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English Abstract

In our daily lives, we encounter a wide range of visual stimuli, but printed words are critical
for communication and information acquisition. Emotional words receive preferential
attention, resulting in modulations of behavioral and neural responsesiaisvatages of
stimulus processind.he extraction of the emotional connotation of a word necessitates access
to its semantic content. Nevertheless, emotional effects of words are observed also at early
visual processing stages, prior to full semanti@ascThese early effects are proposed to result
from the association of emotional relevance to thellwel visual features of words, based on
repeated simultaneous exposure to tThmse word
dissertation presents a series of studies that used behavioral andetatedt brain potential

(ERP) measures to investigate the associative mechanisms by whitdvédwisual features

of words affect their emotional relevanddéiree key research questions were addressed: First,

to define the precise role of lelevel visual features in relevance acquisition; second, to
characterize the neural and behavioral response dynamics during this acquisition; and third, to
assess the impact of the acquired relevance on word me&tady. 1 and Studyudsed woréd

like stimuli that acquired relevance via associative learning. Different dimensions-teEvelv

visual features such as characters and font type were manipulated during the learning and
subsequent test sessions to investigate dostribution to the relevance acquisition process.
Relevance effects on early perceptual processing (P1) appeared contingent on the dimension
of low-level visual features involved in the associatiStufly 2. Both studies showed for the

first time that symbolic stimuli of associated relevance, similar to emotional words,
automatically capture attention as reflected in EPN modulations. However, in contrast to earlier
stages of perceptual processing, these ENulations were insensitive to the manipulation

of low-level visual featuresStudy ). Relevance effects on highlewvel stimulus evaluation

(P300/LPC) linearly increased during relevance acquisisondy 2. Positive relevance had a
il
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greater impact on later stages of stimulus processing compared to negative relevance, mirrored
behaviorally by faster learning of positive associatidBsidy 3explored how relevance
association to various dimensions of ievel visual features affected memasiated neural
processing. Positive relevance influenced old/new ERP responses in the P300/LPC time
window, regardless of the dimension of level visual features it was associated with.
However, the advantage of memaglatedprocessing by positive relevance disappeared when

the association was no longer necessary for task compldtios.work contributes to the
understanding of the effects of emotional relevance on behavioral and neural responses to

words and provides new insights into the role of-lewel visual features in this process.

Keywords: Emotional relevance, associative learning, visual word processinglel@lv

visual features, evemelated potentials
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Deutsche Zusammenfassung

In unserem taglichen Leben begegnen wir einer Vielzahl visueller Reize, aber gedruckte
Worter sind fur die Kommunikation und den Informationserwerb entscheidend. Emotionalen
Wortern wird bevorzugt Aufmerksamkeit geschenkt, was zu Modulationen des Veshaitén

der neuronalen Reaktionen in verschiedenen Phasen der Reizverarbeituiyjdiiutraktion

der emotionalen Konnotation eines Wortes erfordert den Zugang zu seinem semantischen
Inhalt. Emotionale Wirkungen von Wortern werden jedoch auch in frihaselatder visuellen
Verarbeitung beobachtet, die noch vor dem vollstandigen semantischen Zugang liegen. Es wird
angenommen, dass diese frihen Effekte aus der Assoziation von emotionaler Relevanz mit den
basalervisuellen Merkmalen von Wortern resultieren, die auf der wiederholten gleichzeitigen
Exposition der visuellen Form und des semantischen Inhalts des Wortes Be&uhtdieser
Dissertation vorgestellten Studien verwendeten Verhaltensmaf3e und ereigniskorrelierte
Hirnpotentiale (EKPs), um die Assoz@tismechanismen zu untersuchen, durch die basale
visuelle Merkmale die emotionale Relevanz von Woértern beeinfluEsemurden drei zentrale
Forschungsfragen bearbeitet: Erstens, die genaue Rolle von basalen visuellen Merkmalen fir
den Erwerb von Relevanz zu definieren; zweitens, die neuronale und verhaltensbezogene
Reaktionsdynamik wahrend dieses Erwerbs zu charaktensi und drittens, die
Auswirkungen der erworbenen Relevanz auf das Wortgedachtnis einzuschét3ardie 1

und 2wurden wortdhnliche Stiuli verwendet, deren Relevanz durch assoziatives Lernen
erworben wurde. Verschiedene Dimensionen von basalen visuellen Merkmalen, wie z.B.
Zeichen und Schriftart, wurden wahrend der Leumd anschlieRenden Testsitzungen
manipuliert, um ihren Beitrag zumRelevanzerwerbsprozess zu untersuché&ie
Auswirkungen der Relevanz auf die friihe perzeptuelle Verarbeitung (P1) schienen von der
Dimension der basalen visuellen Merkmale, die an der Assoziation beteiligt waren, abhangig

zu sein Studie 2. In beiden Stuén konnte zum ersten Mal gezeigt werden, dass symbolische

\'
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Stimuli mit assoziierter Relevanz &hnlich wie emotionale Worter automatisch
Aufmerksamkeit auf sich ziehen. Dies spiegelte sich in den-EB8ulationen wider. Im
Gegensatz zu friheren Phasen der perzeptuellen Verarbeitung waren diddedilationen

jedoch unempfindlich gegenuber der Manipulation basaler visueller Merk8tatii€ }. Die
Auswirkungen der Relevanz auf die Evaluierung von Stimuli auf héherer kognitiver Ebene
(P300/LPC) nahmen wéahrend der Relevanzakquisition linegBtadié 2. Positive Relevanz

hatte im Vergleich zu negativer Relevanz einen groReren Einfluss auf spatere Phasen der
Reizverarbeitung, was sich im Verhalten durch schnelleres Erlernen positiver Assoziationen
widerspiegelteStudie untersuchte, wie sich die Assoziation von Relevanz mit verschiedenen
Dimensionen basaler visueller Merkmale auf die gedachtnisbezogene neuronale Verarbeitung
auswirkte. Positive Relevanz beeinflusste alte/neue -RK&ktionen im P300/LRC
Zeitfenster, unaldngig von der assoziierten Dimension basalisueller Merkmale. Der
Vorteil der gedachtnisbezogenen Verarbeitung durch positive Relevanz verschwand jedoch,
wenn die Assoziation fir die Aufgabenerftllung nicht mehr erforderlichiiase Arbeit tragt

zum Verstandnis der Auswirkungen emotionaler Relevanz auf das Verhalten und die
neuronalen Reaktionen auf Worter bei und bietet neue Einblicke in die Rolle basaler visueller

Merkmale in diesem Prozess.

Schlisselwoérter emotionaléRelevanz, assoziatives Lernen, visuelle Wortverarbeithamgle

visuellen Merkmale, ereigniskorrelierte Potentiale

Vi
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Chapter 1

1. 1 Gener al l ntroducti on

James A. Michener once remarkédlove writing. | love the swirl and swing of words
as they tangle with human emotidnSimilarly, neuroscience, akin to literature, Hasg
recognized the emotional potency of words. Further, echoing Michener's observation, research
has shown that a complex relationship exists between the visual form of-woedswirl and
swing" - and the emotion they evoke. Unlike visual stimuli of inhémmotional relevance
such as facial expressions, words are abstract and symbolic; the association between their

visual form and meaning is arbitrary, established through language acquisition.

Central to this dissertation is the examination of the role played by thiev@ivwisual
features of words in determining their emotional relevance. This chapter provides an overview
of previous studies that investigated behavioral and neural respors@®tionalwords. It
discusses experimental evidence supporting the hypothesis that the emotional relevance of
words is associated with their leievel visual features, affecting perceptual processing stages

before semantic access to the word's meaning.

The chapter then moves on to key issues that have not yet been explored, which will be
the focus of the following section€hapter 2 presents two studies, employing both behavioral
and electrophysiological measures to investigate howdoel visual features can be the target
for the acquisition of emotional relevance in symbolic stimuli like words. Chapter 3 details
further results from the same two studies, addressing the temporal dynamics ofameliral
behavioraleffects as stimuli acquire emotionaleance. Chapter 4 introduces a third study,
focusing on the effects of emotional relevance on memalated processing of words. Finally,
Chapter 5 concludes the dissertation with a summary and overarching discussion of the insights

garnered from the pceding chapters.
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1.11 Emotional Words

Our behavioral and neural responses to waads influenced by their emotional
relevance This is evident in various experimental paradigms such as the Stroop task, where
participants are tasked with swiftly and accurately naming the color of individually presented
words. In the "emotionalersionof this task, words with negative (e.g., "coffin") or neutral
(e.g., "cotton") emotional valence are used. Typically, it takes longer to name the color of

negative compared to neutral wolfier a review:Williams et al., 1996)

Conversely, in a lexical decision task where participants are required to distinguish
between real words and pseudowords, reaction times are found to be faster for-&adetion
words(Schacht & Sommer, 2009a, 2009b; Scott et al., 208€)ough the emotional content

of the words isn't directly relevant for either task, it nevertheless affects behavioral responses.

These paradigms exemplify a broader corpus of evidence demonstrating how emotional
relevance automatically captures attention and impacts information processing in our brain
(Vuilleumier, 2005) The resultingoehavioral responses can be either enhanced or impaired,
contingent on the task relevance of the emelamen stimulugPessoa, 2009)n the lexical
decision task, for instance, the heightened attention towards the emotional word leads to the
recruitment of additional processing resouraesultingin faster stimulus discrimination.
Contrarily, in the emotional Stroop task, resources dedicated to processing the emotional
relevance of the stimulus detract from the calaming task, resulting in impaired

performance.

The effectsof emotional relevanceanalsobe observedn physiological responses to
words For example emotional words have been reported to elicit increased pupil dilation
(Bayer et al., 2011; V0 et al., 2008)hese pupil responses have been @seensivelyas a

measure of emotional processiiigatty, 1982)and enhanceaksponses have beerpreted
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as reflectingncreasedarousal of emotionally relevant stimBradley et al., 2008; Janisse,

1974)

The processing advantage for emotiomatds is also manifest at the neurophysiological
level, as seen in the modulations of evastated brain potentials (ERPsS). Specifically, two
ERP components hawensistentlybeen reported to be influenced by the emotional content of
words. The first component, the early posterior negativity (EPN), is a relative negativity at
temporoeoccipital electrodes, typically occurring between 200 and 350 msspoatlus onset.

This conponent isconsideredto represent the autmatic capture of visual attention by
emotional stimul{(Junghofer et al., 2001; Schupp et al., 20@8h numerous studies reporting
enhanced EPN amplitudes for emotional compared to neutral \Beyer et al., 2012b;

Hinojosa et al., 2010; Kissler et al., 2009; Schacht & Sommer, 2009b, 2009a)

The second component modulated by words' emotional content is the late positive
complex (LPCCitron, 2012; Hinojosa et al., 2010; Schacht & Sommer, 2000&)a broad
positivity over centreparietal electrodes, believed to reflect higher cognitive stages of stimulus
processindCuthbert et al., 2000; Schupp et al., 20086)e LPC typicallydevelopsn the time
window of the P300 component, associated with processes of motivation, attention allocation,
andmemory(Polich, 2007) Notably, emotional words are better remembered than neutral ones
(Brandt et al., 2013; Kensinger & Corkin, 2003ahd their concurrent presentation also
enhances memory of contextual, remotional informatior{Doerksen & Shimamura, 2001,
Guillet & Arndt, 2009) In line with these behavioral results, prior studies Hauademotion

effects on P300 amplitudes in response to w{Basnat et al., 2001; Schupp et al., 2006)

A similar processing advantage has been extensively observed in responseslto
stimuli of inherent emotional relevansach as facial expressions of emotiBublatzky et al.,
2014; Hammerschmidt et al., 2017; Hammerschmidt, Kulke, et al., 2018; Rellecke et al., 2012;

Schupp et al., 2004and complex scené€uthbert et al., 2000; Schupp et al., 20@udies
3
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comparing emotional effects in words and inherently emotional stimuli reported comparable
modulations in all the aforementioned ERP compon@dyer & Schacht, 2014; Frihholz et

al., 2011a; Rellecke et al., 2011; Schacht & Sommer, 200Ba@se similarities in
electrophysiological responses are further supported by evidence from imaging studies. For
example,Schlochtermeier et al., (2018gmonstratedomparablefMRI activation patterns

when an emotional stimulus was presented either as a picture (e.g., the picture of a flower) or

as a word (e.g., the word "flower").

In the case of inherentlyelevant stimuli, the emotierelated processing advantage
reflects what is known as "motivated attention”. This notion is rooted in motivational circuits
that evolved to bolster the organism's survival by amplifying sensory processing and response

prepaation toward appetitive and aversive stin{ukng et al., 1997; Vuilleumier, 2005)

However, the concept pieferential processing based on evolutionary significdnes
not extend to emotional words, which necessitate the extraction of meaning from arbitrary and
abstract symbols. Words are thought testoeedwithin dynamic semantic networks that tether
their lexical representation theirpragmatic use, physiological and motor responses, alongside
emotional connotations. For instance, the lexical representation of the word "snake" activates
interconnected systems within the netwarkgoding physiological reactions like accelerated
heartbeat, preparation of a flee response, and the emotion of fear expéfiesks et al.,

2006)

Numerous studies have sought to pinpoint the stage during reading where a word's
emotional content is activated. A widely held perspective on thedimese of word reading
posits that orthographic processitakes placan the initial 200 ms positimulus onset,
followed by lexical processing from 200 to 400 ms, and jestal semantic processing

beyond 400 méBarber & Kutas, 2007; Holcomb & Grainger, 2007)
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Kissler et al., (20079bservednodulations of EPN amplitudes between 200 and 300 ms
in response to emotional words, suggesting that emotional content activationabtcarstage
of lexical orpostlexical accessSchacht & Sommer, (2009a, 2009bither corroborated this
finding in a lexical discrimination task where participants differentiated between neutral or
emotional verbs antheaninglespseudowords. They observedhancedPN amplitudes for
emotional versus neutral verbs 50 ms after the lexicality effect for words versus pseudowords,
thus placing emotional content activation immediately after lexical access (also confirmed by

Palazova et al., (2011)r adjectives and nouns).

Notably, some studies have reported emotion eff@stsn within the first 200 ms
following word onset. For instance, Begleiter and Platz, as early as 1969, documented
differences before 200 ms at a single occipital electrode (O2) between "taboo" and neutral
words(Begleiter & Platz, 1969 Subsequent research has repoetezh earlier emotion effects
at occipital electrodes, as early as the first 100 ms after stimulus onset, in the P1 component
time window. (Bayer et al., 2012b; Hofmann et al., 2009; Kuchinke et al., 2014; Kulke et al.,
2019; Scott et al., 20097 his componenipeaking around00 ms posstimulus presentation,
is believed to represent the perceptual encoding of visual input, with sensitivity to the stimuli's
low-level visual feature¢Di Russo et al., 2003; Hillyard & Anll¥/ento, 1998; Luck et al.,

2000) These early modulations seemingly occur too swiftly to depend on full semantic access.

A plausible reconciliation for this apparent discrepancy might be rooted in the lifelong
exposure to a word's visual forr8imilar to how emotionatonnotationis extracted from
inherently relevanstimuli based on their perceptual featutes reviews: Vuilleumier &

Huang, 2009; Vuilleumier & Pourtois, 200r)e peat edl y associ ating a

i ts emoti onal content can transf elevel Yishad e mo't

featuregFritsch & Kuchinke, 2013; Hofmann et al., 2009; Kissler et al., 2006; Ortigue et al.,

2004; Rellecke et al., 2011)his association could result in enhanced sensory facilitation and

5
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early processing of the emotional connotation before the word is fully identified in later

processing stagébritsch & Kuchinke, 2013; Kuchinke et al., 2014)

1.1.2 DisentanglingOrthographic and SemanticProcessing

In order to better understand the impact of emoticglalvanceon the different stages of
word processing, it's essential to disentangle the intricate relationship between orthographic
and semantic aspects of words. A common approach to this investigsdidpseudowordd
symbolic stimulithat do not possess any semantic content and, therefore, lack emotional

significance putstill retain the lowlevel visual features characteristic of real words.

Several studies have employed learning strategiassociatenotivational relevance
pseudowordsThis has been achieved through various methods including associative learning
(Bayer et al., 2019; Kulke et al., 2019; Rossi et al., 2017; Schacht et al., 2Gk2jcal
(Montoya et al., 1996pr evaluative conditioninffritsch & Kuchinke, 2013; Kuchinke et al.,

2015) For instance, a study Isyitsch & Kuchinke, (2013had participants learn associations
between pseudowords and either unpleasant or neutral pictures. In a subsequent lexical decision
task, ERP responses to these pseudowords, alongside novel neutral pseudowords and real
neutral and negative words, were si@@d. The findings revealed that pseudowords associated
with unpleasant pictures triggered modulations in an ear{280ms timevindow and in the

P300time window, similarto the responses elicited by emotionally negative words.

Similarly, Kulke et al., (2019)esigned a paradigm where both neutral words and
pseudowords acquired motivational relevance through associations to monetary outcomes,
either gain, loss, or neutral. The authors observed early ERP effedte associated
motivational relevance in the P1 timendow for both types of stimuli, mirroring the early

ERP modulations seen with words of emotional coneugt,Bayer et al., 2012)
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At this point, is noteworthyo mention that traditional attention theoriéistinguish
between two types of attentiomottomup, stimulusdriven attention captudeby emotionally
significant stimuli, and topdown, goaldriven attentiondirected towardmotivationally
relevant stimuli (e.g.Corbetta & Shulman, 2002)Yet, stimuli acquiring motivational
relevanceby goatdriven attentional mechanisnas for example, through association with
monetary rewards, demonstrate preferential processing even in the absence of the reward
(Anderson et al., 2011dr when the explicit memory of the stimultesvard association fades

(Anderson & Yantis, 2013)

In light of these observation&nderson (2013)ntroduced the notion of a general value
driven mechanism of attentional selection to elucidate the prioritization of both inherently
emotionally relevant stimuli and stimuli that garner motivational relevance through associative
learning.Additionally, various influential modelsee motivation as precursor of emotional
relevancglLang & Bradley, 2010; Pessoa, 20Hso, for a perspective @amotions as hypo

phenomena of motivatioseeGendolla, 2017)
1. 20peQuestions

The evidence gathered thus far through the use of real wbetrotional content and
motivationladen pseudowords illustrates how emotion affects many stages of word
processing, akin tonherently relevanpictorial stimuli. Effects on behavioral responses and
ERP amplitudes, specifically in the EPN and LPC timiedow, indicate that the emotional
content of words enhances the neural mechaniefnattention, higheorder stimulus
evaluation, and response preparation. Additionally, even earlier effectsyedbseithin the
first 200 ms after stimulus onset suggest that emotional words are also prioritized at the sensory

encoding stages. These effects occur too early for full semantic access, implying that the
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emotional content's association with ldevel visual features may result from repeated

exposure to words over time.

Despite the progress made, the role played byléwel visual features in the emotional

relevanceof words has not been fully elucidated, and substantial questions still remain.

Firstly, the visual form of a word can vary along different dimensions. The character set
comprising the word is an obvious dimension, as exemplified by the words "Coffin" and
"Cotton" which, despite having a similar visual form, convey different meaaimgjgmotional
relevance Font type is another dimension, with marketing and consumer psychology
recognizing for at least a century that the font type can help convey erhkéaqualities
(Poffenbergeh & Franken, 192&e als@pencer, 1969Previous studies have explored how
the font siz€Bayer et al., 2012ar the font familiarityKuchinke et al., 2014 ffect responses
to emotional words. However, the extent to which different dimensions oefelest visual
features contribute to the emotionellevancef words remains largely unexplored. Moreover,
the relative contribution of these different dimensions, and whether the same emotional
relevancecan be conveyed by words being similar in one dimension ofldgl visual
features while varying along another.d.,different words sharing the same font) is unclear

(cf. Rossi et al., 2017)

Secondly, unlike biologically prepared stimuli, the association between a word's
emotional relevance and perceptual features must be learned. For real words, this association
is established during the acquisition of written language. In pseudoword sthdisSmuli are
originally meaningless and emotionally neutral, with the effects of emotional and motivational
relevance arising throughout the process of associative learning. However, previous studies
using this type of stimuli have typically investigdtrelevance effects only after the association
was established, leaving unclear how these neural and behavioral responses arise and evolve

over the course of relevance acquisition.
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Finally, enhanced memory for emotitaden stimuli is a shared characteristic between
words and biologically prepared pictorial stimuli. Numerous behavioral studies have proven
better memory for words of emotional content (eQanion et al., 1995; Rubin & Friendly,
1986) yet little is known regarding thele of low-level visual features ithe memoryrelated

neural responses &notionalwords (e.g., the P300/LPC and FN400 "old/new" effects).

These open questions will be the topic of the following three chapters, respectively.
Detailed description of material, methods, data analysis and results of the studies presented in

the following chapters can be foundAppendix A, B, and C, respectively
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Chapter 2

2. 1Contri butidiewvedtf VLewal Feataméeés to t

Moti vaRelomwmwdnce of Wor ds

The evidence discussed in the preceding chapter points towards the activation of the
emotional content of words before full semantic access is achieved. The modulation of the EPN
component in response to emotional words is interpreted as emotion eff@atsngauring
or immediatellyafter lexical acceséKissler et al., 2007; Palazova et al., 2011; Schacht &
Sommer, 2009b, 2009a\loreover, other research has reported even earlier emotion effects
during the first 200 ms of perceptual processing -ptistulus onset{Bayer et al., 2012b;

Hofmann et al., 2009; Kulke et al., 2019; Scott et al., 2009)

One hypothesis for these early effects has been framed in the form of an association
between a word's visual form and its emotional relevance. This association is believed to enable
processing prioritization at the early perceptual stages before full Semaress to the word
is achievedFritsch & Kuchinke, 2013; Hofmann et al., 2009; Kissler et al., 2006; Ortigue et

al., 2004; Rellecke et al., 2011)

Support for this hypothesis is drawn from studies wherein emotional and motivational
relevance was associated with otherwise meaningless symbolic stimuli. Comparable early ERP
modulations have been observed in the P1 (and even earlier Clwiimdew, further
indicating that the emotional content of these stimuli can be activated already during early
perceptual processin@ayer et al., 2019; Fritsch & Kuchinke, 2013; Kuchinke et al., 2015;

Kulke et al., 2019; Montoya et al., 1996; Rossi et al., 2017; Schacht et al., 2012)

Despite these advancements, substantial questions remain regarding the specific

contribution of lowlevel visual features to the emotional relevance of words. Wordseloel

11
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visual features can vary along different dimensions, such as, for instance, the characters
composing the word, and its font. Some evidence already exists that certain dimensions of low
level visual features impact neural responses to words and eventimighaemotion effects.

For exampleBayer et al. (2012a)emonstrated that a larger font serghancedP1l amplitudes

in response to words. Furthermore, EPN modulations by emotional versus neutral words
appeared earlier and endured longer when such words were presented in a larger font size.
Additionally, Kuchinke et al., (20149bserved an emotion effect on P1 amplitudes only when
words were presented in a familiar font type. However, the extent to which different
dimensions of lowevel visual features contribute to the emotional relevance of words remains

largely unexplored.

The subsequent sections of this chapter introduce and discuss two studies aimed at
addressing these open questions. Collectively, the studies examined here systematically
investigated whether: 1) specific dimensions of words*Iewel visual features cabe the
target of association of emotionmalevanceand 2) whether relevance effects can be observed

in stimuli sharing one dimension of leMvel visual features while varying along another.

2.11 Study 1: LowlevelVisual Features aslarget ofRelevanceAssociation

Study 1 was designed to directly manipulate the-lewel visual features of symbolic
stimuli to examine their role in the acquisition of emotional and motivational relevance. The
study (N = 48, within-subject design) consisted @learning session where participants were
taught to associate 24 pseudowords (formatted as consanaekconsonantvowel) with
either a monetary gain, loss, or neutral outcome. The learning paradigm was structured such
that the magnitude of the monetat@ome was contingenhdhe participant's response, albeit
the positive or negative relevance of the stimulus was fixed (i.e., participants could gain more
or lose less, respectively, with a correct response). A subsequent test session on the following

day entailed an old/newedision task, where the same stimuli from the learning session were

12
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presented alongside new pseudowords. Notably, in the test session, the old stimuli were
presentedn eitherthesamgé def i ned a rafifferent(gif iurecd Mgt type nt 0 )
as inthe learning sessiorFigure 1; seeAppendix A for a detaileddescription ofstudy
methods). This designed aimed to evaluate the role ofldgel visual features in the
associative learning of motivational relevance. If the effects of associated relevance are tied to
the visual features of the stimulus, they shodldagpear when the previously learned

pseudowords are displayedan incongruenfont type.

Max: 3000 ms/
until response

2000 ms

correct

Max: 3000 ms/

response "
pol until response

incorrect . . .
—_—
response

Figure 1. Trial scheme oStudy 1. (Leftpearning sessigrwith feedback stimuli showed in accordance with the

metu

ITI (4=2000, 0 =250) ITI (4=2000, o =250)

different outcome categories and participant response. (Rigt#) sessignwith example stimulus presented in

an incongruent font compared to learning session

The study tested the effects of associated monetary outcome on both behavioral and ERP
responses during the learning session, as well as the interaction effect of monetary outcome
and fontcongruenceon the sameesponsesluring the test session. Additionally, an analysis
of pupillary responses was includé&tthile increasegupil responsebave been consistently
observed foemotional picture@Bradley et al., 2008; Hess, 19@5)d auditory stimuliJirgens
et al., 2018; Partala & Surakka, 2003; Riese et al., 204 evidencéor similar modulations
in the case of emotional words and symbolic stimuli is somewhat mixed. Some studies revealed
effects driven by valencggulcu & Browning, 2017; V6 et al., 20Q8)r arousa(Bayer et al.,

2011) while others found no effects of emotional con{é&nichinke et al., 2007)

13
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Figure 2 shows results of the analyses of the behavioral and pupillary responses. ERP
responses during the learning and test session are displdyigdria 3 and 4 respectivelyln
the learning session, stimuli associated with monetary gain were learned faster, while those
associated with loss modulated P1 and EPN amplitudes, as well as pupillary responses. In the
test session, an interaction effect of associated outcome ancbfagruencevasfoundonly
for accuracy rates, which were higher for previously -gaisociated than neutral stimuli. This
difference was more pronounced for stimuli displayed in the samédamgruent)as in the
learning session. Stimuli previously assted with monetary gain or loss also exhibited faster
reaction times and enhanced EPN amplitudes than neutral stimahe test session

Furthermore, fontongruencenodulated EPN, LPC, and P300 amplitudes.

14
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Contrary to expectations, the test session did not reveal any interaction effect of monetary
outcome and fontongruencen ERP responses. Interpreting this lack of effect, particularly
regarding the P1 component, as an indication that thdeegt visual features of the stimuli
did not play a part in the acquisition of motivational relevance could be overly simplistic.
Firstly, an interaction effect was observed at the behavioral level. The processing advantage
for gainassociated stimuli, reflected instar reaction times, was further enhanced when the
pseudowords retained the same font in which they were presented during the process of
relevance acquisition. Secondly, monetary outcome significantly impacted early sensory
processing during the learningssion, as seen in modulations of the P1 component. Thirdly,
it's noteworthy that in the test session, P1 was not modulated by either outcome condition
font congruencemaking it challenging to draw any strong conclusion regarding the absence

of an interaction effect of sudhctors

Independently of font manipulatipwutcome association significantly modulated EPN
amplitudes in both the learning and test session. This finding is intriguing, especially in light
of similar effects inthe existing literatur@n real words of emotional conte(Bayer et al.,
2012b; Hinojosa et al., 2010; Kissler et al., 2009; Palazova et al., 2011; Schacht & Sommer,
2009b, 2009a)wheras thefew studiesusingassociative learning paradigms with otherwise
meaningless stimuli reportedo effects of motivational relevance on this component
amplitudes Kulke et al., 20190or pseudowordsSchacht et al., 201r Chinese characters).

One reading of this literature could suggest that EPN reflects the processes of automatic
attention capture by the emotional relevance tied to the semantic meaning of real words.
Indeed,Schacht & Sommer (2009a, 2009)ted EPN modulations by emotional relevance

immediately post lexical access, localizing the dipole source for this component in the fusiform

gyrus(Schacht & Sommer, 2009b)
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Within word processing, the fusiform gyrus is thought to be functionally organized in a
posterioranterior gradient, with more occipital regions encoding perceptual features of the
word, while anterior regions encode lexical and potentially highex! stmulus representation
(Caffarra et al., 2021)Abundant experimental data suggest this area acts as a hub, integrating
bottomup signals from earlier visual are@3istler et al., 1993hnd topdown, nonvisual
stimulus representations from more rostral areas engaged in semantic and phonological
processingCatani et al., 2003; Distler et al., 1998r a review seéarreiras et al., 2014)

Devlin et al. (2006)further proposed that the fusiform gyrus is where bottgmvisual
information converges into an abstract, famaariant representation of the word, which is
then mapped to its highéevel properties like semantic content. Importantly, they argued that

at this juncture, the "meaning” mapped to the visual form of the words extends beyond semantic
content, depending on the specific task requirements. The EPN modulations by outcome
association, irrespective of foowngruencegobserved in the current studguld be interpreted

within this framework. Even without the semantic content typical of real words, attentional
resources can be swiftly allocated when the famaariant, abstract representation of the

pseudoword is integrated with the motivational ralese of the associated monetary outcome.

Interestingly, the test session did not exhibit further modulations of ERP components nor
pupil responses by outcome association. Previous studies employing similar associative
learning paradigms reported P1 modulations in the test sg&ager et al., 2019; Kulke et
al., 2019; Rossi et al., 2017; Schacht et al., 20[t'8)important to note that, in the learning
session of the current study, where such early modulations were indeed observed, the
associated outcome was pertinent to participants' task performance. Conversely, in the test
session, the previously assoembutcome lost its taglelevance as participants merely needed

to distinguish old from new stimuli. Hence, the absence of P1 amplitude modulations in the
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test session might be attributable to a rapid process of extinction of the association, as it was

no longer crucial for optimal task performance.

Additionally, compared to stimuli of inherent emotionalevancevery early effects of
words' emotional content have been shown to be more susceptible tegawifyc conditions
like taskrelevance of the emotional contéWei et al., 2015cf. Oliveira et al., 2013)choice
of reference electrodd&uchinke et al., 2014 )stimulus familiarity and arous#&bcott et al.,
2009) as well as stimulus presentation time and repetition (for a discussidftissk et al.,
2006 cf. alsoFrthholz et al., 2013)bSimilarly, the absence of relevance association effects
on the P30MPC amplitudes contributes to a mix of inconsistent evidence in the context of
associative learning, with some studies reporting no modulations of these com|iBagats
et al., 2019; Hammerschmidt et al., 2017; Kulke et al., 20@8i)e others documented effects
in the same timevindow (Hammerschmidt, Kagan, et al., 2018; Hammerschmidt, Kulke, et

al., 2018; Rossi et al., 2017; Ziereis & Schacht, 2023)

Regarding pupil responses, a previous study demonstrated emotion effects employing a
similar old/new decision task with real word@gd et al., 2008) The study reported an
interaction effect of stimulus novelty and emotional valence; pupil dilation increased for old
compared to new stimuli, yet this difference diminished for positive and negative as opposed
to neutral words. The authors posited tih&t ¢ognitive effort necessitated for the retrieval of
known stimuli information, mirrored in enhanced pupil responses, was reduced by the
emotional content of the stimuli. However, it is worth noticing that the study by V6 and
colleagues utilized 180 worgdsach displayed once, contrasting with the mere 24 pseudowords,
each shown multiple times, in the present study. A plausible explanation for this divergence in
findings could be the relatively reduced cognitive effort demanded for memory retrieval in the
current study, which might have tempered the additional advantage for relassootated

stimuli.
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Furthermore, the observed main effects of fmrigruenceeveal that the manipulation
of low-level visual features influenced ERP responses independently of the associated
motivational relevance. Concerning EPN, to the author's understaKdicignke et al., (2014)
is the only other study probing similar effects of iewvel visual features manipulation and
reported no modulations on this component. The scarcity of evidence from existing literature
precludes drawing robust conclusions regarding the effect obsertlad study. However, it's
conceivable to speculate that the enhanced amplitudéestargruentompared ta@ongruent
font type mirror additional processing necessitated to integrate the nowvelwisual

features in the foramvariant representatmof the stimulus.

On the other hand, LPC and P300 amplitudes were increased in respoosgrtgent
compared tancongruentfont type. These components have been documented to be modulated
by the recollection of specific details of the stimulus. For instar@eairan, (2000)
demonstrated modulations in the same tmraow when the plurality of a previously studied
word was altered. Although altering the plurality of a word could be considered as a
manipulation of both its visual form and its highevel properties (i.e., quantity), the findings
of the current studynderscore that manipulations solely of the-lewel visual features suffice

to modulate the recollection processes underpinning/BEB@amplitudes.

A final note of interest regards the direction of P1 modulations by associated outcome
observed in the learning session. Lassociatioaled toreduced P1 amplitudes compared to
zercoutcome stimuliThis finding is in line withsomeprevious studie@Kuchinke et al., 2014;

Scott et al., 2009)however, otheliterature reportedan opposite pattern of enhanced P1
amplitudes for lossassocidabns (Rossi et al., 2017)As previously mentioned early
modulations appear to be particularly susceptible to sspegific conditions (cfKuchinke et

al., 2014) highlighting the need for further research to elucidate the factors that influence the

presence and direction of these effetits addition, Scott et al., (2009proposed another
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possible explanation for the decrease in amplitudes folessciations in this tim@indow.
The authors argued that at the level of early perceptual processing of symbolic stimuli,
increased arousal to negative stimuli might manifest as a neggiing occipital wave,

leading to decreased P1 amplitudes and enhanced N1 negativities.

2.1.2 Study 2:Contribution of Different Dimensions ofLow-LevelVisual Featuresto the
Acquisition of Relevance

Study 1 aimed at investigating the role of avel visual features in the emotional and
motivational relevance of symbolic stimuli like words and pseudowords. To this end, the low
level visual features, along the dimension of the font type, were afies¢dhe acquisition of
motivational relevance through associative learning. Contrary to anticipations, with the
exception EPN, the associated monetary outco

phase, regardless of foringruence

Besides the conceptual elucidation of these null effects as discussed earlier, certain
experimental variables might have played a part in the mixed outcomes. First, the study

operationalized the manipulation of ldewvel visual features through a changéant type.

That fonts can indeed convey specific emotions is illustrateimynmonplace examge
ast he cinema industryodés use of ( tMarkatieg)and” bl o0 o0 cC
consumer psychology has delved into the emotional undertones of different fonts for quite
some time(Li, 2011; Poffenbergeh & Franken, 1923; Spencer, 1968ine fonts have also
been attributed specific 0 pgdramatioandsophisticaidd d o n i
(Kostelnick et al., 1997whereas Century Schoolbook f&erious yet friendly (Shushan et

al., 1991)

However, the visual form of a word can vary along other dimensions, each potentially

being a target for the association of emotional con@ithese dimensionthe characterthat
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composethe wordare likely the most significantA mere alteration of one character in the
positive word "amatd & @ ma shitsothe meaning from "loved" to "bitter" in Italian,
demonstrating another potential dimension for associating emotional relevance. This hints that
the lack of some anticipated effects in Study 1 might be rooted in other dimensions, aside from

font, beng the primary target for associating motivational relevance.

Furthermore, the pseudowords used in this study, akin to many preceding studies (e.g.,
Bayer et al., 2019; Kulke et al., 201@dhered to the phonological rules of German words
(consonanwvowelconsonaniowel), aiming to retain perceptual resemblance with real words.
Yet, as previously discussed, the processing of words' visual form, especially in the fusiform
gyrus along the ventral visual pathway, is integrated with-wiswmal information,
encompassing thehpnological representation of the stimu(zevlin et al., 2006cf. Blau et
al., 2008; Macaluso et al., 200&£vidence suggests thatonologicakccess to the word might
take place even before lexical access, alongside the-ifmamiant representation of the
stimulus(Perfetti et al., 1988)Therefore, the utilization of readable pseudowords might have
led to the motivational relevance being at least partly associated with the phonological, rather
than the visual representation of the stimylishby, 2010; Rabovsky et al., 201#)ereby

diminishing the impact of lovlevel visual features in the associative learning process.

In light of these considerations, a second study was conducted with the aim of
investigating the contribution of different dimensions of Jewel visual features to the
acquisition of motivational relevance, while minimizing the potential interference of

phonological processing

Study 2employedtwo parallel experimentsN(= 24 each, betweesubject design) with
the same associative learning paradigm from Study 1. Nine stimuli were utilized, encompassing
three character strings each displayed in three font types. The two experiments differed in the

dimension of lowevel visual features relevant for associating monetary outcome. In
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Experiment 1 (charactefassociation group)the character string defined the outcome
category irrespective of font type, the same string veasociatedo either gain, loss, or a
zercoutcome. Conversely, in Experimenff@nt-association groupjhe font type dictated the
outcome category: one font signified gain, another loss, and the thirdouemme,
irrespectively of the character string. This setup ensured that in each experiment, only one
dimension of lowlevel visual features (charactetring in Experiment 1, font type in
Experiment 2) was crucial for outcome association, while the other was to be disregarded

(Figure 5 A).

To mitigate the likelihood of phonological procegsintervening in the associative
process, strings comprising four consonants, rendering them unreadable, were chosen. This
design also probed the generalizability of relevance association effe&e$si.et al., 2017)

If the association is tethered to a specific dimension ofléwel visual feature (e.g., character

set), it could be hypothesized that its effects would extend to all stimuli sharing the target
dimension but differing in others (e.g., font type). Thypdthesis was put to the test in a
subsequent session on the following day, consisting of an old/new decision task. In this session,
new stimuli were created by manipulating either one or both dimensions (i.e., characters and
font type) of the learning se®n's stimuli Figure 5 B). Behavioral and ERP responses were
recorded across both sessi¢geseAppendix B for a detailed description ofiethodsanalysis,

andresults)
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Experiment 1 Stimuli Experiment 2
Gain bumedt Gain
Max: 3000 ms/
until response Zero ghan Gain
Loss ko Gain
Gain bmdt Zero
Zero ghsn Zero
Loss phwd Zero
Gain bmdt Loss
ITI (4=2000, 0=250) Zero ghsn Loss
Loss pkwd Loss
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Old characters + old font ~ bimdt 9

0Old characters + new font hmdt 3
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ITI (4=2000, a=250) Impact bmat
Segoe print bmdt

Figure 5. Trial schemeof Study 2(A) Learning sessionlopright showseedback stimuli in accordance with the
different outcome categories and participant respddsttomright table shows the assignment of stimuli to the
outcome categories in accordance with the relevant feature of association of each experimentgBybesi.

session, with scheme of t-lavel visna featues, lasaweli as the fauf fonts hsed s t i m

in thestudy
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The results of the study revealed that gain and loss associations were acquired faster than
zerooutcome associations in both experimefiggure 6 A, D). The test session further
showed that gain associations produced faster reaction times, tedcimaracteassociation
group (Experiment ], heightened accuracy rates as WElgure 6). When the character set
was the target dimension for outcome association (Experiment 1), loss association enhanced
P1 amplitudes during the learning session. Howevex gfifiect was absent when font type was
the target dimension (Experiment Bigure 7 A, B). Additionally, stimuli associated to
monetary gain produced enhanced EPN amplitudes in the learning session across both
experimentgFigure 7 C, D). Lastly, LPC amplitudes were increased in response to gain and
lossassociations during the learning session, and to gain association in the test session of both
experimentgFigure 8). None of thes&RPeffects carried over to the novel stimuli in the test

session which shared the target dimension oflkwel visual features.
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Experiment 1: Character-association group
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Figure 6. Behavioral results from Study @\, D) Learning curves showing the mean probabilities to attribute

the outcome category correctly per outcome condition across the learning session of the two experiments.
Differences between outcome categories outside the 99% confidence bands are colore@jrE)dgstimated

mean and 95% CI of accuracy rates for old stimuli, for each outcome condition in the test ggssion.

Estimated mean and 95% CI of reaction time to old stimuli for each outcome conditiertésttsession.
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Experiment 1: Character-association group Experiment 2: Font-association group
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Figure 7. Grand-averaged ERPsluring the learning session of Studyc@ntrasted for zero, gain and loss
outcomeswith corresponding scalp topographies gfand-averagedERP across all conditions and of ERP
differences betweemutcomeconditions.(Top): PXROI electrodes for Experiment(A) and Experiment ZB),

respectively(Botton): EPN-ROI electrodes for Experiment(C) and Experiment D), respectively
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Figure 8. Grand-averaged ERPs at LRROI electrodeduring Study 2contrasted for zero, gain and loss
outcomeswith corresponding scalp topographies gfand-averagedERP across all conditions and of ERP
differences betwearutcomeconditions (Top): ERPgluring learningsession of Experimen¢A) and Experiment

2 (B), respectively. (Bottom): ERPs during test session of Experin{€@)jtahd Experiment D), respectively.
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