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Summary

The sense of agendgscribes the subjective experiencecoitrollingour actions and
their effectson theenvironment constitutinga core facet of the human self. Bistinguishing
between events within and outside our control, it suppogzatdirected behaviorgnabling
us to pursuedesirableoutcomesand avoid negative onesWhile previous research has
emphasizedgensory and cognitive determinantelativelylittle work has examined theense
of agency in the context ajoatdirected behavior,where actions are fundamentally related
to the processing of affective informatioffhis doctoral thesisaddressé this gap using
behavoral and neurophysiological methottsinvestigatethe interplaybetween thesense of
agency and affective processes during etiedcted action Across threestudies, it examine
how agencyshapes the processing of affective informatiorddrow, in turn,outcome value
influencesthe experience of agency

In Study 1 Chapter 2.1), electroencephalographyevealed thatchoice autonomy
enhance midfrontal lowfrequency oscillationsn response taboth positive and negative
instrumental feedbackindicating a valencedependent boost imutcomeprocessing under
a high sense of agencgtudy AChapter2.2) confirmed this enhancement anddicatedthat
it was driven by thentrinsic value of selfletermined action rather than the instrumental
value of outcomesWhile the effect ofchoiceon early outcome processingasunaffected by
valence, lateistagesrevealedvalencespecific biasesComplementary agency ratingsrass
Studies 1 and further indicated that participantgvere sensitive to varying degreesaaintrol
over distinct task components.

Study 3 Chapter 2.3 investigatednow outcomevalue influence seltreported sense
of agencyin a continuous motor control tasiResults showed that affective feedback and

sensorimotor noise additivelyfluencedagency experience, with loweatings for negative
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than positive outcomesConsistent with a negativity bias, negative outcomes hattanger
impact on agency experience than positive anBgtweensubject comparisongurther
revealed that individual differences ithe locus of controland depressive symptoms
modulated the influence of taskpecific agency cues

In summary these studies highlighthe relevance of affective informatiom the
emergence ofagency experienceuring goaidirected action. The findings demonstrate a
reciprocal interplay between the sense of agency and affegiroeessing Choiceinduced
enhancements in the neurgrocessing of affective outcomesnphasizehe importance of
agency in tracking the consequences of our actions and rafigct neurophysiological
mechanisms through whichagency experiencsupportsadaptivebehaviorand learrng from
performance feedback. Conversely, tesultssupport a multifaceted account of the sense of
agency, shaped not only by leevel sensorimotor and higlevel cognitive processes but also
by affective information Together, thee findingsadvance our understanding of the
determinants of agency anguggest neurophysiologicatechanismghat may underlie its

contribution togoatdirected behavior



1 General Introduction

To successfully interact with our environment, it is important to assess how much
influence we have over our actions and their effects. This requires a differentiation of effects
that result from seHgenerated actions and those that lie outside of ourttoh The sense of
agency refers to the experience of being in control over our actions and the effects that those
actions have on our environmefitdaggard, 2017)

Theoretical worKMoscarello & Hartley, 201 @nd empirical findingéLuo et al., 2022)
highlight the functional role of agency experience for guiding-goaicted behavior. Notably,
the sense of agency shapes how we perceive, interpret, and respond to events in our
environment(Haggard & Eitam, 2013)uring goaldirected action, such events often convey
feedback about whether an action successfully resulted in its intended outd&tarser,
Buciuman, et al., 2021puccessful actions typically lead to outcomes with positive affective
value, whereas outcomes of unsuccessful actions are evaluated negatively. Adaptive behavior
consequentlyemerges from repeatingactions thatyield positive outcomes and modifying or
abandoning those associated with negativees Importantly, the sense of agenayay not
only shape how we process affective actiffectsbut also appearso be influenced by the
affective value of those outcomeg#aiser, Buciuman, et al., 202KBuggesting a dynamic,
reciprocal relationship between agency and affective procesgin@ffective processes have
receivedrelatively little attention in research on the sense of ager(@entsch & Synofzik,
2014) however,the nature of this associatiois not clearly understood. The present thesis
aims to investigate the interplay between the sense of agency and affective processes during
goaldirected action. Drawing on insight®m three empiricabktudies, it seeks to advance our
understanding of the mechanisms through which agency experiemesupport adaptive,

goaldirected behavior.
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1.1 The Self and the Concept of Agency

The intuition of having a self is fundamental to human experience. Humans naturally
perceive themselves asmbodied individua, distinct from yet camble of intentionally
interacting with their environment (Eitam & Liviatan, 2017)Centuries of philosophical
attempts to conceptualize selfhooteflect the profound interest in understanding what
constitutes the self and illustratéhe central roleit playsin the human psycheAccounts
historically range frond S & O | (MR 7$d&fi@ition of a selfevident, indivisible entity(see
Descartes, 1984p | dzY' S Q& propesitiondhat the self is an illusiofsee Hume, 2007)
Althoughno consensu®n the nature of the selthas been reached to datglein, 2012h)
phenomenasuch aghe selfreference effectwhere people tend to remembeselfrelated
information better than non-selfrelated information (Kihlstrom, 2012; Rogers et al., 1977)
indicate the presence of distinct mechanisnumderlyingselfreferential processing These
mechanisms are central to researghestionsacross disciplines

Investigations range frorthe development of the self in childrefiKollakowski et al.,
2023; Rochat, 2003)to an examination ofits neurocognitive and neurobiological
underpinning{Gentsch & Schitz 2 86 OKX HamMMT YIAaSN) g { OKN{GI
et al., 2015) and the search for mechanisms underlying disruptions in the sense ofnself
clinicalconditions suclasdepersonalizatior(Sierra & David, 201,13chizophrenigKlaver &
Dijkerman, 2016)and depression(Davey & Harrison, 2022With the growing interest in
building humanoid robotgnsightsfrom these lines of researdiavealso inspiredapproaches
to developan artificial self (Hafner et al., 2020; Kahl et al., 2028) turn, methods from
artificial intelligenceresearch provide novel opportunities for exploring and understanding

the human selfe.g., Moéller et al., 2021; Sterzer et al., 2Q16)
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As selfhood resists a simple, straightforward definition, studies typically examine
FyrfedAaAolrtte RAAGAYOUH &dz O2 Y psesentdiien. Qnekdf G Ay F
these components is theense of agendiput see Klein, 2012a for other exampleB)e sense
of agency describe§ KS SELISNASYOS 2F O2y i NRft @GalggBer,2y SQ4&
2000; Haggard, 201 Rather than being a purely motoric phenomenon, the sense of agency
constitutes a core experiential facet of the self by linking internal intentions with perceived
effects in the environment thereby facilitating goatdirected behavior and adaptive
functioning in everyday lifésee Kaiser, Buciuman, et al., 2021)

1.2 Determinants of the Sense of Agency

When interacting with the environmenteasoryinput provides continuous lowlevel
feedback about action controft ahigherlevel actionintentionsas well asituation-specific
and longterm control beliefanfluenceagency experiencén addition, grceived control may
be shaped bwffective information, such as positive and negative outcosigaalingaction
success or failureThus, he sense of agency is shapedd®nsory, cognitive, and affective
processe®peratingat different levelgKaiser, Buciuman, et al., 2021)

1.2.1 Sensorimotor and Cognitive Influences

At the lower level the ®nse of agencyeflectsan immediate pre-reflective feeling of
control that heavily relies osensorimotor informatior{Haggard, 2017)At this level, agency
experiencdargelyoperates unconsciously amdight usuallyonly reach awareness when it is
disrupted. For example, grabbing and drinking from a glass of water is usually performed
effortlesslyand without conscious reflectiorAlso, when selecting a product from a vending
machine, we cartypically directly relate our interaction with the user interface to the

dispensed product. Yet, when accidentally knocking over the glass, or when the vending
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machine dispenses a product that we did not intend to purchase, agency experience is
disrupted, reflected irareduced experience of control over our actions and their outcomes.
Importantly, the experience of agency is shaped not only bylémel sensorimotor
processedut also higheflevel cognitive factorsAs suchthe opportunity to choose from
alternatives, rather than being limited to a single optioncasisidereda key determinant of
perceived contro(Barlas & Obhi, 2013; Leotti et al., 2018hd individuals generally prefer
having choice over having no choifley et al., 2019)Recentfindings suggest that this
association is nosolelydriven by the objective controllability of outcomésit also bythe
subjective belief i Yy Sl toinfluencethe environment through choicéLuo et al., 2022)
This psychologicaéffect also translateinto behavioral benefits in task performan¢euo et
al., 2022; Murayama et al.,, 2015pointing to a link between choiceinduced agency
experience and successful behavior regulation
1.2.2 Affective Influences and Feedback Valence
The affective dimension of the sense of agency has received relatively little attention in
both empirical research and theoreticaork (Gentsch & Synofzik, 2014; Villa et al., 2022)
Crucially, however, och of human everydaypehavior is goatlirected, meaning that we
engage in certain actions to achieve desioeicomesor to avoid undesirable consequences.
As previously illustrated by the example of grabbing a glass of water, the action (grabbing)
serves the goal of drinking. Likewisghoosing an item from a vending machiection)
reflects the intentionto fulfill a current need (goal, note that a mofme grained
differentiation of actiongoal association would also be possjldta instance, by considering
sub-steps such aspening the tap to fill the glass with waterdn both casesoutcomes
signaling action success carry positive affective value, while outcomes of unsuccessful actions

are evaluated negatively. These outcomes serve as informative cues that reinforce or
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discourage the preceding action, thereby contributing to optimal action selection in the future
(Karsh & Eitam, 2015for instance, retrieving a desired chocolate bar from a vending machine
signals action successhereas receiving the wrong item may prompt behavioral adjustsent
Since the experience of agency facilitates successful goal attain(hagigard, 2017)a
comprehensive understanding of the sense of agency reqairesxplicit consideration of
affective processesn intentional, goaldirected action alongside sensorfeedback and
cognitive belief§Kaiser, Buciuman, et al., 2021; Wen et al., 2015)

1.2.3Interindividual Differences: Examples abcus of Control and Depression

Beyond therelevanceof sensory, cognitive, andffective processedor momentto-
moment fluctuations in the sense of agencystable inter-individual differences in the
perceived ability to exert control over the environmeand to adaptively align behavior with
personal goalsexist (Gentsch & Synofzik, 2014; Orgaz et al., 20I@)examples of such
differences are the locusf control (LoCyanddepression.

The LoCreflects traitlike variations in the tendency to attribute events to internal or
externalcauses A high internaLoCis associated witlthe belief that events are subject to
2y SQa LIS NE(RigRkent et ab,2§20; RBiter, 1966) contrast,a high externalLoC
reflects the tendency tattribute eventsto aspect® dzi 8 A RS 2 F 2y S€udhasJSNE 2y
chance or fate Accordingly, an interndloChas been associated with a stronger sense of
agency compared to an external o(il2ewez et al., 2019)

Longterm differences in agency experience are also “gettumented in
psychopathology. Learned helplessness refers to the reinforced belief of lacking control over
2yS0a OANDdzyaidlyoOSa IyR Aa (0aey& IeRPMBRIG) K f
Repeatedexposureto uncontrollable aversive eventsay result in a perceivenhability to

cope with stressors, resulting in passivity arducedattempts toexert control This loss of
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control maybe sustained by biaseis perception and cognition, includingpaeoccupation
with negative thoughts,a reduced ability to use positive stimuli for adaptive behavior
regulation, andan increased difficultyto disengagefrom negative information(Gotlib &
Joormann, 2010)Thus,depressiomappears to be closelnked to a generalized reduction in
agency experienc@/ogel et al., 2024yvhich may be intricately relatei changes in affective
processing

Taken together, the above examples illustrate thia¢ sense of agencig shaped by
sensory, cognitive, and affectiverocesseswhose impact may be modulated by inter
individual differencesWhile sensory and cognitivefluenceshave beerextensively studied
(e.g., Barlas & Obhi, 2013; Gentsch et al., 2012; Gentsch & Sidliach, 2011; Gentsch et
Ff ®X wampT | F3IIFNR SiG P HnnuT | dZAKSEAZ HAwMm
Klaffehn, et al., 2019; Weiss et al., 2QEectivedeterminants of the sense of agen®main
less well understoodNotably, dfective processesnay help explain agencyelated changes
action regulation and the behavioral consequence®nérterm changesn perceived control
(Kaiser, Buciuman, et al., 202Ih) light of these considerations, the present thesigestigates
the sense of agency in gedirected behavior and examines the role of affective processes
alongsidesensoryand cognitive determinants.
1.3 TheoreticalModels of the Sensef Agency

A number of theories have been proposed to explain the emergandedisruptionof
agency experience. These accounts differ in the determinantheosense of agencthey
consider and in thgghenomenathey can explain (Gentsch & Schi#Bosbach, 2015)The
comparator model haveen particularly influential in explainingow low-level processes
shape agency experiendiereby accounting for the sense of agency in a narrow sétber

frameworks, such aactive inference and the cue integration accousgpproachthe sense of
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agency at a broader leveincorporating the contributions ohigherlevel cognitive and
affective factorsalongsiddow-level sensamotor information.
1.3.1 Comparator Model

Over the past two decadeghe comparator model has emerged as the prevailing
account for describing lokevel sensorimotor aspects of the sense of ageBigkemore et
al., 2002; Frith et al., 2000\ccording to this modelthe motor systengeneratesinternal
forward models that predict the state of the motor systemnd the sensorgonsequences of
motor commands These predictions are then compared to actaahsory feedbackThis
comparisonnot only supportgrecise sensorimotor contrdiut is also proposed tanderlie
the emergence of agency experience. Specificétlg model positsthat agencyexperience
ariseswhen predictions generated by the motor system mattte actual sensory feedback
whereas a mismatchreflectinga prediction error, leads to a diminished sense of agency
Although this account has received much empiricalpport, evidence also suggests that
comparingpredicted and perceivedeedbackis neither sufficient nor necessaryo induce
agency experiencésee Synofzik et al., 2008 for a detailed discussieo instance, a match
between intention and effect can also elicita sense of agenc{Schreiner et al., 2025)
indicating that the comparator model cannot account for aspects beyondow-level
sensorimotorcontrol.
1.3.2 Active Inference and Cue Integration

Abroaderconceptualizatiorof the sense of agency, incorporating not only sensorimotor
processesut also prior beliefshas been formalizewvithin the active inference framework
(Friston et al., 2013)This account extends prediction error minimizat{oeferred to as free
energy) beyond motor control. According to the active inference frameworlagency

experience may be influenced not only &gljustments within thesensonmotor system but
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Ifaz2 o6& dzZJRFGAY3 LINA2NI 60StASFa oz2dzi 2ySQa |
integrating both lowlevel and higHeveldeterminants ofagency experienc&his framework
provides a formal account of holew-leveland high-level processesontribute tothe sense
of agency Yet,it does not specify howensoryand cognitivedeterminants may interact with
affectiveprocesseso shapethe sense ohgencyduring goaldirected behavior

Drawing orevidence fora dynamic integration amultiple sources of information,the
cue integration accounbffers aframework for explaininghow low-level and higHevel
processegointly shape agency experienagea specific contexiSynofzik et al., 2008; Synofzik
et al., 2013)According to this accountie brain performs an optimal integration dffferent
information (referred toascueg that are availablgrior, during, and after an actigrwith a
consideration of cues according to their availability and reliability for signaling control in a
specific situationTypically low-level cuesfrom the sensorimotor systerare assumed to be
most reliable.However, when thar reliability is reduced(e.g., because movements are
executed involuntarily rather than voluntarily; Moore et al., 2008)when external cues are
highly convincinge.g., beliefs established through task instructions; Desantis et al., 20&1)
latter may receive more weight in estimatimgency in a given situatiorucially, the cue
integration framework is one of the first to explicitly describe the role of affective processes,
next to sensory and cognitiiactors in shaping the sense of agen8pecifically affective
information, such ashe valence of action outcomess proposedto shapethe integration
processby modulatingthe relativeweighting ofsensory and cognitive agency cues.

Both active inference and cue integratiaacknowledgethat the sense of agencignay
manifestacross multiplgprocessindevels(Friston et al., 2013; Synofzik et al., 20IR)ese
levels may bessociated with distinct cognitive and neurophysiological mechan{Kmiser,

Buciuman, et al., 2021)or example, thegemporal and spatial contingency of actions and
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their effects may shape the sense of agency through -peBective processes that are
grounded in the sensorimotor system Conversely,trait-like control beliefs orchoice
autonomyinvolve highetlevel cognitiveprocesseshat may be independent from moment
to-moment sensorimotor perceptianA unifiedexperienceof agency ighought to emerge
from integratingof these different types of information acropsocessing levelsee also Kahl
et al., 2022)In this context the cue integration frameworloffers a valuable modedf how
sensoryand cognitivecues interact withaffective factordo shapethe sense of agency during
goaldirected action, thereby forming the conceptual foundatioithe present thesis.

Importantly, the sense of agency and its underlying processes interact dynamically.
While the experience of agency depends on the availability of different cues of control, it also
influences how we process information in our environment. For instaatarge body of work
has examined how the sense of agency affects the perceptiastains and theioutcomes
6aSS So3aovs [/ KFEYoz2zy SO FftodX wnunT DSyGdaok Si
et al., 2009) To empiricallynvestigate the interplay of agency and itsderlyingprocesses,
various manipulations and measures are commonly employed.

1.4 Manipulations and Measuret AgencyResearch

As the previouschapter has highlighted, the sense of agency ismalltifaceted
phenomenon Accordinglyexperimentalmanipulationsmaytarget differentfacetsof agency
experience(Kaiser, Buciuman, et al., 202T)o induce high olow levels of agencysome
studies modify the degree of (intentional) motor contrdimotor agency Table ) or the
contingency ofan action and itseffect (outcome agency; Gentsch & Sch@étasbach, 2011;
YIAaS8N) 9 { OKNGT m. 2 a0l OGolversely othefmadipulRécoghitive S G | f
cuesrelated toan actiorE F2NJ SEIl YLX S o6& @FNEBAYy3I LI NI AOA

conditions(choice agency; Barlas & Kopp, 2018; Hassall et al., 2019; Murayama et al., 2015)



18

To examine the effects of these manipulations different levels ofprocessingdifferent
measuresare commonly employedAs the following sectiamoutline, effects on explicit
measures tend tde relativelyconsistent across manipulationi contrast, effects on implicit
measures are less consistestyggesting they may differentially shape action and outcome

processingsee Kaiser, Buciuman, et al., 2021)

Facet Manipulation SelfReport Measure
1 Action vsno action 1 Did you cause this action?
Motor 1 F|u¢_ant vs.disrupted 1 Hoyv much control did you have over the
agency action action?
1 Voluntary vs.
involuntary action
1 Predictable vs. 1 Did you cause this outcome?
Outcome unpredictableeffects § How much control did you have over the
agency 1 Contingent vs. non outcome?
contingent effects
Choice 1 Free vsforcedchoice i Hovy much control did you have over the
agency choice?

Table 1.Commonapproachego manipulating and measurinigcets ofthe sense of agengy
targeting motor, outcome, and choice components of an actWhereasnotor and outcome
agency are frequentlgissessedmeasuref choice agencgre lescommorly reported Note

that the type of manipulatiorand selfreport measuredo not alwayscoincide For example,

some studies manipulate motor or choice agency dmgessheir effectson outcomeagency

1.4.1 Explicitand Implicit Measures
To explicitly assess howdifferent manipulations influencethe sense of agengy
participants arecommonlyasked to judge the author of an actiamdits outcome, or tarate

their perceivedcontrol over the action and its effec{see Dewey & Knoblich, 2014Results
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from these studies indicate that judgments of agency are sensitive m@anipulationsof
processegluring the preparatory phase of an actig¢e.g., free choices are associated with
higher agency ratings than forced choices; Schwarz, Weller, Klaffehn, et al., 2019; Sidarus et
al., 2017a) the fluency of an action itse{e.g., actions preceded by compatible primes are
associated with higher agency judgments than actions preceded by incompatible primes;
Sidarus et al., 2017aand the contingency of outcomes with prior actiqesy., Farrer et al.,

2008; Sato & Yasuda, 200&) primes(congruent actioreffect primes are associated with
higher agency ratings than incongruent ones; Gentsch & S&ughach, 2011)

Notably, most studiesising selreport measuresassess the sense of agency with a
aAy3tS A0GSYZ GNBFGAY3I LI NGAOALIYGHAQ NBalLkRya:
specificfacet of agency is being evaluatg®loore, 2016) As a result, it remains unclear
whether lower ratings in contexts involving, for examebeternally determined actions reflect
changes in perceived choicautonomy (choice agency)diminished outcome control
(outcome agency)or a combinatiorof both (Barlas & Kopp, 2018; Schwarz, Weller, Klaffehn,
et al., 2019)

As the majority otudieshave assesseskelfreported agencyn response tesensory
action effects such as sounds a@imple visualktimuli, they offer limited insight into how
affective feedback influences the sense of agency during-djoadted behavior. Yetthe
valence of action outcomes has consistently been found to modudagency ratings,
illustrating the influence of affective processes on outcome percegfi@ntsch & Synofzik,
2014; Kaiser, Buciuman, et al., 20283pecificallyindividuals tend taeport higher agency for
positive outcomes than for negative onéBarlas et al., 2018; Gentsch et al., 20IR)is
valencebiashas been suggestdd arisefrom cognitive mechanisms that facilitate emotional

distancing from undesired action effec{¥oshie & Haggard, 201@nhd direct attention
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towards positive outcomegGentsch & Synofzik, 2014hereby serving an adaptive function
in maintainingselfesteem and general welleing(Takahata et al., 2012)

Theopposingeffects of positive and negative feedback on sefforted control have
commonly been associated with a se#rving biascharacterized bgn enhancedendency
to take responsibility for positive outcomefGentsch & Synofzik, 2014owever, most
studies compare agency ratingmly between positive and negative feedback, without
including a neutraleedbackcondition(see Villa et al., 2022 for a detailed revieltjherefore
remains unclear whether the observed effectpismarily driven by positive feedbacky a
strongerreduction in agency following negative feedback, or by bétipredominant effect
of positive feedback would support the assumption of a-selving bias. In contrast, a
stronger effect of negative feedback wouddign with prospect theorywhich posits that
individualsweigh negative events twice as much as positive evgiktshneman & Tversky,
1979) A closer understanding of the nature of this bias, particularly in-doatted task
contexts, would offer valuable insights into the affective mechanisthat may underie
agencyrelated benefits in behavior regulation.

As previously outlinedpngterm inter-individual differences may influenaaitcome
evaluation beyondmomentto-moment fluctuationsin perceived control For example
generalized control beliefs have been suggested to affect the relative weighting of different
information during cue integration (Desantis et al., 2012; Gentsch & Synofzik, 2014). Yet, how
such beliefsnteract withtaskspecificagency experience remains largely unexplored (Dewey
& Knoblich, 2014; Yoshie & Haggard, 2013).

Trait-like variations in the.oCmay influencethe sensitivityof the sense of agendp
outcome valenceAs outlined in thecue integration account, lowevel sensorimotor cues

typically outweigh higherlevel cues such as prior beliefs agvaluative feedback.Sable
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tendencies to attributeaction outcomes to internal or externaourcesmight modulate this
processSome evidence indicatethat LoGnfluencegaskspecific agency rating€arstensen,
2024) Furthermore, recent findings provide initial support for intadividual differences in
how various agency cues are weightghang & Wen, 2025However, it remains unclear
howthe LoCshapeghe relative influence of affective feedbagkrsudow-level sensorimotor
information, particularly in goatlirectedtaskswhere feedback carries motivational relevance

Likewise, depressioerelated cognitive and perceptudliaseswere shown toincrease
the sensitivity to negative informatio(Gotlib & Joormann, 201@nd reduce the ability to
learn from positive event@Must et al., 2013)Accordinglythe tendency to attribute positive
outcomes to oneself appears to be diminished in individuals with depre¢&entsch et al.,
2015) indicating changes in thprocessingof affective information (Gentsch & Synofzik,
2014) Yet, how depressivetendenciesinfluence the integration offfective, sensory, and
cognitive cues to shape seltreported agency experienceuring goaldirected behavior
remains largely unexplored/ialadaptive changes in cue weightimgyplay afunctionalrole
in the development ofearned helplessness and impaired behavioral regulation in depression
(see Kaiser, Buciuman, et al., 202)derscoringhe importance ofaccounting for individual
differences when investigating the interplay of the sense of agency and affective processes
during goaldirectedbehavior

To evaluate how agency experience influences implicit, -neféective stimulus
processingmany studiesneasureintentional bindingor sensory attenuatior{fMoore, 2016)
Intentional binding refers to th@erceived temporal attraction of actions and their effects,
which is typically stronger under conditions of high compared to low ag@#aggard et al.,
2002) Conversely,ensory attenuatiordescribeghe reduced perceptuabr neuralresponse

to selfgenerated compared to externally generated actiontcomes(Gentsch & Schixz



22

Bosbach, 2015)Both effectsmay be linked to mechanisms describea the comparator
model. Specificallyas outcomes of selfjenerated (or voluntary) actions are typically more
predictable than those of externally generated (or involuntary) actidhey tend to be
perceivedas occurring closer in time to the actigmtentional binding; Moore & Haggard,
2008) and their perceptual or neural impact sippressedoy the sensorimotor systa
(sensory attenuation; Frith et al., 2000; Gentsch & ScBiagbach, 2015)

While both intentional binding and sensory attenuatiomave been interpreted as
implicit markes of the sense of agendgee Moore, 2016)xseveral studies suggest thtitey
reflect more general phenomena related to thperception of causalityand outcome
predictability (Grinbaum & Christensen, 2020; Gutzeit et al., 2023; Kaiser, Buciuman, et al.,
2021; Kirsch et al., 201%upporting this, sensory attenuation has been shown to reverse
when predictability is matchedor selfproduced compared to otheproduced outcomes
OYFA&ASNI 9 {OKNOT nm. 2a6l OKX H hikewiSe agerdzielatedS S Y €
differences in intentional binding may disappear when actoiicome relations are held
constant across high and low agency condgi(@utzeit et al., 2023)T'hus while intentional
binding and sensory attenuation may refleatenhanced sense of agencysome contexts,
they may not validly serve as implicit markers of agency experience in q@disbaum &
Christensen, 2020)

Moreover,studies on sensory attenuatigerimarily capturelow-level aspects of agency
experiencepfferinglimited insight into later stages of outconpeocessinghat reflecthigher
level cognitive and affective procesqgaiser, Buciuman, et al., 202Gjiven the importance
of the sense of agency for effective behavior regulation, investigating agefatgd changes
in outcome processinduring goaldirected actionrequires the analysis of both sensory and

evaluative markers during outcome presentatidia captureand differentiatethese effects
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with high temporal precisiorglectroencephalography (EEG@nmonly employedKaiser,
Buciuman, et al., 2021)
1.4.2EEG and Neural Outcome Processing

EEG is a nemvasive method to measurelectrical activity in the braiMuller-Putz,
2020) The EEGsignal primarilyreflects voltagefluctuations inpostsynaptic potentials of
synchronously firing pyramidal cells in the cor{&xick, 2014)This signal is recorded using
electrodes placed on the scalp according to a standardmsitioning systenwhichensures
consistentmapping between electrode positions and scalp locatidrtsassess the influence
of experimental manipulations on outcome processing, many EEG experiments have focused
on extracting eventelated potentials (ERPS) analyzingoscillatory activityduring feedback
presentation.

ERPseflecti KS 0 NI A y Ospecitic®istd? gogniive (lomoteelated stimuli
(Luck, 2014)ToanalyzeERPselatedto outcomeevaluation the EEG signal isne-locked to
outcomepresentation(i.e., the eventand averagedover multiple trials, resulting inpositive
and negative voltage deflectionknown as ERP componeni® compare outcome processing
acrossexperimental conditionsseparate ERP waveforms are calculated for each condition,
and differences in component amplitudes evaluatedaiger amplitudeof a componentin
one condition compared to anotheeflectsa stronger neuraimpact ofthe outcome

To assess sensory feedback processing, E&®Bssuch as the N100 componeman be
analyzedTheN100isa negativegoing ERP with maximal amplitudetween100 msand 150
msalfter stimulus onset over parietal, central, and frontal scalp gitesk, 2014)in response
to visual stimuli,tihas beerimplicated in visuospatial attentional procésgo YI A aSNJ 3 { OK
Bosbach, 2018; Krigolson et al., 2QI3)ring outcome presentatiodN100amplitudehasalso

beenshownto vary with thepredictability of action effectéGentsch & Schi#Bosbach, 2011,
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YFEA&SNI 3 { OKN iandthe #lanae: oOdction autaomg&Bentsch et al., 2015)
suggestindhat affectiveinformation is encoded already during early outcomenitoring

After the sensory features of atimulushave beenprocessed later ERRomponents
reflectmore elaborate stages @iutcomeevaluation. One component that has been linked to
the evaluation of outcome value is the Reward Positivity (ReWi.RewP is characterized
by larger deflections in response to positive and unexpected outcomes, compared to negative
and expectednesaround 250 to 350 ms after feedback presentati@ellebaum & Daum,
2008; Proudfit, 2015)Functionally, it has beemplicatedin the representation of outcome
value and the updating of reward prediction error&.g., Becker et al., 2014; Zheng et al.,
2020) Furthermore, the RewP has beassociated witHeedbackguided learningindicating
that it reflects neural processekat facilitate goatdirected behavio(Williams et al., 2020)

In addition to ERP anabs meaningful differences in outcome processing can also be
examined by decomposing the EEG signal into its-freguency components, representing
the strength of activity at individual frequencies over tirfieick, 2014)The raw EEG signal
contains oscillatory activity across different frequency bands, ranging from delta (<td Hz)
gamma (> 30 Hz) oscillations. These frequency bands are associated with distinct brain states.
For example, alpha activity (813 Hz) is commonly observed during relaxed wakefulness,
while delta oscillations are associated with deep slébtiller-Putz, 2020) Accordingly,
changes in the power of individual frequency bands during outcome processing have been
linked to alterations incognitive, affective, and motivational procesgésift, 2014) During
outcome presentation midfrontal theta MF ) power is typically strongerfor negative
compared to positive feedbackom 200 to 600 ms after feedback onsdtunctionally,

feedbackrelated MF activity hasbeenlinked to cognitive control and conflict monitoring
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thereby supporting performance monitoring and facilitating behavior regulai@avanagh et
al., 2010; Kaiser, Belenya, et al., 2021)

While the neural generators of ERPs dimie-frequency oscillations canngenerally
be inferred from the electrode locatiorm the scalgLuck, 2014)source localization analyses
indicate that both the RewP and feedbaakatedMF oscillationsoriginatefrom the anterior
cingulate corteXACC; Bellebaum & Daum, 2008; Cavanagh & Frank,. Z0IACC is part of
the medial prefrontal cortex and exhibits connections to the midbrain dopamine system,
implicated in reward evaluation, as well as to prefrontal and parietal areas involved in
decisionmakingand action selectiofMonosov et al., 2020)Accordingly, the ACC is thought
to integrate cognitive and affective information tsupport feedbackdriven behavioral
adaptation through the instantiation of cognitive cont®eung et al., 2005)

As previously outlinednany studies have investigatedow the experience of agency
affectsincidentaloutcome processing. In contrast, relatively few have examinedftfeetive
dimension othe sense of agencgpecifically, howpositive and negativactionoutcomesare
processedduring goaldirected behavio(Gentsch & Synofzik, 2014; Kaiser, Buciuman, et al.,
2021) In these contextschoice agency (i.e., contrasting sekNith externally determined
choices) haseen linked to performance benefitiHassall et al., 2019; Luo et al., 2022;
Murayama et al., 2015)Given thataffective action outcomes serve as powerful learning
signals such effects may be linked to changes imutcome monitoring.However existing
studies on howfreedom of choicanfluences the processing of affective outconmm@gsent
mixed results.

To date evidence on hovehoiceagencyinfluences the N100 during the processing of
positiveand negativeinstrumentalfeedback is lackindgdowever, one study hasxaminedhe

effect of voluntary choiceon the processing of emotionally positive and emotionally negative
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tonesin a non-learnable taslenvironment(Niu et al., 2023)Thisstudy foundno differential
effect of seltdetermined actionson the processing of positive and negatigatcomes.
Instead, the authors observed larger N100 amplitudes in response to positive compared to
negativetonesselectivelffollowing externally determined actions, indicatiagifferentiation
of outcome value primarily in losgency contextsWhile these findings indicate that
manipulations of motoragency andchoice agencydifferentially shape early outcome
processingsee findings on stronger N100 satfenuation for positive compared to negative
effects by Gentsch et al., 201%)oth lines of researchrovide initial evidencehat affective
information can influence early sensory markersneuraloutcomeprocessing

Several studies haviavestigatedagencyrelated changesluring evaluativestages of
outcome processingfocusing on markers such as tlkewP andViF oscillations(e.g.,
Bellebaum et al., 2010; Hassall et al., 2019; Weismdiller et al., 2019; Yeung et al., 2005; Zheng
et al., 2020) In these studiegarticipants either mee seltdetermined choices or perfored
externallyimposeditem selectionsand subsequently receidefeedback presented in the
form of monetary gains and losses (or the omissiomahg. Result§rom both learnable
(Bellebaum et al., 2010; Weismidiller et al., 2048 norrlearnable(Chang et al., 2020; Hassall
et al., 2019; Yeung et al., 200@&sk environmentsndicate thatRewP amplitud and MF
power are enhanced ifoutcomesfollow seltdetermined choicesWhile this indicates that
having a choicancreases the neural impact of affective action outcomiéms® cognitive
mechanismainderlying this effectemainunresolved

Given that theRewP andMF have beerassociated withboth outcome valuatiorand
feedbackguided learningBecker et al., 2014; Cavanagh et al., 2010; Muhlberger et al.,,2017)
enhanced processing during sdiéterminedchoicesmay reflectthe increasedvalueof selt

determined outcomes,their greater instrumental relevancefor future actions, or a
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combination of both.One possibility is tha¢nhanced outcome processing resuitsm the
inherent valuation oimakingseltdetermined choicegLy et al., 2019Alternatively, if RewP
amplitude andMF power areprimarily shaped bythe instrumental significance of action
outcomes, this mightindicate affective outcome processing as functional mechanism
underlyingagencyrelated performance benefit§see Kaiser, Buciuman, et al., 2021)

Another unresolved question is whethechoiceinduced agency experience
differentially affectsthe processing opositive and negativefeedback or whether it equally
enhances theneural impactof both types of feedback during learningvidence from a
gamblingtaskpoints toward astronger impact of negative compared to positive feedback on
MF powerfollowing free choicegZheng et al., 2020)n contraststudiescomparingactive
andobservational learningn betweensubject designs repog valencendependent increase
in MF power(Bellebaum et al., 2010; Weismlller et al., 20@arifyinghe effect of choice
on outcome processing during learning woslted light on whetheimplicit processeseflect
a seltserving bias for positive feedba¢Kaiser, Buciuman, et al., 202Dr whether goal
directed taskanight selectively enhance the processing of negative feedijBellebaum et
al., 2010)

Taken togethercurrent evidenceooints toa bidirectional relation between the sense
of agency and affective processingowever their interplay during goadlirected behavior
remainsinsufficiently understood Clarification is needed regarding the relative impact of
positive and negative feedback artdeir interaction with sensory and cognitiveuesin
shapinghe sense of agencZonverselyit remains uncleahow agency experience influences
early sensory processing of affective outcanand findings o its influence on reward
related neural markers are mixedogether, these open questions provide the rationale for

the currentthesis.
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1.5 Aims and Scope of the Current Thesis

A large body of work has examin#te sensory and cognitivaspectsof the sense of
agency(e.g., Barlas & Obhi, 2013; Gentsch et al., 2012; Gentsch & Sbsliach, 2011;
DSyGdaokK SiG +tfdx wampT |1 FIAIFNR Sd EdXT wnnuT
Schwarz, Weller, Klaffehn, et al., 2019; Weiss et al., 20¥h)le this hasadvanced our
understanding ofmportant determinants ohgency experienc@ a given situationrmuch less
is known abouthow affective processesuch as positive and negative outcomes linked to
action success or failure, influence this process and, in turn, guide future behboaatdress
this gapthisdoctoralthesis presents three empirical studies that examine the interplay of the
sense of agency and affective information during egiedcted action.

The first two studiesChapter 2.JandChapter 2.2investigatel whether the experience
of agency influences the processing of positive and negative feedback in similar or distinct
ways. Agency wasnanipulated o @ @ NBAY 3 LI NI AOA LMuyingaQ T NB-
reinforcement learning tasénd EEG wagcordedto analyzeoscillatory activitfChapter 2.1
Chapter 2.2 and midfrontal ERPEhapter 2.2 in response to feedbacH o disentanglethe
cognitive processes underlying agenejated differencesn outcome monitoring Sudy 2
further explored whether thee effects arise fromthe inherent value of performing self
determined choicesor from the instrumental relevance of outcomedgor future actions
(Chapter 2.2. EEGneasures were complemented Iexplicit agency ratingg o differentiate
between differentfacetsof agency experienceve separatelyassessegarticipantsperceived
control over their actionchoices(choice agencyand over the outcomes of these choices
(outcome agency)

Study 3 (Chapter 2.3 examined how the affective value of action outcomes,

sensorimotorcontrol, and stable, trait-like beliefs shape seleported agency experience
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during goaldirected behavior In this behavioral study, participantperformed a motor
control taskin whichtask difficultywas varied across blocks by introducgsgsorimotomoise
(i.e., manipulating motor agencyAfter each trial,participants rated their sense of control
(SoChpver the motor control task, providinghandex of theirsense of agencylo assesthe
relative impact of positive and negative feedbadn these judgments the taskincluded an
equal number of positive, negative, and neutf@edback trials.After the experiment,
participantscompleted questionnaires measuring thémternal and externaLoCas well as
depressive tendencies

Together, these studies provide novel insights into a currently understualied of
research, the sense of agency in gdakcted action. By examininghow freedom of choice
influences the neural processing of affective action outcomethis work sheds light on
potential mechanisms throughlvhich the sense of agency suppoitehavior regulation.
Converselyby investigating how affective outcomes influence agency experience in relation
to sensory and cognitive cuess advances our understanding ohow different sources of
information are integrated to shape agency experience dugngtdirected action.Taken
together, the findingextendour knowledge bboth the determinants of agency experience
and its functional relevance for adaptive behavior regulation, highlighting individual and

situational factors that mafacilitate, or hinder, successful goal achievement



30



31

2  Cumulative Thesis

This chapter presentthree peerreviewed and publisheg@mpirical studies (Chapter 2.1

Chapter 2.2Chapter 2.3.
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2.1 FReedom of Choice Boosts Midfrontal Theta Power During Affective Feedback

Processing ofcoal-Directed Actions

The corresponding manuscript has been published as Giersiepen, M., -Bdsisach, S., &
Kaiser, J. (2023). Freedom of choice boosts midfrontal theta power during affective feedback
processing of goalirected actions. Biological Psychology 183 ~ 108659.

https:// doi.org/10.1016/j.biopsycho.2023.108659

Author Contributions:

Maren Giersieperonceptualized and administered the study, programmed the experiment,
collected,analyzed interpreted, and visualized the data, and wrote the manusc@umnone
SchitzBosbachacquired funding, commented on the manuscript, and contributed to study
conceptualization and the interpretation of the result3akob Kaiseacquired funding,
commented on the manuscript, and contributed to study conceptualization, programming of

the experimental codeformal analysis of the datand the interpretaion of the results
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ARTICLE INFO ABSTRACT

Keywords:

Sense of agency, the feeling of being in control of one’s actions and their effects, is particularly relevant during
goal-directed actions. During feedback learning, action effects provide information about the best course of
action to reinforce positive and prevent negative outcomes. However, it is unclear whether agency experience
. . selectively affects the processing of negative or positive feedback during the performance of goal-directed ac-
Reinforcement learning 5 A A A : .
Midfrontal oscillatory activity thl'.lS. As an 1.n1.p01jtant marker of feedback processing, we examined agency-related c?langes in mu.ifrontal
EEG oscillatory activity in response to performance feedback using electroencephalography. Thirty-three participants
completed a reinforcement learning task during which they received positive (monetary gain) or negative
(monetary loss) feedback following item choices made either by themselves (free-choice) or by the computer
(forced-choice). Independent of choice context, midfrontal theta activity was more enhanced for negative than
positive feedback. In addition, free, compared to forced choices increased midfrontal theta power for both gain
and loss feedback. These results indicate that freedom of choice in a motivationally salient learning task leads to
a general enhancement in the processing of affective action outcomes. Our findings contribute to an under-
standing of the neuronal mechanisms underlying agency-related changes during action regulation and indicate
midfrontal theta activity as a neurophysiological marker important for the monitoring of affective action out-

Freedom of choice
Affective feedback processing
Sense of agency

comes, irrespective of feedback valence.

1. Introduction

Sense of agency, the feeling of being in control of one’s actions and
their perceivable results in the environment (Gallagher, 2000; Haggard,
2017; Haggard & Eitam, 2015), is crucial in constructing a sense of self
(Gentsch & Schiitz-Bosbach, 2015). Contingent upon situational de-
mands, moment-to-moment fluctuations in agency experience continu-
ously affect an individuals’ self-representation (Gallagher, 2013;
Haggard, 2017; Hommel, 2015; Verschoor & Hommel, 2017). To
manipulate the sense of agency, many studies have asked participants to
either freely choose from different response options or forced them to
select a predetermined option (e.g., Barlas et al., 2017; Barlas & Kopp,
2018; Barlas & Obhi, 2013; Hassall et al., 2019; Murayama et al., 2015;
Zheng et al., 2020). The current study extends previous work by inves-
tigating how freedom of choice influences the neural processing of
performance feedback in a motivationally salient learning context.

Understanding the functional role of freedom of choice in the
emergence of agency experience is most relevant in situations where

* Corresponding author.

agents need to effectively interact with their environment to accomplish
their goals (Leotti et al., 2015; Ly et al., 2019; Murayama et al., 2015).
When trying to reach a goal, affective feedback in the form of positive
and negative action effects, signals whether behavioral adjustments are
required to attain desired outcomes and avert undesirable ones in the
future. An agents’ belief in the ability to effectively translate the pre-
sented feedback into subsequent action adaptation thus likely contrib-
utes to its utilization during goal-directed actions (Moscarello & Hartley,
2017).

Functional magnetic resonance imaging (fMRI) studies suggest that
the anterior cingulate cortex (ACC) facilitates the evaluation of affective
feedback (e.g., Bush et al., 2002; Calabro et al., 2023; Luft, 2014;
Marco-Pallarés et al., 2007). These findings are corroborated by elec-
troencephalographic (EEG) recordings that provide a direct measure of
brain activity with high temporal precision (Foti et al., 2015; Kaiser
et al., 2021; Luft, 2014). To date, most EEG studies have focused on
event-related potentials (ERPs) to assess the neuronal mechanisms of
affective feedback processing. Among them, the feedback-related
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negativity (FRN) is the most frequently examined ERP (also referred to
as Reward Positivity; Luft, 2014; Proudfit, 2015). The FRN is a negative
going component with higher amplitude for negative than positive
feedback, commonly peaking 250-350 ms after feedback onset (see Luft,
2014). Consistent with its maximal deflection at midfrontal scalp sites,
the ACC has been proposed as the neural generator of the FRN (Hauser
et al., 2014). Importantly, some studies indicate an increase in FRN
amplitude for self-, rather than externally determined action outcomes
during reinforcement learning, indicating an influence of agency on
feedback processing in the ERP domain (e.g., Bellebaum et al., 2010;
Weismiiller et al., 2019; Yeung et al., 2005).

While ERPs provide valuable insights into the influence of agency on
affective feedback processing, recent research has highlighted the
crucial role of oscillatory activity for feedback processing (Beste et al.,
2023; Cavanagh & Frank, 2014; Luft, 2014). More specifically, mid-
frontal oscillations in the theta range (4-7 Hz) are believed to represent
a central mechanism for the updating of task-relevant information,
indicated by an increase in oscillatory power in response to performance
feedback (e.g., Cavanagh et al., 2010; Kaiser et al., 2021; Luft et al.,
2013; Weismiiller et al., 2019). During feedback presentation, negative
action outcomes typically evoke larger theta power than positive out-
comes (e.g., Kaiser et al., 2021; Luft et al., 2013). This power increase for
negative outcomes has been suggested to partially reflect cognitive
control processes associated with the ACC (Cavanagh & Frank, 2014;
Holroyd & Umemoto, 2016; Kaiser et al., 2019; Luft et al., 2013;
Weismiiller et al., 2019; Zheng et al., 2020). In addition, several studies
report a relation of feedback-induced midfrontal theta power and
learning success, with mixed findings whether this association is driven
only by negative (Luft et al., 2013; Van de Vijver et al., 2011) or both
negative and positive feedback (Kaiser et al., 2021).

Given that agency experience enhances our ability to effectively
reach our goals (Cordova & Lepper, 1996; Eitam et al., 2013; Murayama
et al., 2015), as well as the importance of midfrontal theta oscillations
for the processing of affective feedback, it is reasonable to assume that
activity in this frequency range is sensitive to the experience of agency
during goal-directed actions. Thus, changes in agency experience are
expected to modulate feedback-driven midfrontal theta activity. Yet,
most previous studies investigated how sense of agency influences the
processing of arbitrary, neutral action outcomes, for example, by letting
participants actively produce or passively perceive sensory action effects
without any rewarding or punishing value (e.g., Gentsch & Synofzik,
2014; Haggard & Eitam, 2015; Kaiser et al., 2021). In these studies,
actively produced, compared to passively perceived action effects typi-
cally elicit decreased neural reactivity (Brown et al., 2013). This atten-
uation effect is assumed to result from the neural cancellation of sensory
feedback that can be predicted for self- but not externally induced action
effects (Gentsch & Schiitz-Bosbach, 2015). However, neutral, in contrast
to instrumental affective outcomes, carry no rewarding or punishing
value and may thus be less relevant for subsequent action selection.
Therefore, results from studies employing non-affective action outcomes
leave open how the sense of agency influences the processing of affective
feedback in motivationally salient contexts.

To study how freedom of choice and associated agency experience
influence feedback processing during goal-directed actions, experi-
mental tasks should ensure that action outcomes carry positive and
negative affective value and implement reward schemes that provide
agents with the possibility to learn item-outcome associations to adapt
their behavior accordingly (Eitam et al., 2013; Moscarello & Hartley,
2017). However, most studies investigating the influence of sense of
agency on affective feedback processing employed randomized reward
schemes at chance level, with half of the trials providing positive and
negative feedback, respectively (e.g., Gentsch et al., 2015; Hassall et al.,
2019; Mei, Yi, et al., 2018; Miihlberger et al., 2017; Yeung et al., 2005;
Zheng et al., 2020). This offers the advantage of ensuring an equal
number of trials with positive and negative feedback, which enables us
to consider expectancy effects that might influence the processing of
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affective action outcomes. However, when actions result in reward or
loss feedback solely by chance, the instrumental value of action out-
comes decreases. This renders performance feedback uninformative for
selecting the best course of action, thereby potentially reducing the
perceived relevance of action outcomes in these studies. As
feedback-evoked midfrontal theta activity seems to be particularly
relevant during goal-directed actions (Cavanagh et al., 2010), the neural
processing of affective feedback conceivably differs, if action outcomes
can be used to determine the best course of action, compared to when
not.

From the studies focusing on agency-related changes in affective
feedback processing, only a few have specifically investigated valence-
specific effects. These studies aimed to determine whether the sense of
agency primarily impacts the processing of negative or positive perfor-
mance feedback. However, among the studies that explored this,
inconsistent effects were found (see Kaiser et al., 2021). For midfrontal
theta activity, two studies report an increased impact of feedback,
operationalized as monetary gains and losses, for active compared to
passive choices (Weismiiller et al., 2019; Zheng et al., 2020). Whereas
the effect of feedback valence did not differ for active and passive
choices in one study (Weismiiller et al., 2019), the other study found a
larger impact of choice on theta power for negative, compared to posi-
tive feedback (Zheng et al., 2020). Thus, it is currently unclear, whether
freedom of choice leads to a general enhancement, or a valence-specific
bias in the processing of affective feedback. A selective increase in
midfrontal theta power for either positive or negative feedback could be
seen as evidence that sense of agency induces an affective processing
bias. For example, some studies suggested that humans feel more agency
for positive than negative action outcomes, suggesting a self-serving
processing bias for positive feedback (Forsyth, 2008; Gentsch et al.,
2015; Kaiser et al., 2021).

Building upon previous work, the current study aimed to clarify how
the sense of agency, manipulated by varying freedom of choice in a
within-subjects design, influences the processing of affective feedback in
a motivationally salient context. Using EEG, we measured neural reac-
tivity to positive and negative feedback while participants completed a
reinforcement learning task. Importantly, whereas in most previous
studies, reward and punishment was determined by chance alone, we
implemented a reward schedule that allowed participants to maximize
their rewards through learning. By granting a performance-dependent
monetary bonus at the end of the experiment, we additionally war-
ranted the affective value of action outcomes. Building on previous work
(Cavanagh & Frank, 2014; Luft et al., 2013; Weismiiller et al., 2019;
Zheng et al., 2020), we expected a larger increase in theta power for
monetary losses compared to gains. In addition, as performance feed-
back was informative for subsequent action selection during free-, but
not during forced-choice blocks, we expected an increase in
feedback-induced midfrontal theta activity, if participants were
endowed with the freedom to choose between different response options
(Weismiiller et al., 2019; Zheng et al., 2020). Crucially, we also exam-
ined whether the effect of choice differed for positive and negative
feedback. We thereby aimed to clarify whether freedom of choice in-
duces a valence-specific processing bias, meaning a selective increase in
the processing of either positive or negative feedback, or a general
enhancement in the processing of affective action outcomes. We com-
plemented our neurophysiological measure on agency-related differ-
ences in feedback processing with explicit agency ratings. Participants
were asked to indicate whether they felt they had freedom to choose
their actions or influence the amount of money they gained. To
conclude, using explicit agency judgments and EEG to measure the
neural activity during the presentation of affective feedback following
free and forced choices in a reinforcement learning task, we aimed to
elucidate the role of sense of agency during goal-directed actions.
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2. Methods
2.1. Participants

Eligibility criteria for participation included English language pro-
ficiency, an age between 18 and 45 years, absence of acute neurological
or psychiatric disorders, no current intake of medications affecting
neural functioning, and normal or corrected-to-normal visual acuity
without color vision deficiencies. Thirty-three participants (22 female,
11 male, 30 right-handed) participated in the study. After terminating
data collection, one participant was excluded due to an exceedingly high
error rate across free- and forced-choice blocks (i.e., > 2.5 standard
deviations from the mean; 51.99%). Two additional participants were
excluded after pre-processing, owing to noise artifacts that resulted in
less than 50 trials for the main analysis in at least one experimental
condition (see Data preprocessing). The final test set thus consisted of 30
participants (20 female, 10 male, 27 right-handed) with a mean age of
24.8 years (SD = 4.1), the sample size being in line with previous studies
in this field (e.g., Kaiser et al., 2021; Luft et al., 2013; Weismiiller et al.,
2019; Zheng et al., 2020). Participants were compensated with partici-
pation credits or financial reimbursement (9 Euro per hour). In addition,
participants received a performance-dependent bonus of up to 8 Euro
(see Procedure and experimental task). Study approval was obtained by
the ethical board of the Department of Psychology at the
Ludwig-Maximilians-University Munich and all participants provided
written consent at the beginning of the experimental session.

2.2. Apparatus and measurement setup

EEG recording employed 64 active electrodes, positioned according
to an extended version of the international 10-20 system (actiCAP snap,
Brain Products, Munich, Germany). Electrode FCz was used as an online
reference and one additional ground electrode was placed at location
Fpz. Data was recorded using BrainAmp DC amplifier (BrainVision) and
digitized with a sampling rate of 500 Hz. An online bandpass filter with
half-amplitude cutoffs of 0.016 Hz and 250 Hz was applied. Electrode-
to-skin impedances were kept below 20 kQ throughout the experiment.

2.3. Procedure and experimental task

The experimental task was written in MATLAB R2020B, using Psy-
chophysics Toolbox extensions (Psychtoolbox Version 3; Brainard &
Vision, 1997). Participants were seated approximately 90 cm in front of
a 24-inch monitor on which the task was presented. To study changes in
affective feedback processing as a function of sense of agency, we
implemented a reinforcement learning paradigm, varying the degree of
choice within participants (free-choice/forced-choice) across blocks
(Fig. 1). All stimuli were presented on a grey background, with a visual
angle of 1.2°.

At the start of each trial, participants had to fixate the white cross
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presented at the center of the screen (1.5 s). Subsequently, two items in
the form of differently colored squares appeared horizontally aligned
adjacent to the center (1.0 s). During free-choice blocks, participants
were asked to choose one of the two items by pressing the left- or the
right-arrow key with their right index finger. During forced-choice
blocks, the computer pre-selected one item, indicated by a white rect-
angle around one of the squares, and participants’ only option was to
confirm the computer’s choice with the corresponding button press.
Following keystrokes, participant choices were confirmed with a black
rectangle around the selected stimulus for 1.0 s. Next, participants were
presented with feedback for item selections (1.0 s). For each block, one
of the two colored squares was randomly allocated to be the high-value
item, while the other one was allocated to be the low-value item. High-
value item selections resulted in a gain of 4 cents (positive feedback) in
75% of all trials. The selection of the low-value item resulted in a loss of
2 cents (negative feedback) in 75% of all trials. Employing gains twice as
large as losses was based on research showing that humans value losses
approximately twice as much as gains (Proudfit, 2015; Tversky & Kah-
neman, 1992). Participants were naive to the allocated action-effect
probabilities at the start of each block. To maximize gains and mini-
mize losses, they thus had to use the feedback to learn the item-outcome
associations within each block. The implemented probabilities allowed
participants to build stable outcome predictions, while still encouraging
the exploration of all response options.

Importantly, participants could only freely choose between the items
during free-choice blocks (high agency), but not during forced-choice
blocks (low agency). If participants failed to give a response or
selected the item not chosen by the computer, they were told to
‘Respond Faster!” or that the ‘Wrong Key [was] Pressed!’. To warrant
motivational salience of action effects, participants received the reward
they earned during their two most successful free- and forced-choice
blocks in the end of the experiment. Depending on participants’ (non-)
response, trial durations varied between 3.5s and 4.5 s. Participants
completed a total of 640 trials, split into eight blocks, consisting of 80
trials each. There were four blocks for both the free-choice and the
forced-choice condition, resulting in 320 trials per agency condition. A
switch between free- and forced-choice blocks occurred after every
second block. All participants started with two free-choice blocks. Un-
beknown to participants, the trial-wise location of the high-value and
low-value item as well as the computer choices during forced-choice
trials exactly mimicked those of the free-choice trials from the two
preceding blocks, thereby resulting in the same order and frequency of
high-value and low-value item selections in free- and forced-choice
blocks. Participants’ confirmation of externally determined item
choices ensured that they paid attention to item selections made in
forced-choice blocks and that they performed the same motor actions in
both agency conditions. Consequently, the only aspect differing between
the two conditions was whether participants were endowed with the
freedom to choose or not.

The colors of the items were randomly selected from eight previously

Fig. 1. Schematic task overview. After fixation, partici-
pants either a) chose one of the two items presented on
screen (free-choice), or b) selected the item chosen by the
computer (forced-choice), indicated by a white rectangle
around the stimulus. Choices were confirmed with a black
rectangle around the selected item. Probabilistic affective
feedback was presented as action effect. Free- and forced-
choice trials varied across blocks. Item colors and associ-
ated gain and loss probabilities remained the same within
but changed between blocks.

1.5s

Trial xp ~| =]

» Time

Trial xp+1
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generated stimulus pairs, such that each stimulus pair was used in
exactly one block per participant. To ensure good stimulus discrimina-
bility, and to prevent illusory carry-over effects from learning in previ-
ous blocks, all stimuli were created to be maximally perceptually
different to each other and the background by reference to the CIELAB
color space (Holy, 2022). Within each block, both items occurred
equally often on the left and right side of the screen in a randomized
order. In addition, choosing the high- or low-value item resulted in the
corresponding positive or negative feedback in 75% of the trials on each
side.

At the end of each block, participants were informed about their
monetary gain in the current block and the choice context of the
following block. In addition, participants were asked to indicate their
agency experience in a paper-pencil format. Participants reported their
agreement with two statements (statement 1: ‘I was free to choose any
item I wanted this block.’; statement 2: ‘I was in control over the amount
of money I gained in this block.”) on a bipolar quasi-continuous scale
(Chimi & Russell, 2009), ranging from Strongly Disagree to Strongly Agree.
The items were adapted from previous studies using explicit agency
measures (Beyer et al., 2017; Dewey & Carr, 2013). While statement 1
asked participants to state in how far they could influence item choices
(choice agency), statement 2 asked them to indicate the degree to which
they had control over the feedback they received (outcome agency).
Assessing outcome agency in addition to choice agency owed to findings
from prior research, showing that the extent of self-determined action
influences an agents’ perceived control over action outcomes (Barlas
et al., 2018). Statement 2 also served to control for participants’ po-
tential insight into the pattern of computer choices during forced-choice
blocks. In case participants noticed that computer selections mimicked
their choices from previous free-choice blocks, and were therefore al-
ways contingent on participant behavior, they would be expected to
experience similar outcome agency during free- and forced-choice
blocks. After filling out the questionnaire, participants could proceed
to the next block in a self-paced manner.

The experimental session took approximately 1 h and 45 min per
participant. To allow familiarization with the task, all participants
completed 10 free-choice and 10 forced-choice practice trials in the
beginning of the experiment. To prevent insight into the implemented
reward probabilities and the identical sequence of free-choice and
forced-choice trials, item locations, computer choices, and feedback
valence were determined randomly during practice trials.

2.4. Data analysis

2.4.1. Behavioral analysis

To assess learning progress within free-choice blocks, we categorized
each trial as correct (i.e., high-value item choice) or incorrect (i.e., low-
value item choice) and summarized performance as the cumulative
proportion of correct actions over bins of five trials. We used a paired
samples t-test (two-sided) to evaluate whether participants successfully
acquired the implemented item-outcome associations, testing whether
the proportion of participants’ high-value item choices was significantly
larger than the proportion of low-value item choices across all free-
choice blocks.

The experimental task was designed to only differ in the degree of
choice across conditions. However, it is important to consider that free-
compared to forced-choice trials may differ in reaction times. These
variations in motor activation timing could potentially influence
neuronal activity during feedback presentation in the progression of the
trial. In addition, a high occurrence of non-responses in either the free-
or forced-choice blocks could unintentionally introduce a disparity in
the frequency of positive and negative feedback between the different
agency conditions. We therefore tested for differences in reaction times
and the proportion of positive and negative feedback between free- and
forced-choice blocks using paired samples t-tests (two-sided).

To evaluate whether our manipulation was successful in inducing
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either high or low levels of sense of agency and to assess whether par-
ticipants’ feeling of control over action outcomes varied between free-
and forced-choice blocks, a repeated measures analysis of variance
(ANOVA) with the factors CHOICE (free-choice/forced-choice) and
RATING (choice agency/outcome agency) was performed on the ques-
tionnaire responses. To this end, participants’ agency ratings were
quantified as percentages, computed as the degree of agreement with
statement 1 and statement 2 for free- and forced-choice blocks sepa-
rately (Wegner & Wheatley, 1999). Greenhouse Geiser corrections were
applied if sphericity was violated. Interaction effects were subsequently
examined using paired-samples t-tests (two-sided), and test statistics
corrected for multiple comparisons using Holm’s method (1979).

Statistical tests employed an alpha level of .05 and effect sizes for all
tests are reported using Cohen’s d (small effect: d = 0.20; medium effect:
d = 0.50; large effect: d = 0.80) or partial-eta-squared (small effect: n§
=.01; medium effect: 12 =.06; large effect: 2 =.14; Cohen, 1988). We
additionally examined the data by estimating Bayes Factors (BF) for
individual tests using Bayesian Information Criteria (Wagenmakers,
2007). BFs quantify the evidence for the null hypothesis (Hp) as well as
the alternative hypothesis (H;), and allow to evaluate the likelihood of
observing the alternative hypothesis (p, # p,) compared to the null
hypothesis (y; = p,; weak evidence for H;: BF;o = 1-3; positive evidence
for Hy: BF;o = 3-20; strong evidence for Hy: BF;o = 20-150; very strong
evidence for H;: BF;o > 150; Raftery, 1995). Behavioral analyses were
performed in MATLAB R2020B and RStudio.

2.4.2. Time-frequency analysis

2.4.2.1. Data preprocessing. We performed data pre-processing offline
within MATLAB R2020B, using custom-written scripts and Fieldtrip
toolbox (Oostenveld et al., 2011). The EEG signal was filtered using a
Butterworth Infinite Impulse Response two-pass filter (high-pass:
1.0 Hz; low-pass: 40 Hz; roll-off: 6 dB/octave) and re-referenced to an
average of all active electrodes (see Kaiser et al., 2021). Trial-wise
epochs of 4500 ms, from 2000 ms prior to 2500 ms post feedback
onset, were extracted. To save processing time, the data were down-
sampled to 250 Hz. Artifacts due to eyeblinks and eye movements were
identified using independent component analysis (using the runica al-
gorithm implemented in Fieldtrip) and removed, resulting in the
exclusion of one to four components (M = 2.6 components, SD = 0.8) per
participant. The remaining components were projected back to the data
at channel level. To identify trials with substantial noise, voltage de-
flections exceeding + 100 pV were identified in the baseline corrected
dataset, using 200 ms prior to feedback onset as baseline. Noisy trials
were subsequently removed from the non-baseline corrected data,
resulting in a mean removal of 5.3% (SD = 3.8, range: 0.2-16.7) of all
trials. Further, one to two exceedingly noisy electrodes were removed
for four participants (M = 1.3 electrodes, SD = 0.5) and replaced with
spherical spline interpolation using the Fieldtrip function ft channelre-
pair (see also Perrin et al., 1989). Next to removing noisy data, trials for
which participants did not receive feedback (either because they did not
respond within the 1000 ms time window of stimulus presentation, or
because they chose the item not indicated by the computer during
forced-choice blocks) were excluded from further analyses, resulting in
an average removal of 16.4 trials (SD = 17.1, range: 1-72).

Successful reinforcement learning implies a gradual decrease in low-
value item choices within each block. This pattern was also reflected in
participants’ behavior in the current study (see Behavioral results). As
expected, over the course of each block, participants selected high-value
items most of the time, leaving only an exceedingly low number of trials
with low-value item choices. We thus focused our main statistical
analysis on trials with high-value item choices, resulting in an average
exclusion of 83.9 trials (SD = 67.1, range: 12-288). Finally, participants
were excluded from subsequent analyses, if less than 50 trials were
retained for the main analysis in at least one condition after pre-
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processing (a priori criterion, see Kaiser & Schiitz-Bosbach, 2021),
leading to an exclusion of two participants. The final dataset comprised
of 30 participants with an average of 521.4 trials (SD = 50.6, range:
436-602). Condition wise averages are depicted in Table 1.

To increase topographical specificity, a Surface Laplacian, using the
spherical spline method (Perrin et al., 1989) with a polynomial degree of
10 (Cohen, 2014), was applied to the pre-processed data (ft scalpcur-
rentdensity). Condition-wise averages for the time-frequency data
depicting midfrontal oscillatory activity were calculated over a time
window from -500 ms t02000 ms relative to feedback onset. This time
window exceeded the time period of interest to avoid edge effects
(Cohen, 2014). For precise localization of frequency information in
time, Morlet wavelet convolution was applied, with cycles and fre-
quency linearly increasing from three to eight, and 2 Hz to20 Hz,
respectively (Cohen, 2014; Kaiser & Schiitz-Bosbach, 2021). Each sam-
ple from the time-frequency epochs of all electrodes was baseline cor-
rected using the average power over all trials and converted to the
decibel (dB) scale (dB = 10 *loglO[power/baseline]), with a baseline
window ranging from —300 ms to —100 ms relative to feedback onset
(Kaiser et al., 2022).

2.4.2.2. Statistical analysis. The primary goal of our analysis was to
assess changes in the neuronal processing of affective feedback as a
function of sense of agency. Theta oscillations associated with feedback
processing have frequently been reported to be most prominent over FCz
and adjacent electrodes (e.g., Hajihosseini & Holroyd, 2013; Kaiser
etal.,, 2021; Luft et al., 2013). We thus created time-frequency maps and
performed statistical analyses using the averaged activity over elec-
trodes Fz, FCz, FC1, and FC2. Topographical plots, depicting average
theta power from 200 ms to 600 ms after feedback onset (Cohen et al.,
2007; Luft et al., 2013), confirmed that activity was strongest around
these scalp sites, especially for free-choice trials with negative feedback
(Fig. 2).

We used cluster-based permutation analysis over the specified scalp
sites to assess the main effects of choice, feedback valence, and their
interaction (Maris & Oostenveld, 2007) during feedback presentation.
Univariate repeated measures ANOVAs (ft statfun_depsamplesFunivariate)
were performed to quantify the main effects for the factors CHOICE
(free-choice/forced-choice) and VALENCE (positive/negative) at the
sample level. To examine whether the neural impact of choice depended
on feedback valence, contrasts for a CHOICE x VALENCE interaction
were calculated by subtracting mean power values evoked by negative
feedback from mean power values evoked by positive feedback within
each choice condition. Both conditions were subsequently entered as
factors in the univariate ANOVA and sample significance determined
identically to the main effect analyses. To examine the distinct effect of
choice for both positive and negative feedback, we performed additional
contrasts of free- and forced-choice trials for each level of feedback
valence separately via two-sided cluster-based permutation t-tests
(ft statfun_depsamplesT).

Significance of individual data points was evaluated against at an
alpha level of .05, and samples passing the significance threshold clus-
tered based on temporal and spectral features. We subsequently
computed cluster-level statistics, defined as the sum of the F-values (or t-
values, respectively) within each cluster. To evaluate significant differ-
ences across conditions, we applied the Monte Carlo Method to the

Table 1

Mean Number of Trials (and Standard Deviations) for Each Combination of Trial
Type (Free-Choice, Forced-Choice) and Feedback Valence (Positive, Negative) in
the Final Dataset.

Trial type Feedback valence
Negative Positive
Free-choice 66.5 trials (6.4) 196.9 trials (19.5)

Forced-choice 65.3 trials (6.3) 192.9 trials (20.4)
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largest of these clusters using 1000 random permutations of the original
data. This method calculates p-values under the permutation distribu-
tion for data consisting of temporally and spatially adjacent data points
by estimating the probability with which the condition-wise cluster data
come from the same, or different distributions, while simultaneously
controlling for the false alarm rate (Maris & Oostenveld, 2007).

3. Results
3.1. Behavioral results

Averaged over entire blocks, participants chose the high-value item
significantly more often (M = 88.1%, SD = 7.2, range: 226-312) than
the low-value item (M = 11.9%, SD = 7.2, range: 5-83), indicating that
they were successful in learning the implemented item-outcome asso-
ciations, t(29) =28.29, p <.001, CI 95% [221.6, 256.1], Cohen’s
d =10.26, BFyo > 10° (Fig. 3).

Reaction times had a mean latency of 524.80 ms (SD = 58.56, range:
424.41-681.55) and did not significantly differ between free- and
forced-choice trials, Mgyiff = 2.88 ms, t(29) = 0.63, p = .54, CI 95%
[— 6.53, 12.28], Cohen’s d = 0.05, BFyo = 0.23. Participants received
positive feedback on an average of 68.5% (SD = 3.9) trials and earned a
final monetary bonus of 7.20 Euro (SD = 0.62, range: 5.64-7.92). No
significant differences between free- and forced-choice blocks could be
found for the proportion of positive feedback (Mgiff = 1.7 trials, t(29) =
1.48,p = .15, C195% [— 0.64, 4.04], Cohen’s d = 0.12, BF;( = 0.52), or
negative feedback, Mgier = —0.37 trials, t(29) = —0.50, p = .62, CI 95%
[-1.87,1.13], Cohen’s d = —0.03, BF;o = 0.22. To conclude, reaction
times and the rate of positive and negative feedback did not differ be-
tween free-choice and forced-choice blocks.

Inspection of participants’ agency ratings for choice and outcome
agency measures revealed five extreme outliers (defined as values < [1st
quartile — 3 *interquartile range] or > [3rd quartile + 3 * interquartile
range]). Reported results are based on the dataset including outliers, as
their exclusion did not affect the results. The repeated measures ANOVA
revealed a large effect of CHOICE on agency experience, F(1, 29)
=169.16, p < .001, ng = .854, BFjy > 10°. Participants experienced
greater agency during free- (M = 69.76%, SD = 23.37) compared to
forced-choice blocks (M = 9.52%, SD = 16.90). In addition, we found
evidence for a significant effect of RATING on agency experience, F(1,
29) =16.60, p < .001, ng =.364, BF;p = 0.69. Participants reported
greater levels of choice agency (M = 45.13%, SD = 40.97) than outcome
agency (M = 34.15%, SD = 30.62) across blocks. The CHOICE x RATING
interaction was also significant, indicating that the effect of choice
differed for the two agency ratings, F(1, 29) = 14.21, p < .001, n§
=.329, BF;p = 28.70. Post-hoc analyses revealed a larger effect of
CHOICE on choice agency ratings (i.e., ‘I was free to choose any item I
wanted in this block.’), t(29) = 12.04, CI 95% [0.58, 0.82], p < .001,
Cohen’s d = 3.41, BFio > 10°, than on outcome agency ratings (i.e., ‘I
was in control over the amount of money I gained in this block.’), t
(29) = 10.40, p < .001, Cohen’s d = 2.88, BFyo > 10° (Fig. 4). The re-
sults indicate that our manipulation was successful in influencing
agency experience between free- and forced-choice blocks. The larger
effect of CHOICE on choice agency than outcome agency ratings addi-
tionally shows that participants were sensitive to their variable influ-
ence on item choice and action outcome, wherein self-determined
choices did not always result in the desired outcome (i.e., a monetary
gain).

3.2. Midfrontal oscillatory activity

Fig. 5 depicts time-frequency maps for midfrontal oscillatory power
relative to feedback onset. Results of cluster-based permutation analyses
for the main effects of choice, feedback valence, as well as their inter-
action are shown in Fig. 6.
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Forced Choice: Negative Feedback
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Fig. 2. Topographical plots showing oscillatory activity in the theta range (4-7 Hz) 200 600 ms post feedback onset. Stars mark electrodes used for statisti-

cal analyses.
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Fig. 3. Cumulative proportion of high-value item choices across trials. Blue-shaded lines indicate learning curves of individual participants, averaged over all free-
choice blocks. The black line depicts the grand average of choice behavior across all participants, including standard errors.

Our analyses revealed a significant effect of CHOICE on feedback
processing over midfrontal electrodes, encompassing low frequency
oscillations mainly in the theta range and starting with feedback onset,
0-930 ms, p =.001. Free-choice trials elicited greater theta power
during feedback presentation than forced-choice trials. An average
power difference of 0.69 dB (SD = 0.22) could be observed for the
detected cluster. The ANOVA for the main effect of VALENCE revealed a
significant power difference between trials with negative and positive
feedback, confined to the theta range and starting with feedback onset,
0-510 ms, p = .022. Compared to trials with positive feedback, trials
with negative feedback elicited greater theta power (MA = .29 dB, SD =
0.09) during feedback presentation. We did not find a significant effect
for the interaction of the factors CHOICE and VALENCE during the
specified time window. This indicates that changes in the sense of

agency affect the processing of positive and negative feedback, as
observable in midfrontal theta activity, in comparable ways. Additional
contrasts confirmed the significant difference between free and forced
choices for both positive and negative feedback (Fig. 7). Free- compared
to forced-choice trials significantly increased activity in the theta range
after the onset of negative feedback, 0-830 ms, MA = .85 dB, SD = 0.24,
p = .001. For positive feedback, a significant increase in theta power
could be observed for free- compared to forced-choice trials for the
whole duration of feedback presentation, 0-1000 ms, MA = .60 dB, SD
=0.16, p = .004.

4, Discussion

The current study investigated the impact of changes in the sense of
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