labeled fixations. On average, 3 out of 16 saccades in each trial were

excluded from analysis. Saccades were categorized into rightwards and leftwards
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saccades with a tolerance aperture angle of 45�.

2.2.4.3 Eye tracker performance

We used two approaches to quantify the precision of eye tracking. First, before and

after each experiment, we validated the calibration of the eye tracking system. For

validation subjects had to fixate the same 13 positions as for calibration presented in

a random order. During an experimental block the mean validation errors increased

from 0.4� and 1.0� before, to 0.6� and 1.2� after the block. Second, for the contin-

uous guided saccade task, we computed the distance to the target location for each

fixation. In the ideal case this distance should be zero, assuming that the subjects

always perfectly fixate the center of the target stimulus. For 5587 valid fixations

detected in the continuous saccade data, we computed the distances to the center of

the target location. The mode, median, and the mean of this distance distribution

were 0.48�, 0.88� and 1.76�, respectively. In summary, during the whole experiment,

the accuracy of the eye-position data provided by the tracker was su�cient to be

employed in the active viewing task.

2.2.4.4 Alignment of EEG/EOG and eye tracker signals

To synchronize the EEG/EOG and eye tracker signals, we simultaneously sent trig-

gers to the EEG/EOG and the eye tracker system. However, the EEG/EOG and eye

tracker system temporally di↵ered in storing the trigger relative to their recorded

signals. To account for the remaining o↵set we computed the cross-correlation of

EOG and eye tracker signals of the 3 min voluntary eye movements for each ex-

perimental block. For both signal types (EOG and eye tracker) we extracted the

first principal component, rectified and smoothed the signal. Then, we identified

the latency of the peak in the cross-correlogram between the signals. This latency

corresponds to the di↵erence in trigger alignment and was corrected for in order to

achieve optimal alignment of EEG/EOG and eye tracker signals.

2.2.4.5 Cleaning data from artifacts related to the movements of the

eye

To clean the EEG/MEG signal from eye movement artifacts we performed a two-step

process. First, the corneo-retinal artifacts were removed by linear regression based
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on the EOG signals. Second, facial muscle activity was attenuated by removing

corresponding independent components of the data.

2.2.4.6 Multiple linear regression

To remove corneo-retinal artifacts we used an EOG based linear regression technique

(Croft and Barry, 2000b, Gratton et al., 1983, Quilter et al., 1977, Schlögl et al.,

2007). The reasoning is as follows: The EOG signal provides a measure of the

CRP. Given that electromagnetical signal propagation in the head can be considered

instantaneous (i.e., without a delay between sensors; Nunez and Srinivasan, 2006)

and linear (assuming the relation between sensor and source locations are fixed), one

can remove the corneo-retinal artifacts by subtracting the properly weighted EOG

from the EEG/MEG.

Before the main experiment we recorded 3 min of voluntary eye movements on

a gray screen. These signals were cleaned and preprocessed and then served to

compute the linear relation between the EOG sensors (in EEG: 3 EOG electrodes

that were referenced against a fourth electrode under the right eye, in MEG: 7 EOG

electrodes referenced against an electrode at the nose and reduced to 3 dimensions

using principal component analysis) and each EEG/MEG channel (Schlögl et al.,

2007). EEG/MEG data were then cleaned by subtracting the weighted EOG signal.

2.2.4.7 Removing independent components

Eye movements come along with changes in facial muscle activity. To account for

these artifacts, we computed an independent component analysis using the FastICA

algorithm (http://www.cis.hut.fi/projects/ica/fastica/, Hyvärinen, 1999) and

removed artifactual components (22 ± 10 of 124 components per subject, mean ±
sd). The selection of artifact components was based on visual inspection of their

topography and power spectrum. Note that we used ICA to remove facial muscle ac-

tivity only, and neither corneo-retinal artifacts nor the spike potential as proposed

by others (Barbati et al., 2004, Ille et al., 2002, Joyce et al., 2004, Keren et al.,

2010a).

2.2.4.8 Data analysis

We used global field power (GFP) as an unbiased measure that quantifies the tem-

poral evolution of event related potentials on the scalp (Lehmann and Skrandies,
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1980). In detail, GFP is defined as:

GFP (t) =

vuut 1

N

NX

s=1

SRP (t)s
2 (2.1)

where s is an index for the EEG/MEG sensors, N denotes the number of EEG

sensors (N = 124), t is the time point, and SRP is the saccade related potential.

Since we re-referenced the EEG signal to average reference, the GFP summarizes the

potential di↵erences across all channels and provides a global and unbiased index of

changes in the scalp potential. We computed a GFP for every subject and averaged

across subjects.

For calculating the di↵erence of the SRP between leftwards and rightwards sac-

cades, we matched the number of rightwards and leftwards saccades, as well as their

amplitudes. To test for statistically significant increases in GFP for right versus

left saccades, we used a random permutation test (Nichols and Holmes, 2002). We

derived a null-hypothesis distribution by 10, 000 times randomly permuting saccade

labels right and left and computing the corresponding GFP. By computing in each

iteration the GFP of a random permutation in each subject and averaging over sub-

jects we derived a fixed e↵ects statistics. Then we derived a p-value for each time

point as the fraction of random samples that was larger than the true GFP.

2.2.5 MEG

We performed an additional MEG experiment to investigate the source locations of

the portions of the MEG signal that had been subtracted by the EOG regression1.

To do so, we evaluated regression cleaning on both datasets of 3 min length. Each

dataset had been cleaned before employing the regression coe�cients computed with

the other dataset, respectively.

2.2.5.1 Participants

Fifteen healthy volunteers participated in the experiment (7 female, mean age 25.7±
3.3) and received monetary compensation for their participation. All participants

had normal or corrected-to-normal vision (visus > 0.9) and had no history of neu-

rological or psychiatric illness. The study was conducted in accordance with the

1The data analyzed here have also been used in Study 3.

42



Declaration of Helsinki and informed consent was obtained from all participants

prior to the recordings.

2.2.5.2 MEG/EOG recording and preprocessing

We recorded MEG continuously with a 275-channel whole-head system (CTF275,

VSM MedTech) in a magnetically shielded room. Seven electrodes referenced to

the nose tip were positioned around the eyes to record the EOG. Impedances were

kept below 10 k⌦. MEG and EOG data were sampled with 1200 Hz (MEG: 300 Hz

low-pass filter, EOG 0.16� 300 Hz band-pass filter). O✏ine, we removed line-noise

with notch-filters (at 50, 100, 150 Hz), band-pass filtered the data (1 � 170 Hz)

and down-sampled to 400 Hz. Data periods contaminated by eye blinks, muscle

artifacts, and signal jumps were rejected o✏ine using semi-automated procedures.

2.2.5.3 Saccade detection and alignment

In order to access the e↵ect of the EOG regression cleaning on broadband power in

sensor space, we identified MEG trials aligned to a saccade out of the continuous

MEG recordings during free viewing. Therefore, we identified windows of 1 s length

within which the horizontal or vertical EOG changed by more than 72 µV. We

realigned data to the time of maximal saccade velocity measured as the largest

signal change in the EOG within such windows. Saccade trials extended ±0.5 s

around this time point. Note that an alignment to the exact onset of the saccade

was not crucial since we were only interested in the mean broadband power over

time and trials.

2.2.5.4 Source reconstruction

We used adaptive linear spatial filtering (beamforming; Van Veen et al., 1997) with

coherent source suppression (Dalal et al., 2006) to localize the sources of the artifac-

tual signal components removed by linear regression. Coherent source suppression

accounted for the highly synchronized electrical activity of the two eyes. In short,

for each source location, a linear filter was computed that passes activity from that

location with unit gain and blocks activity from the opposite hemisphere’s eyeball

location, while maximally suppressing activity from other sources. Forward mod-

els were computed using individual single-shell volume conductor models based on

the individual T1-weighted structural magnetic resonance image (MRI) and the
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measured head positions (Nolte, 2003). Whole-head source reconstructions were

performed on a regular 3D grid of 1 cm resolution. The grid incorporated source

locations within and around the eyeballs.

For each subject we localized mean broadband source power of signals with and

without the linear regression cleaning procedure. Since linear regression always re-

duces signal power (even if there is no relation between EOG and EEG/MEG) the

cleaned source power is negatively biased. To overcome this problem we replaced

the no cleaning condition by regression cleaning with a miss-aligned EOG signal

(EOG and MEG signals were randomly taken from di↵erent times). This procedure

was repeated 100 times and averaged to get a robust source estimate for the no

cleaning condition with the same negative bias as the cleaning condition. For each

subject we then computed the relative change of no cleaning and cleaning, isolating

the fraction of source power that was subtracted by linear regression at each source

location. These values were linearly aligned to a template brain (Montreal Neuro-

logical Institute; using SPM2). We then computed the average of these values over

subjects. For illustration purposes values were interpolated to 1 mm resolution and

overlaid on the structural MRI of the template brain.

2.3 Results

Eye movements cause changes in electrical potential, confounding the EEG signal

that we use to measure fluctuations of the brain’s neuronal activity. This e↵ect is

illustrated in Figure 2.1A (top) where we show the topography of the broadband

EEG power while subjects performed saccades. The topography is dominated by

massive broadband signal power at frontal sensors reflecting eye movement artifacts.

A part of these artifacts can be removed by subtracting the linearly weighted EOG.

To illustrate how eye movement artifacts and cerebral sources add to the EEG signal,

we show a one second period within which a subject performed a guided saccade.

The time course of the eye position recorded with an eye tracker (see Figure 2.1B

and 2.1C, bottom) revealed that the subject first fixated on the right and then,

starting at 0.65 s, performed a saccade of approximately 12� visual angle to the

left. The change in electrical potential caused by the eye movement (CRP) was

measured with the EOG (Figure 2.1C, top). Crucially, this change in potential was

also reflected in and even dominated the raw EEG signal (Figure 2.1D, left), which
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is supposed to provide a measure of changes in neuronal activity. Using multiple

linear regression with EOG sensors (see Section 2.2.4.6) we decomposed the raw

EEG signal (Figure 2.1D, left) into a cleaned EEG signal (Figure 2.1D, center)

and corneo-retinal artifacts (Figure 2.1D, right). Subsequently, we used ICA to

remove facial muscle activity that comes along with eye movements. The e↵ect of

this cleaning procedure is reflected in the dramatic change of EEG signal power

around the eyes (Figure 2.1A, bottom, in comparison to Figure 2.1A, top). Thus,

the cleaning procedure removes a substantial part of artifactual signal and clears

the way to analyze smaller neuronal signals.

2.3.1 SRPs

In order to demonstrate the feasibility of the EOG regression cleaning procedure, we

recorded EEG, EOG, and eye position simultaneously while subjects performed an

active vision task. Subjects followed a visual object with their eyes that changed its

position once every 1.25 s with a jitter of 0.25 s (9 possible positions, Figure 2.1B).

Using the eye position signal derived with the eye tracker, we detected saccade onsets

and aligned the signals to these events (Figure 2.2). The changes in eye position and

EOG magnitude relative to a pre-saccadic baseline (�300 to �200 ms) revealed the

time course of the average saccade across directions (average of the absolute value).

The average saccade duration was approximately 60 ms. To quantify the temporal

evolution of the SRP measured with EEG, we computed the GFP for all saccades

to the right (Figure 2.2B, top) with (black line) and without (gray shading) EOG

regression cleaning. The cleaning of eye movement artifacts had a dramatic e↵ect.

The GFP of the raw, non-cleaned signal increased to more than 9 µV after saccade

onset. In contrast, GFP of the cleaned EEG did not exceed 4 µV and revealed a rich

temporal structure: First, the GFP monotonically increased from approximately 100

ms prior to the saccade to saccade onset and was characterized by a peak at parietal

sensors (Figure 2.2C, first row). Second, shortly before the saccade onset a sharp

spike with frontally negative and posteriorly positive topography occurred (Figure

2.2C, second row). Third, during saccade execution the scalp potential increased

at occipito-parietal sensors (Figure 2.2C, third row). Fourth, a prolonged change

at occipito-parietal sensors followed the saccade o↵set (Figure 2.2C, fourth row).

Importantly, these potentials after saccade onset were buried in ocular artifacts if

no EOG regression was applied (compare Figure 2.2C and D). The result for saccades

45



Figure 2.2: Saccade related potentials. All signals are aligned to saccade onset (first
dashed line at time t = 0 ms, second dashed line denotes the average saccade o↵set at
t = 60 ms). A. Top: Change in gaze position relative to baseline (�300 to �200 ms).
Bottom: Change in EOG magnitude relative to baseline. B. Top: GFP for saccades to the
right with (black line) and without EOG regression cleaning (gray shading; reaches > 9 µV
around saccade o↵set). Bottom: GFP for leftwards and rightwards saccades (balanced)
with (black line) and without (gray shading) EOG regression cleaning. Black bars indicate
the intervals of the topographies in panels C–E. C. Topographies of SRPs for saccades to
the right with EOG regression cleaning. First row: antecedent potential (�50 to �10 ms).
Second row: saccadic spike potential (�8 to 0 ms). Third row: during saccade execution
(10 to 60 ms). Forth row: lambda response (120 to 200 ms). D. Topographies of SRPs for
saccades to the right without cleaning (raw signal). E. Topographies of SRPs for balanced
horizontal saccades without cleaning.

to the left were mirror symmetric but otherwise identical. This demonstrated that

EOG regression allows cleaning of eye movement artifacts and uncovers neuronal

signals associated with active viewing behavior that remains hidden otherwise.

For experimental designs with balanced saccade statistics, where for each sac-

cade a corresponding saccade in the opposite direction with identical amplitude is

performed, the corneo-retinal artifacts may cancel out in the SRP. We tested this

by computing the SRP of matched leftwards and rightwards saccades (Figure 2.2B,

bottom, Figure 2.2E). In this case, the GFP of the cleaned (black line) and raw

(gray shading) signals were highly similar.
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Figure 2.3: Direction specific saccade related potentials. A. GFP for di↵erence
of saccades to the left from saccades to the right (saccade onset at time = 0) with (black
line) and without (gray shading; reaches > 11 µV around saccade o↵set) EOG regression
cleaning. The bars above the plot indicate statistically significance GFP (gray: p < 0.05;
black: p < 0.01). B. Topographies of SRPs di↵erence of the cleaned signal at four di↵erent
latencies as indicated by numbers in A. First: saccadic spike potential (�8 to 0 ms).
Second: during saccade execution (10 to 60 ms). Third and forth: di↵erence topographies
after saccade execution (100 to 120 ms; 190 to 220 ms, respectively). C. Same as in B but
without regression cleaning.

Next, we investigated direction specific e↵ects of the SRP by computing the

di↵erence of saccades to the left from saccades to the right of the cleaned EEG

signal (Figure 2.3, black line, here the di↵erence of the SRP entered the GFP com-

putation). The analysis of the GFP revealed a distinct temporal structure in the

direction specific signal (Figure 2.3A): We found a lateralized spike potential with a

frontal topography starting approximately 8 ms before saccade onset (p < 0.01, ran-

dom permutation test; the corresponding topography is shown in Figure 2.3B, first

column). During saccade execution (⇠ 0 � 60 ms) we found a lateralized occipito-

parietal potential (p < 0.05, random permutation test; topography in Figure 2.3B,

second column). The potential was positive on the ipsilateral side. After saccade ex-

ecution a potential with similar topography but opposite polarity reappeared twice

(100 � 120 ms; 190 � 220 ms; p < 0.01, random permutation test; topographies in

Figure 2.3B, third and fourth column). These findings critically depended on clean-

ing the EEG signal. The di↵erence SRP derived from the raw signal (Figure 2.3A,

gray shading; Figure 2.3C) was entirely dominated by eye movement artifacts.
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2.3.2 Does the EOG Regression Accidentally Remove

Brain Signal?

Since the EOG might not only measure the CRP but also pick up some cerebral ac-

tivity, subtracting a linearly weighted EOG from the EEG might substantially alter

the measured neuronal activity. To address this issue, we performed an MEG exper-

iment. We analyzed signals from 15 subjects that performed 3 minutes of voluntary

eye movements each. After preprocessing we applied the linear EOG regression to

clean the MEG data. Figure 2.4A shows sensor topographies of the grand average

broadband signal power before (top) and after EOG regression cleaning (bottom).

The cleaning procedure removed a large part of the signal power at lateral frontal

sensors. Next, we localized the subtracted signal using source reconstruction based

on adaptive linear spatial filtering (see Section 2.2.5.4; Figure 2.4C). This revealed

bilateral sources within the eyeballs. Source power smoothly decayed from the max-

ima reflecting the limited spatial resolution of MEG source analysis. Importantly,

no cortical sources of the subtracted signal were revealed.

Figure 2.4: Source lo-
calization of removed
corneo-retinal artifacts.
A. Broadband power at MEG
sensors of the raw signal
(top, with eye movement
artifacts) and after EOG
regression cleaning (bottom).
MEG analog to Figure 2.1A.
B. Fraction of source power
removed by the EOG re-
gression cleaning procedure
(Tal. Coord.: Talairach
coordinate).

2.4 Discussion

Studying neuronal processes underlying natural human vision in EEG/MEG requires

good procedures for artifact reduction and concurrent information about gaze posi-

tion. Here, we demonstrate a procedure that allows studying cortical signatures of

active vision by simultaneously recording EEG/MEG, EOG, and eye position.
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Eye tracker and EOG signals have di↵erent properties that complement each

other. The eye tracker provides accurate information about absolute gaze position

and eye movement dynamics, but, given its complicated nonlinear relation to the

corneo-retinal artifacts, it is not well suitable for EEG/MEG artifact cleaning. In

contrast, the EOG signal allows for e�cient artifact cleaning using regression based

methods, but, because of drifts in electrical potential, necessary filtering, and the

high noise level of the ongoing signal, it is less appropriate to detect saccades and

to determine the absolute gaze position.

We employed this setup in an active vision task and analyzed saccade related

signal properties. The source analysis based on MRI guided MEG demonstrated that

the removed signal originated exclusively from around the eyeballs. Besides well-

known SRPs, our analysis revealed saccade related components, which are ipsilateral

to horizontal saccade direction during the execution of the saccade and contralateral

after the saccade o↵set. Below we discuss the significance of the findings in regard

to artifact cleaning methods and SRPs.

2.4.1 EOG Regression Procedures

To date EOG regression is mainly used: (1) to increase the number of valid trials

by removing ocular artifacts due to accidental eye blinks and eye movements (e.g.,

Pieszek et al., 2013), (2) to allow single trial analysis of brain signals e.g. for

brain computer interface applications (e.g., Spüler et al., 2012), (3) to allow studies

with subjects that cannot or will not cooperate in avoiding eye movements, such as

children and certain groups of patients (e.g., Meier et al., 1998). Just a few studies

(e.g., Bellebaum and Daum, 2006, Wauschkuhn et al., 1998) used regression based

approaches in order to study saccade related signals.

Here, we used EOG regression cleaning to study active vision, where eye move-

ments are not an unavoidable evil but are a crucial part of the object of investigation.

A major challenge with any artifact cleaning procedure is to validate the success in

removing ocular artifacts and to demonstrate that no true cerebral sources were

removed.

Due to the lack of ground truth control data, a standard procedure is to validate

the success of artifact cleaning by a subjective evaluation of the cleaned signals by

experts (Joyce et al., 2004, Schlögl et al., 2007, Verleger et al., 1982). Similarly, we

a�rmed that corrected signals look reasonable, both on the single trial as well as
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in the event related average. In particular, we inspected saccade direction specific

potentials that are time-locked to saccade onset. This way, remains of the artifact

should be apparent, since they would systematically add up and show the artifact

specific topography of the CRP.

The EOG regression cleaning seems to reasonably reduce the CRP. After clean-

ing, we did not find the lateralized topography specific for this artifact. Moreover,

we were able to reveal peri- and post-saccadic event related potentials that would

otherwise have been buried by the corneo-retinal artifact (see Section 2.3.1).

A recent study by Plöchl et al. (2012) that compared two EOG regression based

approaches with ICA seems to be at odds with our results. The authors investigated

if EOG regression can clean the CRP, the saccade spike artifact, and blinks at the

same time. When employing an arrangement of EOGs that was roughly comparable

to our setting, they found an under-correction of the CRP and an over-correction

of blinks. This seems to contradict our findings. However, in contrast to Plöchl

et al. (2012), we eliminated blink artifacts before the removal of the CRP by EOG

regression. Concurrent removal of blinks and CRP might lead to suboptimal cor-

rection coe�cients because they propagate di↵erently onto the scalp (Croft et al.,

2005, Gratton et al., 1983, Picton et al., 2000b). We conclude that regression might

provide best results if applied only for reducing the corneo-retinal artifact.

In contrast to the successful reduction of the corneo-retinal artifact, another

prominent eye movement artifact remained almost una↵ected in the data: Shortly

before saccade onset the cleaned data reveal a sharp peak with a fronto-parietal

gradient. This potential is known from the literature as the saccadic spike poten-

tial, which originates from ocular muscle activity (Becker et al., 1972, Keren et al.,

2010a, Yuval-Greenberg et al., 2008). Since it can seriously a↵ect signal measure-

ments especially in high frequency bands (Yuval-Greenberg et al., 2008), it has to be

carefully controlled for. For its removal independent component analysis was shown

to yield satisfactory results (Hassler et al., 2011, Keren et al., 2010a, Kovach et al.,

2011).

We conclude that EOG regression is able to reduce the CRP and can uncover

SRPs of probably cerebral origin. For reducing the saccadic spike artifact, however,

the regression at least with the current EOG arrangement is not suitable. An REOG

component where the signals of a posterior electrode is subtracted from frontal

EOG would help to emphasize the saccadic spike artifact in the EOG signal (Carl

et al., 2012) and thus support its removal by EOG regression. However, we do not
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recommend using such an REOG for regression due to risk in signal loss of true

cerebral activity (see below in the same section).

The second concern is the accidental removal of meaningful brain activity. Be-

cause volume conduction results in portions of the EEG/MEG signal appearing in

the EOG channels, a regression might eliminate true neural activity. It could also

artificially introduce neural activity in other EEG/MEG channels. This problem

is ignored in most studies employing regression based methods while it is used as

counter argument in studies promoting alternative methods (Ille et al., 2002, Jung

et al., 2000a,b, Plöchl et al., 2012). In practice, unintentional removal of cerebral

sources can occur to all artifact cleaning methods because one can assume that

no analysis approach is able to find a complete perfect separation in all situations

(Keren et al., 2010a, Nottage, 2010, Shackman et al., 2010). Since experimental evi-

dence for a particular susceptibility of EOG regression to removing cerebral sources

is rare (Berg and Scherg, 1994, Croft and Barry, 2002), we directly addressed this

problem by localizing the sources of the removed signal in an additional MEG exper-

iment. This source analysis shows that the subtracted signal originated specifically

from the eyeballs. Since relative power changes are limited to this area, this source

reconstruction suggests that no cortical signal was accidentally removed or added.

Consequently, at least for MEG analysis, our results contradict the often-raised

critics and suggest that EOG regression can reliably reduce corneo-retinal artifacts

without eliminating true neural sources.

Please note that this conclusion solely holds for an EOG regression based on the

current EOG electrode setting. Studies using an REOG component where the signal

of a posterior electrode is subtracted from frontal EOG have claimed a distortion

of cerebral sources by EOG regression (cf. Berg and Scherg, 1994, Croft and Barry,

2002, Plöchl et al., 2012). This probably results from a massive introduction of

correlated neural activity by the posterior electrode into the EOG measurements.

To summarize, while regression might be problematic for reducing all ocular

artifacts at the same time, our results provide new evidence that supports the va-

lidity of EOG regression procedures for removing the corneo-retinal artifact from

EEG/MEG.
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2.4.2 SRPs

Our results reveal three SRPs that are well-known from the literature (for a review

see Jagla et al., 2007). The antecedent potential starting approximately 100 � 150

ms before the saccade onset is considered to be a correlate of saccade preparation.

The component monotonically increases up to saccade onset and is characterized by

a parietal topography (Csibra et al., 1997, Kurtzberg and Vaughan, 1982). Since it

appears before saccade execution the CRP does not substantially a↵ect its appear-

ance. The saccadic spike artifact follows at saccade onset. Usually characterized by

a biphasic peak, its monophasic appearance in our data suggests that saccade onset

might not be precisely aligned but jittered by a few milliseconds (cf. Keren et al.,

2010a). The largest component of the SRP is the occipito-parietal, positive lambda

response, which was reported to peak between 100 � 200 ms after saccade onset.

The lambda response is thought to reflect the processing of the visual input at the

new location of fixation (Jagla et al., 2007, Kazai and Yagi, 2003, Thickbroom et al.,

1991). In short, our analysis reproduced the known potentials related to saccade

planning, ocular muscle contraction and post-saccadic visual processing.

2.4.3 Lateralized SRPs during Saccade Execution

After CRP removal, our analysis of direction specific signatures of horizontal sac-

cades revealed lateralized parietal potentials. In particular, during the time of sac-

cade execution, the SRP was larger at ipsilateral than at contralateral occipito-

parietal sensors. This time span is critical for trans-saccadic perception (Melcher

and Colby, 2008): Although humans perform approximately 3 saccades a second

causing major changes of the retinal image, we perceive the visual input as smooth

and predictable. Corollary discharge signals, which convey a copy of the motor

command signal to visual processing regions, are thought to be one mechanism that

allows the visual system to compensate for the self-generated movement induced

changes in visual input (Sommer and Wurtz, 2008). The lateralized component we

find during saccade execution might be related to processes of sensory prediction

due to corollary discharges. We elaborate on this in the following.

Lateralized responses of sensorimotor regions like the parietal eye fields are

known to be preferentially contralateral to both, the stimulus and the direction

of the upcoming saccadic movement (Everling et al., 1998, Kagan et al., 2010, Silver
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and Kastner, 2009, Van Der Werf et al., 2008, Van Pelt et al., 2010). During saccade

execution, we found an occipito-parietal increase in amplitude of the SRP, that was

lateralized to the ipsilateral side of saccade direction. This might be surprising at

first sight, given the contralateral preference during saccade preparation.

One obvious candidate for this lateralized potential would be residual activity

from the CRP. This seems unlikely, given its topographic distribution and the fact

that the polarity of the lateralization switches 100 ms after saccade onset. Such a

polarity switch is not easily explainable by potential residuals of the CRP, which

would presumably be unchanged 100 ms after the saccade onset (cf. the raw signal

in Figure 2.3C, third column). Also, such topography is unlikely to result from the

saccadic spike potential, which shows a very di↵erent topographic distribution in

the right-left contrast (cf. first column of Figure 2.3B and 2.3C).

Ipsilateral signals related to saccades have been observed in so-called remapping

paradigms in human electrophysiological and fMRI studies (Bellebaum and Daum,

2006, Merriam et al., 2003, Parks and Corballis, 2010). In these paradigms a large

saccade between two horizontally placed fixation targets shifts the cortical represen-

tation of a peripheral stimulus in between them from one hemisphere to the other.

Hence, the future post-saccadic location of the stimulus representation is ipsilat-

eral to the saccade direction. Interestingly, neural activities for this future visual

stimulation have been observed already before and during the saccade. And neural

activities can encode the remapped visual stimulus after the saccade in conditions

where the visual stimulus has already disappeared by then (cf. Duhamel et al., 1992,

for a study in monkeys showing both phenomena). Remapping has been interpreted

as a predictive activity of future sensory events based on incoming information about

the saccade.

Our experimental paradigm was not designed to show such remapping processes.

In contrast to the mentioned studies, we find an ipsilateral bias during the execution

of saccades to fixation targets in absence of additional visual stimuli. Therefore, we

can only hypothesize that a remapping might have occurred. For example the illu-

minated screen in contrast to the darkened room might have been remapped when

a saccade was required from one border of the screen to the other. In many other

ways, our paradigm is not comparable to the existing electrophysiological studies

on remapping. For example, both, Parks and Corballis (2010) and Bellebaum and

Daum (2006) compared the remapping condition to a control condition where a

saccade was performed without a visual stimulus presentation. Therefore, it is too
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hypothetical to compare our results in detail to these existing findings. During eye

movements in the dark ipsilateral increases in occipital channels shortly after sac-

cade onset (⇠ 72 � 92 ms afterwards) were also found by Skrandies and Laschke

(1997) and related to inputs from corollary discharges. However, they did not report

any ocular artifact correction procedure, which could possibly have distorted results.

We conclude that further studies are needed to confirm that the observed ipsilateral

potentials during execution are indeed related to updating processes based on corol-

lary discharges. Most importantly, we consider the appearance of such a lateralized

potential during the saccade execution, where artifact contamination is maximal, as

a proof of principle for the success of the EOG regression cleaning.

2.5 Conclusion

We demonstrated that the analysis of potentials appearing during gaze shifts is pos-

sible after the removal of the corneo-retinal artifact with EOG regression. As a first

step towards active vision paradigms, we have characterized the electrophysiological

correlates of visually guided saccades and revealed saccade direction specific mecha-

nisms reminiscent of spatial updating. Our results suggest that combined EEG and

eye tracking, if coupled with appropriate ocular artifact cleaning procedures, pro-

vides promising means for addressing fundamental unanswered questions in natural,

active vision.
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3
The Saccadic Spike Artifact in MEG and EEG

(Study 2)

The content of this chapter has been published in Neuroimage: Christine Carl1,2, Alper

Açık2, Peter König1,2, Andreas K. Engel1, Joerg F. Hipp1,3 (2012) The saccadic spike

artifact in MEG.

1Department of Neurophysiology and Pathophysiology, University Medical Center Ham-

burg-Eppendorf, Germany 2Institute of Cognitive Science, University of Osnabrück, Ger-

many 3Centre for Integrative Neuroscience, University of Tübingen, Germany

C Carl designed the experiment and performed the experimental recordings and data

analysis. J Hipp provided advice for design and analysis and contributed unpublished

analytic tools. C Carl and J Hipp wrote the manuscript. A Açık, P König, and AK Engel

provided general ideas and contributed to the manuscript.

3.1 Introduction

EEG and MEG are the means for investigating neuronal dynamics non-invasively

in the human brain. However, these measures are also sensitive to other physiolog-

ical sources like heartbeat, muscle activity or the rotation of the eyeball during eye

movements. This compound nature of EEG/MEG signals can substantially com-

plicate the interpretation of recorded data. A detailed knowledge of the non-neural

sources a↵ecting these measures is thus critical to allow an unequivocal description
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of neuronal processes.

The saccadic spike is an important example of such an artifactual signal. It

is observed at the onset of even tiny saccadic eye movements. The saccadic spike

artifact is characterized by strong electric transients that are believed to reflect

the contraction of the extraocular muscles in the orbit (Boylan and Doig, 1989b,

Kovach et al., 2011, Moster and Goldberg, 1990, Riemslag et al., 1988, Thickbroom

and Mastaglia, 1985, Yuval-Greenberg et al., 2008) although some studies provide

evidence for cortical contributions (Balaban and Weinstein, 1985, Brooks-Eidelberg

and Adler, 1992, Csibra et al., 1997). In order to account for the e↵ect of the saccadic

spike artifact on neurophysiological measurements, one needs to first understand its

statistics of occurrence and second characterize its temporal, spectral, and spatial

properties.

Under free viewing conditions humans perform approximately three saccadic eye

movements per second. Even when attempting to fixate humans execute spon-

taneous miniature saccades (i.e., microsaccades and saccadic intrusions) with an

average rate of one to two saccades per second (Gowen et al., 2007, Martinez-Conde

et al., 2009). Importantly, saccade rate, amplitude, and direction are modulated by

sensory stimulation and task demands (Engbert, 2006, Engbert and Kliegl, 2003,

Gowen et al., 2005, 2007, Laubrock et al., 2005, 2010, Reingold and Stampe, 2002,

Rolfs, 2009, Rolfs et al., 2008, Valsecchi et al., 2007, 2009, Yuval-Greenberg et al.,

2008) and have been linked to perceptual processes (Laubrock et al., 2008, Troncoso

et al., 2008, van Dam and van Ee, 2006). Moreover, the rate of eye movements is

altered in clinical populations (Martinez-Conde, 2006). This makes saccades and

thus saccadic spikes omnipresent features of the visual system, whose occurrence is

often modulated along with experimental contrasts.

The e↵ect of the saccadic spike on EEG and iEEG has been studied in great de-

tail. Both, regular saccades and miniature saccades produce at their onset a biphasic

transient artifact of approximately 22 ms duration referred to as the saccadic spike

potential (SP; Jerbi et al., 2009, Keren et al., 2010a, Kovach et al., 2011, Riemslag

et al., 1988, Yuval-Greenberg et al., 2008). The topography of the SP at its first peak

is characterized by a minimum at frontal electrodes and a maximum at posterior

electrodes, while the potential gradient is steepest around the eyes. The amplitude

values depend on the choice of the EEG reference. For the average reference as

used throughout the paper, the SP is characterized by a distribution of negative

electrical potential at frontal electrodes and positive potential at parietal and occip-
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ital electrodes. This distribution is inverted at the second deflection (Csibra et al.,

2000, Keren et al., 2010a, Thickbroom and Mastaglia, 1985, Yuval-Greenberg et al.,

2008). In iEEG, the SP is largest at medial and ventral portions of the temporal

pole (Jerbi et al., 2009, Kovach et al., 2011). The topography of the SP is lateral-

ized ipsilateral to saccade direction (Keren et al., 2010a, Kovach et al., 2011, Moster

et al., 1997, Thickbroom and Mastaglia, 1985) and its amplitude depends on saccade

size (Armington, 1978, Boylan and Doig, 1989a, Keren et al., 2010a, Kovach et al.,

2011, Riemslag et al., 1988). The power spectrum of the SP is characterized by a

broadband peak in the gamma band from roughly 30 to 120 Hz (Jerbi et al., 2009,

Yuval-Greenberg et al., 2008).

Due to its spectral properties and statistics of occurrence the SP artifact resem-

bles neuronal gamma band activity (Kovach et al., 2011, Reva and Aftanas, 2004,

Schwartzman and Kranczioch, 2011, Trujillo et al., 2005, Yuval-Greenberg et al.,

2008). Particularly problematic is the fact that microsaccades and regular saccades

follow a characteristic inhibition-enhancement sequence after visual and auditory

stimulation that is not precisely time-locked to stimulus onset. The saccadic spike

artifact occurring at every saccade onset therefore mimics an induced (non-phase

locked) gamma band response to stimulus presentation at parietal EEG sensors.

Notably, the e↵ect size depends on the choice of the EEG reference. Since saccade

statistics change with sensory stimulation and cognitive demands, the SP’s artifact

signature is often modulated along with experimental contrasts. Thus, the close re-

semblance of the SP to neurophysiological activity in combination with stimulation

and task dependent saccade statistics constitutes a serious problem for the inter-

pretation of the EEG data. However, the detailed knowledge on the SP’s temporal,

spectral, and spatial properties provides a good basis to assess confounds of neuronal

signals. It is now widely agreed on that any EEG study needs to carefully control

for possible SP confounds (Keren et al., 2010a, Schwartzman and Kranczioch, 2011,

Yuval-Greenberg et al., 2008).

The currents in neuronal and muscular tissue generating the electrical potential

measured with EEG also induce a magnetic field that can be measured with MEG.

MEG complements EEG with respect to its high sensitivity for tangential sources

and, since magnetic fields are less distorted by the head’s tissue properties, provides

an excellent basis for source analysis (Hämäläinen et al., 1993). Similarly to the SP

in EEG, MEG data should be confounded by a magnetic saccadic spike field (SF).

It has been speculated that the saccadic spike artifact is of minor importance for
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MEG (Fries et al., 2008, Schwartzman and Kranczioch, 2011) but direct evidence is

missing (but see the poster of Keren et al., 2010b, at the HBM 2010 conference).

Here, we measure the SF in MEG during a memory-guided delayed saccade task.

We provide a detailed temporal, spatial and spectral characterization of the SF both

for guided regular as well as spontaneous miniature saccades. We investigate the

e↵ects of horizontal saccade directions and saccade sizes on the amplitude and to-

pography of the SF and compare the SF to the SP from concurrent EEG recordings.

Furthermore, we estimate the origin of the SF using distributed source analysis.

Our findings demonstrate that the saccadic spike artifact may seriously con-

found neurophysiological signals in MEG. The detailed characterization of the phe-

nomenon provides a solid basis for assessing possible SF confounds in future MEG

experiments. Furthermore, our study constitutes the first step towards developing

tools for separating the saccadic spike artifact from MEG data.

3.2 Materials and Methods

3.2.1 Participants

Thirteen healthy volunteers participated in this study (10 female, mean age 27.5).

Subjects received monetary compensation for their participation. All participants

had normal or corrected-to-normal vision, and had no history of neurological or

psychiatric illness. The study was conducted in accordance with the Declaration of

Helsinki and informed consent was obtained from all participants prior to recordings.

3.2.2 Behavioral Task and Stimulation

Participants performed a delayed saccade task with horizontal saccades of two di↵er-

ent amplitudes (Figure 3.1). At the beginning of each trial, subjects fixated for 800

ms a blue asterisk in the center of the screen. Surrounding the asterisk, 16 Gaus-

sian patches were regularly arranged on an inner and outer circle (distance from the

asterisk: 5.5� and 11� respectively). The 4 Gaussian patches on a horizontal line

in the center of the screen served as saccade targets corresponding to four experi-

mental conditions: leftwards long and short saccades and rightwards long and short

saccades. Following fixation, the central asterisk underwent a 200 ms isoluminant

color change to green with a red colored marker. The position of the red marker in-
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Figure 3.1: Experimental task. Subjects were asked to fixate the blue asterisk in the
center of the screen. An intermittent color change to green with a red marker informed
about the target location for the saccade. Targets were Gaussian patches located on the
horizontal line passing the center. In the depicted example, the subject was instructed
to plan a saccade to the inner point on the right side. Subjects waited for 1 s until the
asterisk disappeared before executing the saccade. Top: representative eye traces of one
participant over the first 10 trials with a saccade to the inner right target.

dicated for each trial one of the four target locations and instructed the participants

to prepare a saccade. If the red marker covered the inner part of an asterisk’s branch

it indicated a small saccade, if it covered the outer part of the asterisk’s branch it

indicated a large saccade. The side of the marked branch informed the participants

of the saccade direction. During the following delay period of 1 s participants had

to maintain fixation. Then, the asterisk disappeared. This ’go’ signal instructed

the subjects to perform the saccade. Subjects should maintain fixation at saccade

target until it disappeared after 1.25 s. Between trials, a blank screen was presented

for 1 s. In total each subject performed 500 trials (125 for each condition). Trials

of all four experimental conditions were randomly presented.

During the experiment, participants were seated in the MEG chamber. Stimuli

were back-projected onto the screen at 54 cm distance with a liquid crystal display

video projector (Sanyo XP51 Beamer, 60 Hz refresh rate) and a two-mirror system.

Stimuli were presented using the software Presentation (Neurobehavioral Systems,

Albany, CA).

3.2.3 Analysis Software

All data analyses were performed in Matlab (MathWorks, Natick, MA) with custom

software and the open source toolboxes Fieldtrip (Oostenveld et al., 2011) and SPM2

(http://www.fil.ion.ucl.ac.uk/spm/).
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3.2.4 Data Acquisition and Preprocessing

3.2.4.1 MEG

We recorded MEG continuously with a 275-channel (axial gradiometer) whole-head

system (CTF275, VSM MedTech) in a magnetically shielded room. Two sensors

were not operating resulting in a total of 273 sensors. MEG data were digitized at

1200 Hz sampling rate (300 Hz low-pass filter). O↵-line, we removed line-noise with

notch-filters (at 50, 100, 150 Hz), low-pass filtered the data to 170 Hz (zero phase

Butterworth IIR filter, filter order 4) and down sampled it to 400 Hz.

3.2.4.2 EEG/EOG

Along with the MEG, we recorded EEG using the EEG channels of the CTF MEG

system. Data were collected with an analog passband of 0.16�300 Hz at a sampling

rate of 1200 Hz. We used 32 Ag/AgCL sintered flat electrodes (Easycap GmbH,

Herrsching, Germany) arranged according to the 10� 20 system and two electrodes

at the mastoids. Additionally, we recorded a bipolar electrocardiogram and the EOG

from 7 electrodes. EOG electrodes were placed over the nose, above and below each

eye at the outer canthi and below the left and right eye next to the nose. Data were

referenced to an electrode placed at the tip of the nose during the recording. All

electrode impedances were below 15 k⌦.

O↵-line, the EEG data were re-referenced to the average of the 32 EEG elec-

trodes. The EEG and EOG were low-pass filtered (cut-o↵ 170 Hz, zero phase But-

terworth IIR filter, filter order 4). EOG data were re-referenced to the electrode

’Pz’. For three subjects we discarded the right inner infraorbital EOG channel be-

cause of poor signal quality. We then derived the radial EOG (REOG; Keren et al.,

2010a) as the average of all EOG channels.

3.2.4.3 Structural MRI acquisition

We acquired individual T1-weighted high-resolution structural images (MRIs) of

each subject with a 3 T Siemens MAGNETOMTrio Scanner using a coronal magnetization-

prepared rapid gradient echo sequence. These MRIs were used to construct individ-

ual head models for source analysis (see below).
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3.2.4.4 Eye tracker recording

Along with the neurophysiological data we recorded the eye position using an MEG

compatible remote eye tracker system (iView X MEG 50 Hz, SMI, Berlin, Germany).

The system monitored the right eye with an infrared camera to detect the pupil cen-

ter and the corneal reflection of the infrared light source. After calibration (9 points)

the system determined the gaze direction from the relative position of pupil and the

corneal reflection at a rate of 50 Hz. Additionally, digitized eye traces were interpo-

lated to match the MEG/EEG sampling rate (1200 Hz), digital to analog converted

and fed to the MEG system on-line. This on-line procedure introduced temporal

o↵sets of the eye tracker signal in relation to the MEG/EEG data. Moreover, the

digital to analog conversion produced undesirable ringing artifacts. Therefore, the

analog signal recorded along with the MEG/EEG just served as a coarse reference

for the first alignment of the eye tracker and MEG/EEG signals.

O↵-line, we aligned the digital eye tracking data to the MEG/EEG in a 2-step

procedure. First, we interpolated the 50 Hz signal to 400 Hz using cubic smoothing

splines and computed the cross-correlation of the interpolated digital eye tracker

signal with the analog version recorded with the MEG acquisition system. Then we

accounted for the o↵set identified by the latency of the peak in the cross-correlogram.

In a second step, we refined the alignment and corrected for the o↵set between the

EOG and the aligned eye tracker signal. To this end, we smoothed the data with

a Savitzky-Golay filter (4th order, 102.5 ms) rectified and averaged all channels of

both, the EOG and the eye tracker signals, and estimated the o↵set from the peak

of the cross-correlation.

To improve the quality of the eye tracker signal, we interpolated missing data.

We detected periods with loss of eye tracking signal characterized by pupil size and

gaze position values close to zero. If these data segments were not identified as blinks

(see below), we interpolated the missing data by piecewise constant interpolation.

3.2.4.5 Artifact rejection

Trials contaminated with muscle artifacts, signal jumps or distortions of the mag-

netic field due to, for example, cars passing in front of the building were rejected

o↵-line using semi-automated threshold procedures applied to the MEG signals.

Since eye movements are part of the experimental design, standard EOG based pro-

cedures to detect eye blinks fail. We detected eye blinks using a combination of eye
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tracker and EOG signals. Data with vanishing pupil diameter and fast changes in

the EOG signal were identified as blink artifacts. Finally, we inspected all MEG,

EEG and EOG signals manually to ensure good artifact rejection performance. On

average 9.5± 3.6% (mean ± sd) of the trials were rejected.

3.2.5 Data Analysis

3.2.5.1 Behavioral analysis

For detection of regular saccades we employed a velocity threshold based algorithm.

If coupled with a minimum saccade duration criterion, this algorithm has very few

parameters and is accurate in the face of stereotypical eye-movements such as those

analyzed here (Salvucci and Goldberg, 2000). Because the optimal velocity threshold

parameter depends on preprocessing and sampling of the recorded data, as well as

on saccade amplitudes, we defined the velocity threshold in a data-driven approach.

We adapted the thresholds manually for the saccade amplitudes in our task (5.5�

and 11�) so that saccades were detected while the number of false positives was

minimized. We achieved this by visual inspection of the data, taking into account a

priori knowledge on saccade timing. We defined periods as regular saccades in which

the eye movement velocity was higher than 28.6�/s for a duration of at least 22.5

ms. Periods where the saccade velocity exceeded 53.7�/s were defined as saccades

irrespective of saccade duration. We combined all saccade intervals that were less

than 7.5 ms apart from each other into a single saccade interval. All other periods

were labeled fixations.

The behavioral analysis revealed that subjects had a considerable variability in

saccade onset and also initiated saccades before the ’go’ signal. However, since this

study focused on the stereotypic saccadic spike, we were not concerned about the

exact timing of the saccades in general. We were only interested in ensuring that

subjects performed saccades to the cued goal as instructed. To maximize the number

of trials to analyze, we accepted trials with saccades that were performed within a

broad time window from 500 ms before to 770 ms after the ’go’ signal. We excluded

trials before 500 ms because they were unlikely to be related to the instruction and

saccades later than 770 ms to ensure su�cient data following the saccade for subse-

quent analysis. In a next step, we rejected all trials with wrong saccade orientation

or amplitude. For saccade categorization we applied drift correction at the fixation
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period before the cue onset (�300 ms to �100 ms) and ensured that the subjects

fixated the asterisk before saccade onset within a tolerance angle of 2.3�. The sac-

cade target was considered correct if the closest location was the cued one. Overall

we discarded 13.5 ± 12.7% (mean ± sd) of the trials because of faulty behavioral

performance.

Additionally, we analyzed miniature saccades that occurred within the period

from onset of the directional cue and onset of the guided regular saccade. We

defined miniature saccades using a threshold procedure applied to the REOG: The

30 � 100 Hz band-pass filtered REOG signal was convolved with an SP-template

(provided by Keren et al., 2010a) and convoluted data segments exceeding 3 standard

deviations were detected. Every detected event whose amplitude did not exceed 2�

visual angle was defined as a miniature saccade. Miniature saccades occurred at an

average rate of 1.45 ± 0.34 per second (mean ± sd) and followed a characteristic

inhibition-enhancement sequence after directional cue presentation. Note that the

low sampling rate of the eye tracker (50 Hz) did not allow reliable microsaccade

detection based on eye tracker recordings.

3.2.5.2 Alignment of trials for saccadic spike characterization

Independent of saccade type or di↵erent saccade metrics, the saccadic spike is gener-

ated consistently at saccade onset (Keren et al., 2010a). However, saccade detection

based on threshold procedures introduces imprecision in the estimated saccade onset

and generates jitter in the timing of the saccadic spike over trials. When investi-

gating the average SP or SF over trials we had to correct for this jitter. We aligned

each trial to the first trough of the REOG within a time window of ±30 ms from

detected saccade onset (Keren et al., 2010a, Kovach et al., 2011). This alignment

procedure was applied to miniature and regular saccades for all analyses where we

examined the temporal and spatial characteristics of the average saccadic spike.

3.2.5.3 Description of the saccadic spike on sensor level in MEG and

EEG

We calculated the time course as well as the topography of the event related average

of the saccadic spike for MEG and EEG. For the topographies we provide, in addition

to the event related average for MEG and EEG, the root-mean-square of the SP and

the planar gradient estimation of the SF for MEG. A baseline of 280 to 180 ms before
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saccadic onset was subtracted from the average time course of the MEG/EEG data.

The saccadic spike artifact occurs simultaneously with another eye movement

related artifact – the rotation of the corneo-retinal dipole, also known as corneo-

retinal potential (CRP) in EEG. This rises slowly and adds to the saccadic spike

artifact. It was shown that it heavily distorts the second deflection of the biphasic

spike in EEG (Keren et al., 2010a, Riemslag et al., 1988). Therefore, we focused on

the first deflection of the saccadic spike to study its topography. We used a baseline

directly at saccade onset (7.5 ms before the first saccadic spike peak, onset was

defined by the grand average time course of the eye trace). By using this single point

baseline, we maximally separate the signal of the saccadic spike artifact from other

signals related to saccade generation and preparation like the antecedent potential

(Armington, 1978, Jagla et al., 2007, Kurtzberg and Vaughan, 1982), which starts

approximately 100� 150 ms before saccade onset.

We assessed statistical significance for the event related amplitude of the saccadic

spike across subjects (random e↵ects) by applying Student’s t-test, (n = 13 with

n: number of participants) at each sensor. We accounted for multiple comparisons

using Bonferroni correction (↵ = 0.01, corrected for the number of sensors).

Next to event related potentials, another commonly used measure in EEG is the

root-mean-square. Consequently, we additionally report this measure for the SP.

In short, we calculated for each subject individually the root-mean-square of the

baseline corrected event related average across the time points of the first peak of

the SP (time: t > 0 ms, t < 12.5 ms, baseline: time t = 0). We present the average

of the root-mean-square over subjects.

Most MEG systems use either axial or planar gradiometers to record the mag-

netic fields. The system we used has axial gradiometers. To provide a general

description of the SF we additionally computed a planar gradient estimate for our

results. To this end, we combined horizontal and vertical estimates of the planar

gradient of all sensors for each subject’s baseline corrected SF (Bastiaansen and

Knösche, 2000). To assess where amplitude deflections of the planar gradient esti-

mate were consistently highest across subjects, we normalized the planar gradient

estimation of each subject’s SF to a standard normal distribution and tested for

statistical significance of the positive deflections with a one-sided Student’s t-test

over subjects (↵ = 0.01, Bonferroni corrected for the number of sensors).

For visualization we show topographies with the physical quantities (electri-

cal potential and strength of magnetic field). These topographies are statistically
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masked such that values that do not reach statistical significance are presented with

a semi-opaque white cover.

3.2.5.4 Lateralization of the saccadic spike artifact

We analyzed topographies of the saccadic spike for leftwards and rightward saccades

separately. For this purpose we computed the saccadic spike at the time of maximal

lateralization, which was derived as the maximal di↵erence in amplitude between

ipsi- and contralateral EOGs in relation to saccade direction (5 ms after saccade

onset).

3.2.5.5 Spectral characteristics of the SF for regular and miniature

saccades in MEG

To investigate the spectral characteristics of the saccadic spike in MEG we derived

a time-frequency representation of the SF using Morlet’s wavelets (Tallon-Baudry

et al., 1996). The characteristic parameter for the wavelet family was, f/�f ⇡ 5.8

where �f is the spectral smoothing and f is the center frequency. We calculated the

frequency transform at 25 logarithmically equidistant center frequencies from 16 to

128 Hz. We computed the transform for discrete time points at �100 ms to 100

ms in 10 ms steps (baseline estimated from the average at time t = �400 ms to

�350 ms, in 10 ms steps, baseline for miniature saccades: t = �135 ms to �85 ms

in 10 ms steps). For statistical analysis we log-transformed the power estimates to

render distributions more normal and computed a Student’s t-test on the di↵erence

in power relative to baseline over participants. Since the saccadic spike e↵ect size is

statistically weaker at a particular point in the time-frequency representation than

at the peak in the time domain we used a less conservative method for multiple

comparison correction. We controlled for multiple comparisons using false discovery

rate (FDR) correction with q = 0.01 (Benjamini and Hochberg, 1995, Genovese

et al., 2002).

3.2.5.6 Physical forward model for source analysis

To estimate neural activity at the source level, we first derived physical forward

models for each subject. To this end, we defined a regular grid (0.7 cm spacing)

in MNI space that comprised, in addition to the cortex, the region of the eyeballs

and extraocular muscles. We a�ne transformed this grid into individual head space
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using the participants’ individual MRI, and aligned the MEG sensors to the head

geometry based on 3 fiducial points (nasion, left and right ear, defined in the MEG

by 3 head localization coils). To derive the physical relation between sources and

sensors we employed a single-shell volume conductor model (Nolte, 2003). On top

of the regular grid, we computed leadfields for the center location of the extraocular

muscles. The location of the contralateral center of the extraocular muscles was

used for suppression in the beamforming source analysis (see below). We defined

these positions manually in the MNI template brain (Holmes et al., 1998, MNI =

[�28, 38,�37] for left hemisphere, MNI = [28, 38,�37] for right hemisphere).

3.2.5.7 Source analysis of the SF using beamforming

We used adaptive linear spatial filtering (beamforming ; Gross et al., 2001, Van Veen

et al., 1997) with coherent source suppression (Brookes et al., 2007, Dalal et al.,

2006) to estimate the amplitude of signals at the source level. The coherent source

suppression approach accounts for the highly synchronized electrical activity of the

extraocular muscles across the hemispheres (Kovach et al., 2011) that would other-

wise lead to signal cancelation in beamforming. In short, for each source location,

three orthogonal linear filters (for the three orientations at each source) were com-

puted that pass activity from that location with unit gain and block activity from

dipoles of any orientation at the location of the contralateral extraocular muscles,

while maximally suppressing activity from any other source. Subsequently, the fil-

ters were linearly combined to a single filter that points to the direction of the

dominant dipole (Hipp et al., 2011).

Before deriving source estimates of the SF, we band-pass filtered the event related

signal by convolution with a 3-point filter to attenuate residual contributions from

the corneo-retinal artifact. The 3-point filter was adapted to the temporal structure

of the biphasic saccadic spike signal (filter kernel: �0.5 at �7.5 ms; 1 at 0 ms;

�0.5 at 5 ms). Then, we estimated the covariance matrix that is needed for the

beamforming filter from concatenated data epochs ±30 ms around the first SF peak

of all saccades. The average di↵erence between the first peak of the SF and the

baseline at the onset of the SF was then projected into source space. The absolute

value served as a source estimate. This source estimate is subject to a positive

bias. To account for this problem, we estimated and subtracted the bias. To this

end, we randomly permuted the SF peak and SF baseline and estimated the source
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distribution for these data 1000 times. The average served as a bias estimate.

Finally, we derived the neural activity index (NAI) of the source estimate that

accounts for the spatial bias of beamforming for deep sources (Van Veen et al., 1997).

For statistical analysis, we computed Student’s t-test of the NAI at each voxel across

subjects (↵ = 0.01, Bonferroni corrected for the number of voxels). Furthermore,

we used a variant of beamforming for frequency domain data (Gross et al., 2001)

to estimate the sources at 64 Hz at the time of saccade onset (temporal smoothing

= 87 ms, frequency smoothing = 21.96 Hz). We derived a filter estimation from

the real part of the cross-spectral-density matrix (cf. Hipp et al., 2011) at the time

of saccade onset and baseline (t = �400 to �350 ms for regular saccades, t =

�135 to �85 ms for miniature saccades) and computed the relative change of the

signal power. The logarithmic transform of the average power source estimates at

saccade onset and at baseline entered the statistical analysis. We tested at each

voxel for significance of the di↵erence of those power estimates over subjects using

the Student’s t-distribution (q = 0.01, FDR corrected for the number of voxels).

For visualization we overlaid the functional data onto the structural MRI of the

MNI template brain, masked non-significant values and interpolated the source data

to 1 mm resolution.

3.2.5.8 Dipole fitting of the SF

To further investigate the sources underlying the lateralization of the saccadic spike

of horizontal saccades, we employed dipole fitting in addition to the distributed

source analysis. For each subject and saccade direction, we fitted two equiva-

lent current dipoles. We optimized the dipole orientation while dipole position

was fixed to the previously defined center of the extraocular muscles (left dipole:

MNI = [�28, 38,�37] and right dipole: MNI = [28, 38,�37]). Average explained

variance of this dipole model was 77.43%. To summarize and visualize the subjects’

individual dipole orientations, we projected each subject’s normalized dipole onto

a common plane. This plane was defined in the MNI template brain by the vec-

tor connecting both dipole positions and an orthogonal projection of the average

orientation vector of all medial and lateral rectus muscles. We then computed the

mean angle between dipoles for leftwards and dipoles for rightwards saccade trials.

We tested for significant rotation of dipoles between saccades to the left and to the

right using a nonparametric random permutation test (Nichols and Holmes, 2002).
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This had the advantage that we did not need to make any assumption about the

distribution of the rotation angles. We derived a null-hypothesis distribution by

1000 times randomly permuting saccade labels right and left and computing the

mean angle between dipoles and then determined the p-value.

3.2.5.9 Comparison of the SF and SP for miniature and regular

saccades

We quantified the similarity of scalp topographies of the SF for miniature and regu-

lar saccades by computing the linear correlation across sensors. To assess di↵erences

in SF and SP amplitudes, we computed the absolute SF/SP amplitude for minia-

ture, 5.5�, and 11� saccades at channels of interest (see inset, Figures 3.7C and D)

and tested for pairwise amplitude di↵erence across subjects, using Student’s t-test

(Bonferroni corrected for 2 comparisons).

3.3 Results

3.3.1 The Saccadic Spike Artifact in MEG and EEG

To investigate the e↵ect of the saccadic spike on MEG/EEG signals we performed a

delayed saccade experiment with targets at two distances (5.5�/11�) and two direc-

tions (left/right). In each trial, a directional cue instructed participants about the

saccade target location. Participants memorized the location during a delay period

of 1 s before they actually performed the saccade (Figure 3.1).

First, we analyzed the grand average time course of the saccadic spike artifact

pooled over both saccade directions and both amplitudes. To this end, we aligned

the signals to saccade onset and subtracted a baseline from 280 to 180 ms before

the saccade (Figure 3.2A). The average saccade duration was about 50 ms, while

the eye movement velocity peaked around 30 ms after saccade onset (Figure 3.2A,

first panel). The time course of the REOG (i.e. the average signal of all EOG

channels relative to the parietal electrode ’Pz’), the EEG, and the MEG revealed a

brief biphasic saccadic spike at saccade onset. The saccadic spike artifact peaked

around 7.5 ms after saccade onset, inverted its polarity, and peaked again 15 ms after

saccade onset (Figure 3.2A, lower three panels). The second peak of the saccadic

spike artifact was overlaid with the concurrent corneo-retinal artifact reflecting the
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Figure 3.2: SP and SF time course
and topography in EEG and MEG
sensor space. A. Grand average time
course of baseline corrected REOG, EEG
and MEG signals pooled over all sac-
cade target locations (baseline from time
t = �280 ms to �180 ms; saccade on-
set at time t = 0 ms). The eye trace
shows the average distance from the fixa-
tion point at baseline. Trials were aligned
to the first SP peak of the REOG chan-
nel (Keren et al., 2010a). Sensors for the
highlighted time courses were selected ac-
cording to the topographic distribution
of the SP/SF potential (see B and D)
and are illustrated in the insets. Time
courses of all other sensors are shown in
gray. B to E. Topographies of the SP/SF
at the first peak of the saccadic spike
(time t = 7.5 ms, indicated by the dashed
line in A) baseline corrected by the signal
at saccade onset (time t = 0 ms). Un-
masked regions (i.e. intense color scale)
in B, D and E denote significant di↵er-
ence to zero (t-test, p < 0.01, Bonfer-
roni corrected). B. Event related poten-
tial of the EEG. C. Root-mean-square of
the EEG. D. Event related field for MEG
axial gradiometers. E. Event related field
for MEG planar gradiometer estimates.

rotation of the corneo-retinal dipole (Keren et al., 2010a). To isolate the SF or SP,

we therefore focused the following analyses on the first deflection of the saccadic

spike.

The subjects’ average scalp topography of the SP in EEG was characterized by a

strong negative potential of up to �16 µV at frontal sensors and a moderate positive

potential of up to 8 µV at parietal sensors (Figure 3.2B; average reference; p < 0.01,

Bonferroni corrected for n = 32 sensors). Accordingly, the root-mean-square of the
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EEG peaked at similar frontal and parietal sensors (Figure 3.2C). Two sensor types

are commonly used in MEG systems, axial gradiometers and planar gradiometers

(Hämäläinen et al., 1993, Hämäläinen, 1995). Our MEG setup uses axial gradiome-

ters. However, in the following description of the MEG sensor topographies we also

present an estimate of the corresponding planar gradiometer representation (see Sec-

tion 3.2). The SF in MEG was characterized by increases and decreases at frontal

and temporal sensors for axial gradiometers (Figure 3.2D; p < 0.01, Bonferroni cor-

rected for n = 273 sensors). The average absolute amplitudes across subjects were

highest at temporal sensors reaching 14 pT. In the corresponding planar gradient

representation the strongest e↵ect of the SF was at the anterior half of the tem-

poral sensors (Figure 3.2E; p < 0.01, Bonferroni corrected for n = 273 sensors).

In conclusion, both MEG and EEG sensors were strongly a↵ected by the saccadic

spike. However, the spatial topography di↵ered substantially. In particular, the SF

in MEG did not significantly a↵ect parietal sensors.

Figure 3.3: SF sources in the extraocular muscles. A. Source analysis using beam-
forming of the first peak of the SF. The saccadic spike artifact is localized to the region of
the extraocular muscles of both eyes. The average neural activity index (NAI) masked by
statistics (t-test, p < 0.01, Bonferroni corrected) is overlaid on the MNI template brain.
B. Surface projection of the SF source without statistical mask.

3.3.2 Source Analysis of the Saccadic Spike

Next, we analyzed the sources of the saccadic spike. We used adaptive linear spa-

tial filtering (beamforming) applied to the broadband SF signal. The sources were
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localized to the extraocular muscles of both eyes (Figure 3.3A; p < 0.01, Bonferroni

corrected for n = 11, 078 voxels). To elaborate on the spatial specificity of these

sources, we omitted statistical thresholds (Figure 3.3B). The activity of the sources

of the saccadic spike artifact dropped from the maximum at the extraocular muscles

without revealing any other prominent local maxima. Thus, source analysis using

beamforming, spatially separated the SF from other neurophysiological signals into

the region of the extraocular muscles.

3.3.3 Spectral Signatures of the Saccadic Spike in MEG

We used time-frequency analysis to study the spectral characteristics of the sac-

cadic spike artifact in MEG. The spectro-temporal pattern was characterized by a

broadband gamma frequency range increase (⇠ 32 to 128 Hz) around the time of

saccade onset (Figure 3.4A; p < 0.01, FDR corrected for n = 21⇥25 time⇥frequency

points). The strongest power increase at �10 to 30 ms and 64 Hz was at frontal

and temporal sensors. The source distribution for this frequency range was highly

similar to that of the event related response (Figure 3.4B; p < 0.01, FDR corrected

for n = 11, 078 voxels; compare to Figure 3.3). Thus, in line with previous EEG

and iEEG studies (Kovach et al., 2011, Yuval-Greenberg et al., 2008) the saccadic

spike induced signals that closely resemble neurophysiological gamma range activity

in the MEG sensors.

3.3.4 The Topography of SP and SF Reflects Saccade

Direction

Many experimental designs involve lateralized covert attention that has been shown

to influence the spatial statistics of miniature saccade direction (e.g., Laubrock et al.,

2010). It is therefore important to understand potential lateralization of the accom-

panying SP and SF, since this might induce systematic confounds in such experi-

ments.

As a starting point, we analyzed the time course of the saccadic spike at left,

central and right EOGs around saccade onset for leftwards saccades (Figure 3.5A).

The latencies of the first saccadic spike peak increased from ipsilateral to contralat-

eral electrodes. However, this shift is unlikely to reflect a change in latency of the

saccadic spike itself but likely reflects the corneo-retinal artifact, which adds in a
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Figure 3.4: Spectral characteristics of the SF. A. Power change at sensor level
around the onset of saccades relative to baseline average from 400 ms to 350 ms before
saccade onset. Unmasked regions denote significant di↵erence to zero (t-test, p < 0.01,
FDR corrected). Left: power response resolved in time and frequency for selected regions
of interest (indicated in the inset). Right: topography of the relative power changes for
64 Hz at saccade onset (time t = 0 ms). Unmasked regions denote significant di↵erence
from zero (t-test, p < 0.01, FDR corrected). B. Sources for the sensor topography shown
in A overlaid on the MNI template brain. Data are masked by statistics (t-test, p < 0.01,
FDR corrected).

spatially specific manner to the saccadic spike artifact. The CRP with its positive

amplitude at ipsilateral and negative amplitude at contralateral EOG electrodes

reduces the negative peak of the SP at ipsilateral EOGs and increases the SP at

contralateral sites. Thus, while the onset and peak latency of the saccadic spike may

actually remain the same, the superposition with the slowly rising CRP appears as

a shift of the SP peak dependent on channel location. Consequently, to study the

lateralization of the saccadic spike artifact as a function of saccade direction we

minimized the influence of the slowly rising corneo-retinal artifact by selecting an

early analysis window 2.5 ms before the saccadic spike peak. At this time, the SP

topography was lateralized depending on the direction of the saccade (Figure 3.5B).

The negative deflection of the SP was higher at ipsilateral frontal electrodes, while

the positive peak at posterior electrodes was shifted towards the side contralateral

to the saccade direction.

In line with the SP in EEG, the SF in MEG was lateralized. The amplitude of

the SF was significantly higher at frontal and temporal sensors ipsilateral to sac-

cade direction (axial gradiometers; Figure 3.5C, upper panel; p < 0.01, Bonferroni

corrected for n = 273 sensors). This finding was paralleled by a planar gradient

topography with higher amplitudes at ipsilateral temporal electrodes (Figure 3.5C,

lower panel; p < 0.01, Bonferroni corrected for n = 273 sensors). Thus, for both
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Figure 3.5: Saccade direction reflected in SP and SF lateralization. A. Grand
average time course of the SP around onset of leftwards saccades at di↵erent EOG sensors.
The standard deviation is depicted in transparent shading. The inset shows the locations
of EOG electrodes. As reference served electrode ’Pz’ (black). B and C. Topographies
of the SP/SF for leftwards and rightwards saccades respectively at the time of maximal
lateralization (time t = 5 ms, dashed line in A). The signal at saccade onset (time t = 0
ms) was subtracted as baseline. All topographies except for the root-mean-square (B,
lower panel) are statistically masked (t-test, p < 0.01, Bonferroni corrected). B. SP in
EEG. Top: event related signal. Bottom: root-mean-square. C. SF in MEG. Top: axial
gradiometer representation. Bottom: planar gradiometer representation.

EEG and MEG, we found a clearly lateralized saccadic spike artifact. This lateral-

ization may complicate the isolation of signals of neuronal origin.

3.3.5 Orientation of Extraocular Muscle Dipoles Reflects

Saccade Direction

We hypothesized that the origin of the lateralized SP/SF sensor topography is re-

lated to asymmetrical contraction of the extraocular muscles for left and right sac-

cades. To elaborate on this hypothesis, we fitted the SF with equivalent current

dipoles. We placed a dipole in the center of the extraocular muscles of each eye and

optimized the orientation of these dipoles for each subject individually. Then we

analyzed the orientation of the dipoles in the plane spanned by lateral and medial

rectus muscles, the muscles mainly responsible for horizontal movements of the eye.

We tested if the orientation of the SF dipoles changed depending on the saccade

direction. Dipoles for both saccade directions were on average oriented towards the
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Figure 3.6: Current dipoles for SF of saccades to left and right. Grand average
dipole moments for fixed dipole positions at the center of the extraocular muscles rotate
depending on the saccade directions. Dipoles were projected onto the nearest horizon-
tal brain slice (MNI coordinate z = �37) for illustration. Red: average dipole direction
for leftwards saccades. Green: same for rightwards saccades. Lateral r./medial r.: lat-
eral/medial rectus muscle of the left eye.

outer borders of the eyeballs. Contrasting the dipole orientation for leftwards with

rightwards saccades revealed a significant rotation of 13.26� towards the ipsilateral

side across subjects (Figure 3.6; p = 0.01, random permutation test). Consequently,

the dipole orientation of a horizontal saccade followed the orientation of the con-

tralateral rectus medialis and ipsilateral rectus lateralis muscle.

3.3.6 Comparison of SF of Miniature and Regular Saccades

Up to this point, we studied the SP and SF at the onset of regular saccades. How-

ever, a major problem is the spike artifact related to miniature saccades that occur

even under fixation. Thus, we next analyzed the SF and SP induced by miniature

saccades. We extracted miniature saccades with a range of less than 2� amplitude

from the fixation period of our experiment (see Section 3.2). The SF of miniature

saccades had a similar topography as the regular saccades (Figure 3.7A and B).

The sensor topographies of the SF of both saccade types were highly correlated

(r = 0.86). However, the SF of miniature saccades di↵ered in amplitude from that

of regular saccades. The average amplitude over frontal and temporal regions of

interest was ⇠ 200% larger for regular saccades compared to miniature saccades

(Figure 3.7C; p = 3.6 ⇥ 10�6, Bonferroni corrected for n = 2 comparisons). In

contrast, the SF revealed only small di↵erences in amplitude between saccades of

5.5� and 11� (8% signal increase, p = 8.2 ⇥ 10�4, Bonferroni corrected for n = 2

comparisons). Similar to the SF, the average SP amplitude at frontal and parietal

electrodes of interest was ⇠ 110% larger for regular compared to miniature saccades
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Figure 3.7: The SF of miniature and regular saccades. A. Sensor topography of
the SF for miniature saccades of less than 2� amplitude at the first peak of the saccadic
spike (relative to baseline at saccade onset, axial gradiometers). B. Equivalent sensor
topography for regular saccades (5.5� and 11� amplitude). C. Average absolute amplitude
of the SF at sensors of interest (indicated in inset) for di↵erent saccade sizes (⇤⇤: t-test,
p < 0.01, Bonferroni corrected). Bars indicate the standard error. D. Average absolute
amplitude of the SP at sensors of interest (indicated in inset) for di↵erent saccade sizes
(⇤⇤: t-test, p < 0.01, Bonferroni corrected).

(Figure 3.7D; p = 2.1 ⇥ 10�5, Bonferroni corrected for n = 2 comparisons). The

di↵erence in average SP amplitude between 11� and 5.5� saccades was not significant

(5% signal increase for 11� saccades, p = 8.6⇥ 10�2, Bonferroni corrected for n = 2

comparisons).

Source analysis of the SF from miniature saccades revealed the strongest power

changes at 64 Hz at the extraocular muscles behind the eyes (Figure 3.8; p < 0.01,

FDR corrected). Thus, the source distribution of the SF from miniature saccades

resembled the source distribution that we derived for regular saccades but with

reduced amplitude (cf. Figure 3.4B). In summary, the amplitude of the SF was

modulated nonlinearly with saccade size but the spatial distribution at source and

sensor level remained constant.

Figure 3.8: Source analysis of SF
from miniature saccades. Source of
the relative change in signal power at 64
Hz at saccade onset compared to aver-
age baseline at 135 ms to 85 ms before
miniature saccade onset. Functional
data are overlaid on the MNI template
brain and statistically masked (t-test,
p < 0.01, FDR corrected).
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3.4 Discussion

We provide the first characterization of the SF, the saccadic spike artifact in MEG.

Our results show that the saccadic spike artifact a↵ects MEG signals mainly at

frontal and temporal sensors. We observed that the topography of the SF is modu-

lated with saccade direction while the SF amplitude depends on saccade size. Fur-

thermore, our source analysis localizes the origin of the SF to the extraocular mus-

cles. Because of its close resemblance to neural gamma band activity and its modu-

lations in appearance and rate with experimental manipulations the saccadic spike

artifact is prone to confusion with true neuronal activity in any EEG/MEG experi-

ment. The detailed characterization of the SF in this study constitutes a solid basis

for assessing possible saccadic spike related contamination in MEG experiments.

3.4.1 The Saccadic Spike in MEG and EEG

We found that the SF is a biphasic transient signal of ⇠ 24 ms duration and a

peak-to-peak response of ⇠ 8 ms occurring at saccade onset. Its power spectrum is

dominated by energy in the gamma frequency range (⇠ 32 � 128 Hz). With these

properties it is consistent with the well-known SP in EEG (Keren et al., 2010a,

Yuval-Greenberg et al., 2008). However, a crucial issue of great practical importance

for the interpretation of the data is the di↵erence in sensor topography. While the

SF a↵ects frontal and temporal MEG sensors, the SP has an impact on frontal and

posterior EEG sensors. Both SF and SP are the measurement specific signatures of

the saccadic spike produced with saccade initiation.

3.4.2 Source Localization Confirms Extraocular Muscles as

Saccadic Spike Generator

Our results provide the first distributed source estimation of the saccadic spike field

in MEG. We reliably localized the saccadic spike artifact of the miniature and regular

saccades in the centers of the extraocular muscles of each eye. The source localiza-

tion is robust with respect to di↵erent saccade types (miniature or regular saccades)

and di↵erent signal representations (frequency or time domain). In accordance with

the spatial resolution of MEG, the source reconstruction does not resolve individual

muscles in the periorbital space but locates the source into the region spanned by the
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extraocular muscles of each eye. Nevertheless, the source estimation provides strong

evidence for the muscular origin of the saccadic spike artifact arguing against any

cortical contribution (Balaban and Weinstein, 1985, Brooks-Eidelberg and Adler,

1992, Csibra et al., 1997, 2000, Parks and Corballis, 2008). Our results substantiate

previous EEG studies that suggested the myogenic origin of the saccadic spike arti-

fact based on patient data and sensor characteristics of the saccadic spike (Becker

et al., 1972, Blinn, 1955, Boylan and Doig, 1989a, Dimigen et al., 2009, Keren et al.,

2010a, Moster and Goldberg, 1990, Picton et al., 2000a, Riemslag et al., 1988, Thick-

broom and Mastaglia, 1985, 1987) or provided constrained source models of the SP

(Hassler et al., 2011, Picton et al., 2000a, Thickbroom and Mastaglia, 1985, Yuval-

Greenberg et al., 2008). Our findings further agree with evidence from intracranial

recordings that observed the highest saccadic spike amplitudes in the temporal pole

near the extraocular muscles (Jerbi et al., 2009, Kovach et al., 2011). In summary,

our source estimation confirms that the saccadic spike reflects the engagement of

the extraocular muscles at saccade onset. Furthermore, we show that the artifact

can be reliably identified by distributed source analysis.

3.4.3 Modulation of SF with Saccade Metrics

Even in experiments demanding steady fixation, experimental stimulus and task

parameters can influence the size (Gowen et al., 2005, Yuval-Greenberg et al., 2008)

and direction (Engbert and Kliegl, 2003, Gowen et al., 2007, Laubrock et al., 2010,

Rolfs et al., 2004, Turatto et al., 2007) of fixational eye movements. Consequently,

understanding the modulation of SF with saccade metrics is necessary to assess the

e↵ect of SF artifacts in experiments with asymmetric saccade statistics.

Our results show that the SF in MEG is enhanced ipsilateral to saccade direc-

tion. The e↵ect is strongest at temporal sensors. These findings are consistent with

the lateralized topography of the saccadic spike that we and others observed in EEG

(Keren et al., 2010a, Kovach et al., 2011, Moster and Goldberg, 1990, Moster et al.,

1997, Thickbroom and Mastaglia, 1985, 1986). It has been suggested that the sac-

cadic spike reflects the summation potential of synchronously recruited motor units

of the extraocular muscles (Blinn, 1955, Moster and Goldberg, 1990, Picton et al.,

2000a, Thickbroom and Mastaglia, 1985). Building on our beamforming results, we

demonstrate that a dipole model of the lateralized SF is indeed compatible with

the asymmetrical contraction pattern of the predominantly engaged muscles during
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horizontal saccades, namely, the ipsilateral rectus lateralis and contralateral rectus

medialis muscle.

We expect similar saccadic spike topographies for horizontal saccades that are

performed from peripheral locations of the visual field towards the center. These

saccades engage the same muscles as the centrifugal saccades we observed but with

a di↵erent contraction level before saccade onset, a↵ecting probably the amplitude

of the saccadic spike. Saccades in directions other than the horizontal plane require

the participation of di↵erent extraocular muscles, which presumably slightly changes

the topography of the SF as indicated by previous EEG studies (Keren et al., 2010a,

Thickbroom and Mastaglia, 1986).

The SF for saccades of di↵erent amplitudes did not di↵er in sensor topography or

the distribution of sources. However, we found strongly reduced SF amplitudes for

miniature saccades compared to the 5.5� and 11� saccades, but only minor amplitude

di↵erences between both types of regular saccades. We found a similar relation for

EEG except that the di↵erence between both types of regular saccades did not

reach significance. These results are in line with previous EEG studies, supporting

a nonlinear dependence of saccade size on saccadic spike amplitude (Armington,

1978, Boylan and Doig, 1989a, Keren et al., 2010a, Kovach et al., 2011, Riemslag

et al., 1988, Thickbroom and Mastaglia, 1985). These studies observed an amplitude

dependence for saccades up to 10� while the amplitude of the saccadic spike remained

constant for larger saccades. Most probably, the maximal recruitment of motor units

is already reached for these large saccades (Thickbroom and Mastaglia, 1987). The

similarity of the sensor topography and source localization of the SF for spontaneous

miniature and guided regular saccades suggests that both types of saccades have

the same muscular recruitment pattern and thus the same sources underlying their

saccadic spike artifact.

In summary, our results show that saccade metrics a↵ect the topography and

amplitude of both the SF and the SP in a characteristic manner. Any experimental

comparisons that may be accompanied by asymmetric saccade patterns could there-

fore be subject to a potential confound with metric specific changes of the saccadic

spike artifact and should be carefully controlled.
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3.4.4 Practical Implications for MEG Experiments

In contrast to EEG, the saccadic spike artifact in MEG does not a↵ect posterior

sensors. Consequently, the SF is not prone to misinterpretations as gamma activity

reflecting higher visual processes in parietal and occipital areas, as it is the case

for EEG (Yuval-Greenberg et al., 2008). However, the SF may be confused with

neuronal activity originating from frontal and temporal brain regions. For example,

the response to auditory stimulation at the MEG sensor level might be contam-

inated by saccadic spike induced gamma band responses in the temporal cortex.

The miniature saccade rate is characteristically modulated by auditory stimulation

and additionally depends on experimental manipulations. Consequently, auditory

stimulation can lead to task modulated gamma band responses due to the saccadic

spike artifact (Yuval-Greenberg and Deouell, 2011). For auditory MEG experiments,

the SF artifact could then confound genuine neural responses within the auditory

processing stream since both map to overlapping temporal MEG sensors. Similarly,

any neural activity reflecting higher cognitive processing in temporal and prefrontal

cortex that maps to similar sensors as the SF might be subject to artifact contami-

nation from the saccadic spike. Thus, unlike the SP in EEG, the SF in MEG is not

prone to confusion with neuronal activity in parietal and occipital cortex, but puta-

tive frontal and temporal neuronal processes need to be carefully controlled for the

saccadic spike artifact. It should be further noted that for some analyses artifacts

could have consequences far beyond their topographical maximum. For example

when computing measures of neuronal interactions such as phase synchronization

between sensors the saccadic spike artifact may be problematic for a large part of

all sensors.

To control for saccadic spike artifacts the first step is to investigate the mod-

ulation of the saccadic spike rate along with the experimental contrast at hand.

Saccades and miniature saccades can be measured via video based eye tracking

along with MEG/EEG but this is technically challenging and often the equipment

is not available. An e�cient and practical alternative is to follow the procedure

described by Keren et al. (2010a) that detects SPs in the REOG. Importantly, to

apply this approach in MEG experiments a parietal reference electrode is needed to

measure the REOG. We highly recommend adapting this as a standard procedure

in MEG experiments. If the saccadic spike rate is indeed modulated along with

the experimental contrast, putative e↵ects of neuronal origin need to be critically
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evaluated. Our characterization of the SF provides a reference for this purpose. The

precise comparison of the temporal, spatial and spectral characteristics of the signal

of interest with the characteristics of the saccadic spike artifact may help to clarify

the origin.

If the saccadic spike artifact covers potential neural signatures artifact clean-

ing and separation procedures are required. Our investigations provide a starting

point for future studies exploring artifact cleaning procedures on the removal of the

saccadic spike artifact in MEG. Promising candidates are independent component

analysis or linear regression techniques that have successfully been applied in EEG

to remove saccadic spike artifacts (Hassler et al., 2011, Keren et al., 2010a, Kovach

et al., 2011, Nottage, 2010).

However, most cleaning procedures only augment the signal-to-noise ratio with-

out perfectly separating noise from genuine neural signals (Keren et al., 2010a,

Nottage, 2010, Shackman et al., 2010) and should therefore not replace a careful

identification and visualization of the artifact. As an alternative to these proce-

dures, we suggest an analysis in source space. Beamforming is especially well suited

for separating artifacts from cortical sources, because it does not rely on inverse so-

lutions. Hence, beamforming does not assume cortical sources for the entire sensor

signal containing putative artifacts (Baillet et al., 2001). We showed that beam-

forming reliably locates the SF in the extraorbital region. While neuronal activity

in the orbitofrontal cortex or the temporal pole may still be di�cult to disentan-

gle from the artifact, our results provide evidence that beamforming is suitable for

spatially separating the saccadic spike artifact from neuronal signals if the latter is

su�ciently distant from the former.
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4.1 Introduction

In everyday live we constantly face the challenge of selecting between several action

alternatives. For example, a player in a soccer game acquiring the ball could either

pass it on to a team member or take a shot at the goal. Also he has to re-adjust

his choices both rapidly and flexibly to account for the continuously changing player

constellations due to his own movements and those of the others. Increasing evidence
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suggests that this form of action selection is not a sequential process where first the

sensory input is acquired, followed by a decision and subsequent planning of an

action. Rather, dynamic goal-oriented behavior might be achieved by continuously

encoding, updating, and weighting sensory evidence, action goals and plans for

potential movements in parallel, so that di↵erent action alternatives are continuously

at hand (Cisek and Kalaska, 2010, Engel et al., 2013, Shadlen and Newsome, 2001).

These simultaneously evolving and competing action plans may form an integral part

of a distributed and emergent decision process that integrates perceptual, cognitive

and motor functions (Cisek and Kalaska, 2010). In support of this view, neural

correlates of decision variables have been observed in various cortical and subcortical

regions distributed across the brain, particularly including those structures that are

specific for sensorimotor processing (Andersen and Cui, 2009, Cisek, 2007, Cui and

Andersen, 2007, Glimcher, 2003, Gold and Shadlen, 2007, Hoshi and Tanji, 2007,

Pesaran et al., 2008, Shadlen and Newsome, 2001).

Physiological signatures of action selection have been studied extensively in non-

human primates and implicate various areas of fronto-parietal sensorimotor asso-

ciation cortex in voluntary action selection in the presence of competing options

(Cisek and Kalaska, 2010, Haggard, 2008, Kable and Glimcher, 2009). These areas

include e↵ector specific regions in posterior parietal cortex and frontal premotor ar-

eas (Andersen and Cui, 2009, Cui and Andersen, 2007, Lawrence and Snyder, 2006),

which engage in oscillatory coupling during internally motivated choices (Pesaran

et al., 2008). In humans, fMRI, transcranial magnetic stimulation (TMS), or lesion

studies have provided evidence for distributed cortical substrates of action selection

including parietal and premotor areas (Beudel and de Jong, 2009, Coulthard et al.,

2008, de Jong, 2011, Hare et al., 2011, Milea et al., 2007, Oliveira et al., 2010). How-

ever, while investigations of perceptual decisions have emphasized the importance

of oscillatory population activity in sensorimotor areas (Donner et al., 2009, Gould

et al., 2012, Siegel et al., 2011, Wyart et al., 2012), the role of oscillatory dynamics

in human voluntary action selection independent of sensory evidence or expected

rewards has not yet been addressed.

Studying the oscillatory dynamics of distributed and fast-changing networks of

action selection in humans requires measuring brain activity during active behavior

with high temporal resolution. While fMRI and lesion studies have revealed relevant

cortical substrates of action selection, they do not provide access to fast neuronal

dynamics. Here, we used MEG and source analysis to investigate the physiological
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processes of action selection in human subjects. To study voluntary action selection

we compared spectral signatures for selecting a saccade target among equally valu-

able alternatives with externally cued delayed saccades. We dissociated fast selec-

tion processes of actions instructed by sensory cues from longer lasting competitive

processes where a decision about an action emerges intrinsically independent from

sensory input. We found that oscillatory population activity of a fronto-parietal net-

work within gamma and alpha to beta frequency range is associated with internally

driven action selection between competing behavioral alternatives.

4.2 Materials and Methods

4.2.1 Participants

Fifteen healthy volunteers participated in this study (7 female, mean age 25.7±3.3).

Participants received monetary compensation for their participation. All partici-

pants had normal or corrected-to-normal vision and had no history of neurological

or psychiatric illness. The study was conducted in accordance with the Declara-

tion of Helsinki and informed consent was obtained from all participants prior to

recordings.

4.2.2 Stimulation and Behavioral Task

Participants performed a delayed saccade task with saccades of two di↵erent ampli-

tudes and 8 di↵erent directions (16 targets, Figure 4.1). The delayed saccade task

consisted of two experimental task conditions: In the memory-guided saccade con-

dition, participants were asked to perform a guided saccade to one of the 16 targets

indicated by a brief visual cue before the delay period. In the decision condition

subjects could freely chose a saccade target out of the same 16 target positions (we

will refer to these conditions as guided and free saccades, respectively).

At the beginning of each trial, subjects fixated for 800 ms a blue asterisk pre-

sented in the center of the screen. Surrounding the asterisk, 16 Gaussian patches

were regularly arranged (width: 0.34� sd) on an inner and outer circle (distance from

the asterisk: 5� and 10� respectively) serving as saccade targets. The background

was gray, the peak of the Gaussian patches was white. Following fixation, the as-

terisk underwent a 200 ms isoluminant color change to either green (free saccades)
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Figure 4.1: Experimental task. A. At trial onset subjects fixated a blue asterisk
presented in the center of the screen. After a delay of 800 ms an isoluminant color change
to green with a red marker instructed the target location of guided saccade trials. In
half of the trials, a change to green without red marker instructed the subjects to freely
choose one of the 16 targets. In the displayed example, the red marker instructed the
subject to plan a short saccade to the right. After a delay of 1 s the asterisk disappeared
and instructed the subject to execute the saccade. Top: Representative eye traces of one
participant over the first 9 trials. B. Cue examples for guided and free saccade trials.

or green with a red marker (guided saccades) that indicated the task for each trial

and served as a spatial cue. In the guided saccade condition the position of the

red marker defined the direction of saccade target and instructed participants to

prepare a saccade to this location. Moreover, the marker indicated a small saccade

or a large saccade by being displayed at the inner or the outer part of the asterisk’s

branch, respectively. In the free decision task, a color change to a fully green asterisk

instructed subjects to immediately choose one out of the 16 target alternatives and

prepare a saccade to the freely chosen location. In both conditions participants had

to maintain fixation during the following delay period of 1 s. Then, the asterisk

disappeared instructing the subjects to perform the saccade. Subjects were told to

maintain fixation at saccade target until it disappeared after 1.25 s. In between tri-

als, a blank screen was presented for 1 s. In total each subject performed 702 trials

(352 for free decision and guided saccade task, respectively, for the guided saccade

task all 16 targets were cued equally often). Trials of all experimental conditions

(guided and free saccades, as well as saccade targets in the guided saccade condition)

were randomly presented.

During the experiment, participants were seated in the MEG chamber. Stimuli

were back-projected onto a screen at 60 cm distance with an LCD video projector

(Sanyo Pro Xtrax PLC-XP51) and a two-mirror system. Stimuli were presented

using the software Presentation (Neurobehavioral Systems, Albany, CA).
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4.2.3 Analysis Software

All data analyses were performed in Matlab (MathWorks, Natick, MA) with custom

implementations and the open source toolboxes Fieldtrip (Oostenveld et al., 2011),

and SPM2 (http://www.fil.ion.ucl.ac.uk/spm/).

4.2.4 MEG Data Acquisition

We recorded MEG continuously with a 275-channel (axial gradiometer) whole-head

system (Omega 2000, CTF Systems) in a magnetically shielded room. MEG data

were digitized at 1200 Hz sampling rate (300 Hz low-pass filter). O↵-line, we removed

line-noise with notch-filters (at 50, 100, 150 Hz), high- and low-pass filtered the data

to 1 Hz and 170 Hz respectively (zero phase Butterworth IIR filter, filter order 4),

and down sampled it to 400 Hz.

4.2.5 EOG recordings

Along with the MEG, we recorded the EOG using the EEG channels of the CTF

MEG system. Data were collected from AG/AGCL sintered flat electrodes (Easy-

cap GmbH, Herrsching, Germany) with an analog passband of 0.16 � 300 Hz at a

sampling rate of 1200 Hz. 7 EOG electrodes were placed over the nose, above and

below each eye at the outer canthi, and below the left and right eye next to the

nose. Data were referenced to an electrode placed at the tip of the nose during the

recording. All electrode impedances were below 10 k⌦. O↵-line, the EOG were high-

and low-pass filtered (cut-o↵ 1 Hz and 170 Hz respectively, zero phase Butterworth

IIR filter, filter order 4) and down-sampled to 400 Hz.

4.2.6 Structural MRI Acquisition

We acquired individual T1-weighted 1 mm3 high-resolution structural images (MRIs)

of each subject with a 3T Siemens MAGNETOM Trio Scanner using a coronal

magnetization-prepared rapid gradient echo sequence. These MRIs were used to

construct individual head models for source analysis.
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4.2.7 Eye Tracker Recording

Along with the neurophysiological data we recorded the eye position using an MEG

compatible remote eye tracker system (iView X MEG 50Hz, SMI, Berlin, Germany).

The system monitored the right eye with an infrared camera to detect the pupil cen-

ter and the corneal reflection of the infrared light source. After calibration (9 points)

the system determined the gaze direction from the relative position of pupil and the

corneal reflection at a rate of 50 Hz. Additionally, eye traces were digital to analog

converted and fed to the MEG system on-line. This on-line procedure introduced

temporal o↵sets on the order of 10th of milliseconds between eye tracker signal and

MEG/EOG data and was characterized by undesirable ringing artifacts but served

as a coarse reference for the first alignment of the eye tracker and MEG/EOG signals.

O↵-line, we aligned the digital eye tracking data to the MEG/EOG in a 2-step

procedure: First, we interpolated the 50 Hz signal to 400 Hz using cubic smoothing

splines and computed the cross-correlation of the interpolated digital eye tracker

signal with the analog version recorded with the MEG acquisition system. Then, we

accounted for the o↵set identified by the latency of the peak in the cross-correlogram.

In a second step, we refined the alignment and corrected for the o↵set between the

EOG and the aligned eye tracker signal. To this end, we smoothed the data with

a Savitzky-Golay filter (4th order, 102.5 ms), rectified and averaged all channels of

both the EOG and the eye tracker signals, and estimated the o↵set from the peak

of the cross-correlation.

To improve the range of validity of the eye tracker signal, we interpolated missing

data. We detected periods with loss of eye tracking signal characterized by pupil

size and gaze positions values close to zero. If these data segments were not iden-

tified as blinks (see below), we interpolated the missing data by piecewise constant

interpolation.

4.2.8 Artifact Rejection

Trials contaminated with muscle artifacts, signal jumps, or distortions of the mag-

netic field due to, for example, cars passing in front of the building were rejected

o↵-line using semi-automated threshold procedures applied to the MEG signals.

Since eye movements are part of the experimental design standard EOG based pro-

cedures to detect eye blinks fail. We detected eye blinks using a combination of eye
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tracker and EOG signals. Data with vanishing pupil diameter and fast changes in

the EOG signal were identified as blink artifacts. Finally, we inspected all MEG,

EEG, and EOG signals manually to ensure good artifact rejection performance. On

average across subjects, 17.0± 9.2% (mean ± sd) of the trials were rejected.

4.2.9 Cleaning of Eye Movement Artifacts

Saccades induce two major kinds of eye movement artifacts: the corneo-retinal arti-

fact, resulting from the rotation of the eyeball, and the saccadic spike artifact, which

originates from the contraction of the extraocular muscles at saccade onset. Since

we investigated MEG signals during the execution of regular saccades it is especially

important to account for these artifacts. However, even during fixation periods eye

movements occur in form of microsaccades and related artifacts can distort the EEG

or MEG signal seriously (Carl et al., 2012, Yuval-Greenberg et al., 2008).

To clean the MEG signal from eye movement artifacts, while preserving all neu-

ronal activity, we performed a two-step process. First, corneo-retinal artifacts were

removed by linear regression based on the EOG. Second, we attenuated the sac-

cadic spike artifact and possibly remaining eye movement related artifacts using

ICA. Note that by applying these cleaning procedures throughout all analyzed data

periods, we did not only suppress the artifacts originating from regular saccades but

also those from microsaccades during fixation periods.

In order to remove corneo-retinal artifacts we used an EOG based linear regres-

sion technique (Croft and Barry, 2000b, Gratton et al., 1983, Schlögl et al., 2007).

To obtain the appropriate regression coe�cients, we recorded 3 min of voluntary eye

movements on a gray screen before and after the main experiment. These signals

were cleaned from non-saccadic artifacts, preprocessed, and then served to compute

the linear relation between the EOG sensors (7 EOG electrodes referenced against

an electrode at the nose, and reduced to 3 dimensions using principal component

analysis) and each MEG channel (cf. Schlögl et al., 2007). MEG data were then

cleaned by subtracting the weighted EOG signal.

EOG based regression without a radial component with posterior reference - al-

though otherwise superior in performance to regressions based on such a component

- performs weak in removing the saccadic spike artifact (cf. Plöchl et al., 2012).

Because ICA has been shown to be especially suited to attenuate the saccadic spike

artifact for EEG (Hassler et al., 2011, Hipp and Siegel, 2013, Keren et al., 2010a,
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Kovach et al., 2011, Plöchl et al., 2012), we subsequently applied ICA on the cleaned

data. ICA aims at finding a linear transformation of the sensor signal that separates

the putative underlying sources by maximizing their statistical independence. Be-

cause the number of sources that can be separated by ICA is limited to the number

of sensor channels, its performance for artifact suppression depends strongly on the

data selection used for computation: To better isolate the saccadic spike artifact

from the cerebral sources, it was proposed to augment it’s contribution to the over-

all variance of the signal by restricting the signal to the dominant spectral range

of the artifact (Kovach et al., 2011), selecting relevant data periods that emphasize

the artifact but still include all cerebral sources of interest (Keren et al., 2010a),

or including additional ’virtual’ channels that focus on the saccadic spike artifact

(Hassler et al., 2011).

A clear separation of eye movement artifacts from any other cortical signal related

to the saccade is especially important when studying the cortical signals of saccade

generation themselves. In the present study, we therefore maximized this separation

by combining approaches of the above-cited EEG studies to our ICA analysis.

In detail, we computed a two-step ICA separately for each subject using the

extended infomax algorithm (Lee et al., 1999). In order to remove saccadic spike

artifacts, we computed an ICA on the band limited data of 24� 160 Hz, a spectral

band that includes the characteristic spectral range of the saccadic spike artifact

(Carl et al., 2012, Jerbi et al., 2009, Keren et al., 2010a, Kovach et al., 2011). The

ICA was computed for each subject on the concatenated data of the trial periods

and additional perisaccadic time intervals of each trial (50 ms before and after the

saccade onset). Artifact components were selected based on visual inspection of

their topography, the spectral power and the single trial saccade related response

of the independent components (for the spatial distribution of the saccadic spike

artifact in MEG see Carl et al., 2012). To further reduce cardiac artifact compo-

nents and possibly remaining eye movement artifacts we rerun the ICA analysis on

the broadband cleaned signal including EOG channels normalized to the standard

deviation of the MEG channels. With this 2-step approach, we found on average

one saccadic spike component per subject and 1� 2 other artifactual components.
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4.2.10 Behavioral Analysis

For detection of regular saccades we employed a velocity threshold based algorithm

on the eye tracker data. If coupled with a minimum saccade duration criterion, this

algorithm has very few parameters and is accurate in the face of stereotypical eye

movements such as those analyzed here (Salvucci and Goldberg, 2000). Because the

optimal velocity threshold parameter depends on preprocessing and sampling of the

recorded data, as well as on saccade amplitudes, we defined the velocity threshold

in a data-driven approach. We adapted the thresholds manually for the saccade

amplitudes in our task (5� and 10�) so that saccades were detected while the number

of false positives was minimized. We achieved this by visual inspection of the data,

taking into account a priori knowledge on saccade timing. We defined periods as

regular saccades in which the eye movement velocity was higher than 26.9�/s for a

duration of at least 22.5 ms. Periods where the saccade velocity exceeded 67.1�/s

were defined as saccades irrespective of saccade duration. We combined all saccade

intervals that were less than 7.5 ms apart from each other into a single saccade

interval. All other periods were labeled fixations.

We aligned all trials either to the cue or to saccade onset. Precise alignment to

saccade onset relied on the EOG signal with higher temporal resolution than the

eye tracker signal.

The behavioral analysis revealed that subjects showed a considerable variability

in saccade onset and also initiated saccades before the ’go’ signal. To maximize

the number of trials for analysis and at the same time ensure su�cient data length

of the saccade planning and re-fixation period, we accepted trials with saccades

that were performed within a broad time window from 250 ms before to 450 ms

after the ’go’ signal. In a next step, we rejected all trials with incorrect saccade

orientation or amplitude. For saccade categorization we applied drift correction at

the fixation period before the cue onset (�300 ms to �100 ms) and ensured that the

subjects fixated the asterisk before saccade onset within a tolerance angle of 2.5�.

In the guided saccade condition saccade target was considered correct if the closest

location was the cued one, for free decision trials chosen saccade target was defined

as the closest of the 16 target points if it was maximally 2.5� away from it. Overall

we discarded 15.8 ± 9.2% (mean ± sd) of the trials because of faulty behavioral

performance.

For the decision contrast we had to modify the definition of valid trials. Neuronal
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signatures of free target selection can occur within the whole delay period since the

task does not impose an explicit constraint on when exactly to perform the decision

within the delay period. Consequently, for all decision related contrasts (free vs.

guided saccades, free or guided saccades vs. baseline respectively) we analyzed the

entire delay period of 1.2 s. For these analyses, we rejected all premature saccades

that were performed before the ’go’ signal. For 2 out of the 15 subjects less than

25% of the trials remained after rejecting these premature saccades. We excluded

these two subjects in the analyses of decision processes.

4.2.11 Spectral Analysis

We estimated spectral power using the multi-taper method based on discrete prolate

spheroidal (slepian) sequences (Mitra and Pesaran, 1999, Thomson, 1982). Spectral

estimates were computed across 19 logarithmically scaled equidistant frequencies

from 5.7 to 128 Hz (in 0.25 octave steps) and up to 34 points in time from �1.25 s

to 0.4 s for the saccade-aligned data (�0.05 s to 1.6 s for the cue-aligned data, 0.05

s steps). We adjusted the temporal and spectral smoothing using the multi-taper

method so that it matched approximately 250 ms and 3/4 octaves, respectively.

For frequencies � 16 Hz we used temporal windows of 250 ms and adjusted the

number of slepian tapers accordingly to the spectral smoothing of 3/4 octaves. For

frequencies < 16 Hz we adjusted the time window to yield a frequency smoothing

of 3/4 octaves with a single taper. To estimate signal power, we multiplied the

complex spectrum with its complex conjugate and averaged this across trials and

tapers. We characterized the power response relative to the pre-stimulus baseline at

54 ms before cue onset.

4.2.12 Source Analysis

Estimating the neural activity at the source level requires a physical forward model

or leadfield that describes the electromagnetic relations between sources and sensors.

To derive this physical relation we employed a single-shell volume conductor model

(Nolte, 2003). We computed two physical forward models for each subject that

di↵ered in spatial resolution and distribution of source locations. Sources of one

model covered the whole brain with a regular grid in MNI space of 1 cm resolution

resulting in 3648 sources. Sources of the second model were distributed with a
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spacing of 1 cm on a shell lying 1 cm beneath the skull (for a detailed description

of the source grid see Hipp et al., 2011). This model comprises only 400 source

locations and samples the source space more sparsely than the first model. However,

the second model still ensures homogeneous coverage across the cortex. To derive

the individual physical forward models for each subject, we a�ne transformed source

locations into individual head space using the participants’ individual T1-weighted

structural MRI and aligned the MEG sensors to the head geometry based on 3

fiducial points (nasion, left and right ear, defined in the MEG by 3 head localization

coils).

We used adaptive linear spatial filtering (beamforming ; Gross et al., 2001, Van Veen

et al., 1997) to estimate the amplitude of neural population signals at cortical source

level. In short, for each source location, three orthogonal linear filters (for the three

orientations at each source) were computed that pass activity from that location

with unit gain, while maximally suppressing activity from any other source. Sub-

sequently, the filters were linearly combined to a single filter that points to the

direction of the dominant dipole. For each experimental contrast (e.g., activation

versus baseline or left versus right saccades), we derived a separate filter estimation

from the real part of the cross-spectral-density matrix at each point in time and

frequency. To avoid a bias of the filter, we randomly choose trials to equalize the

trial number between the experimental contrasts at hand before computing the fil-

ter. To derive the complex source estimates, the complex frequency domain data

were then multiplied with the real-valued filter. To estimate power in source space

we multiplied the complex spectral estimate with its conjugate and averaged across

all trials and tapers.

For illustration of the sources we overlaid the functional data onto the structural

MRI of the segmented surface or cut surface of the colin27 MRI T1 average (Holmes

et al., 1998), masked non-significant values (see Section 4.2.14), and interpolated

the source data to 1 mm resolution. We express changes of spectral power either as

percentage change (relative to baseline), as contrast, or as z-scores (cf. Medendorp

et al., 2007).

4.2.13 Definition of Regions of Interest

We defined regions of interest (ROIs) based on coordinates of areas identified in an

fMRI study that examined cortical areas involved in saccade planning and execution
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in a similar delayed saccade task (Kagan et al., 2010). We adapted the selection and

labeling of ROIs to better suit the spatially coarser resolution of MEG. We defined

3 regions along the intraparietal sulcus: posterior intraparietal sulcus (pIPS; V7 in

Kagan et al., 2010), medial intraparietal sulcus (mIPS; union of areas IPS2 and

retIPS in Kagan et al., 2010), and anterior intraparietal sulcus (aIPS). The ROI for

the frontal eye fields (FEF) was defined as the union of lateral and medial frontal

eye fields (cf. Kagan et al., 2010). We further defined a ROI for the supplementary

eye fields (SEF) and the dorsolateral prefrontal cortex (dLPFC). Furthermore, we

created a ROI for the primary visual cortex (V1).

For defining the frontal and parietal ROIs we transformed Talairach coordinates

of ROI centers reported in Kagan et al. (2010) into MNI space using the transform

functions suggested by Lancaster et al. (2007) and identified nearest neighbors of

this MNI coordinate to the source location of the used leadfield (1 nearest neighbor

for the single shell leadfield and 7 nearest neighbors for the fine grained leadfield

covering the whole cortex). V1 was defined as all nearest neighbors of the source

locations of the used leadfield to the template of Brodman area 17 provided by

MRIcroN.

4.2.14 Statistical Analysis

For statistical testing of di↵erences in spectral power between conditions, we first

log-transformed the power values to render the distributions more normal. For

each subject, we then computed a 2-sided paired t-test of spectral power between

conditions for each source or ROI at each time and frequency window, transformed

t-values into z-scores, averaged across subjects, and multiplied with the square root

of the number of subjects to obtain a fixed-e↵ects measure of the significance for

each time-frequency-voxel volume.

In order to analyze spectral power signatures with little a priori restrictions

about cortical locations of interest or specific time or frequency windows we esti-

mated di↵erences in local neural population activity between conditions throughout

the cortex resolved in time and frequency. We investigated power di↵erences at 5

continuous frequency ranges corresponding approximately to the classical frequency

bands known from EEG and MEG (theta 5.7� 8 Hz, alpha 8� 16 Hz, beta 16� 32

Hz, low gamma 32 � 64 Hz, and high gamma 64 � 128 Hz) and time intervals of

100 ms length in 100 ms steps if not indicated otherwise. The high dimensional
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time-frequency-voxel space induces many separate statistical tests that reduce sen-

sitivity of statistical analysis when accounting for multiple comparisons. To adapt

the sensitivity of analysis to the e↵ect size of the experimental contrast at hand we

used two physical forward models di↵ering in their spatial distribution and num-

ber of sources (see Section 4.2.12) and employed two di↵erent methods for multiple

comparison correction across the whole time-frequency-voxel space. In this way, we

were able to investigate the cortical network of saccade related activity as detailed as

possible across the whole time, frequency, and cortical space while we still ensured

the necessary statistical power of the analysis.

Since the comparison of activation against baseline generally yields strong e↵ects,

we computed these power di↵erences on the more detailed regular source grid cover-

ing the whole cortex (3648 sources) and accounted for multiple comparisons across

the time-frequency-voxel space using FDR correction (Benjamini and Hochberg,

1995, Genovese et al., 2002) with q = 0.05.

For comparing the smaller signal di↵erences between free versus guided saccades

or between horizontal saccade directions we employed the forward model that covers

the cortex in a single shell at 1 cm below the skull’s surface comprising 400 sources or

an adapted subset thereof. We accounted for multiple comparison correction within

this 4 dimensional time-frequency-voxel space (2 dimensions for space because of

the planar geometry of the source grid) by a cluster based random permutation

approach. In particular, we identified bins in the time-frequency-voxel space whose

t-statistic exceeded a threshold corresponding to a significance level of p < 0.05,

resulting in a binary matrix with values of 1 for bins larger than the threshold.

For each time and frequency bin separately, we identified clusters in voxels of this

binary matrix that are linked through direct neighborhood relations (neighboring

voxels with 1). Such a cluster corresponds to a network of cortical regions with dif-

ferent spectral power between conditions that is continuous across space. For each

cluster, we defined its size as the integral of the statistical z-scores of the power

di↵erences between conditions across the volume of the cluster and tested its statis-

tical significance using a random permutation statistic: For each separate time and

frequency bin, we repeated the cluster identification 1000 times (starting with the

t-statistic between conditions) with shu✏ed condition labels to create an empirical

distribution of cluster sizes under the null-hypothesis of no di↵erence between condi-

tions. The null-distribution was constructed from the largest clusters (two-tailed) of

each resample across all time and frequency bins, therefore accounting for multiple
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comparisons across space, time, and frequency bins (Nichols and Holmes, 2002).

To further elucidate the spectro-temporal evolution of signal power at a finer

scale, we show time-frequency spectra at selected ROIs across all time-frequency

points computed in the source analysis (see Section 4.2.11). In order to visualize

the extent of important spectral changes in frequency bands and latencies, we mask

spectra statistically, using an uncorrected threshold at a significance level of p <

0.05. Direction specific neuronal activity for saccades to the left and the right

can be assumed to be largely mirror symmetric and lateralized to the contralateral

hemisphere. Therefore, we combined data for the direction specific contrast by

subtracting power of right from left homologous ROIs and dividing this by 2. In

order to illustrate the directional specificity for free and guided saccades separately,

we computed the Michelson contrast: We subtracted average of left from average

of right saccades divided by the mean sum of the power of both conditions and

subsequently averaged mirrored left and right ROIs. For all other investigations,

where lateralization of direction independent saccade related activity was weak, we

averaged homologous ROIs in the two hemispheres.

4.3 Results

We investigated neuronal activity related to human saccade target selection, plan-

ning, and execution by measuring MEG and gaze position in a delayed saccade

task (see Figure 4.1). In each experimental trial, subjects either performed a cued

saccade to one of 16 targets or were free to choose a target. First, we studied gen-

eral signatures of saccade planning and execution. Then, by contrasting free and

guided saccades we di↵erentiated voluntary action selection processes from saccade

preparation.

4.3.1 Oscillatory Signatures during Saccade Planning and

Execution

We pooled data of guided and free saccades across all directions and amplitudes,

to investigate changes in local population activity relative to a pre-cue baseline

reflecting processes of saccade planning and execution. In particular, we analyzed

changes in spectral power of saccade-aligned signals in 6 time windows ranging from
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600 ms before to 400 ms after saccade onset and in 5 frequency bands from the theta

to the high gamma range (Figure 4.2).

We found sustained and spatially widespread changes in spectral power during

saccade planning and execution in fronto-parietal areas (t-test, p < 0.05, FDR

corrected for number of sources, time, and frequency windows, n = 3648 ⇥ 6 ⇥ 5).

During the delay period, before saccade execution, we identified a sustained increase

in high gamma power (64 � 128 Hz) in posterior and medial parietal areas along

the intraparietal sulcus and precuneus. Shortly before the upcoming saccade the

activity extended to anterior regions of intraparietal sulcus and to the frontal and

supplementary eye fields. Following the saccade, gamma power further increased

in posterior and medial parietal areas. In the beta frequency range (16 � 32 Hz),

spectral power was reduced around superior portions of the parietal cortex during the

delay period. Shortly before saccade execution the decrease in beta power extended

to frontal regions around the frontal eye fields and the supramarginal gyrus, where

it persisted during re-fixation. After saccade execution, also power in the alpha

frequency band (8�16 Hz window) reduced in posterior portions of the parietal and

occipital cortex. After saccade onset a transient broadband spectral power increase

(all frequency windows up to 64 Hz) originated from early visual areas.

To resolve the time courses and bandwidth of the observed spectral power changes,

we computed time-frequency spectrograms with a high resolution for selected ROIs

of the fronto-parietal saccade related network (see Section 4.2, Figure 4.3). Increases

in the gamma band in the fronto-parietal regions (FEF, aIPS, mIPS, and pIPS) were

sustained throughout the delay period (from time t = �600 to 0 ms) and ranged

from 45 to 128 Hz. Increases intensified after saccade onset in all these ROIs and

persisted in parietal ROIs and early visual cortex (V1) during the whole re-fixation

period that was analyzed (up to 400 ms after saccade onset). The decrease in beta

power, strongest at 16 to 23 Hz, was sustained in parietal ROIs (mIPS, pIPS, and

aIPS) throughout the analysis window (starting 600 ms before saccade onset) and

appeared in frontal regions (FEF and SEF) approximately 300 ms before the sac-

cade. pIPS and V1 showed strong spectral changes during re-fixation: The transient

broadband increase with a peak around 32 Hz approximately 100 ms after saccade

onset was followed 50 ms later by a decrease in intermediate frequency range at

8� 23 Hz. Power in the low frequency range of theta below 8 Hz was increased and

probably reflected visual evoked event related responses.

In summary, these results revealed a dichotomy of oscillatory activity, with in-
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Figure 4.3: Spectral power changes during saccade planning and execution
in selected ROIs. A. Circled areas specify the spatial location of each ROI on the
inflated template brain (dLPFC: dorsal lateral prefrontal cortex; SEF: putative human
homologue of supplementary eye fields; FEF: putative human homologue of lateral and
medial frontal eye fields; aIPS, mIPS, pIPS: anterior, medial and posterior intraparietal
sulcus; V1: primary visual cortex). B. Relative spectral power changes of saccade-aligned
data (saccade onset at time t = 0 ms, dotted line) for the ROIs relative to baseline (54
ms before cue onset). Data are pooled across homologous areas in the two hemispheres.
Unmasked regions denote significant di↵erence from zero (t-test, p < 0.05, uncorrected for
multiple comparisons).

creases of high frequency (gamma) activity and decreases of low frequency (beta)

activity that was associated with delayed saccades in a widespread fronto-parietal

network. Furthermore, visual areas were characterized by strong and broadband

power changes during and after saccade execution.

4.3.2 Oscillatory Signatures of Saccade Target Selection

Next, we investigated oscillatory activity specifically related to the selection of sac-

cade targets. To this end, we contrasted spectral power between free and guided

saccade trials. The reasoning was that, in guided trials, the spatial cue immediately

leads to the selection of a specific motor plan while in free saccade trials subjects

were required to choose between 16 possible targets. Consequently, early cue-related

activity should capture the instructed selection of a specific motor action in guided
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trials, while we expected a prolonged signature of the action selection process for

free trials.

Therefore, we analyzed power di↵erences between free and guided trials for cue

(Figure 4.4A) as well as saccade-aligned data (Figure 4.4B) across the whole delay

phase in 10 time windows starting 50 ms before cue onset until 400 ms after the go

signal for the cue-aligned data (time windows for saccade-aligned data were chosen

equivalently, we only show a relevant subset from both alignments).

In response to the cue, we found more gamma (64 � 128 Hz) and theta power

(5.7�8 Hz) in occipital and posterior parietal cortex for guided compared to free sac-

cade trials (cluster based random permutation test, p < 0.05, corrected for multiple

comparisons of number of sources, time, and frequency windows, n = 400⇥ 10⇥ 5,

Figure 4.4A). In the delay phase before saccade initiation until re-fixation (from 600

ms before to 200 ms after saccade onset) high gamma power was stronger in a fronto-

parietal network when freely choosing saccade targets compared to guided saccade

trials (cluster based random permutation test, p < 0.05, corrected for multiple com-

parisons of number of sources, time, and frequency windows, n = 400 ⇥ 10 ⇥ 5,

Figure 4.4B). This network comprised frontal and supplementary eye fields as well

as parietal areas around precuneus and along the intraparietal sulcus from its me-

dial to posterior parts. For lower frequencies in the alpha and beta frequency range

(8�16 Hz and 16�32 Hz) we found a significant reduction of power during the delay

period in widespread regions of posterior parietal cortex for free saccades compared

to guided saccades. During execution and re-fixation this reduction was strongest

at infero-temporal areas.

To understand the origin of the di↵erences between free and guided saccades we

analyzed power changes relative to pre-cue baseline separately for both conditions

at several locations within the fronto-parietal network (Figure 4.5). The analysis re-

vealed that the di↵erence in gamma power in the fronto-parietal network during the

delay interval before saccade onset (starting approximately 600 ms before saccade

onset) was caused by an increase in free saccade trials relative to baseline rather

than a decrease in guided saccade trials. The decrease in alpha and beta power

relative to pre-cue baseline appeared to be stronger in the free saccade compared to

the guided saccade condition.

These findings suggest sustained increased gamma power accompanied by de-

creased alpha to beta power in a fronto-parietal network during the delay reflecting

the selection between di↵erent possible motor plans in free saccade trials. However,
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Figure 4.5: Spectral power changes for free and guided saccades
in fronto-parietal ROIs. A. Power changes relative to baseline (54 ms
before cue onset) of guided (upper row) and free (lower row) saccades
during saccade planning, saccade execution, and re-fixation in FEF, SEF,
mIPS and pIPS averaged over both hemispheres. Data are aligned to cue
onset (t = 0 ms, dotted line) for the left part of the spectrogram and to
saccade onset (t = 0 ms, dotted line) for the right part of the spectrogram.
Power changes are represented as statistical z-values, unmasked regions
show significant di↵erences from zero (t-test, p < 0.05, uncorrected for
multiple comparisons). B. ROIs.

a possible alternative explanation may be di↵erences in saccade statistics between

free and guided saccades. To test for this possible confound, we compared saccade

metrics between conditions. A 1-way ANOVA of frequency of choice of the 16 targets

across subjects showed no significant e↵ect of preferred target selection (F = 1.3;

p = 0.2053). Also, the di↵erence in target frequencies between free and guided sac-

cades showed no significant preference of any saccade target (F = 1.33; p = 0.1865),

suggesting that observed selection specific di↵erences in power are independent of

saccade metrics.

4.3.3 Encoding of Saccade Direction

In the above analysis, we pooled the data for saccades to di↵erent spatial locations.

This identifies processes involved in selection, planning, and execution of saccades

independent of the saccade metrics. Despite its limited spatial resolution, hemi-

spheric specificity to the left and right visual hemifields is accessible with MEG.

In order to study neuronal processes encoding saccade metrics, we exploited this
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property and compared the di↵erence in neuronal activity between left and right

hemispheres for trials of left- and rightwards saccades closest to the midline of the

monitor. We restricted the analysis to fronto-parietal and visual sources that we

found to be related to saccade preparation (Figure 4.6A, cf. Figure 4.2). We aver-

aged hemispheres by mirroring homologous sources across the midline (cf. Statistical

analysis in Methods). We pooled free and guided saccades and analyzed spectral

power of the di↵erence between left and right saccades at 3 time windows. These

separated the delay phase from 600 ms to 100 ms before saccade onset from the

saccade execution at time t = 0 ms and re-fixation from 100 ms to 400 ms after

saccade onset. We employed cluster based random permutation tests (p < 0.05, cor-

rected for multiple comparisons of number of sources, time, and frequency windows,

n = 95⇥ 3⇥ 5, Figure 4.6A).

During preparation of saccades, we found significantly stronger power in the

low gamma frequency range (32� 64 Hz window) for sites in pIPS contralateral to

saccade direction. During re-fixation low gamma power was stronger contralateral

to saccade direction at extrastriate regions around the junctions of lateral occipital

sulcus and inferior temporal sulcus and around pIPS. During saccade execution

we did not find significant lateralization e↵ects in the gamma range. Power in

all lower frequency windows (theta 5.7 � 8 Hz, alpha 8 � 16 Hz, beta 16 � 31 Hz)

was significantly lower at the contralateral compared to the ipsilateral site of saccade

direction during delay, execution, and re-fixation at extended regions of the posterior

cortex. This di↵erence was largest in the alpha range around pIPS during delay and

at extrastriate areas at the junctions of lateral occipital sulcus and inferior temporal

sulcus during re-fixation.

To resolve the time courses and bandwidth of the observed di↵erences in spectral

power, we computed a time-frequency spectrogram with a high resolution for pIPS

(Figure 4.6B). The lateralized change in gamma power extended into higher gamma

frequencies above 64 Hz.

In a next step we investigated if the identified saccade-metric specific signatures

in pIPS di↵ered between guided and free saccades (Figure 4.6C). There was a signif-

icant di↵erence in alpha power between hemifields contra- and ipsilateral to saccade

direction for free as well as guided saccade trials during delay and saccade execu-

tion. This saccade direction specific e↵ect was stronger for guided than free saccades

during the delay period (t-test, p < 0.05, FDR corrected for conditions, time, and

frequency windows, n = 3⇥3⇥2). Only guided saccades showed significant stronger
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Figure 4.6: Lateralized spectral signatures for horizontal saccades. A. Di↵er-
ences in spectral power between contralateral and ipsilateral sites of saccade direction for
horizontal saccades pooled over free and guided condition (contralateral � ipsilateral).
Statistical comparisons were restricted to 95 source locations in frontal, parietal and occip-
ital areas (indicated by purple dots in the upper left). Di↵erence from zero was statistically
assessed by a cluster based random permutation test correcting for multiple comparisons
of number of voxels, time windows, and frequency windows (p < 0.05). Functional maps
are masked by the extent of the identified clusters and illustrated on a 3D cortical slice. B.
Time-frequency resolved di↵erences in spectral power for contralateral versus ipsilateral
parts of pIPS for horizontal saccades. The plot depicts statistically masked z-scores (t-
test, p < 0.05, uncorrected for multiple comparisons). C. Di↵erentiation of lateralization
e↵ects for free and guided saccades in selected frequency bands (alpha and low gamma)
in pIPS. Lateralization is shown as the average contrast of spectral power of contra ver-
sus ipsilateral parts of pIPS (mean over subjects ± sem) for free (light gray bars) and
guided (dark gray bars) saccades separately. Lateralization was tested against zero for
both saccade types separately as well as for the di↵erence between both conditions (t-test,
⇤ : p < 0.05, FDR corrected).

gamma power in contralateral versus ipsilateral sites of the pIPS in the delay period.

In summary, horizontal saccade direction was reflected in lateralized power changes

in low gamma and alpha around the posterior parietal cortex. These lateralization

e↵ects were strongest during the delay period and stronger for guided trials.
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4.4 Discussion

The goal of this study was to shed light on the spatiotemporal dynamics of action

selection. To this end, we investigated the neuronal signatures of preparation, execu-

tion, and target selection for freely chosen and visually guided saccades. We found

a fronto-parietal network exhibiting sustained power changes within gamma and

alpha to beta frequency bands that reflect the process of action selection between

competing alternatives.

In the first analysis combining free and guided saccades we identified significant

changes of local oscillatory population activity related to general saccade planning

and execution. Specifically, we identified a fronto-parietal network including the

intraparietal sulcus, the frontal and supplementary eye fields, as well as visual ar-

eas that exhibited an antagonistic signature of increased gamma band activity and

suppressed beta band activity. These findings are in line with previous electrophysio-

logical studies on sensorimotor transformations of guided saccades (Gregoriou et al.,

2012, Hinkley et al., 2011, Lachaux et al., 2006, Medendorp et al., 2007, Pesaran

et al., 2002).

The neuronal activity we found for the combined analysis of free and guided sac-

cades likely reflects di↵erent concurrently active processes including motor prepa-

ration, action selection, spatial attention, and working memory operations that are

part of an integrated process towards goal-oriented behavior. In order to unravel

the mechanisms specific for action selection, we compared the neuronal activity for

instructed action (guided saccades) with action selection between competing behav-

ioral alternatives (free saccades). Guided saccade trials exhibited a stronger fast and

transient gamma band response to the instructional cue than free saccade trials in

extrastriate and posterior parietal cortex. In contrast, freely selecting saccade tar-

gets between equally valuable alternatives was associated with subsequent sustained

enhancements of fronto-parietal gamma power during the late preparation phase of

the saccade.

Activity in the gamma frequency range is thought to reflect local excitatory-

inhibitory interactions and can be regarded as a signature of enhanced cortical pro-

cessing (Bartos et al., 2007, Cardin et al., 2009, Donner and Siegel, 2011, Fries,

2009, Hasenstaub et al., 2005). In this context, the fast transient and late persistent

increases in gamma band in the contrast of guided and free saccades may reflect
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two distinct cortical processes associated with di↵erent aspects of action selection:

While stronger gamma power for guided saccades directly after the cue may reflect

fast selection of the one, cued action, the protracted increase of gamma band activ-

ity in free choice trials might reflect action selection between competing alternatives

with equal rewarding outcomes that only evolves over time (cf. Cisek and Kalaska,

2010). In particular, the sustained nature of the free selection specific enhance-

ment of gamma power in combination with its localization in areas of sensorimotor

transformation provides supporting evidence for the assumption that the selection

of actions emerges in a distributed way through mutual competition between neural

representations of parallel evolving motor plans (Cisek and Kalaska, 2005, Coulthard

et al., 2008, Cui and Andersen, 2007, Oliveira et al., 2010, Pastor-Bernier and Cisek,

2011, Pastor-Bernier et al., 2012, Platt and Glimcher, 1999, Shadlen and Newsome,

2001). Integrated models of action selection claim that this form of decision making

is a general mechanism for all decisions resulting in a movement (Cisek, 2006, 2007,

Cisek and Kalaska, 2010, Shadlen et al., 2008).

How is this mutual competition between di↵erent action plans realized within

the sensorimotor areas? Physiological measurements of single neuron activity in

parietal cortex suggest that competition between multiple actions is encoded as

relative rate code, reflecting the number of available options and the subjective

desirability of each action alternative (Dorris and Glimcher, 2004, Klaes et al., 2012,

Sugrue et al., 2004). On the population level, we observed a global enhancement

of gamma power in fronto-parietal association cortex associated with the presence

of multiple action alternatives. Our observations suggest that in addition to spike

rates, precise timing – reflected in synchronization – plays a role in the competition

between cell assemblies representing di↵erent available action alternatives.

Because all choices in the free saccade trials were behaviorally equally valuable

in our experiment, subjects were free to choose and had to motivate their choice

internally. Interpreting this as a form of voluntary choice, our findings corroborate

studies that have attributed aspects of voluntariness of action selection to the fronto-

parietal network. Human fMRI, TMS, and lesion studies suggested that parietal

and premotor areas are involved in the process of voluntary or free action selection

(Beudel and de Jong, 2009, Milea et al., 2007, Oliveira et al., 2010, Soon et al., 2008).

Furthermore, the fronto-parietal network was proposed to specifically implement the

choice of an action when maximally competing alternatives are present (de Jong,

2011, Haggard, 2008, Kable and Glimcher, 2009). This assumption is supported by
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electrophysiological studies in non-human primates that found single unit activity

in lateral intraparietal area and oscillatory coupling between premotor and parietal

areas representing the specific outcome of a chosen movement amongst competing

alternatives (Gold and Shadlen, 2007, Pesaran et al., 2008). Our findings of enhanced

fronto-parietal gamma activity during saccade target selection provides evidence for

a similar choice network in humans and suggests an important role of oscillatory

activity for implementing voluntary action selection.

Various cerebral structures have been associated with the origin of voluntary

decisions. While e.g. Bode et al. (2012), Soon et al. (2008) suggested that frontopo-

lar cortex implements the initial step in generating decisions, other evidence points

to medial frontal cortex as a key player in intentional action selection in humans

(Cunnington et al., 2002, Fried et al., 2011, Libet et al., 1983, Rowe et al., 2010).

If voluntary decision is a cooperative distributed process (Cisek, 2012, Cisek and

Kalaska, 2010), the question where a decision first originates from is less relevant.

We do not exclude that other structures like medial frontal cortex including the sup-

plementary eye fields might modulate the here identified fronto-parietal structures

in order to mediate saccade target selection (cf. Coe et al., 2002). Instead, we as-

sume that decisions might be implemented in a network of concurrently active brain

areas operating in a parallel manner (Ledberg et al., 2007). We found sustained and

concurrent fronto-parietal oscillatory activity associated with free action selection

supporting the model of decision formation emerging from a network of distributed

brain areas.

An important question is to what degree attentional mechanisms might con-

tribute to the selection specific di↵erences in gamma power between free and guided

saccades. Since spatial orienting implicates spatial attention, choosing spatial sac-

cade targets is correlated to some degree with attentional shifts (cf. Andersen and

Cui, 2009), and there is good evidence that overt orienting and covert attention are

mediated partly by the same networks (Corbetta et al., 1998, Kustov and Robinson,

1996, Rizzolatti et al., 1987). Therefore, all selection specific e↵ects observed here are

likely to include attentional contributions. We understand decision towards action

as an emergent phenomenon that is necessarily composed of several sub-functions.

If intention and attention signals are part of a common process of action selection,

dissociating attentional and decision processes might even be misleading. In line

with this argument, Bisley and Goldberg (2010) proposed the concept of priority

maps that highlight behavioral salient information to bias sensorimotor systems for
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appropriate action selections. The lateral intraparietal area was suggested as a neu-

ral substrate of such a priority map in monkeys. Our data support the hypothesis

of a similar priority map in humans (cf. also Jerde et al., 2012).

In addition to the selection specific changes in gamma power, we found that

power was reduced within alpha and beta band during free saccade target selection

compared to guided saccade trials. These lower frequency changes spatially over-

lapped with the changes in the gamma band but were more widespread. Beta band

activity has been related to signaling the status quo of sensorimotor or cognitive

states (Engel and Fries, 2010). Its suppression has been associated with general

motor preparation and reflects the formation of a decision as a preparatory motor

signal based on the integrated evidence in perceptual decisions (Donner et al., 2009,

Wyart et al., 2012). Oscillations in the alpha band have been implicated in a gating

mechanism that inhibits task irrelevant areas and by release of inhibition enhances

the general excitability of task relevant areas (Jensen and Mazaheri, 2010, Klimesch

et al., 2007), a mechanism often associated with spatial attentional allocation (Siegel

et al., 2008, Thut et al., 2006, Wyart and Tallon-Baudry, 2008). In our data, e↵ects

in the alpha and beta frequency bands are not clearly separable. The observed re-

duction in these frequency ranges during action selection trials may therefore reflect

engagement in movement preparation for multiple actions plans as well as stronger

attentional load, or a combination of both e↵ects.

To further pinpoint the functional role of the spectral signatures of saccade target

selection we investigated their directional specificity. In line with previous reports on

guided saccades (Buchholz et al., 2011, Medendorp et al., 2007, Van Der Werf et al.,

2013, 2008, 2010), we found lateralized gamma band activity in pIPS and lateralized

alpha modulations in posterior parietal cortex. However, directional specificity in

pIPS was much less pronounced for free compared to guided saccades. A possible

explanation is that lateralization e↵ects gradually build up with the evolvement of a

decision for the free saccade trials, resulting in overall weaker spectral lateralization.

Further studies are needed to elaborate on the direction specific dynamics of the

selection process in presence of competing alternatives.

In conclusion, our data show that action selection for instructed behavior disso-

ciates from internally motivated action selection in spatiotemporal dynamics, with

fast transient gamma band responses for instructed and later sustained gamma band

activity for freely selected saccades in a fronto-parietal network. These spectro-

temporal characteristics strongly suggest an integrated and parallelized process of
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action selection when selection between competing movements is required.
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5
General Discussion

In this thesis, we have provided crucial groundwork for studying active vision in

EEG/MEG. In contrast to previous concerns raised in the literature, we have demon-

strated that EOG regression for CRP removal is not especially susceptible to remov-

ing neural activity in MEG (Study 1). By providing a detailed spectral and topo-

graphic characterization of the saccadic spike artifact in MEG (Study 2), we have

shown that the saccadic spike artifact indeed a↵ects MEG recordings for regular and

miniature saccades. Both studies were prerequisites to later unravel cortical mecha-

nisms during eye movements in MEG. In particular, knowledge on the topographic

distribution of the SF and the insight that source reconstruction aids in reducing

artifactual confounds enabled us to establish a procedure for ocular artifact han-

dling. This procedure combined EOG regression as well as an ICA tailored to SF

removal with an analysis in source space. Applying this approach, we have revealed

cortical signatures of eye movement control and voluntary saccade selection in MEG

(Study 3). More specifically, we found saccade related areas showing a dichotomy of

oscillatory activity with high gamma band increases and beta band deceases during

saccade planning and execution. Within a network comprising fronto-parietal areas,

we could disentangle a fast process of stronger transient gamma band activity in

response to the sensory cue for guided saccades from a later sustained increase in

gamma band activity associated with selecting a saccade target among competing

behavioral alternatives.

Here, we would like to discuss the impact and limitations of the presented studies
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and provide an outlook on future work addressing fundamental principles of active

vision.

Results from Study 1 and 2 support that we have found a suitable procedure for

separating artifactual from cortical components related to saccades. Still, it might

be desirable to systematically compare performance of the applied approach of arti-

fact removal to a one-time ICA of the broadband MEG/EEG signal, as it has been

suggested by Plöchl et al. (2012) for removing all ocular artifacts in EEG. In case of

comparable performance, such a procedure would be preferable given its simplicity

and the fact, that this is currently the most common way for removing ocular ar-

tifacts with ICA. However, although we did not statistically compare performance

of approaches, our unpublished observations indicate an inferior performance of an

ICA on the broadband data at least for the removal of the SF in MEG: For the

majority of subjects, the algorithm applied to the broadband MEG data was not

able to separate any SF component and hence could not clean the data from this

artifact for these subjects.

Furthermore, we focused on cleaning saccade related artifacts with our cleaning

procedure and rejected periods containing blinks before artifact cleaning with EOG

regression and ICA. Since blink occurrence can correlate with cognitive factors, re-

jecting these periods can induce systematic confounds in the experimental data (Oh

et al., 2012, Siegle et al., 2008, Smilek et al., 2010). Consequently, especially when

investigating unrestricted viewing behavior, where subjects are not instructed to re-

frain from blinking during experimental trials, an ocular artifact cleaning procedure

should address the removal of the blinks as well.

Separation between artifacts and cortical correlates of eye movements is hard

to validate and potentially incomplete. Therefore, it is important to have a good

knowledge about the characteristics of the artifacts as well as about the cortical

components of gaze control in order to proceed towards neural correlates of un-

restricted viewing behavior. This thesis provides contributions in both directions.

Apart from characterizing the saccadic spike in MEG, we have shown in Study 3

that eye movement related neuronal signals include spectrally specific changes in

power especially in fronto-parietal and visual areas.

Real-world behavior does not only imply frequent and regular eye movements

but also continuously imposes the need to select actions from many behavioral al-

ternatives. In order to focus on internal selection mechanisms independent from

direct sensory or value guidance, we contrasted spectral power of sensory-guided
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saccades with saccades where a target could be freely chosen out of 16 equally valu-

able behavioral alternatives. Such a contrast might include confounding di↵erences

between conditions apart from the action selection specific processes we discussed

in Section 4.4.

First, guided saccade trials were indicated to the subjects by an isoluminant

but nevertheless di↵erent sensory cue compared to the free target selection trials.

This di↵erence between sensory cues may have, in principle, induced a stronger

sensory response directly after cue presentation for the guided saccade condition.

However, evidence from monkey literature questions that a response such as the

strong transient gamma band increase after cue presentation is purely sensory driven,

especially since even salient but overtly ignored stimuli do not elicit a strong neuronal

response in parietal areas (Ipata et al., 2006, for a discussion see Andersen and Cui,

2009). In addition, an MEG study in humans has suggested that only luminance

but not isoluminant color contrasts cause gamma band responses in primary visual

cortex (Adjamian et al., 2008). These findings support our assumption that the

stronger transient response of guided compared to free saccades is likely not only

driven by di↵erent sensory stimulation but might also relate to processes of sensory-

guided saccade target selection.

Second, free and guided saccade trials might di↵erentially engage working mem-

ory: In particular, maintaining the spatial cueing in memory in the guided condition

might specifically engage working memory for this condition. Indeed, the spatial

and spectral appearance of the transient cortical response to cue presentation with

stronger theta and gamma band activity for guided saccade trials is compatible with

neural signatures of working memory (cf. Jensen et al., 2007, for a review on spec-

tral signatures of working memory). Also, persistent activity during the delay in

memory-guided delayed saccade tasks in distributed regions including parietal ar-

eas has often been attributed to working memory engagement (Brignani et al., 2010,

Curtis, 2006, Pesaran et al., 2002, Raabe et al., 2013). However, the transient nature

of the stronger response for guided saccade trials argues against ascribing this e↵ect

to working memory processes, since a characteristic feature of working memory is

the persistent activity throughout the memory period (cf. Curtis and Lee, 2010).

Third, neural correlates of voluntary decisions are also susceptible to be mixed

with supposedly distinct mental functions like memory processes or attentional allo-

cation (we addressed the latter confound in Section 4.4). More specifically, saccade

selection might have been guided by strategies exploiting target selection history.
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Such a strategy of selection would activate processes involved in recalling past target

selections with the onset of the cue presentation. Consequently, the gamma band

increases we attributed to competitive selection mechanisms during free saccade tar-

get trials might - to an extent - be attributed to neural processes associated with

recall or working memory.

The concern that voluntary actions are often associated with processes of action-

monitoring like response inhibition of the last action taken has been raised by a num-

ber of studies (e.g., Baddeley et al., 1998, Haggard, 2008, Jahanshahi and Dirnberger,

1999, Rowe et al., 2010, Silvis and Van der Stigchel, 2013, Zhang et al., 2012). One

line of research (Rowe et al., 2010, Zhang et al., 2012) suggests that higher BOLD

responses in fronto-parietal areas when contrasting free and guided button presses

may be related to processing response history. In particular, the authors suggested

that activations in inferior frontal cortex (Zhang et al., 2012) and lateral prefrontal

cortex (Rowe et al., 2010) were specific for action monitoring of previous selections.

In contrast to these activations, the medial frontal cortex was specifically engaged in

the process of a selection competition between equally rewarding actions. However,

the regions Zhang et al. (2012) and Rowe et al. (2010) report are not consistent

across studies. In addition, the decision tasks presented in these studies di↵er in

e↵ector and decision type from the task presented in this thesis (choice of finger for

button press versus selection of saccade target). As a consequence, the results of

Zhang et al. (2012) and Rowe et al. (2010) are not directly transferable to our work.

Nevertheless, the large di↵erence in BOLD activation pattern Rowe and colleagues

found when controlling for action monitoring e↵ects suggests that it is advisable to

investigate such possible confounds when contrasting free and guided conditions in

future studies.

The discussion about possible confounds related to memory processes or atten-

tion when measuring voluntary selection processes is based on the assumption that

the brain is largely organized in a modular fashion where these mental processes

are assumed to be clearly distinct from one another on the neural level. However,

from an embodied perspective, these mental processes might be interdependent,

and their separation on the functional and neural level might be an oversimplifying

assumption (cf. Cisek and Kalaska, 2010). If this is the case, the ongoing discus-

sion about the di↵erentiation of the functional role of persistent activity that has

been related to working memory, decision processes, or anticipation of future motor

plans would be more readily explainable (for a review see Curtis and Lee, 2010).
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For fronto-parietal areas, evidence points against a functionally clear di↵erentiation

between subsumed distinct processes of (saccade) motor planning, action selection,

attentional allocation, and working memory (Cisek and Kalaska, 2005, Jerde et al.,

2012). Rather than delimiting a specific mental function by clever experimental

design, an embodied approach would instead inquire what neural activities are re-

lated to a specific ecologically valid task context, in our case the selection of saccade

targets. If working memory and action monitoring processes are indeed an integral

part in selecting saccade targets in the real world, then these processes are of consid-

erable interest for understanding decision processes in free viewing behavior rather

than being mere confounds.

In any case, working memory and action monitoring processes should be consid-

ered in future studies of saccade target selection, and we should be careful about

naming a mental function if it might actually be a mix of di↵erent interacting pro-

cesses. Of course, if neural activities related to action monitoring are the mere

result of the specific experimental design with its trial structure and task instruc-

tion, this is clearly a confound that we have to control for and should address in

future investigations. For estimating the extent of action monitoring and working

memory processes in the employed experimental paradigm, we should – as a first

step – investigate if a strategy based on previous saccade selections has indeed been

employed. This could be revealed by searching for systematic correlations between

each actual selected target with saccade target history.

Another possible confound for the selection related signatures we identified is the

timing of internal decisions. Although participants were instructed to select a target

as soon as the spatial cue indicated a free selection, the decision for a specific saccade

target could have been made anytime within the delay period. This might lead to

a temporal jitter in decision formation over the trials that is absent in the guided

condition, thus contributing to the observed pattern of immediate and transient

increase in gamma band power for guided but sustained and delayed increase for

free saccades. If this is indeed the case, the observed conditional e↵ect might reflect

a condition specific di↵erent timing of, for example, spatial orienting (cf. Jerde

et al., 2012) rather than reflect di↵erential processes related to sensory-guided and

free action selection.

It is questionable if such temporal jitter between trials in selecting a motor

plan for free saccades would indeed yield a fronto-parietal gamma band increase

that is sustained throughout the delay and seems to strengthen towards saccade
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execution in frontal and supplementary eye fields (see Section 4.3.2). Also, the

spatial distributions of the transient and sustained gamma band signatures do not

completely match, thus making temporal jitter unlikely to be the sole source of such

a di↵erentiation between free and guided saccade selection. However, in order to

clearly disentangle both processes, further investigations are needed. Studies that

have opted for precisely estimating the timing of internal decisions (Soon et al.,

2008) require highly artificial experimental designs. Alternatively, assuming that

the timing of decisions is associated with saccade latencies, a comparison of saccade

latencies within and between conditions might clarify if decision trials show stronger

temporal jitter (cf. Pesaran et al., 2008). Ideally, one could try to identify the latency

of gamma power increases on single trial level and correlate this with saccade reaction

time.

As we mentioned in Section 1.2, it has been suggested that embodied cognition

might arise by distributed processes mediated by large-scale frequency specific cor-

relations (Engel, 2010, cf. Siegel et al., 2012, for a review on large-scale oscillatory

interactions). In this thesis we did not directly analyze large-scale oscillatory in-

teractions, rather we have presented changes in local oscillatory population activity

that were distributed over mainly fronto-parietal and extrastriate areas. Especially

for the gamma band, increases in local power are supposed to reflect local excitatory-

inhibitory interactions and can be regarded as a signature of enhanced local cortical

processing (Bartos et al., 2007, Cardin et al., 2009, Donner and Siegel, 2011, Fries,

2009, Hasenstaub et al., 2005). These local oscillatory dynamics likely form an basis

for large-scale frequency specific correlations although local power changes and os-

cillatory large-scale interactions can be dissociated (as reviewed in Fries, 2009, Siegel

et al., 2012). As a consequence, we can only suspect that the fronto-parietal activ-

ity we observed during free action selection is associated with large-scale oscillatory

interactions establishing a fronto-parietal choice circuit.

Evidence for oscillatory long-range interactions between dorsal premotor area

and parietal reach region associated with free decision of reach sequences originates

from a non-human primate study (Pesaran et al., 2008). In that study, coherent os-

cillations in the beta frequency range were attributed to mediate selection between

competitive movement goals with the dorsal premotor area being the driving force.

In contrast to the sustained gamma signature we found, Pesaran et al. report an

increase in coherence as transient activity appearing early after target presentation.

Irrespective of these di↵erences, their results suggest that a tight communication,
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established by oscillatory couplings between fronto-parietal areas, arises during com-

petitive action selection and that these large-scale couplings might be important also

for competitive saccadic target selection. Frequency specific oscillatory couplings

between frontal and parietal eye fields and along the dorsal visual pathway during

spatially guided orienting further highlight the possible role of oscillations in setting

up a functional pathway for communication between these distant areas (Buschman

and Miller, 2007, Gregoriou et al., 2009, Siegel et al., 2008). Along these lines there

is evidence for task-dependent top-down modulations of local gamma band oscilla-

tions in LIP by microstimulation in the frontal eye fields in a delayed saccade task

(Premereur et al., 2012).

These observations suggest that oscillatory processes establish distributed fronto-

parietal circuits mediating visually guided behavior. Consequently, investigating the

role of large-scale frequency couplings of such presumed fronto-parietal interactions

specific for saccadic action selection could be a promising subject of future stud-

ies. Recent publications have presented various approaches that enable researchers

to uncover such large-scale oscillatory networks from EEG/MEG measurements in

humans (e.g., Hipp et al., 2011, 2012).

The experimental setup we have presented in this thesis is still restricting free

viewing behavior in many ways. First, we did not allow subjects to freely look at

every aspect of the scene at any point in time. Such free viewing experiments have

only rarely been performed in EEG/MEG. Some studies restricted their analysis

of free viewing behavior on e↵ects related to fixation after each eye movement:

Ossandón et al. (2010) revealed a superposition of ongoing oscillations and visually

evoked responses at fixation onset in occipital areas. Kamienkowski et al. (2012)

found that fixation related potentials indicate an interaction of visual responses and

eye movements. These fixation locked analyses are one way to study free viewing

behavior, and their results encourage proceeding into this direction.

Second, we have focused on internal selection mechanisms since, next to stimulus-

guided behavior, internal motivations or expectations are an important part of real-

world behavior. In order to maximize competition between action alternatives and

drive internally motivated action selection, we presented artificial gaussian patches

as saccade targets that were equally looking and behaviorally equally valuable. In

contrast, freely deciding where and when to look in real-world behavior underlies

various influences that we eliminated in our experimental paradigm. It is strongly

depending on the current task at hand (e.g., Betz et al., 2010, Einhäuser et al.,
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2008a), on local features of the sensory input (e.g., Engmann et al., 2009, Jansen

et al., 2009, Kienzle et al., 2009), as well as on the presence of objects in the cur-

rent environment (e.g., Drewes et al., 2011, Einhäuser et al., 2008b, but see also

Borji et al., 2013). Although directing gaze in natural settings is not immediately

associated with reward, there is evidence for indirect value and intrinsic reward

related to saccade selections: Since selecting a certain gaze position means that

we see things more detailed and colorful at the fixation point, an indirect value of

saccadic eye movements is the information gained by directing gaze to a location.

Indeed, one line of research has shown that viewing behavior is similar to that of

an ideal observer maximizing information gain (Najemnik and Geisler, 2005, 2008,

but see Araujo et al., 2001, for contradicting evidence). Deaner et al. (2005) further

suggested that eye movement selections might follow intrinsic rewards. They have

shown that monkeys value specific visual information about their social group more

than direct liquid rewards.

In contrast to these studies, we instructed subjects to choose one out of 16 saccade

targets with choice options of presumably equal indirect values. Consequently, the

selection mechanisms we investigated were not set into the context of real-world

behavioral relevance and thus cannot reveal how indirect rewards might bias action

selection. To do so, future studies on saccade target selection should incorporate

real-world behavioral tasks or naturalistic stimuli, where selecting gaze position

determines the amount of information gain.

Finally, for advancing ecologically relevant investigations of neural activities in

MEG/EEG, further progress besides reliable artifact cleaning is required. For in-

stance, studying real-world behavior including limb and head movements imposes

significant technical problems of recording and integrating of neural activities to-

gether with information about bodily dynamics. An example for an experimental

platform that allows recording EEG and muscle activity while monitoring the point

of regard and the bodily movements in 3-D space is the setup developed recently by

Makeig and colleagues (Gramann et al., 2011, Makeig et al., 2009).

Additionally, given the high variance in neural activity depending of the metrics

of the (eye) movement and resulting visual changes, the need of many common anal-

ysis methods to average over a large number of trials becomes highly problematic.

For example, stimulus contrast can be di↵erent from one saccade to the next in free

viewing paradigms, thus influencing visual responses. Similarly, as we have shown,

saccade directions may impose di↵erently lateralized spectral changes. For active
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paradigms allowing movements, analysis approaches investigating single-trial data

(Müller et al., 2008, Sajda et al., 2009) should be considered. Regarding the pre-

sented work in this thesis, a prediction of selected saccade target based on single trial

analysis would contribute towards better understanding how selection mechanisms

are implemented in the observed fronto-parietal structures.

To conclude, although we focused on specific and simplified aspects of active vi-

sion that are still very di↵erent from real-world unrestricted behavior, the presented

work on artifact correction and investigation of saccade related cortical signatures

provide an important step for future studies into this direction. Our results show

that saccade preparation and execution, as well as selection specific processes im-

pose strong characteristic changes in spectral power. Such signatures will possibly

form a large part of the neural activity one will encounter in free viewing behavior.

Knowing about these signatures is therefore important in order to proceed towards

real-world unrestricted behavior.
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Vigario, R., Jousmäki, V., Haemaelaeninen, M., Haft, R., and Oja, E. (1998). Inde-

pendent component analysis for identification of artifacts in magnetoencephalo-

graphic recordings. In Advances in Neural Information Processing Systems 10,

[NIPS Conference, Denver, CO, 1997], pages 229–235.

Vigario, R. and Oja, E. (2008). BSS and ICA in neuroinformatics: from current

practices to open challenges. IEEE Rev Biomed Eng, 1:50–61.

Vigario, R., Sarela, J., Jousmiki, V., Hämäläinen, M., and Oja, E. (2000). Indepen-
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