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Abstract

Rewards are immensely important in human lives: They motivate us to
engage in new behaviours and they reinforce previous ones. Reward respon-
siveness refers to the brain function that defines one’s experiences of rewards
and their motivational power. Its alterations have potentially stark conse-
quences for development and functioning. In this vein, the social motivation
theory suggests that the core socio-communicative impairments in autism
spectrum conditions (ASC) may stem from deficient responsiveness to specif-
ically social rewards in this population. However, the literature on this topic
is inconclusive: Previous studies are methodologically heterogenous and offer
mixed results. This dissertation includes four studies investigating responsive-
ness to social and non-social rewards with particular focus on ASC and autistic
traits.

Study 1 aimed to investigate event-related brain potentials (ERPs) in an-
ticipation and reception of smiles (social reward) and money (non-social
reward) across autistic traits in the general population. In contrast to the social
motivation theory, we found enhanced neuronal responses to both social and
non-social rewards associated with higher levels of autistic traits.

Study 2 extended these findings to individuals diagnosed with ASC.
In addition to ERPs, this study also included indexes of autonomic (pupil
sizes) and behavioural (reaction times) reward processing. In line with the first
experiment, autism and higher levels of autistic traits were linked to enhanced
neuronal and autonomic processing, regardless of the reward type (smile or
money). At the same time, the ASC group showed typical task performance
and reported reduced behavioural reward responsiveness.

Study 3 investigated the effects of social familiarity and relevance on re-
ward-related pupillary responses and explored their interplay with autistic
traits. The results indicated a role of familiarity and rewarding context (i.e.,
whether positive feedback was contingent on behaviour). Smiling faces, espe-
cially of more familiar people, elicited stronger pupil responses when they
were presented as a reward contingent on participants’” performance, as com-
pared to when they were passively viewed. These results emphasise that the
reward value of a positive stimulus depends on action-outcome associations,
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and, in the case of the social domain, on who is the source of the rewarding
feedback.

Study 4 is a theoretical perspective that aimed to integrate and discuss in-
sights from different lines of empirical work investigating reward
responsiveness in the neurotypical population and in ASC. It introduces
a multidimensionality view of rewards and discusses pitfalls and recommen-
dations for empirical research contrasting neuronal responses to social and
non-social rewards.

Across all studies, I provide evidence for multifaceted reward responsive-
ness in ASC and higher levels of autistic traits: atypical neuronal and
autonomic processing, typical performance, and decreased self-reported re-
ward sensitivity. These results are discussed in the light of the social
motivation theory. Further, this dissertation identifies important aspects of re-
ward processing in the general population, based on which I propose
a definition of reward which differentiates it from a merely positive stimulus.
Finally, I discuss this work in the broader framework of social neuropsychol-
ogy research and identify the ways in which it can be further improved
in future studies.

Keywords:

reward, reward responsiveness, autism, autistic traits, social motivation the-
ory, neuropsychology, event-related potentials, pupillometry
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Zusammenfassung

Belohnungen sind fiir unser Leben von enormer Bedeutung: Sie motivie-
ren uns zu neuen und verstirken bereits gelernte Verhaltensweisen.
Belohnungssensitivitit bezeichnet jene Funktion des Gehirns, die Erfahrungen
mit Belohnungen sowie daraus resultierender Motivationskraft assoziiert. Be-
eintrachtigungen dieser Funktion haben potenziell schwerwiegende Folgen
fiir die Entwicklung und das Funktionsniveau eines Menschen. In diesem
Sinne legt die Theorie der sozialen Motivation nahe, dass die zentralen sozio-
kommunikativen Beeintrachtigungen, die fiir Autismus-Spektrum-Stérungen
(ASS) charakteristisch sind, auf eine mangelhafte Reaktionsfahigkeit auf spe-
zifische soziale Belohnungen zuriickzufiihren sind. Die Literatur zu diesem
Thema ist jedoch nicht eindeutig: Die bisherigen Studien sind methodisch un-
einheitlich und liefern verschiedene Ergebnisse. Diese Dissertation umfasst
vier Studien, die die Reaktionsfihigkeit auf soziale und nicht-soziale Beloh-
nungen unter besonderer Beriicksichtigung des Autismus und autistischer
Merkmale untersuchen.

In Studie 1 wurden ereigniskorrelierte Hirnpotentiale (EKPs) bei der Er-
wartung und dem Erhalt von monetiren und relevanten sozialen
Belohnungen (ein Lacheln des Experimentators) unter Einbeziehung von au-
tistischen Merkmalen in der Allgemeinbevélkerung untersucht. Im Gegensatz
zur Theorie der sozialen Motivation fanden wir verstirkte neuronale Reaktio-
nen, sowohl auf soziale als auch auf nicht-soziale Belohnungen, assoziiert mit
erhohten Auspragungen autistischer Merkmale.

In Studie 2 wurden diese Ergebnisse auf Personen mit einer Autismus-
Diagnose ausgedehnt und zusétzlich zu den EKPs auch Indizes der autono-
men  (Pupillengr6e) und  verhaltensbezogenen  (Reaktionszeiten)
Belohnungsverarbeitung einbezogen. In Ubereinstimmung mit dem ersten
Experiment waren Autismus und ein hoheres Maf3 an autistischen Merkmalen
mit einer verstdrkten neuronalen und autonomen Verarbeitung verbunden,
unabhingig von der Art der Belohnung (Lédcheln des Experimentators und
Geld). Gleichzeitig zeigte die ASS-Gruppe eine typische Aufgabenleistung
und wies eine geringere Verhaltensreaktion auf Belohnungen auf.
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Zusammenfassung

Studie 3 untersuchte die Rolle von sozialer Vertrautheit und Relevanz auf
belohnungsbezogene Pupillenreaktionen bei einer aktiven Aufgabe und beim
passiven Betrachten. Die Ergebnisse weisen auf die Rolle der Vertrautheit und
des Belohnungskontextes hin (d. h. darauf, ob positives Feedback vom Ver-
halten abhingig war). Lachelnde Gesichter, insbesondere von vertrauteren
Personen, 16sten nur wihrend der aktiven Aufgabe, nicht aber wahrend des
passiven Betrachtens, verstiarkte Pupillenreaktionen aus. Diese Ergebnisse un-
terstreichen, dass der Belohnungswert eines positiven Reizes einerseits von
den Assoziationen zwischen Handlung und Ergebnis und andererseits, zu-
mindest im sozialen Kontext, auch vom Ursprung des belohnenden Feedbacks
abhéngt.

Studie 4 ist eine theoretische Perspektive, die, basierend auf vorangegan-
genen empirischen Studien, Erkenntnisse tiber die
Belohnungsempfindlichkeit in der neurotypischen Bevélkerung und im Au-
tismus kombiniert und erweitert. Sie fithrt eine mehrdimensionale Sichtweise
von Belohnungen ein und diskutiert Fallstricke und Empfehlungen fiir die
empirische Forschung durch das Gegeniiberstellen von neuronalen Reaktio-
nen auf soziale und nicht-soziale Belohnungen.

In allen Studien konnte gezeigt werden, dass Autismus und hohere Aus-
pragungen an autistischen Merkmalen durch eine atypisch verstdrkte
neuronale und autonome Verarbeitung von Belohnungen gekennzeichnet
sind — bei gleichzeitig typischer Leistung und geringerer selbstberichteter Sen-
sitivitdt gegentiber Belohnungen. Diese Ergebnisse werden vor dem
Hintergrund der Theorie der sozialen Motivation bei Autismus diskutiert.
Dartiber hinaus werden in dieser Dissertation wichtige Aspekte der Beloh-
nungsverarbeitung in der Allgemeinbevolkerung hervorgehoben, auf deren
Grundlage ich eine Definition einer Belohnung Vorschlage, die sie von einem
rein positiven Stimulus unterscheidet. Abschliefend wird diese Arbeit im
breiteren Rahmen der sozial-neuropsychologischen Forschung diskutiert und
es werden Moglichkeiten vorgeschlagen, wie diese in zukiinftigen Studien
weiter verbessert werden kann.

Schlagworter:
Belohnung, Belohnungsempfanglichkeit, Autismus, autistische Ziige, Theorie

der sozialen Motivation, Neuropsychologie, ereigniskorrelierte Potenziale,
Pupillometrie
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Introduction

What is reward, what is autism, and how is re-
ward processing atypical in this condition?



Introduction

Learning is its own exceeding great reward.

William Hazlitt

1. Introduction

Rewards are crucial for life (Schultz, 2015). They are what makes us eat,
play, and work. All organisms with brains move, explore, and approach ob-
jects which offer the greatest rewards, be it the best nutrients or mating
partners. Receiving and consuming rewards is pleasurable and motivates fu-
ture behaviours which could lead to more rewards. Identifying which
behaviours are linked to desired outcomes (i.e., learning) is crucial for max-
imising the gains. This directly influences the probability of repeating or
avoiding certain behaviours in the future. Put more formally, rewards are out-
comes of one’s motivated behaviour, which are desired and positive, and
which are the base for learning and for reinforcing behaviour. In the human
brain, pursuing and receiving rewards activate many structures, including the
orbitofrontal cortex, anterior cingulate, insula, and subcortical areas such as
ventral tegmentum, ventral pallidum, nucleus accumbens, caudate, hippo-
campus, and amygdala (Haber & Knutson, 2010).

Given its importance, disruptions of the reward function may result in sig-
nificant cognitive, social, and behavioural impairments. Thus, studying the
reward function is an important topic in human psychology. Indeed, reward
atypicalities have been implicated in many psychopathologies, including au-
tism (Aldridge-Waddon et al., 2020; Chevallier et al., 2012; Schwarz et al.,
2020). However, although the last couple of decades witnessed a growing
number of empirical studies investigating potential impairments in reward
processing in autism — especially in the social domain, which is significantly
impacted in this condition — the results are remarkably inconsistent. The aim
of this dissertation is to contribute to and extend the understanding of social
and non-social reward processing with particular focus on autism.

In the next chapters, I first elaborate on what constitutes a reward and its
subparts in psychology, and how responsiveness to rewards can be



conceptualised. Further, I introduce autism, a condition characterised pre-
dominantly by social impairments, delineate how these impairments may be
underlined by deficits in reward processing, and review empirical evidence
for this claim. Building on those, I introduce four studies conducted as part of
this dissertation, which aimed to investigate reward responsiveness with
a particular focus on autism. In the last chapter, I summarise and interpret the
results of the original work conducted in this project and discuss insights of
this dissertation for the broader fields of autism, reward, and social neuropsy-
chology research.

1.1 Reward responsiveness
1.1.1 Subjectivity of a reward’s value

A reward’s value is not its physical properties: no object (or event) is in-
trinsically rewarding (Schultz, 2015). What defines a reward is the potential to
elicit approach behaviour, to induce pleasure (or lack of displeasure’), and to
modulate behaviour. Naturally, some objects or events are more commonly
rewarding than others. For example, food or sexual orgasm are sought after
and enjoyed more universally than receiving good grades at school or experi-
encing beauty while watching paintings. Therefore, the subjectiveness of
a reward’s value is evident. This, together with the limited explanatory power
of the physical characteristics of rewards, calls for the need to identify meas-
urable neuronal and behavioural correlates of rewards within the receivers.
For example, we can study a person’s choices under different acquirable re-
wards. We can also monitor this person’s brain activity and identify
biomarkers of the reward functions (preference, pleasure, motivation, etc.). If
a person chooses one object over another and in response to it shows larger
activation in the brain structures linked to reward processing, we say that for
this person, this object has higher reward value than the other one.

However, the same rewards can modulate behaviours of one individual
differently than of another. Since the (subjective) reward value of objects and
events is generated in the brain (and does not exist in the physical realm), its

! Considering reward processing (also in autism), research further investigates pro-
cessing of neutral feedback (Neuhaus et al., 2015) and negative reinforcements (Damiano et
al., 2015). However, this substantially broadens the research question investigated in this dis-
sertation and hence, here I focus specifically on the responsiveness to positive rewarding
outcomes.
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neuronal activity is a marker of reward responsiveness of an individual. In that
sense, reward responsiveness is a function of the brain, which defines the de-
gree to which one experiences positive responses to rewards (with the
potential to modulate behaviour). In an effort to describe this function empir-
ically (i.e., at least to an extend detachedly from the subjective experience),
researchers have identified components of reward responsiveness with dis-
tinct psychological and neuronal characteristics.

1.1.2 Reward phases: Anticipation and reception

Processing of a reward can be divided into at least two parts: the appeti-
tive motivation towards the reward, called reward anticipation, and the
pleasure from receiving the reward, called reward reception (Berridge, 1996;
Berridge et al., 2009). They can be considered phases of reward processing, be-
cause typically they are temporally subsequent: Anticipation occurs when it is
possible to obtain a certain reward and one needs to engage in a behaviour
leading to it, and reception starts from the moment the reward is acquired.

These two phases are closely related to (and often interchangeably called)
‘wanting’ and ‘liking” (Berridge, 1996, 1999). However, ‘wanting” and ‘liking’
can also be viewed more broadly as core unconscious components of emo-
tional states (Berridge, 1999). In that sense, the former corresponds to incentive
salience attributed to objects or events, and the latter is the basic experience of
pleasure or hedonic activation. Interestingly, the concepts of ‘wanting’ and ‘lik-
ing” are not limited to emotions of positive valence. For example, one can be
experiencing the positive desire (‘wanting’) of feeling fear while watching hor-
ror movies. Similarly, while awaiting feedback from another person, one may
be anxious and excited at the same time.

1.1.2.1 Reward anticipation

Reward anticipation may be initiated either by a stimulus signalling avail-
ability of a reward, or by internal mental states directing attention towards
a future reward and engaging in a behaviour leading to it. In the case of the
latter, one needs to link a certain behaviour with the possible reward. For ex-
ample, to want a mother’s smile as a reward for a certain behaviour, a child
must know (implicitly or explicitly) that the smile will follow this behaviour.
Failure to make this connection hinders anticipation of the reward and its mo-
tivational power. This suggests that there are two components of ‘wanting’,
a cognitive and a non-cognitive, possibly unconscious, desire (Berridge



& Robinson, 2016). For example, a recovering addict may cognitively and con-
sciously want to avoid drugs, but still experience a non-cognitive desire to
consume them.

Impairments in reward anticipation have been observed in numerous psy-
chopathologies, to name a few, in attention-deficit/hyperactivity disorder
(ADHD), schizophrenia, panic disorder, and addiction (Held-Poschardt et al.,
2018; Leroy et al., 2020; Linnet, 2014; Schwarz et al., 2020). In some, the symp-
toms are linked to hypo- and in some to hyper-anticipation (Aldridge-
Waddon et al., 2020). Thus, anticipation-related atypicalities are valuable
transdiagnostic indexes of psychological conditions.

1.1.2.2 Reward reception

Receiving a reward is typically a positive experience. Studies have shown
that higher magnitude of a reward elicits enhanced brain responses (e.g., Paul
et al., 2020; Rosell-Negre et al., 2017). Any positive stimulus could potentially
be a reward but does not have to. The same stimulus may have a different
rewarding value when it is received in response to one’s actions and when it
is encountered without any contingency on one’s behaviour. This difference
between “active’ and “passive’ rewards has been shown to manifest on behav-
ioural, neuronal, and psychophysiological levels. For example, ‘active’ money
is rated as more rewarding and elicits larger electrodermal and striatal activa-
tion than ‘passive’ money (Bjork & Hommer, 2007; Zink et al., 2004).

1.1.2.3 Decoupling of the phases

As Berridge (Berridge, 1996, p. 1) noted, ‘it seems axiomatic that we want
the rewards we like, and like the rewards we want’. However, these two pro-
cesses — reward ‘wanting’ and ‘liking’ — can become decoupled. A vivid
manifestation of this is seen in addiction disorders: the ‘wanting’ is height-
ened, which corresponds to the characteristic craving of the target of addiction
(Mitchell et al., 2018; Volkow et al., 2019), but the ‘liking’ is disproportionally
smaller (Robinson & Berridge, 1993).

While many structures of the reward circuit are active in both anticipation
and reception of a reward, the functional decoupling of those two is also sup-
ported by differences in neuronal activation (for an overview, see Figure 1-1).
‘Wanting’ is generated in the brain by extended neuronal systems mediated
by dopamine. The key structure for this phase is the ventral striatum (VS). On
the other hand, ‘liking’ is associated with smaller neuronal areas, which
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include mainly the mid-anterior prefrontal cortex, and also parts of the nu-
cleus accumbens (NAcc; Berridge & Robinson, 2016). In line with the spatial
discrepancy between the two reward phases, pleasure-related areas of the
NAcc constitute only 10% of its volume, whereas the remaining 90% are linked
to ‘wanting’ (Berridge & Robinson, 2016). Thus, there is more potential for al-
tered reward anticipation than for altered reward reception in the brain. This
corresponds to more research indicating atypical reward anticipation than re-
ception in psychological disorders.

Figure 1-1 Schematic representation of the brain areas involved in ‘wanting’ (re-
ward anticipation) and ‘liking’ (reward reception). Pathways and structures
predominantly involved in ‘wanting’ and in ‘liking” are marked in blue and yellow, re-
spectively. Abbreviations: VTA = ventral tegmental area, AMY = amygdala, VS =
ventral striatum, NAcc = nucleus accumbens, VP = ventral pallidum, OFC = orbitofron-
tal cortex. Handmade scientific illustration.

On the psychological level, while reward reception is relatively short, re-
ward anticipation requires sustaining the motivation and attention resources
over the period between the initialisation of ‘wanting’ and the delivery of the
reward. The literature is inconsistent as to where anticipatory brain responses
in studies are time-locked. Some studies operationalise anticipation as starting
with a cue preceding a task leading to a reward (Kohls et al., 2011), some place
it directly prior to reward reception (Stavropoulos & Carver, 2014a), and some



define it between reception of feedback (information on success or failure) and
reception of a reward (Cox et al., 2015). Although few studies investigated
multiple time points in anticipation during the same task, it is possible that
anticipatory brain responses differ over time (Oumeziane et al., 2017). There-
fore, while designing experiments, researchers should carefully consider
where (or when) to time-lock reward anticipation.

1.1.3 Reward domains: Social and non-social
1.1.3.1 Common currency

The “‘common currency’ approach to reward, stemming from economics
and decision neuroscience, proposes that all rewards are processed in the same
brain structures and with the same mechanisms (Chib et al., 2009; Glimcher &
Rustichini, 2004). Thus, social interactions evoke activation in the same struc-
tures as food, money, sex, and drugs (Richey et al., 2014). In this view, the
brain’s reward system is equipped to integrate numerous aspects of rewards,
like magnitude, delay, salience, and subjective preferences, and to compute
one unified value for all rewards. With this value, different rewards can be
directly compared. Further, this evaluation encompasses subjective reward
values, which has been shown to be reflected in the activation of the VS and
the prefrontal cortex (Kable & Glimcher, 2007; Peters & Biichel, 2010).

1.1.3.2 Privileged standing of social signals

However, one category of rewards is often postulated to have an excep-
tional standing: social rewards. Social signals carry special importance for
humans: We tend to automatically orient and attend to social stimuli, maintain
and enhance relationships, and find (non-negative) social interactions reward-
ing (Chevallier et al., 2012). For example, attention is quickly captured by faces
and bodies (Fletcher-Watson et al., 2008), prosocial behaviour like donating
blood is not only inherently rewarding but even hindered by additional mon-
etary compensation (Bowles, 2008), and humans exert effort to be seen more
positively by others, e.g., as more likeable, competent, and attractive (Leary &
Allen, 2011). In that vein, some studies propose that social rewards are pro-
cessed in a distinctive way than their non-social counterparts, either in terms
of separate brain structures, prioritised speed of processing, or selective im-
pairments in certain conditions, e.g., in autism (Chevallier et al., 2012).
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In those articles, authors predominantly assume a general intuitive under-
standing of which signals are social and which are not. For example, a smile
or a verbal praise are social, whereas food or money are non-social. Although
this distinction can become blurry, e.g., it may be argued that money is at least
partially social as its very meaning is determined by a collective societal agree-
ment (Galbin, 2014), the difference of social and non-social rewards is rarely
operationalised in the reward literature (but see discussions on types of social
rewards and incentives in psychology of emotion and personality, e.g., Buss,
1983). One reason for this is that social rewards are a wide-ranging set of ver-
bal and non-verbal signals spanning over expressions (smile; Spreckelmeyer
et al.,, 2009), communications (praise; Deci, 1971), behaviours (cooperation;
Rilling et al., 2002), gestures (thumbs-up; Oumeziane et al., 2017), feelings (ac-
ceptance and good reputation; Izuma et al., 2008) and evaluations (social
status; Zink et al., 2008). Nevertheless, although no clear definition is agreed
upon in the field, there is an ongoing discourse about social rewards in con-
trast to non-social ones, which is based on a growing body of studies.

1.1.3.3 Combining social and non-social

While some studies find similar activation of the reward network for both
social and non-social signals, others report distinctive neuronal processing (for
a discussion, see Ruff & Fehr, 2014). A recent review of the neural correlates
of reward anticipation provides evidence that the brain regions implicated in
the processing of social and monetary incentives are indeed similar and in-
clude the ventral tegmental area (VTA), the VS, and the insula (Gu et al., 2019).
Although the authors did not find any consistent involvement of previously
reported brain regions involved specifically in the processing of social rewards
(like the temporo-parietal junction; Barman et al., 2015; Carter et al., 2012;
Spreckelmeyer et al., 2013), they observed some regions showing differences
between the domains (albeit with similar functional connectivity profiles). To-
gether, Gu and colleagues concluded that anticipation of social and monetary
rewards engage similar brain regions but to different extents.

It is noteworthy that activation of the same structures does not imply in-
volvement of the same mechanisms (Haxby et al., 2001) and hence overlapping
brain structures activated by social and non-social rewards do not entail equal
processing. For example, although the striatum is involved in processing of all
rewards, it has been implicated as especially important for social information
and behaviour as being capable of incorporating social actions and rewards
(for a review, see Bdez-Mendoza & Schultz, 2013). Thus, while both social and



non-social rewards may activate similar structures and mechanisms (and be
therefore directly compared), they remain to an extend distinct categories.

1.1.4 Reward correlates: neuronal, autonomic, and behavioural
1.1.4.1 Neuronal bases

Functional magnetic resonance imaging (fMRI) studies help us under-
stand which structures are involved in the processing of rewards and how
they are connected. The reward circuit in the brain comprises multiple struc-
tures, including the VTA, the VS with the NAcc and the caudate, the
amygdala, the insula, the prefrontal and orbitofrontal cortex (OFC), and the
anterior cingulate cortex (Haber & Knutson, 2010). fMRI research shows that
the VTA, the core node of the dopaminergic projections in the brain, and one
of its main targets, the VS, are active during reward anticipation and in re-
sponse to cues indicating future rewards (Haber & Knutson, 2010).
Remarkably, the activation of the VS (specifically, the NAcc) is proportionally
related to the magnitude of the rewards (Knutson et al., 2001). The insula, re-
ceiving input from the VTA, the VS, and the amygdala, is crucial in coding
motivational salience of stimuli (Seeley et al., 2007). The amygdala assesses the
saliency of stimuli, especially those which are emotionally laden, and projects
to the VS and the OFC, which forms a representation of the value of a future
reward.

1.1.4.2 Electroencephalography

To address how reward processing in the brain unfolds over time,
a method allowing event-related measurements is needed. While fMRI has
a high spatial resolution, its temporal resolution is vastly outperformed by
electroencephalography (EEG), which can track brain activity with a millisec-
ond precision. The EEG signals can be portioned into event-related potentials
(ERPs). Several ERP components have been indicated as neuronal indexes of
reward processing. Those of particular interest are the P3, the contingent neg-
ativity variation (CNV), and the stimulus-preceding negativity (SPN).

The P3 is a positive deflection peaking around 300ms after the onset of
a stimulus at parietal areas. It is well-documented in the field of cognitive neu-
roscience for its involvement in allocating attentional resources (Kappenman
& Luck, 2012). In the context of reward processing, it is sensitive to both re-
ward magnitude and outcome valence, with larger amplitudes for more
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rewarding and for positive outcomes (Wu & Zhou, 2009). Due to its role in
evaluating reward salience, the P3 has been proposed to reflect the activity of
the locus coeruleus-norepinephrine (LC-NE) system, which is strongly con-
nected to the reward circuit (Nieuwenhuis et al., 2005).

The CNV and the SPN are both slow, negative waves over the central and
parietal sites, which reflect anticipatory processes for future events (Novak &
Foti, 2015). While both are elicited in response to a stimulus indicating an up-
coming event, the CNV is observed prior to performing an action and the SPN
prior to receiving important information, e.g., feedback (Brunia et al., 2012).
Both have been previously associated with coding motivational value and sa-
liency of stimuli during reward anticipation (Broyd et al., 2012; Brunia et al.,
2012).

1.1.4.3 Autonomic indexes

Measures of the autonomic nervous system (ANS) offer complementary
correlates of reward processing. The link between the ANS and reward pro-
cessing is vivid in the involvement of the former in approach and avoidance
(Neuhaus et al., 2015), which underlie motivated behaviours towards rewards
and away from punishments. Moreover, stimulation of the VTA results in in-
creases in blood pressure and heart rate, both controlled by the sympathetic
branch of the ANS (van den Buuse, 1998). A particularly useful index of the
ANS activity in reward research is the pupil size. The course of pupil dilation
and constriction is a viable indirect measurement of the LC activity, which
plays a major role in integrating motivationally relevant information (Aston-
Jones et al., 1999; Bast et al., 2018; Bouret & Richmond, 2015). Accordingly,
pupil sizes have been shown to vary with reward-related processes including
attention allocation, effort, and anticipation of a reward (Carsten et al., 2021).

1.1.4.4 Behaviour

A number of behavioural measurements are targeted in reward research,
e.g., reaction times (e.g., Kohls et al., 2009), accuracy (e.g., Garretson et al.,
1990), effort (Dubey et al., 2015), approach behaviour (Kim et al., 2015), and
choice (Watson et al., 2015). The targeted behavioural outcome depends
largely on the task employed in each study. The cued incentive delay task is
a well-established and well-documented behavioural task often used in re-
ward research (Knutson et al., 2005). It involves the presentation of a cue
which indicates possible outcomes in each trial, followed by a task
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(e.g., areaction time task to a simple target), and feedback. This paradigm
owes its popularity in reward research to allowing separate measurements of
reward anticipation and reception.

1.1.5 Conclusion: Reward responsiveness

Rewards are immensely important for human functioning. Since reward-
ing value is not an inherent property of any object or event, it is to a degree
subjective and may differ between individuals. This subjective responsiveness
to rewards can be measured. Research has identified several neuronal, auto-
nomic, and behavioural indexes of reward responsiveness in its two phases:
anticipation (when we ‘want’ a reward, work towards getting it, and prepare
to acquire it) and reception (when we receive a reward and ‘like’ it). While
different types of rewards are processed in similar brain structures, social re-
wards are to an extend distinct and privileged. One prominent argument for
this dissociation comes from autism, which may be characterised by atypical
responses to specifically social rewards. To elucidate this, in the next chapter
I characterise autism with the focus on reward responsiveness in this popula-
tion.

1.2 Autism
1.2.1 Characteristics of autism

The Diagnostic and Statistical Manual of Mental Disorders (DSM-5;
American Psychiatric Association, 2013) describes autism spectrum disorders
(abbreviated as ASD, however, I will use the term ‘autism’ or the abbreviation
‘ASC’  for ‘autism spectrum condition?) as a childhood-onset

2 The term “autism spectrum condition’ (instead of disorder, the medical term) eases
the heavily psychopathologic terminology and associations with illnesses or diseases,
which are unwelcomed by many individuals with this diagnosis. This is in line with the
idea of neurodiversity, which emphasises variability in the brain “wiring’ across people,
promoting inclusiveness instead of labelling those with ‘diseases’ in contrast to those who
are ‘healthy’. Majority of the research on reward processing in autism is conducted with
‘high-functioning’ (see discussion on the dichotomous use of high vs. low functioning
individuals in Fennell & Johnson, 2021) persons as participation in such studies requires
sufficient language competency and the flexibility to perform in a new environment (la-
boratory), often under novel circumstances (e.g., with an EEG cap). This is also the case
for all subjects diagnosed with autism in this dissertation, for which reason ASC is an
appropriate term in this work. At the same time, it should be noted that the word disorder

11



Introduction

neurodevelopmental disorder characterised by symptoms categorised into
two groups: 1) social communication and interaction deficits, and 2) restricted,
repetitive patterns of behaviour. The first group includes disordered language,
problems with non-verbal communication, and deficits in socio-emotional rec-
iprocity, like reduced sharing of emotions or failure to initiate social
interactions. The second group includes stereotyped movements and use of
objects or speech, isolated interests of excessive intensity, hyper- and hypo-
sensitivity to sensory input, rigidity in thinking, and instances of sameness,
inflexibility, and ritualisation.

Autism is a life-long condition with high prevalence of 0.6 — 1% (Simonoff
& Chandler, 2008), and varying but increasing estimations around the world
(Chakrabarti & Fombonne, 2005; Chiarotti & Venerosi, 2020). The social diffi-
culties experienced by those with autism can be a great burden on themselves,
their relatives, and the society. This makes ASC a major public health concern
(Newschaffer & Curran, 2003). Despite years of research and considerable
body of literature on the topic, the causes and underpinnings of autism remain
unclear, and there is paucity of evidence-based effective behavioural or phar-
macological treatment options (Masi et al., 2017). Regrettably, little
understanding of this condition caused many harmful myths and misconcep-
tions to grow over the years, starting from stigmatisation as a mental
retardation, through the ‘refrigerator mother’ theory for children’s severe
emotional deficits, to the association between vaccination and autism
(Davidson, 2017). Despite scientific evidence discrediting those misconcep-
tions, many of them persist in the public’s mind to this day.

Thus, continuous effort to increase the understanding of the mechanisms
and the functioning in autism is needed to identify future treatment options
and to increase wellbeing of those affected. A research line of particular im-
portance is the identification of endophenotypes of autism based on reliable
biomarkers (e.g., with neuroimaging and EEG), which could facilitate early
detection of autism and potentially improve interventions through customisa-
tion to particular impairments (Neuhaus et al., 2010). However, this notable
research endeavour is challenged by the complexity of ASC in terms of the

is a part of the medical term for autism, and it may be indeed more accurate especially for
those with severe symptoms who are unable to function without substantial support.
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intergroup diversity of severity, phenomenological manifestations, biological
underpinnings, and substantial rates of comorbidities.

1.2.2 Heterogeneity of the spectrum

The word ‘spectrum’ emphasises that autism is heterogenous in terms of
clinical symptomatology, aetiology, neurobiology, and severity (Bauman,
2010). Under the DSM-5, ASD is a unifying term for previously separate diag-
noses, like autistic disorder, high functioning autism, Asperger’s syndrome,
pervasive developmental disorder not otherwise specified, etc (American
Psychiatric Association, 2013). ASC spans over various difficulty types and se-
verities, whose higher levels are associated with decreased independent
functioning and increased need for support. Given the heterogeneity of ASC,
it is not likely that a single aetiology could explain the broad symptomatology
of this condition (Murdoch & State, 2013).

Moreover, ASC is often accompanied by numerous psychological and
physical comorbidities (Bauman, 2010; Lai et al., 2019; Masi et al., 2017; Maz-
zone et al., 2012). For example, social anxiety disorder (SAD) shares
phenotypic characteristics with ASC, like socio-communicative challenges
(avoidance, withdrawal, and lack of prosocial behaviours) and around 20% of
adults with autism are also diagnosed with SAD (Bejerot et al., 2014). Adding
to the complexity, the convention for co-diagnoses changes with growing un-
derstanding of autism due to advances in clinical care and mounting research
literature. For example, although up to 25% of youth with ADHD meet the
criteria for ASC and even up to 70% of those with ASC have comorbid ADHD,
until recently the diagnostic standards prohibited simultaneous diagnosis of
both (Antshel et al., 2016). Despite diagnostic challenges, identification of the
co-occurring conditions is crucial for providing appropriate health care and it
has the potential to support more accurate genotypic identification of clinically
informed subtypes of ASC (Bauman, 2010).

1.2.3 Autistic traits in the general population and in autism

There has been a growing attention towards recognising autistic traits in
individuals not meeting the diagnosis criteria but displaying autism-like
symptoms and behaviours. Autistic traits were first discussed in relation to
close relatives of the patients. The term ‘broad autism phenotype” was pro-
posed to encompass milder expressions of the condition in non-autistic
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individuals with diagnosed relatives (e.g., Hurley et al., 2007). These expres-
sions are believed to indicate genetic liability for autism.

In the recent decades it has been recognised that the ‘sub-threshold” autis-
tic traits are not limited to the relatives of diagnosed individuals but are
instead distributed normally in the general population (Allison et al., 2008;
Baron-Cohen, Wheelwright, Skinner, et al., 2001; Hoekstra et al., 2007; Ruzich
et al., 2015). Importantly, they also show high heritability (Hoekstra et al.,
2007; Taylor et al., 2021) and are qualitatively similar and aetiologically linked
to autistic traits in ASC (Lundstrém et al., 2012). Because of the variability of
autistic traits in the general and the diagnosed populations, ASC may be
viewed as an extreme of a neurodevelopmental continuum (Constantino &
Todd, 2003).

Thus, studies targeting autistic traits can also inform clinical research.
Moreover, including groups of participants with high autistic traits in research
offers methodological benefits. For example, it facilitates recruiting a sample
of sufficient size, controlling for comorbidities, and ensuring an appropriately
matched control group (English et al., 2021). To capture autistic traits, several
standardised tools have been developed. The most widely used one is the Au-
tism Spectrum Quotient (AQ; Baron-Cohen, Wheelwright, Skinner, et al.,
2001), followed by the Social Responsiveness Scale (Constantino & Gruber,
2005) and the Broad Autism Phenotype Questionnaire (Hurley et al., 2007)°.
The AQ is a 50-item self-assessment questionnaire measuring the expression
of autistic traits in an individual. In the initial publication, the mean score of
the participants without ASC was 16, and only 2% of them scored 32 or higher,
in comparison to 80% of the diagnosed group (Baron-Cohen, Wheelwright,
Skinner, et al., 2001). Thus, although the AQ is not a diagnostic tool, it has a
good discriminative validity as well as screening properties (Woodbury-Smith
et al, 2005) and is sensitive to sub-clinical expressions of autistic traits
(Hoekstra et al., 2007).

1.2.4 Social motivation hypothesis as a theory of autism

Since the first descriptions of autism in the 1940s (Kanner, 1943), a number
of theories were proposed aiming to provide a model explaining the social
difficulties in this condition (for an overview, see Bottini, 2018). Over the last
decades, accounts identifying social cognition as the core deficit in ASC

3 Based on Scopus citation count: 4836, 3826, 334, respectively (retrieved on 21/09/2021).
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received extensive attention, followed by a more recent focus on social motiva-
tion (Dawson et al., 2002; Dawson, Webb, & McPartland, 2005; Grelotti et al.,
2002). The social motivation theory encompasses these works and proposes that
impairments in the social motivation mechanisms are the primary deficits in
ASC, leading to abnormal social cognition and other social difficulties charac-
teristic in this condition (Chevallier et al., 2012; Dawson et al., 1998; Mundy &
Neal, 2000; Schultz, 2005).

Social motivation is a collection of psychological functions and biological
mechanisms which equip us to operate in social environments through auto-
matically orienting to social events (social orientation), pursuing and enjoying
social interactions (social reward), and exerting effort to establish and preserve
relations with others (social maintaining). Supporting the social motivation
theory, there is behavioural evidence for impairments in all of the social moti-
vation functions in autism (Chevallier et al., 2012). For example, individuals
with ASC, compared to their neurotypical peers, fixate less on eyes and faces
(Kirchner et al., 2011; Kliemann et al., 2010), and are less likely to re-engage in
an interrupted collaboration (Liebal et al., 2008) or to use laughter for negoti-
ating and maintaining social interactions (Hudenko et al., 2009).

It has been proposed that an underlying mechanism for those impair-
ments in autism may be a reduced capability to represent the reward value of
social stimuli (Dawson et al., 2002; Dawson, Webb, Wijsman, et al., 2005). As
discussed, reward processing is a crucial component of human development.
This is especially vivid in the social domain of rewards. A caregiver’s feedback
is a crucial signal for a child to learn which behaviours are socially appropriate
and which are not: Positive feedback (e.g., smile or praise) reinforces appro-
priate behaviours, and negative feedback (e.g., frowned eyebrows or
disapproving voice) decreases the chances that such behaviour would be re-
peated. If such reward-based learning was impaired, it would lead to a cascade
of neurodevelopmental deficits: Diminished rewarding value of, for example,
a smile, leads to less satisfaction from positive social interactions, which in
turn entails diminished motivation for social situations, less experience with
such, and, through lack of exposure and learning, social deficits.

The social motivation theory proposes that this is the mechanism leading
to social deficits in ASC. Notably, alterations in reward function can also con-
tribute to other symptoms of ASC, like development of restricted interests
through enhanced pleasure linked to particular activities and objects (Dichter,
Felder, et al., 2012; Dichter & Adolphs, 2012; Kohls, Yerys, et al., 2014). While
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social rewards are claimed to have diminished reward value for individuals
with autism, this is not the case for the non-social signals (the motivational
deficits are suggested to be specifically manifested in the social domain). This
theory generates a research hypothesis predicting that in experimental designs
contrasting neuronal responses to social and non-social rewards, autism
would be linked to lowered responsiveness to the first, but not the latter.

1.2.5 Conclusion: Autism

Autism is a neurodevelopmental condition characterised by social inter-
action impairments. On the sub-clinical level, autistic traits show similarities
to the clinical symptomatology and are distributed normally in the general
population. Our understanding of autism to date suggests a highly complex,
heterogenous, and phenomenologically diverse condition manifesting in
arange of symptoms with different levels of severity and potential various
neuronal and aetiological bases. The social motivation theory proposes that
social impairments in autism are a result of a cascade of developmental deficits
caused by diminished rewarding value of social incentives in this population.
Therefore, it is hypothesised that individuals with autism and with higher au-
tistic traits display lower responsiveness to social rewards.

1.3 Reward responsiveness in autism
1.3.1 Empirical evidence regarding reward domain

Despite numerous empirical works testing the hypotheses generated by
the social motivation theory, the results are inconclusive. Some studies, in sup-
port of the theory, report diminished neuronal or behavioural responses to the
social rewards and typical responses to the non-social rewards in clinical au-
tism (Benning et al., 2016; Cascio et al., 2014; Delmonte et al., 2012; Dubey et
al., 2017; Gonzalez-Gadea et al., 2016; Kim et al., 2015; Lin, Rangel, et al., 2012;
Ruta et al., 2017; Sasson et al., 2012; Scott-Van Zeeland et al., 2010; Sepeta et
al., 2012; Silva et al., 2015; Stavropoulos & Carver, 2014b, 2014a) and in higher
levels of autistic traits (Carter Leno et al., 2016; Cox et al., 2015; Dubey et al.,
2015; Foulkes et al., 2015; Haffey et al., 2013; Rolison et al., 2017). At the same
time, other studies suggest that autism and autistic traits are linked to either
a more general reward impairment, i.e., diminished responsiveness to both
social and non-social rewards (Baumeister et al., 2020; Kohls et al., 2011, 2013;
Kohls, Thonessen, et al., 2014; Richey et al., 2014; Shafritz et al., 2015), no
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impairment in either domain (Barman et al., 2015; Demurie et al., 2013, 2016;
Ewing et al., 2013; Gilbertson et al., 2017; Neuhaus et al., 2015), or even en-
hanced neuronal responses to social signals (Dichter, Richey, et al., 2012;
Pankert et al., 2014; van Dongen et al., 2015) and non-social rewards relating
to circumscribed interests (Dichter, Felder, et al., 2012; Kohls et al., 2018;
Pankert et al., 2014; Sasson et al., 2012; Watson et al., 2015) and other objects
(Cascio et al., 2012; Dichter, Richey, et al., 2012; Groen et al., 2008).

This is further complicated by the fact that some studies directly compare
social and non-social reward processing in the same sample, while others only
include one domain. For example, some studies found no reward responsive-
ness impairment in ASC but they only utilised non-social incentives (Cascio et
al., 2012, 2014; Greene et al., 2020; Larson et al., 2011; McPartland et al., 2012),
so that no conclusions can be drawn about the potential reward deficit specific
to the social domain. Moreover, studies using fMRI report evidence for both
hyper- (Dichter, Richey, et al., 2012; van Dongen et al., 2015) and hypo-activa-
tion (Kohls et al., 2013; Scott-Van Zeeland et al., 2010) of reward-related brain
structures in ASC. A recent meta-analysis of neuroimaging studies showed
that there is accumulating evidence that autism is linked to atypical reward
processing (Clements et al., 2018), which is further supported by literature re-
views (Bottini, 2018; Keifer et al., 2021; Kohls et al., 2012; Neuhaus et al., 2010).
However, among those reward-related structures for which group differences
were found, some show hypo- (nucleus accumbens, bilateral caudate, anterior
cingulate cortex, right insula) and some hyperactivation (left caudate, insula,
putamen) in ASC (Clements et al., 2018). This is further complicated by the
fact that the functional meaning of activation in these areas is still unclear.
While hypoactivation in the reward structures is sometimes interpreted as an
index of a functional deficit (Scott-Van Zeeland et al., 2010) other times it is
attributed to higher efficiency in neuronal processing (Shafritz et al., 2015).

Despite the inconsistencies in the literature, the emerging pattern points
to autism (and autistic traits) being linked to deficits in processing of especially
social, and less non-social rewards (see Figure 1-2).
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Figure 1-2 Number of empirical studies reporting preserved or impaired pro-
cessing of social and non-social rewards in clinical autism (dashed) and autistic traits
(dotted). Domain results labelled as “not assessed” include studies which utilised only
rewards in the other domain. The database used in this plot includes 51 empirical stud-
ies investigating reward processing in autism mentioned in this chapter.

Linking atypical neuronal responses and socio-communicative impair-
ments in autism may offer an interpretation of these results. However, while
some studies find such links (Kohls et al., 2011; Schmitz et al., 2008), others fail
to do so (Scott-Van Zeeland et al., 2010). Thus, it is not clear which direction of
the deviations (stronger activation in ASC than control group, or vice versa)
and in which brain structures could be considered a biomarker of deficiency
in reward processing (Dichter, Damiano, et al., 2012). Moreover, opposing ac-
tivation of the same structures in different studies produce null meta-analytic
findings (Clements et al., 2018), which further complicates the big picture of
reward processing in autism.

1.3.2 Empirical evidence regarding reward phases

There are accumulating data suggesting that autistic traits and clinical au-
tism may be characterised by compromised reward anticipation in the social
(Cox et al., 2015; Dichter, Richey, et al., 2012; Kohls et al., 2011; Stavropoulos
& Carver, 2014a, 2014b) and non-social domains (Dichter, Felder, et al., 2012;
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Dichter, Richey, et al., 2012; Kohls et al., 2011; Richey et al., 2014). While some
studies also find preserved (Barman et al., 2015; Delmonte et al., 2012; Greene
et al., 2020) or even enhanced (Groen et al., 2008; van Dongen et al., 2015) an-
ticipation in these groups, an agreement for deficits in ASC in this reward
phase has emerged (for reviews, see Keifer et al., 2021; Kohls et al., 2012). One
promising explanation for this is functional disconnection of the structures
within the reward circuitry in autism (Kohls et al., 2012). For example, there is
evidence for altered functional connectivity during reward processing (Greene
et al., 2020) and a reduced anatomical covariance between the fusiform and
the amygdala (implicated in the processing of especially social rewards) in au-
tism (Dziobek et al., 2010), as well as decreased functional connectivity within
the fronto-striatal regions in higher autistic traits (Sims et al., 2013).

Literature concerning reward reception in autism is inconclusive (Kohls et
al., 2012). There is empirical evidence for typical processing in ASC (Baumeis-
ter et al., 2020; Dichter, Richey, et al., 2012; Greene et al., 2020; Groen et al.,
2008; Hulst et al., 2017; Larson et al., 2011; McPartland et al., 2012; Richey et
al., 2014; van Dongen et al., 2015) as well as for impairments relative to social
(Barman et al., 2015; Benning et al., 2016; Carter Leno et al., 2016; Delmonte et
al., 2012; Gonzalez-Gadea et al., 2016; Rolison et al., 2017; Scott-Van Zeeland
et al., 2010; Stavropoulos & Carver, 2014b) and non-social rewards (Dichter,
Felder, et al., 2012; Schmitz et al., 2008).

A recent study (Baumeister et al., 2020) with a large sample (over 200 sub-
jects with ASC) found autism-related striatal hypoactivation during social and
non-social anticipation and no group differences in reception (descriptively
the autism group showed hyperactivation in both domains, but this result did
not survive corrections for multiple comparisons). In their meta-analysis,
Clements and colleagues (Clements et al., 2018) found a hypoactivation during
social anticipation, and hyperactivation during non-social anticipation and so-
cial reception. This analysis included only six studies because event-related
designs are needed to disentangle reward phases but they are not always used
in the fMRI studies (e.g., Kable & Glimcher, 2007; Kohls et al., 2013; Scott-Van
Zeeland et al., 2010).

Similarly, behavioural studies are not specific in disentangling the reward
phases. For example, reaction times or accuracy are an indirect measurement
of the motivational value of incentives, but it is impossible to precisely extract
‘wanting’ and ‘liking’ from such designs. Moreover, absence of behavioural
differences between ASC and control groups is often reported alongside
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differences in neuronal processing (Baumeister et al., 2020; Greene et al., 2020;
Kohls et al., 2013, 2018; Kohls, Thonessen, et al., 2014; Neuhaus et al., 2015; van
Dongen et al., 2015), which suggests that behavioural markers may not be sen-
sitive enough to capture reward atypicalities in this group. Although studies
using EEG are suitable for filling this gap due to the high temporal resolution
of this method, no meta-analysis has been so far conducted on the available
data.

Together, although an emerging consensus is that autism is characterised
mainly by deficiencies in reward anticipation, most of the empirical studies
cannot provide direct evidence for the decoupled reward phases due to the
experimental designs and methods (see Figure 1-3).
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Figure 1-3 Number of empirical studies reporting preserved or impaired reward
anticipation and reception of reward in autism (dashed) and autistic traits (dotted).
Lebel “not decoupled” indicates studies which did not explicitly assess reward antici-
pation and reception separately. The database used in this plot includes 51 empirical
studies mentioned in this chapter.

1.3.3 Social familiarity and anxiety

Given the particular focus on the social domain in autism, two additional
factors should be incorporated in research: familiarity and social anxiety.
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While the most common social rewards in empirical studies are faces, they
are almost always faces that allow no further interaction, i.e., pictures of
strangers not involved in the current situation. In contrast, in natural social
situations, feedback is typically given by either familiar persons (e.g., a friend
smiling in response to me telling a story) or unfamiliar individuals otherwise
relevant in the current situation (e.g., a stranger frowning at me on a bus for
listening to loud music). Nevertheless, no autism study has used exclusively
familiar and / or relevant faces as social rewards (but see Hayward et al., 2018)
for a design with a relevant social reward — the experimenter — in a sample of
neurotypicals with varying autistic traits).

Crucially, observing faces of familiar and relevant persons elicits activa-
tion in the brain reward circuitry (Acevedo et al., 2012; Aron et al., 2005; Bartels
& Zeki, 2004; Bayer et al., 2021; Ortigue et al., 2007). However, only a few stud-
ies have systematically addressed familiarity as a potential modulator of
reward processing in autism (Neuhaus et al., 2015; Pankert et al., 2014; Stav-
ropoulos & Carver, 2014a). They all included small samples sizes (less than 20
subjects in a group) in designs with group, familiarity, and domain (social and
non-social) as factors. Moreover, in one study the faces were only incidental,
i.e., additional to food rewards and not needed for feedback retrieval
(Stavropoulos & Carver, 2014a). Nonetheless, one study showed decreased ha-
bituation of the electrodermal response for familiar faces (Neuhaus et al., 2015)
suggesting differential processing of familiar and unfamiliar faces, albeit irre-
spective of autism diagnosis.

At the same time, there is evidence that otherwise aberrant processing of
faces in autism is improved by familiarity (Pierce et al., 2004; Pierce & Redcay,
2008). This suggests that by using pictures of unfamiliar faces as incentives,
studies may evoke a difference in neuronal processing between ASC and con-
trol groups, which could be attributable to lower-level face processing, instead
of reward atypicalities. Thus, usage of familiar and /or relevant faces as social
rewards may eliminate a perceptual confound in experimental designs.

Finally, the use of social feedback in experiments exposes the results to
confounds related to social anxiety, which is characterised by autonomic reac-
tion of anxiety to social situations, especially in fear of negative evaluation by
others (Spain et al., 2018). Indeed, clinical SAD has been linked to deficient
social reward anticipation and reception (Richey et al., 2014). Moreover, SAD
is a common comorbidity of ASC (Bejerot et al., 2014; White et al., 2009) and is
linked to reduced social motivation and poorer social skills in this group
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(Spain et al., 2018). Therefore, due to the overlap between SAD and ASC, dif-
ferences in reward processing between autistic and control groups may not be
characteristic to autism, but at least partially result from the often-co-occurring
anxiety. Indeed, comorbidities have been indicated as having the potential to
explain contradictory results in clinical psychology (Bottini, 2018). Thus, social
anxiety traits should be controlled for in experimental designs to eliminate this
confound.

1.3.4 Conclusion: Reward responsiveness in autism

Although the emerging pattern of results from empirical studies suggests
deficits associated with autism and autistic traits in the anticipation of partic-
ularly social rewards, the literature is mixed. Studies also find evidence for
more general reward impairment, also in reception, and some report enhanced
neuronal processing of rewards in this population. Moreover, studies rarely
address some potentially crucial covariates in the social domain, like familiar-
ity of rewards and comorbid social anxiety traits in autism. This striking
discrepancy of results in the literature calls for a careful consideration of dif-
ferences between studies in terms of their design, samples, and reward types.
Identification of such discrepancies will help to understand the mixed results,
interpret them, and improve future study designs.
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Research aims

2. Research aims

Although it is of great importance to understand the nature and scale of
reward responsiveness deficits in autism, the empirical results are so far
mixed. The objective of this dissertation is to contribute to the literature with
original work targeting the most important aspects which are inconsistently
or scantily addressed in the field. In the following sections, based on the liter-
ature reviewed above, I identify these aspects and outlay the aims of the
corresponding studies conducted in this dissertation. Finally, Iintroduce
a theoretical analysis of rewards based on the insights and expertise acquired
in this empirical work.

The overarching aim of this dissertation is to expound social and
non-social reward processing with a special focus on autism and autistic
traits using empirical evidence and a theoretical analysis.

2.1 Disentangling reward phases in autistic traits

There is accumulating evidence that aberrant reward processing is an en-
dophenotype which cuts across diagnostic criteria of numerous psychiatric
and neurodevelopmental disorders (Hyman, 2007). At the same time, a likely
differentiating characteristic for different conditions is the pattern of atypical-
ities within the reward processing phases, i.e., anticipation and reception
(Richey et al., 2014). Therefore, it is important to reliably describe the nature
of reward processing deficits in autism regarding the possibly decoupled im-
pairments of reward anticipation and reception.

The literature, albeit inconsistent (see section 1.3), points to aberrant re-
ward anticipation rather than reception in autism and autistic traits (Keifer et
al., 2021; Kohls et al., 2012). However, most of the published studies do not
specifically dissociate the two phases due to the used methods and designs.
The studies that investigate reward anticipation, focus on either its early or
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late part, but in experiments reward anticipation stretches over a trial and it is
likely to change over time (and thus, deficits may manifest in different stages).

Moreover, a growing number of studies report that sub-clinical autistic
traits may modulate reward responsiveness in a similar way as in clinical ASC.
Although such studies can inform autism research and offer several method-
ological benefits (e.g., attainability of participants), they are sparse. We
conducted Study 1 to fill in these gaps and to empirically test the hypotheses
generated by the social motivation theory, namely that higher levels of autistic
traits are linked to deficits in anticipation and potentially in reception of social
rewards.

The aim of Study 1 was to investigate the modulatory effects of autistic traits
on early anticipation, late anticipation, and reception of social and non-so-
cial rewards.

We used a cued incentive delay task with social, monetary, and combined re-
wards. To eliminate the possibly confounding effect of aberrant processing of
unfamiliar faces linked to autism, and to increase the rewarding value of the
stimuli, we used a picture of a smiling face of the main experimenter as the
social reward. In line with the social motivation theory (Chevallier et al., 2012),
we hypothesised that higher levels of autistic traits would be associated with
diminished amplitudes of the event-related brain potentials in response to so-
cial (a smile), but not non-social (money) rewards. Based on previous research
(Kohls et al., 2011; Larson et al., 2011; McPartland et al., 2012; Richey et al.,
2014; Stavropoulos & Carver, 2014b, 2014a), we expected to see this effect in
early and late anticipation (indexed by the CNV) and in reception (measured
with the P3). To our knowledge, we were the first to distinguish early and late
anticipation in relation to autistic traits by measuring brain responses across
all the reward phases.

Matyjek, M., Bayer, M., & Dziobek, 1. (2020), Autistic Traits Affect Reward
Anticipation but not Reception. Scientific Reports 10, 8396. doi: 10.1038 /s41598-
020-65345-x. This is an open access publication. The associated public reposi-
tory includes the analysis code (https:/ /osf.io/qwf2v /).
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2.2 Reward responsiveness on the spectrum

Autism research is largely based on the psychopathological approach,
i.e., the comparison between a clinical sample of individuals diagnosed with
autism and a control group of individuals not meeting the diagnostic criteria.
For this contrast to be comparable between studies, the control groups must
be equally ‘non-autistic’. However, a small but growing body of literature re-
ports that autistic traits in the general population (i.e., the population-based
approach) are linked to similar effects on reward processing as in clinically
diagnosed autism. Therefore, while more empirical evidence is needed to
draw firm conclusions about the role of subclinical autistic traits on reward
responsiveness, it is important to carefully control for these traits in studies
using the psychopathological approach.

The aim of Study 2 was to investigate anticipation and reception of so-
cial and non-social rewards in a sample of participants with autism and in
neurotypical participants with varying levels of autistic traits.

We investigated ERP (the CNV and the SPN in early and late anticipation,
the P3 in reception), pupillary, and behavioural (reaction times and ratings)
responses to social (smiling face of the experimenter), monetary, and neutral
(letters) outcomes in the cued incentive delay task. To provide a more complete
picture of the role of autistic traits on reward processing in clinical autism and
in the general population, we used both psychopathological (a group of sub-
jects with low autistic traits vs. the ASC group) and population-based
approaches (subjects with low vs. with high levels of autistic traits). Based on
the results from Study 1 and the emerging literature (Bottini et al., 2018), and
contrary to the social motivation hypothesis, we expected to see enhanced re-
sponses to both rewards in anticipation, and no group effects in the reception.

Matyjek, M., Bayer, M., & Dziobek, I. (in preparation for submission), Re-
ward Responsiveness across Autism and Autistic Traits — Evidence from
Neuronal, Autonomic, and Behavioural Levels. This study is pre-registered.
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2.3 Familiarity and rewarding context

Even though familiar and personally relevant faces have a special stand-
ing in social cognition, elicit activation in the reward circuit (Acevedo et al.,
2012; Aron et al.,, 2005; Bartels & Zeki, 2004; Bayer et al., 2021; Ortigue et al.,
2007), and may be normally processed in autism (in contrast to non-familiar
faces; Pierce et al., 2004; Pierce & Redcay, 2008), their role in reward respon-
siveness is yet to be explained. Moreover, while neuroimaging studies report
enhanced neuronal processing of personal and relevant faces during passive
observation, studies which specifically target reward processing usually em-
ploy an active task, i.e., participants must perform successfully to receive
a reward. In the non-social domain it has been shown that “active’ rewards are
considered more salient than ‘passive’ ones (Bjork & Hommer, 2007; Zink et
al., 2004). Similarly, it is likely that “active’ smiling faces (shown after success-
ful performance, like in Studies 1 and 2) are more rewarding than ‘passive’
ones, and that this may be further modulated by familiarity of the faces. Yet,
empirical evidence is lacking.

The research aim of Study 3 was twofold: We aimed to investigate the
modulatory effects of familiarity and of rewarding context on reward-re-
lated pupillary responses.

To this goal, we tested whether different levels of familiarity and relevance
of smiling faces modulate pupil sizes. To distinguish processing of “active” and
‘passive’ social rewards (i.e., the rewarding context), the same faces were
shown in an active task (contingent on behaviour: delivered only in successful
trials) and in a passive viewing task (delivered in absence of any action). We
hypothesised that more familiar and more relevant faces, especially in the ac-
tive task, would trigger larger pupil sizes, which would indicate higher
rewarding and motivating values of these stimuli (Koelewijn et al., 2018).

Matyjek, M., Bayer, M., & Dziobek, 1. (2021), Pupillary Responses to Faces
are Modulated by Familiarity and Rewarding Context. Brain Sciences 11, 794.
doi: 10.3390/ brainsci11060794. This study is pre-registered and published with
open access. The associated public repository includes data and analysis code
(https:/ /osf.io/623jg/).
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2.4 Multidimensionality of rewards

A smile and money are two stimuli often used in empirical studies to reflect,
respectively, a social and a non-social reward (as in Studies 1 and 2). However,
there are more differences between them than the ‘sociality’ dimension. For
example, smile is primary, and money is secondary. Because the two extremes
of the primacy dimension can also be distinguished in terms of the neuronal
activation they elicit (Levy & Glimcher, 2011), then significant differences in
the brain responses to smile and money can be due to the sociality, due to
primacy, or both. Hence, multidimensionality of rewards is a potential con-
found in research focusing on the sociality domain. Nevertheless, this is rarely
discussed and addressed in experimental designs.

The aim of Study 4 was to systematically consider other dimensions of
rewards than sociality.

In this perspective, the objectives were twofold. First, we aimed to raise
awareness of the potential confounds in interpretation of the reported differ-
ences between social and non-social rewards if their multidimensionality is
neglected. Second, we proposed a framework for future studies which would
aid improvement of study designs.

Matyjek, M., Meliss, S., Dziobek, I., & Murayama, K. (2020), A Multidimen-
sional View on Social and Non-social Rewards. Frontiers in Psychiatry, 11, 818.
doi: 10.3389/ fpsyt.2020.00818. This study is published with open access.
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This chapter includes three empirical studies
and a theoretical perspective outlined previously.



Study 1

3. Original studies

3.1 Study 1: Disentangling reward phases in autistic traits

Autistic Traits Affect Reward Anticipation but
not Reception

Magdalena Matyjek, Mareike Bayer, & Isabel Dziobek

Abstract. Autism spectrum conditions (ASC) have been linked to aberrant re-
ward processing, but it remains unclear whether it is a general dysfunction or
limited to social stimuli, and whether it affects both phases of reward pro-
cessing, namely anticipation and reception. We used event-related brain
potentials and a population-based approach to investigate reward anticipation
and reception to socially relevant (i.e., picture of experimenter’s face showing
approval/disapproval) and monetary rewards in 51 neurotypical individuals
with varying levels of autistic traits. Higher autistic traits were associated with
enhanced reward anticipation across reward types in the early anticipation
phase (triggered by incentive cues), but not in the late anticipation phase (di-
rectly before reward reception), as reflected by the CNV component. The P3
component in response to reward reception showed a general increase for mon-
etary outcomes, which was not modulated by autistic traits. These results
suggest that higher autistic traits are related to enhanced reward anticipation,
but do not modulate reward reception. No interaction between reward types
and autistic traits was observed. We propose that the relevance of social rewards
had higher reward value than commonly used pictures of strangers, which spe-
cifically normalised responses for individuals with high autistic traits.

This manuscript has been published in 2020 at Scientific Reports.
doi: 10.1038 / s41598-020-65345-x.
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3.1.1 Introduction

Autism Spectrum Conditions (ASC) are characterised by persistent defi-
cits in communication and social interactions (American Psychiatric
Association, 2013). The social motivation account of ASC (Dawson, Webb, &
McPartland, 2005; Schultz, 2005) suggests a decreased sensitivity and respon-
sivity to social incentives (e.g. smiles) and consequently a diminished
motivation for social interaction in individuals with ASC. Abnormal activation
of the brain’s reward system might cause children with ASC to appreciate and
enjoy social stimuli less, which normally motivate typically developing chil-
dren to interact (Chevallier et al., 2012). This lack of social motivation might
lead to withdrawal from interactive situations, and therefore to deprivation of
social and emotional input. In turn, insufficient exposure to interacting social
environments might impair acquisition and development of communicative
and social skills (Dziobek et al., 2010). The social motivation account proposes
that social stimuli have lower rewarding power for individuals with ASC
(Scott-Van Zeeland et al., 2010). However, this line of research was challenged
by work showing general impairments in reward processing, which are not
limited to the social domain (Kohls et al., 2011, 2013), and work showing no
differences or even enhanced reward responsiveness in ASC (Dichter &
Adolphs, 2012; Kohls et al., 2018; Pankert et al., 2014). Thus, so far it remains
unclear whether a possible reward dysfunction in ASC is limited to the social
domain, or manifests more generally.

One way to address this discrepancy in the literature is to use a popula-
tion-based approach, in which individuals with ASC represent extreme values
on the continuous distribution of autistic traits in the population (Constantino
& Todd, 2003). Autistic traits are a set of personality characteristics that reflect
the phenotypic expression of the genetic liability of autism (Hurley et al.,
2007), and can be measured with questionnaires, like the Autism Spectrum
Quotient (AQ; Baron-Cohen, Wheelwright, Skinner, et al., 2001). Both higher
levels of autistic traits in a sub-clinical population and increased severity of
autism symptomatology in ASC have been linked with abnormal reward pro-
cessing (Carter Leno et al., 2016; Cox et al., 2015; Dichter, Richey, et al., 2012).
Importantly, population-based studies inform psychopathological approaches
(contrasting ASC-diagnosed vs. control subjects) by exploring reward pro-
cessing within neurotypical groups. Neglecting heterogeneity of
responsiveness to rewards in control groups can contribute to inconsistencies
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in the literature (and stress the need for careful assessment of autistic traits in
subclinical individuals).

Another notable factor when trying to explain inconsistencies in the liter-
ature is the nature of social stimuli used across studies. Even though there is
evidence that social familiarity normalises face processing in ASC (Pierce et
al., 2004), most studies have utilised pictures of strangers as social feedback,
which may reduce the reward value of these stimuli, and thus decrease social
motivation. Furthermore, social anxiety, which is a common comorbidity of
autism (Bellini, 2006), may also influence reward responsiveness to social stim-
uli, as it is known to modulate face processing (Moser et al., 2008). Research
concerned with reward processing in social contexts should therefore account
for social relevance of the presented faces and face-processing biases linked to
social anxiety.

Finally, reward processing comprises two distinctive phases, namely an-
ticipation and reception (Berridge et al., 2009), which can be differentially
affected in individuals with reward processing dysfunction, e.g. in addiction
(Beck et al., 2009). Anticipation is the motivational, appetitive phase in which
subjects seek and await reward. Usually the subsequent reception of reward
is related to “liking” the outcome and experiencing pleasure. Research using
electroencephalography (EEG) and neuroimaging is sparse and inconclusive
about the pattern of possible reward processing impairments in autism, with
studies reporting reduced processing only in anticipation of rewards or in both
phases (e.g., (Dichter, Richey, et al., 2012; Richey et al., 2014) and (Dichter,
Felder, et al., 2012; Stavropoulos & Carver, 2014b), respectively). Moreover,
some studies (Gonzalez-Gadea et al., 2016; Kohls et al., 2011; Larson et al.,
2011; McPartland et al., 2012; Schmitz et al., 2008) have targeted only one of
the phases, thus providing only a partial picture of reward responsiveness.

To investigate anticipation and appreciation of rewards separately, a high
temporal resolution technic is required. Event-related potentials (ERPs) —
brain components extracted from the EEG signal — allow measuring brain re-
sponses with millisecond resolution, which is lacking in hemodynamic
neuroimaging methods. ERPs have been effective in dissociating anticipation
and reception in response to rewards in autism research, revealing atypical
responses to anticipation (Cox et al., 2015; Groen et al., 2008; Kohls et al., 2011;
Stavropoulos & Carver, 2014b) or reception (Carter Leno et al., 2016; Gonzalez-
Gadea et al., 2016; Stavropoulos & Carver, 2014b) of rewards. Anticipatory
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brain processes are reflected in the EEG signal as late negative potentials elic-
ited at the central-parietal sites and associated with expectation of an
upcoming stimulus, like the Contingent Negativity Variation (CNV; Grey
Walter et al., 1964). The CNV amplitude has been reported to be modulated
by motivation, effort, and the anticipation of affective or motivationally salient
stimuli (Broyd et al., 2012). More elaborate, cognitive and affective stimulus
processing is reflected in the P3 — a positive, centro-parietal component related
to allocation of attentional resources. In the context of reward processing, it is
believed to reflect the motivational significance of a reward (Wu & Zhou,
2009).

In this study we investigated the modulatory effects of autistic traits on
reward anticipation and reception in social and non-social domains. We used
a modified version of the cued incentive delay task (Knutson et al., 2000), with
symbolic incentive cues indicating the type of outcome in a given trial. In order
to achieve a more natural, real-life setting and to normalise possible differ-
ences in processing irrelevant faces linked to autistic traits, we used pictures
of the main experimenter, i.e., a socially relevant interaction partner, as social
reward stimuli. All participants met the experimenter for the first time on the
day of the study and spent the same amount of time with her during the EEG
preparations and verbal instructions for the tasks. This standardised exposure
assured that the experimenter’s familiarity was naturally built in the interac-
tion. The shared social context and the importance of the experimenter in this
situation were designed to make her face more socially relevant. In line with
the social motivation account, we hypothesised that participants with higher
levels of autistic traits (as measured with AQ) would display attenuated am-
plitudes of the CNV while anticipating social rewards (possibly also familiar
faces; Stavropoulos & Carver, 2014a), than participants with low levels of au-
tistic traits16. We hypothesised that autistic traits would modulate the reward
reception measured with the P3 in the social, but not in the non-social condi-
tion (Carter Leno et al., 2016; McPartland et al., 2012).

To our knowledge no study has focused on the time course of anticipation,
i.e., modulation of these responses in relation to early or late stages of antici-
pation in relation to autistic traits, which we targeted for an exploratory
analysis in this study (Oumeziane et al., 2017).
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3.1.2 Methods
3.1.2.1 Participants

55 volunteers participated in the study; the data sets of 4 participants were
excluded due to poor EEG signal quality (1), inefficient language proficiency
(1) and unreliable questionnaire data, i.e., inconsistent answer patterns (2). The
remaining sample (26 women, 25 men) had a mean age of 27.8 years (SD = 4.6).
Forty-eight participants were right-handed (Oldfield, 1971); all had normal or
corrected-to-normal vision. All participants were recruited via flyers pub-
lished on eBay Kleinanzeigen (a popular advertising platform in Germany)
and distributed at Berlin’s university campuses. Inclusion criteria were age
(18-50), proficiency in German, no history of psychological, neurological, or
psychiatric disorders in the last 6 months (including medication), and no past
diagnosis of such. After the experiment, the aims of the study and the focus
on autistic traits were revealed to the participants in a debriefing conversation.
One participant reported then self-suspected autism with two diagnostic in-
vestigations in specialised autism diagnosis centres; both of which did not
confirm a diagnosis of ASC. Participants were compensated 8 Euro per hour
plus additional 4 Euro as a monetary reward earned during the task (for de-
tails, see section 3.1.2.2), which resulted in a total reimbursement of 20 Euro.
All participants provided written informed consent; the study was approved
by the ethics committee of the Faculty of Psychology of the Humboldt-Univer-
sitdt zu Berlin and was conducted in accordance with the Declaration of
Helsinki.

3.1.2.2 Stimuli and task

Participants performed a cued incentive delay task, in which they had to
guess the colour of a card drawn from a deck. For each correct response they
received a reward - either a picture of a smiling face of the experimenter (a nat-
ural, relevant social reward), a monetary reward, or both combined.
Participants were instructed about the task both in writing and verbally.

For an overview of the task, see Figure 3-1. In each trial, a cue (3x2.5 visual
angles) indicating the reward type in a given trial was presented at the centre
of the screen for 1000 ms. The cue was followed by a small white fixation cross
(0.7x0.7 of visual angle) displayed centrally for 500 ms. Then, a blue and a pur-
ple card were displayed on both sides of the screen until the participant’s
response. Participants were instructed to make a guess about the colour of the
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next card drawn from a deck consisting of blue and purple cards. Participants
were required to press one of two response buttons indicating their choice (for
the left and right card, respectively). The location (right or left) of the blue and
the purple cards on the screen was random. There was no time constraint for
the response. During the pre-feedback waiting period a fixation cross was pre-
sented for 1500 to 2000 ms (jittered across trials). A feedback stimulus
(matching the incentive type indicated by the cue) was presented after the pre-
feedback anticipation phase for 1000 ms.

% + +
cue fixation task fixation feedback
1500 ms 500 ms until response 1500 - 2000 ms 1000 ms

time

Figure 3-1 The cued incentive delay task with three conditions (from the top):
monetary, social, and combined (social + monetary).

Three incentive conditions were introduced: social reward (S), monetary
reward (M), and combined social + monetary reward (SM). Correct and incor-
rect responses in both the S and the SM condition were rewarded with
a picture of a happy/approving or a disapproving face of the main experi-
menter, respectively. Participants were informed in the instructions that in the
SM condition they received 5 cents as well as a smile and were aware of the
respective conditions when engaging with the trials given the incentive cues
that were provided. In the M condition, a symbol of a grey tick served as an
indicator of the reward; an incorrect guess was followed by a grey cross. Both
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symbols were displayed on a background made of scrambled pixels of the
S rewarding feedback picture (the happy/approving face). All feedback stim-
uli were equal in size (3 x3° of visual angle) and luminance. The feedback
stimuli were presented in the centre of the screen for 1000 ms. Participants
were instructed that in the M and the SM conditions each correct guess was
rewarded with 5 cents. The current balance was displayed after each block.
Participants were told that the study focused on decision making in game sit-
uations. However, in reality, participants’ decisions were not influencing the
feedback valence (to exclude the possible advantage of individuals with low
intensity of autistic traits in learning an implicit rule; Nuske et al., 2013).

Altogether, 9 experimental blocks were presented pseudo-randomly. The
first three blocks were of 10:18 proportion of reward to no-reward feedback.
In the next three blocks the proportion changed to 14:14, and in the last three
to 18:10. This grouping was designed to elicit a sense of agency and perfor-
mance improvement over time in the participants (and eliminate possible
frustration). Each group of three blocks consisted of one block for each incen-
tive type (S, M, and SM; each block included only one type). The first 3 blocks
were presented in random order. The next 2 groups of 3 blocks were presented
in the same order as in the first 3 blocks. Each block consisted of 28 trials, re-
sulting in 252 trials in total.

3.1.2.3 Procedure

After signing the consent form, participants were prepared for the EEG
recording, during which time the experimenter maintained a light social con-
versation detailed by an interaction script. This was administered to achieve
anatural familiarisation with the experimenter, with whom all participants
spent the same amount of time and were exposed to various viewing angles
of her face and her facial expressions. To emphasise the shared social context,
the experimenter also pointed out that this study was her project and she cared
for the participants’ performance in the task. Then, participants were seated in
a dimmed, electrically shielded room at a distance of 70 cm from a 19-inch
computer screen. Participants were asked to place their chin and forehead on
a head-rest in order to restrain movements.

After the recording, participants answered a number of debriefing ques-
tions and completed questionnaires displayed on a computer screen (see
Questionnaires and debriefing questions). Then they were debriefed and in-
formed about the real purpose of the study.
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3.1.2.4 EEG data acquisition and pre-processing

The continuous scalp EEG was recorded from 64 silver/silver-chloride ac-
tive electrodes (Biosemi Active Two) with a 512Hz sampling rate. The
electrodes were secured in an elastic cap according to the extended 10-20 in-
ternational electrode placement system. Signals were referenced online to the
CMS-DRL ground loop, which drives the average potential as close as possible
to the amplifier zero. The electrode offsets were kept within the range
of + 20 microvolts. The horizontal and vertical electro-oculograms were ac-
quired from four external electrodes, placed at the outer canthi and below both
eyes. Two electrodes were additionally positioned on the left and right mas-
toids. The signals were filtered online with a 100 Hz low-pass and 0.01 Hz
high-pass filter.

Offline, each signal was re-referenced to the average of all signals. Data
were filtered with a low-pass filter of 40 Hz (slope 8 dB/oct). Channels with
poor signals were interpolated using spherical splines of order 4 (0.1% of all
channels). Continuous data were segmented into epochs ranging from —100
ms before to 7000 ms after the cue onset. All segments were referred to
a 100 ms pre-cue baseline. An independent component analysis algorithm (re-
stricted fast ICA) was used to identify and remove blinks and eye movements.
Each segment was then further divided into three sub-segments related to the
presentation of the incentive cue, the anticipation phase before the feedback,
and the feedback. Respectively, the sub-segments were ranging from —100 ms
before to 1500 ms after the cue onset; from —600 ms before feedback onset to
feedback onset; and from —100 ms to 1000 ms after the feedback stimuli onset.
We time-locked anticipatory responses to multiple events (cue and pre-feed-
back) to allow for a comparison of the CNV amplitudes across time,
investigating how anticipation is built and sustained across the paradigm.
A semi-automatic artifact rejection was applied to all epochs, excluding acti-
vations exceeding + 100 microvolts or voltage steps larger than 100 microvolts.
This led to rejection of 1.3% of trials for cue signals, 2.1% of trials for pre-feed-
back, and 0.8% for feedback signals. Across participants an average of 83
artifact-free trials was obtained in each condition for the cue responses
(SM: SD=3.9, M: SD=2.1,S: SD =2.7). Average number of pre-feedback seg-
ments was 82in S and SM, and 83 in M (SM: SD =4.8, M: SD=2.5,S: SD =4.3).
For the feedback responses the average number of trials was 42 in each condi-
tion and reward /no-reward outcome (SDs for reward SM, S, and M, and no-
reward SM, S, and M, respectively: 1.8, 1, 0.8, 1.9, 1.3, 1.2). Number of artifact-
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free segments for cues, pre-feedback and feedback were not significantly dif-
ferent between conditions in each phase (all Fs <1.15, ps > 0.32). Furthermore,
the number of cue and pre-feedback segments did not differ significantly
(t=1.92, p=0.06). Finally, epochs were averaged per subject, condition (S, M,
SM) and separately for cues, pre-feedback, and feedback. All offline pre-pro-
cessing steps were performed using BrainVision Analyzer (Brain Products
GmbH, Munich, Germany).

3.1.2.5 Questionnaires and debriefing questions

All participants completed an online version of the Autism Spectrum Quo-
tient (AQ; Baron-Cohen, Wheelwright, Skinner, et al,, 2001) prior to the
experiment. The AQ is a self-administered questionnaire assessing the degree
of traits associated with autism in neurotypical individuals consisting of
50 items. In the original study evaluating the AQ, the control group scored on
average 16.4 and the autism group 35.8 (Baron-Cohen, Wheelwright, Hill, et
al., 2001). In this study participants’ scores ranged from 6 to 35, with the mean
of 18.3 (SD =7.3). Females and males did not differ in their mean AQ score,
£(48.92) = -1.03, p=0.31.

After EEG recording, participants completed the Behavioural Inhibition
and Approach Systems Scales (BIS/BAS; Carver & White, 1994), the Liebowitz
Social Anxiety Scale self-reported (LSAS-SR; Liebowitz et al., 1985) and the
Edinburgh Handedness Inventory (Oldfield, 1971).

The BIS/BAS questionnaire assesses two motivational systems, the behav-
ioural activation system (BAS) and behavioural inhibition system (BIS). The
BAS scale is further divided into 3 subscales: Drive, which assesses individ-
ual’s inclination to pursue desired goals; fun seeking, related to the desire for
new rewards and impulsive drive towards potential rewards; and reward re-
sponsiveness. The BAS is thought to be responsible for responding to
incentives with positive affect and increased motivation. On the other hand,
the BIS triggers experiences of anxiety, fear, and negative affect in response to
threatening stimuli. Higher scores on both subscales are associated with
higher sensitivity of the given system. Based on the previous literature (South
et al., 2010, 2011) we expected autistic traits to be associated with higher BIS
scores and lower BAS reward responsiveness subscale scores.

The LSAS-SR is a self-report scale assessing anxiety related to experienc-
ing everyday social situations; higher scores indicate stronger anxiety. The
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motivation for employing the LSAS-SR in the study were findings of modula-
tory effect of social anxiety on social reward processing (Cremers et al., 2015)
and increased levels of social anxiety among population with autism (Bellini,
2006). We expected to see a positive correlation between the AQ and the LSAS-
SR scores.

Additionally, participants answered the following debriefing questions:
How motivated were you to perform well in the experiment? (general motivation);
Was the incentive type important to you? (importance of condition); Which reward
was the most motivating one for you? (motivational value of cues); How rewarding
did you find the feedback pictures? (rewarding value of feedback).

3.1.3 Data analysis

All data analyses were performed using R ver. 3.4.3 (R Core Team, 2017).
The significance level for all the tests was set to 0.05.

3.1.3.1 Brain responses

To assess potential effects of autistic traits and reward type on brain re-
sponses we utilised multiple regression analyses with mixed effects through
the ImerTest package ver. 2.0.36 (Kuznetsova et al., 2017). Random intercepts
for subjects were used in all multiple regression models based on improve-
ment of Akaike’s Information Criterion (Akaike, 1998) upon their addition to
an intercept-only model. Random effects allow analysing hierarchical data
while accounting for non-independence of the measures (Panasiti et al., 2016).
Assumptions for multiple regression were checked for all models (normality,
linearity, multicollinearity, homoscedasticity). Marginal and conditional R?
were calculated as measures of goodness of fit for mixed models (Nakagawa
& Schielzeth, 2013), in which marginal R? (R%,) reflects variance explained by
fixed factors, and conditional R? (R?%) - variance explained by the entire model.
The p-values were computed via Wald-statistics approximation (treating ¢ as
Wald z). To estimate a main effect of the incentive type, which is a multilevel
categorical predictor, we administered an analysis of variance with Satterth-
waite approximation for degrees of freedom and type II sums of squares on
the regression models (Kuznetsova et al., 2017). Here we report only the sig-
nificant effects, with Bonferroni-corrections where applicable. The complete
regression tables including two contrasts (SM and M) are reported in the sup-
plementary material. Since there is no established way of calculating
standardised effect sizes for individual model terms in linear mixed models
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due to the way the variance is partitioned (Rights & Sterba, 2018), see the sup-
plementary material for all unstandardized slope estimates, which are the
essential effect size statistics (Pek & Flora, 2018).

The temporal windows and regions of interest (ROI) for the CNV in re-
sponse to cues and in the pre-feedback waiting period, and for the P3 in
response to feedback, were chosen based on prior research and visual inspec-
tion of grand averages. The resulting time windows for anticipation phases
(cue and pre-feedback) were the last 500 ms of each phase. For the cue this was
calculated as 1000-1500 ms after cue onset (with —100 — 0 ms baseline). For the
jittered pre-feedback the anticipation phase was time-locked to the onset of the
feedback and defined as —500 — 0 ms (with —100 — 0 ms baseline locked to the
onset of the pre-feedback fixation cross). The feedback P3 was identified from
300 to 500 ms after feedback onset. Mean amplitudes for these time windows
were calculated from 9 electrodes for the CNV (CPz, CP1, CP2, Pz, P1, P2, POz,
PO3, PO4) and from 9 electrodes for the P3 (Cz, C1, C2, CPz, CP1, CP2, Pz, P1,
P2).

To explore the influence of autistic traits on brain responses we built mul-
tiple regression models with AQ score (continuous measure) and incentive
type (S, M, SM) as the main predictors. To compare anticipatory responses
across time, a model with additional phase (cue, pre-feedback) as a predictor
was built. For the analysis of reward reception, AQ score, incentive type and
outcome (reward, no-reward) were included. We controlled for social anxiety
by including the LSAS-SR score in all the models.

3.1.3.2 Questionnaires and debriefing questions

The AQ, LSAS-SR and BIS/BAS scores were used as continuous measures
of autistic traits, social anxiety, and approach/avoidance behaviour. All ques-
tionnaire scores were centred before including them in the models.
Correlations between the questionnaires were computed using Pearson’s rank
correlation coefficients.
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3.1.4 Results
3.1.4.1 ERPs

Anticipatory CNV amplitudes — cue and pre-feedback

We analysed attenuated anticipatory brain responses in relation to autistic
traits by conducting a standard multiple regression analysis with the outcome
variable of CNV amplitudes and predictor variables of autistic traits (AQ
scores) and incentive type (S, M, SM). Figure 3-2 visualises the CNV values
predicted by the models for both anticipation phases (early and late), with
a median-split (Mdn = 17) of the sample into groups with high- and low autis-
tic traits. The median-split was only used in the plots; all analyses were
performed on continuous AQ score.

In the incentive cue phase, analysis of variance with Satterthwaite approx-
imation for degrees of freedom and type II sums of squares on the regression
model yielded a statistically significant effect of AQ, F(1,51) =4.81, p =.03, and
incentive type, F(2,102) = 8.31, p <.001. In the regression model, AQ predicted
more negative CNV amplitudes with larger effects in SM (est = —0.06), than M
(est =—0.05), than S (est = —0.04), but none of these contrasts survived correc-
tions for multiple comparisons (corrected ps=.1, .14, .5, respectively). Pair-
wise contrasts of incentive types were statistically significant after correction
only for SM vs. M (est =—-0.12, p <.001), with the largest amplitudes for SM,
followed by S and M.

In the pre-feedback phase the analysis of variance on the regression model
showed statically significant effect only of the covariate, LSAS-SR,
F(1,51)=5.02, p=.03 (in regression est=0.03 for all contrasts, corrected
ps =0.75).

Together, these results suggest that autistic traits are related to enhanced
CNV amplitudes in response to an incentive cue indicating a future reward
type. Unrelated to AQ, participants showed the largest responses to anticipa-
tion of the combined SM rewards. These effects disappear directly before
reception of the reward (in the pre-feedback phase). Here, social anxiety seems
to be inversely related to the CNV amplitudes.
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Figure 3-2 Top two rows: brain responses at the Pz electrode time-locked to the
onset of the incentive cue (left side) and the pre-feedback waiting period (right side),
averaged over participants with high- (top row) and low (middle row) autistic traits
(based on a median-split, Mdn = 17). Topographic maps show scalp distributions at
indicated time intervals. Note that pre-feedback CNV amplitudes are displayed here as
locked to the onset of the waiting period, but were quantified for analyses relative to
feedback onset, due to the variable lengths of the waiting period. Bottom row: mean
predicted CNV amplitudes in the last 500 ms of the incentive cue presentation (left side)
and the last 500 ms of the pre-feedback waiting period (right side). The shadowed bands
indicate confidence intervals.
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CNV responses across anticipation phases

To explore the CNV changes across anticipation phases, we built a model
with the CNV as the outcome variable, AQ, incentive type and phase (cue, pre-
feedback) as predictors, and LSAS-SR as a covariate.

Analysis of variance on this model yielded an interaction effect between
autistic traits and phase, F(1,255) = 7.57, p=.006. The interaction between
phase and AQ is presented in Figure 3-3. Autistic traits did not modulate the
CNV in the pre-feedback phase. However, in response to incentive cues, au-
tistic traits did indeed modulate the CNV, with higher trait levels eliciting
larger amplitudes. This suggests that autistic traits play a greater role in early
anticipation than in late reward anticipation.

The analysis of variance revealed also a main effect of phase,
F(1,255) = 66.94, p <.001 (in the regression model the contrast of cue vs. pre-
feedback also yielded a main effect of phase, with more negative CNV ampli-
tudes in the pre-feedback, with the largest effect in M (est =1.8, smaller in
S (est =1.3), and the smallest in SM (est =0.93); for all contrasts corrected
ps <.003), and LSAS-SR, F(1,51) = 4.44, p = .04 (in regression, ests =0.02 across
contrasts; corrected ps=.11). Since LSAS-SR was utilised as a covariate and
phase showed a significant interaction effect with another predictor, these two
main effects were no longer investigated.

43



Study 1

2 > ) - 5
. $ o . °

¢ ° - y © g o 2 ¢ °
- Eitess %2 Sefo.s 8
g 0 - --;? - ... 3 .i : ;
o > L B B [ ) o © 0 B
8 ‘ o ' o ® o o v ¥ 3
§ ;" ! L] B 2 ' ° = o
g L4 - ° - - e O
(7] e © :.', ° °
[ o0
T ° ° o °
E . 8o :
5 ‘ : ¢
% —5 ° o 8 ° . °
2 : 5 .
(@] . ° °

. M
<
10
10 20 30
AQ score

Anticipation phase: == cue == pre-feedback

Figure 3-3 Mean predicted CNV amplitudes for AQ scores in both anticipation
phases (negative CNVs indicating enhanced anticipation). The shadowed bands
indicate confidence intervals.

The P3 amplitude in response to feedback

To explore the brain responses during feedback processing, a multiple re-
gression model was built with P3 amplitudes as the dependent variable, AQ,
incentive type and outcome (reward, no reward) as predictors, and LSAS-SR
as a covariate.

Analysis of variance of this model revealed a significant main effect of re-
ward type, F(2,255) = 44.21, p<.001, and regression results confirmed
statistically significant differences for S vs. M (est=1.25) and S vs. SM
(est =1.3; for both contrasts corrected ps<.001). P3 responses to SM and M
were statistically indistinct (est =—0.05, corrected p >1). The analysis of vari-
ance also revealed a main effect of outcome (reward vs. no-reward),
F(1,255)=10.2, p=.002, with larger P3 amplitudes for reward outcomes
(ests = 0.39-0.43 across contrasts, all corrected ps >=.18).

Figure 3-4 shows the significant effects revealed in the analysis of variance
administered to the model. Rewards elicited larger P3 amplitudes than no re-
wards. Both M and SM triggered larger responses than S.
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Figure 3-4 Top row: brain responses at electrode CPz, time-locked to the onset of
feedback, averaged over participants with high- (left panel) and low (right panel) autis-
tic traits (based on a median-split, Mdn = 17). Topographic maps show the scalp
distributions across conditions at indicated time intervals. Bottom row: mean predicted
P3 amplitudes for 300-500 ms after feedback onset across the AQ scores (left panel) and
across incentive type and outcome (right panel). The shadowed bands indicate confi-
dence intervals and the error bars show standard error.

3.1.4.2 Behavioural data

Questionnaires

We found statistically significant correlations between AQ scores and
LSAS-SR (r=0.38, p=.006), BIS scale (r=0.54, p<.001), BAS reward
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responsiveness scale (r=-0.29, p=.04), and BAS fun seeking scale (r=-0.3,
p =.03). The correlation between AQ and BAS drive scores showed a trend ef-
fect (r=-0.27, p=.06). Together, these results point at the relation of higher
autistic traits and increased social anxiety, higher sensitivity of the inhibition
system, and weaker responsiveness to anticipation or occurrence of rewards.
Altogether, these results suggest that individuals with high autistic traits are
motivated stronger by avoidance of punishment than by drive to rewards.

3.1.4.3 Debriefing questions

Participants with high and low autistic traits did not differ in their general
self-reported motivation during the experiment, #(48.1) = —1.35, p =.18, nor in
the ratings of motivational power of incentive cues, x*(2) = 2.01, p=.37, or in
perceived importance of incentive types, x*(1) = 0, p=1. Autistic traits were
also unrelated to subjective reward values of the social (r=-0.13, p = .36), or
non-social feedback pictures (r=0.07, p=.61). Altogether, autistic traits did
not influence any self-reported behavioural measures.

3.1.5 Discussion

This study used a modified version of a cued incentive delay task with
socially relevant faces to explore brain sensitivity to social, monetary, and
combined social-monetary rewards in neurotypical participants with varying
levels of autistic traits. We observed enhanced early anticipation of rewards in
high autistic traits when triggered by symbolic, incentive cues representing
possible outcomes of the conditions, as reflected in the CNV amplitudes. The
brain responses were largest when anticipating the combined (social and mon-
etary) rewards, independently of autistic traits. All these effects disappeared
in late anticipation, i.e., directly before the reception of rewarding/non-re-
warding feedback. A secondary analysis revealed an interaction effect of AQ
scores and anticipation phase, suggesting that autistic traits were associated
with increased anticipation during the early phase (triggered by a symbolic
incentive cue), but did not modulate the responses in the late anticipation
phase (directly before reward reception). Appreciation of received rewards re-
flected in higher P3 amplitudes was the largest for monetary and combined
outcomes across levels of autistic traits.

Contrary to our hypotheses, our data do not support the predictions of the
social motivation account, as we did not observe any interactions of autistic
traits and reward types. However, a recent systematic review (Bottini, 2018)
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examined 27 studies out of which 15 did and 12 did not support the social
motivation hypothesis, which suggests that our results are not incidental. The
heterogeneity of results reported so far calls for more research to examine the
underlying mechanisms of social and non-social reward processing in autism
and autistic traits, which are not yet well explained. Moreover, our results
have to be considered in the light of the experimental design: One of its goals
was to increase ecological validity of social stimuli by introducing pictures of
the main experimenter, who was a relevant interaction partner, whereas most
other studies used faces of strangers (Delmonte et al., 2012; Kohls et al., 2011,
2013; Scott-Van Zeeland et al., 2010; Sepeta et al., 2012; Stavropoulos & Carver,
2014b). Our choice was based on reports of reduced activity of the fusiform
face area in individuals on autism spectrum in response to pictures of
strangers, but not familiar faces (Pierce et al., 2004) and normalised pupillary
responses to familiar, but not to strangers’ faces (Nuske et al., 2014).

Atypical processing of faces has also been observed across autistic traits
(Stavropoulos et al., 2018). The CNV amplitude in the early anticipation was
indeed modulated by the incentive type, with incentives with social compo-
nents reaching larger amplitudes than the solely monetary one. Therefore, it
seems likely that presenting familiar (all participants recognised the person in
the stimuli pictures as the experimenter prior to the task) and socially relevant
(the experimenter and the participants shared a social context, in which the
experimenter was an important interaction partner) stimuli might have nor-
malised responsiveness to social reward in participants with higher levels of
autistic traits. Even though, it is important to keep in mind that a single smil-
ing face on a computer screen does not mimic natural social interactions, as
faces in such situations are always seen in a complex context.

However, by using a familiar and relevant face we aimed to increase the
ecological validity while maintaining both high experimental control and
comparability to the large body of existing studies using smiling faces as re-
wards. So far, two studies directly compared familiar vs. unfamiliar faces in
reward-based paradigms. One of them (Stavropoulos & Carver, 2014a) used
faces as incidental rewards (co-occurring with food rewards), which made
them redundant for retrieving the feedback valence information and does not
allow independent assessment. Since processing of the faces was not task-rel-
evant, the results of this study cannot be compared directly to our design, in
which processing of the faces was crucial for retrieving both rewarding and
informative values of the feedback. In the second study (Pankert et al., 2014)
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children with ASC benefited more than the control group from both familiar
and unfamiliar social (as well as non-social) rewards, as measured with reac-
tion times and false alarms rates. This suggests increased reward
responsiveness in the ASC group, which is in line with our finding of en-
hanced reward anticipation in higher autistic traits. However, to our
knowledge no study to date has investigated familiarity effects across autistic
traits. It is possible that brain responses to irrelevant (unfamiliar) social stimuli
differ between individuals with high and low autistic traits when such stimuli
convey informative feedback and reward. Although this should be addressed
in a study specifically targeting this question, this interpretation of our results
suggests that the relevance of social stimuli might modulate social motivation.

Alternatively, interaction effects of incentive types and autistic traits could
have been unobserved in our data because such modulations might not man-
ifest in subclinical levels of autistic traits. However, previous studies have
documented the interaction effects in neurotypical samples varying in levels
of autistic traits before (Carter Leno et al., 2016; Cox et al., 2015) and have fur-
ther shown associations for a range of other cognitive and emotional
characteristics that are relevant to autism (Foulkes et al., 2015; Haffey et al.,
2013; Puzzo et al., 2010; Stavropoulos et al., 2018), which makes this an un-
likely explanation for our pattern of results. Therefore, we favour the
interpretation that the use of socially relevant faces in our study normalised
the reward responsiveness to social rewards across autistic traits.

We observed that higher autistic traits were associated with stronger CNV
responses to incentive cues of all reward types. The CNV is believed to reflect
expectation of an upcoming event, and to be modulated by motivation and
anticipation of affective stimuli (Broyd et al.,, 2012). Our results suggest that
higher autistic traits were linked to larger anticipatory activation reflecting
forming of reward representations in response to incentive cues. Though au-
tism has primarily been linked to reduced reward anticipation (Dichter,
Felder, et al., 2012; Kohls et al., 2011; Stavropoulos & Carver, 2014b), some
findings have been reported that are in line with our results. One study (Pank-
ert et al.,, 2014) observed greater behavioural responsiveness of autistic than
control children to reward contingencies, given their baseline at a no-reward
condition. Other studies observed larger anticipatory ERP amplitudes in chil-
dren with autism than in a control group when expecting positive feedback
(and non-social reward; Groen et al., 2008), and increased activation of multi-
ple brain areas (i.e., nucleus accumbens and hippocampus to monetary
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incentives; amygdala and insular cortex to social incentives) in ASC during
reward processing (Dichter, Richey, et al., 2012). An alternative explanation of
our results, which do not match the majority of findings on the topic, could be
that larger CNV amplitudes represent arousal for the upcoming task perfor-
mance, rather than reward anticipation (Brunia et al., 2012). However,
observed differences between reward types, with the strongest responses to
the incentive of combined (social and monetary) reward, make this unlikely.
Such pattern rather suggests an additive motivating value of the social and
monetary reward incentives, and adds to the interpretation of the CNV ampli-
tudes as an indicator of reward anticipation.

Neither AQ nor reward type effects manifested in the pre-feedback wait-
ing period directly preceding reward reception, despite visible anticipatory
brain responses occurring in this time-window in the form of the CNV. The
secondary analysis of anticipation over time yielded an interaction effect of
AQ scores and anticipation phase, revealing that autistic traits affected pro-
cessing in the early anticipation stronger than in the late one. Further, reward
anticipation as indexed by the CNV was overall stronger in the late phase, al-
beit not influenced by either reward type or autistic traits.

To our knowledge, this study is the first one to investigate the early phase
of reward anticipation in the context of autism. We used abstract representa-
tions of possible future rewards as incentive cues, triggering early anticipation
of rewards. Oftentimes studies used the same stimulus (typically a smiling
face) as both an incentive cue, which communicates a future possible reward,
and as a feedback stimulus serving as the obtained reward (Cox et al., 2015;
Kohls et al., 2011). This confounds reward anticipation and reward reception,
making it impossible to interpret responses to cues as solely reflecting reward
anticipation. This is especially important in paradigms comparing processing
of social versus monetary rewards. Symbolic monetary outcomes (e.g., a pic-
ture of a coin) usually indicate future reception of a tangible reward (cash
reimbursement). Social feedback typically consists of a smiling face, which is
in itself a transient, immediate reward. Using a smiling face as an incentive
cue is supposed to only indicate a future rewarding smiling face, which is later
delivered with the same stimulus. Hence, in such designs reward anticipation
cannot be interpreted, as it indeed includes reward reception. To extract the
anticipation unaffected by prematurely delivered reward, we utilised sym-
bolic representations of the rewards. Time-locking brain potentials to the onset
of symbolic incentive cues in this study revealed modulatory effects of autistic
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traits (larger responses in high traits) and reward types (the largest responses
for the combined social and monetary incentives). This suggests that the in-
centive cues indeed elicited representations and anticipation of future
rewards, as reflected in the occurrence of an anticipatory CNV component.

This sensitivity to cue — reward associations in higher autistic traits regard-
less of reward type was unexpected and stands at odds with accounts
proposing impaired forming of stimulus-reward associations in autism result-
ing in decreased reward anticipation (Dawson et al.,, 2001). Since reward
sensitivity is essential for conditioning processes and reinforcing appropriate
behaviours (leading, in turn, to successful social interactions), it is crucial to
understand the reasons for mixed results reported in the literature. One expla-
nation could be that the atypical pre-feedback processing in participants with
high autistic traits found in other studies (Cox et al., 2015) does not result from
an inability to build stimulus-outcome associations, but rather reflect differ-
ences in the time course of reward anticipation between high and low autistic
traits. Considering the CNV amplitudes in the early and late stages of reward
anticipation in our paradigm, high autistic traits seem to be linked to more
stable responses over time — not diminished directly before reward reception,
but rather enhanced when triggered by incentive cues. In contrast, low autistic
traits were associated with increasing anticipation over time — less anticipation
than for high autistic traits in response to incentive cues, but increasing shortly
before receiving the feedback and rewards, resulting in comparable reward
anticipation for high and low autistic traits directly before reward reception.
It is not clear what drives this difference in trajectory between low and high
traits. Perhaps forming representations of rewards based on abstract cues is
facilitated in higher levels of autistic traits. Possibly other inter-individual fea-
tures in individuals with higher autistic traits in our sample, like anxiety or
increased sensitivity to punishment (reflected in statistically significant corre-
lations between AQ and LSAS-SR / BIS scores, respectively), modulated the
processing shortly before outcome reception, refraining further excitation of
the reward system. Altogether, our findings of increased responses in early
but not late anticipation of rewards associated with high autistic traits demon-
strate that targeting neuronal mechanisms underlying early responses to
abstract representations of rewards offer new insights into reward sensitivity
in autism.

We observed that the P3 component was elicited in response to feedback
stimuli. The P3 amplitudes were larger for the monetary and the combined
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(social + monetary) conditions, than for the social condition. Since the social
and combined rewards consisted of the same stimuli, the different brain re-
sponses to them imply that participants were aware of the reward type
indicated by the preceding symbolic incentive cues. This provides further ev-
idence that incentive cues successfully elicited reward representations. There
is no evidence for social and monetary rewards being additive, as both the
combined and the monetary-only outcomes elicited similar responses: partic-
ipants seem to have appreciated the monetary component when both
accompanied and unaccompanied by social appreciation (preference for mon-
etary rewards has been observed in neurotypicals before; Kohls et al., 2009,
2011). Since the P3 has been previously shown sensitive to reward magnitude
and valence (Goldstein et al., 2006; Wu & Zhou, 2009), the data suggest a pref-
erence for tangible rewards over transient ones, at least in experimental
settings.

Interestingly, differences across autistic traits and reward types were only
visible in neuronal responses. Self-reported motivational and rewarding val-
ues of incentive cues and rewards did not differ between participants with low
and high autistic traits. Hence, the brain responses in this study add to the
growing body of literature stressing sensitivity of ERPs to cognitive and affec-
tive processes which may not manifest in behaviour (Cox et al., 2015; Kohls et
al., 2011).

Our study contributes to autism research by investigating autistic traits in
a population-based approach, and to the existing literature on reward respon-
siveness by proposing a novel insight into dynamics of anticipation over time
(across paradigm phases). By using pictures of a socially relevant interaction
partner as reward stimuli we aimed to provide an experimental context better
resembling natural social situations. Our finding of enhanced early but not late
reward anticipation in high autistic traits offers a new insight into the dynam-
ics of reward processing in the context of the autism spectrum. It also demands
a more refined interpretation of the social motivation account and its predic-
tions about aberrant (multi)dimensional responsiveness to rewards in autism.

Moreover, this study offers a population-based view, in which neurotypi-
cal participants vary in levels of autistic traits and individuals diagnosed with
autism would represent the extreme levels of these traits. Our results of autis-
tic traits modulating reward anticipation stress the need for a careful control
of neurotypical groups serving as controls for autism spectrum subjects in
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psychological research. Apparent heterogeneity of sub-clinical (control) pop-
ulations in terms of reward responsiveness may contribute to explaining
mixed results in the literature exploring differences in reward sensitivity be-
tween individuals with and without autism.

Finally, targeting various stages of reward processing (early and late re-
ward anticipation, reward reception) allows a more fine-grained
characterisation of functional and dysfunctional reward processing. Since
functional disconnection of reward processing phases has been observed in
other groups with reward processing dysfunctions (addicts; Balodis & Po-
tenza, 2015), it can also have implications for autism. Identifying atypical
stages of reward responsiveness in autism can facilitate personalised therapies
by selectively targeting the vulnerable sub-processes, which in turn are likely
to reinforce desired therapy effects (Insel et al., 2010).
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3.1.6 Supplementary material

Notes:
Est = estimate

CI = Confidence Intervals
0 2 = within group variance
© 00 = between group variance

ICC = Interclass Correlation (the ratio of the between-cluster variance to the
total variance)

AIC model/null model = Akaike Information Criterion of the model in dis-
cussion or the null model (containing only intercept as a predictor) P-values
were computed via Wald-statistics approximation (treating t as Wald z), un-
corrected.

preFDB = prefeedback
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Table 3-1 Regression results for the CNV in response to cues

CUE: CNV
Predictors Est. SE CI(0.95) t p Est. SE  CI(0.95) t p
Intercept -0.98 0.18 -1.33--0.62 -5.36 <0.001 -0.22 0.18 -0.58-0.14 -1.21 0.225
LSAS-SR 0.01 0.01 -0.01-0.02 0.76 0.446 0.01 0.01 -0.01-0.02 0.76 0.446
AQ -0.06 0.03 -0.11--0.00 -2.15 0.032 -0.05 0.03 -0.10--0.00 -1.98 0.048
SM -M 0.75 0.19 0.39-1.12 4.08 <0.001
SM -S 0.38 0.19 0.01-0.74 2.03 0.042
M-S -0.38 0.19 -0.74--0.02 -2.05 0.040
AQ:SM-M 0.00 0.03 -0.05-0.05 0.17 0.864
AQ:SM-S 0.02 0.03 -0.03 -0.07 0.84 0.402
AQ:M-S 0.02 0.03 -0.03-0.07 0.67 0.505
Random Effects Model Information
a? 0.87 Observations 153
T00 code 0.82 Marginal R? / Condi- 0.108 / 0.540
tional R?
ICC code 0.48 AIC model / AIC null model 499.513 / 535.919
Table 3-2 Regression results for the CNV in the pre-feedback phase
PRE-FEEDBACK: CNV
Predictors Est. SE CI(0.95) t p Est. SE CI(0.95) t p
Intercept -1.91 0.31 -2.52 --1.30 -6.15  <0.001 -2.03 0.31 -2.64--142 -6.55 <0.001
LSAS-SR 0.03 0.01 0.00 - 0.06 2.24 0.025 0.03 0.01 0.00-0.06 224 0.025
AQ -0.01 0.05 -0.10 - 0.08 -0.21 0.831 -0.03 0.05 -0.12-0.06 -0.75 0.455
SM -M -0.12 0.19 -0.50-0.26 -0.62 0.532
SM -S 0.00 0.19 -0.38 - 0.39 0.03 0.980
M-S 0.13 0.19 -025-051 0.65 0.516
AQ:SM-M -0.02 0.03 -0.08 - 0.03 -0.91 0.361
AQ:SM-S 0.01 0.03 -0.05 - 0.06 0.20 0.841
AQ:M-S 0.03 0.03 -0.02-0.08 1.11 0.265
Random Effects Model Information
a? 0.96 Observations 153
T00 code 3.95 Marginal R? / Conditional ~ 0.085 / 0.821
RZ
ICC code 0.80 AIC model / AIC null model 587.013 / 695.147
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Table 3-3 Regression results for the CNV in two phases — cue and pre-feedback

Predictors

CUE and PRE-FEEDBACK: CNV

Est. SE CI(0.95) t p Est.  SE CI(0.95) t p
Intercept -098 026 -148--048 -3.81 <0.001 -0.23 026 -0.73-0.28 -0.88 0.380
LSAS-SR 0.02 0.01 0.00-0.04 2.11 0.035 0.02 0.01 0.00-0.04 211 0.035
AQ -0.07 0.04 -014-0.00 -1.95 0.052 -0.07 0.04 -0.14-0.00 -1.83 0.067
SM-M 075 028 020-1.31 2.66 0.008
SM-S 038 028 -0.18-0.93 1.32 0.186
M-S -0.38 028 -0.94-0.18 -1.33 0.182
cue - preFDB -0.93 028 -1.48--0.37 -3.26 0.001 -1.80 0.28 -2.36--1.25 -6.34 <0.001
AQ:SM -M 0.00 0.04 -0.07-0.08 0.11 0.911
AQ:SM-S 0.02 0.04 -0.06-0.10 0.55 0.585
AQ:M-S 0.02 0.04 -0.06-0.09 043 0.664
AQ: cue- 0.08 0.04 0.00-0.15 1.97 0.049 0.05 0.04 -0.03-0.13 123 0217
preFDB
SM-M:cue- -088 040 -1.66--0.09 -2.18 0.029
preFDB
SM -S: cue - -0.37 040 -1.16-0.42 -0.92 0.356
preFDB
M-S:cue- 051 040 -028-129 1.26 0.208
preFDB
AQ:SM-M: -003 0.06 -0.14-0.08 -0.52 0.603
cue - preFDB
AQ:SM-S: -0.02 006 -012-0.09 -0.29 0.773
cue - preFDB
AQ:M-S: 0.01 0.06 -0.10-0.12 023 0.817
cue - preFDB
Random Effects Model Information
a? 2.05 Observations 306
T00 code 1.32 Marginal R? / Condi- 0.176 / 0.498

tional R?

ICC code 0.39 AIC model / AIC null model 1199.097 / 1303.481
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Table 3-4 Regression results for the P3 in response to outcomes

FEEDBACK: P3

Predictors Est. SE CI(0.95) t p Est. SE  CI(0.95) t p
Intercept 4.08 0.31 3.47 — 4.68 13.26 <0.001 4.03 031 3.42-4.63 13.10 <0.001
LSAS-SR -0.01  0.01 -0.04 - 0.01 -0.88 0.378 -0.01 0.01 -0.04-0.01 -0.88 0.378
AQ 0.09 0.05 0.00-0.18 2.00 0.046 0.07 0.05 -0.01-0.16 1.66 0.097
SM-M -0.05 022 -0.49-0.39 -0.22 0.823
SM-S -1.30  0.22 -1.74 - -0.86 -5.79 <0.001
M-S -1.25 0.22 -1.69--0.81 -5.56 <0.001
no-reward — 0.43 0.22 -0.01-0.87 1.93 0.054 042 0.22 -0.02-0.86 1.87 0.062
reward
AQ:SM-M -0.02  0.03 -0.08 - 0.05 -0.49 0.622
AQ:SM-S -0.03  0.03 -0.09-0.03 -1.09 0.276
AQ:M-S -0.02 0.03 -0.08-0.04 -0.60 0.551
AQ : no-re- -0.01  0.03 -0.07 - 0.05 -0.38 0.701 -0.02 0.03 -0.08-0.04 -0.60 0.548
ward —
reward
SM - M : no- -0.01 0.32 -0.63-0.61 -0.04 0.968
reward — re-
ward
SM-S:no-re- -0.04 0.32 -0.66 —0.58 -0.13 0.894
ward -
reward
M-S : no-re- -0.03 0.32 -0.65-0.59 -0.09 0.927
ward —
reward
AQ:SM-M: -0.01 0.04 -0.09-0.08 -0.15 0.878
no-reward —
reward
AQ:SM-S: 0.02  0.04 -0.07 -0.10 0.40 0.688
no-reward —
reward
AQ:M-S: 0.02 0.04 -0.06-0.11 056 0.579
no-reward —
reward
Random Effects Model Infor-
mation

o? 1.28 Observations 306

T00 code 3.53 Marginal R? / 0.118 / 0.766
Conditional R?

ICC code 0.73 AIC modget / AIC  1119.680 / 1391.224
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3.2 Study 2: Reward responsiveness on the spectrum

Reward Responsiveness across Autism and Autis-
tic Traits — Evidence from Neuronal, Autonomic,
and Behavioural Levels

Magdalena Matyjek, Mareike Bayer, & Isabel Dziobek

Abstract. Deficits in processing of social rewards have been suggested to lie at
the root of social impairments in autism spectrum conditions (ASC). While evi-
dence for atypical reward function in ASC is mounting, it remains unclear
whether these abnormalities manifest specifically in hypo- or hyper-responsive-
ness and in the social domain or more generally. Moreover, stimuli used as
social rewards in studies often lack familiarity and relevance, which are known
to enhance reward-related responses. In this study, we investigated behavioural
(reaction times and ratings), neuronal (event-related potentials), and autonomic
(pupil sizes) responses to three conditions — relevant social rewards, money, and
neutral informative outcomes —in 26 ASC and 53 neurotypical subjects varying
in levels of autistic traits, as measured with the Autism Spectrum Quotient
(AQ). We used both a population-based approach (low AQ (LAQ) vs. high AQ
(HAQ)) and a psychopathological approach (LAQ vs. ASC) to investigate the
effects of both sub-clinical and clinical autistic traits on reward responsiveness.
As hypothesised and preregistered, using relevant social context, we observed
that the behavioural, neuronal, and autonomic responses in ASC and HAQ were
no differently influenced by condition than in LAQ. Moreover, regardless of the
condition, ASC in contrast to LAQ showed enhanced brain responses (the CNV)
in early anticipation and larger pupil constrictions in reward reception. Both
effects were also predicted by the AQ. Further, ASC showed typical perfor-
mance (reaction times) and rated the stimuli’s motivational and rewarding
values lower than the other groups. Our results do not offer evidence for specif-
ically social reward deficits in ASC. Instead, the data suggest enhanced neuronal
and autonomic reward responsiveness linked to autism with simultaneously
typical performance and reduced self-reported motivational and rewarding val-
ues of stimuli. Together, these results emphasise the need to investigate multiple
processing levels for a broader picture of reward responsiveness in ASC.

This manuscript is being prepared for a submission in a peer-reviewed journal.
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3.2.1 Introduction

Rewards constitute a crucial factor in learning (Schultz, 2015) and thus are
immensely important for life. The social motivation theory suggests that re-
sponsiveness to rewards in autism spectrum conditions (ASC) is abnormal at
least in the social domain (Chevallier et al., 2012). The consequence of this
could be a cascade of neurodevelopmental difficulties including reduced
pleasure from interacting with others, withdrawal from social situations, in-
sufficient exposure to social stimuli, and finally social interaction deficits.
Thus, it was suggested that deficits in reward responsiveness may lie at the
root of social impairments in autism (Dawson et al., 2002; Dawson, Webb,
Wijsman, et al., 2005).

Importantly, this account is based on observations that behavioural man-
ifestations of altered social motivation (e.g., lower orienting towards social
stimuli) are linked to reduced activation of the reward circuit, like the amyg-
dala and the orbitofrontal cortex (Chevallier et al., 2012). Thus, hypo-
responsiveness to rewards (quantified as hypoactivation of the reward circuit
(Baumeister et al., 2020), diminished electrical brain activity (Kohls et al.,
2011), decreased autonomic responses (Sepeta et al., 2012), slower reactions
(Demurie et al., 2011), etc.) was speculated to be the underlying cause for the
well-documented decreased behavioural motivation for social stimuli in au-
tism (Chevallier et al., 2012). The first formulations of the social motivation
theory predicted that reward responsiveness is deficient in ASC especially in
the social domain (Dawson et al., 2002; Dawson, Webb, & McPartland, 2005;
Schultz, 2005) but more recent works suggest general abnormalities in this
group, manifesting in both social and non-social domains (Bottini, 2018;
Clements et al., 2018; Keifer et al., 2021; Kohls et al., 2012).

However, the empirical studies testing the predictions of the social moti-
vation theory have yielded mixed results. While some published works report
that ASC is related to hypo-responsiveness to specifically social (e.g., Scott-
Van Zeeland et al., 2010; Sepeta et al., 2012; Stavropoulos & Carver, 2014b,
2014a) or both social and non-social rewards (e.g., Baumeister et al., 2020;
Kohls et al., 2011, 2013; Kohls, Thonessen, et al., 2014; Richey et al., 2014), other
studies find no differences between ASC and control groups (e.g., Demurie et
al., 2016; Ewing et al., 2013; Gilbertson et al., 2017). Moreover, some studies
report hyper-responsiveness to rewards in ASC, especially to objects related to
circumscribed interests (e.g., Cascio et al., 2014; Kohls et al., 2018; Watson et
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al., 2015), but also to other social and non-social rewards (e.g., Matyjek, Bayer,
et al., 2020; Pankert et al., 2014; van Dongen et al., 2015). Similarly, a recent
meta-analysis of neuroimaging studies found both hypo- and hyper-activa-
tions in the reward brain circuit in the ASC group in comparison to control
individuals (Clements et al., 2018). However, while any difference between the
ASC population and control groups may be considered atypical, both en-
hanced and attenuated reward-related responses are not sufficient or clear
evidence to support the claims of the social motivation theory.

To interpret these mixed results, neuronal abnormalities should be linked
to behavioural manifestations of social impairments in ASC (yet, evidence for
this link is often lacking; Baumeister et al., 2020; Kohls et al., 2013; Scott-Van
Zeeland et al., 2010). Capturing indexes of reward responsiveness on multiple
levels (e.g., neuronal and behavioural) has the potential to inform the interpre-
tation of conflicting results in the literature and provides a more complete
picture of the process. Although several indexes of reward responsiveness
have been investigated in the past research in the context of autism, including
behavioural (e.g., reaction times, effort, accuracy; Demurie et al., 2011; Ewing
et al., 2013; Geurts et al., 2008), neuronal (neuroimaging and electroenceph—
alography (EEG); e.g., Kohls et al., 2011; Scott-Van Zeeland et al., 2010), and
autonomic (e.g., electrodermal activity, pupil sizes; Neuhaus et al., 2015; Sep-
eta et al, 2012) levels, to our knowledge no study to date has collected
responses from all three levels from the same sample in a reward-related par-
adigm. In the current study, we fill in this gap by reporting behavioural
indexes of reward responsiveness (ratings of motivational and rewarding val-
ues of stimuli as well as combined measures of reaction times and accuracy),
event-related potentials (ERPs), which offer excellent temporal resolution al-
lowing for separate estimations of reward processing phases: anticipation and
reception (Berridge, 1996, 2009; Berridge et al., 2009), and pupillary responses,
which reflect the neuronal activation in the locus coeruleus (LC), a structure
vastly involved in reward processing and motivation (Aston-Jones et al., 1999;
Bast et al., 2018; Bouret & Richmond, 2015).

Together, although the social motivation theory has attracted considerate
attention thanks to the potential to explain autistic symptomatology, the het-
erogenous results and the unclear connection between neuronal correlates of
reward responsiveness and behavioural symptoms of autism have casted
doubts on its validity. This emphasises the importance to investigate reward
responsiveness on multiple processing levels and calls for a consideration of
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the methodological aspects of experimental designs in the available studies
(Bottini, 2018).

For example, even though autistic traits in the general population have
been repeatedly related to atypicalities in reward processing (Carter Leno et
al., 2016; Cox et al., 2015; Dubey et al., 2015; Matyjek, Bayer, et al., 2020; Rolison
et al., 2017; Sims et al., 2013), studies contrasting ASC and neurotypical indi-
viduals rarely control for autistic traits in the latter. Importantly, autistic traits
are distributed normally across the general population (Baron-Cohen, Wheel-
wright, Skinner, et al., 2001; Hoekstra et al., 2007; Ruzich et al., 2015), they are
aetiologically linked to autistic traits in ASC, and they seem to assess the same
latent constructs in ASC and non-clinical samples (Lundstrom et al., 2012).
Thus, studying effects of autistic traits on reward responsiveness in subclinical
populations could assist in identifying relevant phenomena for ASC. Moreo-
ver, at least some of the inconsistencies in the literature investigating reward
processing in autism may be due to the level of autistic traits in the control
groups, as neglecting them may render it difficult to compare group effects
between studies. Therefore, to provide a broader picture of reward processing
in the autism spectrum, in the current study we investigated it using both pop-
ulation-based and psychopathological approaches, i.e., we compared individuals
with low levels of autistic traits (and no autism diagnosis) to those with high
levels of the traits (and no diagnosis), and to individuals diagnosed with au-
tism.

Further, important but rarely addressed aspects in processing of social re-
wards are familiarity and social relevance of the persons providing the
feedback (and rewards) in an experiment. A common social reward stimulus
in studies is a smiling face of an unknown person, who is irrelevant in the
study situation. However, familiar and relevant faces are rated as more re-
warding and elicit higher activation in reward-related brain structures
(Acevedo et al.,, 2012; Bayer et al., 2021; Matyjek, Bayer, et al., 2021; Sugiura,
2014). Moreover, familiarity of faces has the potential to improve otherwise
aberrant face processing in ASC (Pierce et al., 2004; Pierce & Redcay, 2008). For
these reasons, as social rewards in this study, we used pictures of the smiling
face of the main experimenter: a familiar and relevant in the context person
(also see Hayward et al., 2018; Matyjek, Bayer, et al., 2020). Finally, because
our design included facial expressions indicating successful or unsuccessful
performance in a trial, it was important to address social anxiety traits in the
participants, as anxious individuals are especially sensitive to social
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evaluation (Spain et al., 2018). Moreover, social anxiety is a common comor-
bidity of autism (Bejerot et al., 2014; Bellini, 2006) and has been previously
linked to deficient reward processing (Cremers et al., 2015; Richey etal., 2014).
Therefore, we planned to control for the modulatory effects of social anxiety
traits on reward responsiveness.

In this modified design with a socially relevant context, we expected that
the familiar social stimuli would normalise reward-related responses in indi-
viduals with high levels of autistic traits and autism. Thus, on all processing
levels (neuronal, autonomic, and behavioural), we expected to observe similar
anticipation and reception of social, monetary, and neutral incentives across
diagnostic groups and autistic traits (Barman et al., 2015; Demurie et al., 2013,
2016; Ewing et al., 2013; Gilbertson et al., 2017; Neuhaus et al., 2015). Further,
conforming to the results from a similar study design of our group (Matyjek,
Bayer, et al., 2020) and in line with work of other groups (Pankert et al., 2014;
van Dongen et al., 2015), we expected to observe enhanced neuronal and au-
tonomic responses in individuals with ASC and high levels of autistic traits in
contrast to those with low trait levels. Because the available research suggests
that ASC-specific atypicalities in reward responsiveness are more pronounced
in the anticipation than reception phase (Keifer et al., 2021; Kohls et al., 2012),
and our previous results identified differences between early and late phases
of reward anticipation, we further expected that these group differences
would be stronger in early than in late anticipation (Matyjek, Bayer, et al.,
2020), but would not be observed in reception (Bottini, 2018). Finally, in order
to confirm that the targeted responses are reward-related, we predicted to see
larger responses to rewarded conditions (social and monetary) in all measures,
as compared to the neutral outcomes (Cox et al., 2015; Kohls et al., 2011).

Additionally to testing these primary hypotheses, we aimed to explore
several secondary analyses. First, to further quantify behavioural indexes of
reward responsiveness, we collected scores estimating inhibition and ap-
proach tendencies from the participants and aimed to relate them to the
neuronal and autonomic measures as well as autistic traits. Second, although
we were primarily interested in reward responsiveness and for that the pri-
mary analyses were conducted on the data from successful trials (where
reward could be obtained), we also planned to explore the neuronal and auto-
nomic responses in the reception of unsuccessful (non-rewarded) trials.
Finally, for a dimensional analysis of autistic traits (instead of group-based),
we explored whether the trait levels across all participants predict the reward-
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related reaction times, ERPs, and pupillary responses in linear and non-linear
models.

Overall, this study set out to investigate behavioural, neuronal, and auto-
nomic responses in anticipation and reception of monetary and relevant social
rewards as well as neutral outcomes across individuals with different levels of
autistic traits and with autism.

3.2.2 Methods

The methods, hypotheses, and analyses were preregistered at
https:/ /osf.io/3re72. Data, analysis code in R, and an html file including all
analyses steps and results can be found at https:/ /osf.io/vse38/.

3.2.2.1 Sample size determination

To estimate the sample size, we performed a power analysis with the
g*power software (Faul et al., 2009), with power set to 0.8 and with an inter-
mediate effect size f = 0.302. The effect size was calculated from the between-
subject factor of group (high vs. low autistic traits) in response to reward cues
in our previous experiment (Matyjek, Bayer, et al., 2020). This analysis yielded
a total sample size of 52 with 26 data sets in each of two groups planned for
comparisons (ASC vs. low autistic traits, and high vs. low autistic traits). Based
on this, we planned to recruit 26 participants per group, summing up to the
total of 78 participants.

3.2.2.2 Participants

A total of 82 volunteers across three groups (ASC, low- and high autistic
traits) participated in the study. The data sets of 3 participants (two from the
ASC group) were excluded due to poor EEG signal quality (1), refusal to per-
form a task involving money (1), and a technical issue with EEG recording (1).
Demographic information for all groups with group comparisons are summa-
rised in Table 3-5. All participants provided written informed consent; the
study was approved by the ethics committee of the Faculty of Psychology of
the Humboldt-Universitdt zu Berlin and was conducted in accordance with
the Declaration of Helsinki. After the experiment, the aims of the study were
revealed to the participants in a debriefing conversation. Participants were
compensated 8 Euro per hour plus additional 4 Euro as a monetary reward
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earned during the task (for details, see section 3.2.2.3), which resulted in a total
of 30-40 Euro.

Neurotypical participants

Neurotypical participants were recruited via internet advertising plat-
forms and flyers distributed at Berlin’s university campuses. Inclusion criteria
were age (18-50), proficiency in German, no history of psychological, neuro-
logical, or psychiatric disorders in the last 6 months (including medication),
and no past diagnosis of such. Interested volunteers were asked to complete
the Autism Spectrum Questionnaire (AQ; Baron-Cohen, Wheelwright, Skin-
ner, et al., 2001) and were invited to participate based on the score (we aimed
to increase the spread of the scores and to balance the size of low and high
scoring groups). The mean AQ score in the neurotypical group (N = 53) was
18.6 (SD = 8.7); groups with high (HAQ) and low (LAQ) autistic traits (N =25
and 26, respectively) were created based on a median split (Mdn = 17). This
sample (30 females and 23 males) had a mean age of 31.3 (SD = 9.3). All par-
ticipants had normal or corrected-to-normal vision and 50 were right-handed
(based on the Edinburgh Inventory, Oldfield, 1971). One participant reported
attending a psychotherapy in the last six months, and two more earlier than
that. No participants in this group had been medicated with psychopharma-
ceuticals.

ASC group

Participants with ASC were recruited via an Autism outpatient clinic of
the Charité— Universitdtsmedizin Berlin, the Specialized Outpatient Clinic for
Social Interaction, University Outpatient Clinic for Psychotherapy and Diag-
nostics of the Humboldt-Universitidt zu Berlin, an online forum for ASC
community (www.aspies.de), and internet advertising platforms. All partici-
pants were confirmed to have a prior diagnosis matching the DSM-5 autism
spectrum disorders (American Psychiatric Association, 2013) made by profes-
sionals in specialised autism-diagnosis centres (the diagnosis was confirmed
directly by the centres and /or by a written diagnosis provided by the partici-
pants). In subjects with available additional diagnostic information (16),
diagnoses were confirmed additionally with the Autism Diagnostic Observa-
tion Schedule (ADOS; Lord et al., 2000), and for 12 of those patients also with
the Autism Diagnostic Interview Revised (ADI-R; Bolte & Poustka, 2001; Lord
et al,, 1994), a semi-structured interview administered to the caretakers. Addi-
tionally, inclusion criteria were age (18-50) and proficiency in German. All
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participants had normal or corrected-to-normal vision and 20 participants
were right-handed. Several participants in the ASC group reported experienc-
ing a psychological illness (all depression and/or anxiety) or attending
a psychotherapy in the last six months (N=6), and earlier (N=5). Four partici-
pants were medicated at the time of the study or in the last six months and
two more earlier than that (all with selective serotonin or serotonin-norepi-
nephrine reuptake inhibitors).

Table 3-5 Demographic and trait characteristics of subject samples in all groups. Count is
provided for gender and means (with standard deviations) for all other items. HAQ = high autistic
traits, LAQ = low autistic traits, ASC = Autism Spectrum Disorder, AQ = Autism Spectrum Quo-
tient score, BIS/BAS = Behavioural Inhibition/Approach System, LSAS-SR = Liebowitz Social
Anxiety Scale, R:N/L = Right, Neutral/Left (handedness), OR = odds ratio in Fisher's Exact Test.
Statistically significant tests were marked with ** for p < .01 and *** for p <.001.

Group description

LAQ HAQ ASC
N=26 N=27 N=26
Gender — female:male 18:8 12:15 13:13
Age (years) 30.6 (7.9) 31.9 (10.6) 32.7 (10.7)
AQ (total) 10.9 (2.3) 25.9 (5.5) 39.3 (5)
BAS drive 12.5(2.1) 11.6 (1.9) 11.2 (2)
BAS reward responsiv. 16.8 (1.7) 15.7 (2.3) 14.9 (2.3)
BAS fun seeking 12.5(1.8) 11.2(1.9) 9.7 (2.7)
BIS 18.8 (3.2) 20.9 (4.7) 23.5(3.8)
LSAS-SR 31.1 (15.9) 58.6 (27.2) 83.5(32.2)
Handedness - R:N/L 25:1 25:2 20:6

Between-group differences

LAQ vs. HAQ LAQ vs. ASC
Gender OR =2.76 OR=221
Age (years) t=-0.51 t=-0.79
AQ (total) t=-13.02" t=-26.25"
BAS drive t=1.71 t=2.35
BAS reward respons. t=1.87 t=3.42"
BAS fun seeking t=2.68 t=4.43"
BIS t=-1.93 t=-4.93"
LSAS-SR t=-451" t=-7.42"
Handedness OR=0.51 OR =6.25

3.2.2.3 Stimuli and task

We adapted a cued incentive delay task (Knutson et al., 2000) to include
both social and non-social rewards. Participants were shown a cue indicating
a possible reward in a given trial and asked to speedily respond to a following
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target. For correct responses they received either a reward — a picture of the
experimenter’s smiling face (social reward) or money (5 cents, non-social re-
ward), or a reward-neutral outcome (an informative letter). Figure 3-5 depicts
the overall course of a trial. The instructions were delivered both in writing

and verbally.
early late reception
anticipation anticipation

+ o +

cue fixation task fixation feedback
1500 ms 500 ms varying 1500 - 2000 ms 2000 ms

time

Figure 3-5 Trial structure. The possible reward in a trial was signalled with an in-
centive cue: M for monetary (German: Miinze), L for social (German: Lacheln) and N
for neutral (no reward; German: neutral). In the task, participants were asked to respond
as fast as possible to a blue or a purple target with corresponding keys. In successful
trials, feedback with 5-cent coin, a smiling face, or a letter “R” (correct; German: richtig),
was presented in monetary, social, and neutral condition, respectively. Incorrect trials
were indicated with 0-cent coin, neutral face, or a letter “F” (incorrect, German: falsch).
The shaded rectangles mark approximate time windows for ERPs in early and late an-
ticipation, and reward reception.

Each trial started with a cue presented at the centre of the screen for
1500 ms, which indicated the condition. Three conditions were introduced: so-
cial (S), monetary (M), and neutral (N). The cues consisted of white letters on
black squared background (4 x 4° of visual angle). For clarity, the letters were
linked to the names of potential outcomes in German: “L” for Licheln (smile),
“M” for Miinze (coin), and “N” for Neutral. The cue was followed by a small
white fixation cross (30 x 30 pixels) displayed centrally for 500 ms. Then, a blue
or a purple target (a circle, 1 x 1° of visual angle) was displayed in the centre.
The display time of the targets was adapting to each participant’s
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performance: Every four trials the display time was increased by 20% if in the
last four trials no more than 1 response was correct, kept the same if 2 re-
sponses were correct, or decreased by 20% when 3 or 4 responses were correct.
This procedure ensured approx. 60% accuracy on average across all partici-
pants. Upon detection of the target’s colour, participants were required to
press one of two response buttons as fast as possible. The colour of the target
in each trial was random and the response keys corresponding to the colours
were counterbalanced across participants. A trial was successful when partic-
ipants pressed the correct button during the display of the target. After the
button press (or the end of the display time, in case of missing responses), the
pre-feedback waiting period with a fixation cross was presented for 1500 to
2000 ms (jittered across trials). Then, a feedback stimulus (matching the incen-
tive type indicated by the cue) was presented in the centre of the screen for
2000 ms.

Correct responses in the S condition were rewarded with a picture of
a happy/approving face of the main experimenter. In the M condition, a pic-
ture of a “5” coin was presented, and in the N condition, letter “R” as an
indicator of successful response (for German richtig meaning correct). Incorrect
responses in S, M, and N conditions were followed by a face with a neutral
expression, a “0” coin, and letter “F” (for falsch, or wrong). Letters in N and
coins in M were displayed on a background made of scrambled pixels of the
S rewarding feedback picture (the happy/approving face). All feedback stim-
uli were equal in size (4 x 4° of visual angle) and luminance (ensured with the
mean value of luminance in perceptual space in GIMP 2.0, which was addi-
tionally confirmed with a photometer). Participants were instructed that a “5”
coin meant they were receiving additional 5 cents. The current balance was
displayed after each block.

Each of the six blocks consisted of one condition. The blocks were pre-
sented pseudo-randomly: The first three blocks were presented in random
order and the last three blocks repeated that order. Each block consisted of 50
trials, resulting in a total of 300 trials. Before the start of the actual experiment,
three blocks (one for each condition) of 10 trials were presented as training.

3.2.2.4 Procedure and socialising

After signing the consent form, the participants were prepared for the EEG
recording, which took ca. 20 min. During this time the experimenter had
a light social conversation following a semi-scripted interaction. The aim was
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to provide a natural acquaintance with the experimenter, with whom all par-
ticipants spent the same amount of time. Moreover, this allowed the
participants to familiarise with the experimenter’s face in a natural fashion:
from various angles and with various facial expressions. To emphasize the
shared social context, the experimenter also indicated that this research was
her project, and she appreciated the subjects’ participation in the study. Then,
participants were seated in an electrically shielded room at a distance of 70 cm
from a 19-inch computer screen and 85 Hz refresh rate. To keep the light con-
ditions constant, the room was artificially lit. Participants were asked to place
their chin and forehead on a headrest in order to restrain movements. The ex-
periment was programmed and executed in MATLAB. Task instructions were
displayed on the screen and additionally repeated verbally by the experi-
menter. Participants were asked to identify the person on the pictures used in
the S condition prior to the training and all correctly recognised the experi-
menter. After the recording, participants answered a number of debriefing
questions on a computer screen. In the end they were debriefed and informed
about in details about the purpose of the study.

3.2.2.5 Behavioural measurements

Reaction times

As a measure of performance, we collected participants’ reaction times in
successful trials (those which ended in positive feedback, i.e., the correct but-
ton was pressed during the display time of the target) in the task. Both shorter
reaction times and higher accuracy have been previously interpreted as in-
dexes of increased motivational and reinforcing values of the related rewards
(e.g., Neuhaus et al., 2015). However, since faster responses may lead to lower
accuracy, increasing response time to ensure more successful trials (and thus
rewards) may be used as a strategy. Therefore, as a behavioural index of re-
ward processing, we targeted reaction times (excluding those faster or slower
than two standard deviations from a subject’s mean) corrected for accuracy,
i.e., the linear integrated speed-accuracy score (LISAS; Vandierendonck, 2018).

Debriefing questions

Further, we collected self-reported measures of reward responsiveness.
Participants answered the following debriefing questions: How motivated were
you in the experiment? (general motivation); How important was the reward type
to you? (importance of condition); How often, right after giving the response, did
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you feel you knew whether you were successful? (sense of agency), How motivating
did you find the cues? (motivational value of cues); How rewarding did you find
the feedback pictures? (rewarding value of feedback).

Questionnaires

Finally, we administered several questionnaires. To quantify autistic
traits, we used the Autism Spectrum Quotient (AQ; Baron-Cohen, Wheel-
wright, Skinner, et al, 2001) and the Social Responsiveness Scale (SRS;
Constantino & Gruber, 2005), which were significantly correlated in our sam-
ple, 7(65) = .66, p < .001. While AQ was our primary measurement of autistic
traits, we also planned to explore how the SRS relates to other measures of
reward responsiveness. However, fourteen participants did not feel comfort-
able asking a close person to fill the SRS questionnaire for them (in contrast to
the AQ which is a self-administered tool, the SRS is completed by another per-
son). Given that the SRS scores were only available for 65 participants
(7 missing in ASC, 4 in HAQ, and 3 in LAQ), we did not focus on these data
any further.

To quantify further reward-related behaviour, participants were asked to
fill the Behavioural Inhibition and Approach Systems Scale (BIS/BAS; Carver
& White, 1994). This questionnaire assesses the behavioural activation system
(BAS) responsible for increased motivation and positive affect in response to
incentives, and the behavioural inhibition system (BIS), linked to experiences
of anxiety, fear, and negative affect in response to threatening stimuli. BAS is
further divided into three subscales: drive (inclination to pursue desired
goals); fun seeking (desire for new rewards); and reward responsiveness.

Finally, to control for social anxiety traits in all statistical models, we used
the Liebowitz Social Anxiety Scale self-reported (LSAS-SR; Liebowitz, 1987),
which assesses anxiety related to experiencing everyday social situations.

For each questionnaire, higher scores are interpreted as higher expressions
of the targeted behaviour or trait. The mean scores for each group are pre-
sented in Table 3-5.

3.2.2.6 EEG data acquisition and pre-processing

For reward reception, we quantified the P3, which is a positive potential
peaking around 300 ms after stimulus onset and reflecting an elaborated cog-
nitive and affective function linked to reward (Wu & Zhou, 2009). Based on
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our previous research, we divided reward anticipation into early and late
phases (Matyjek, Bayer, et al., 2020). For those, respectively, we targeted the
Contingent Negativity Variation (CNV) and the Stimulus Preceding Negativ-
ity (SPN). These ERPs are slow negative waves peaking before a signal
stimulus triggering a prompt action (CNV) or before receiving stimuli carry-
ing important information, like feedback (SPN). Both CNV and SPN are linked
to motivation and effort, and they reach higher amplitudes for anticipated af-
fective or emotionally salient stimuli (Broyd et al., 2012; Brunia et al., 2012). As
such, they have previously been used as indexes of reward anticipation
(Matyjek, Bayer, et al., 2020; Stavropoulos & Carver, 2014b, 2014a).

The continuous EEG signal was recorded from 64 silver/silver-chloride
active scalp electrodes (Biosemi Active Two) at the sampling rate of 512 Hz.
An elastic cap with the extended 10-20 international electrode placement sys-
tem was used. The collected signals were referenced online to the CMS-DRL
ground loop, which drives the average potential as close as possible to the am-
plifier zero. The electrode offsets were kept within the range of +20 uV. Six
external electrodes were used: four electrodes were placed at the outer canthi
and below the eyes (to collect the horizontal and vertical electro-oculograms)
and two were placed on the mastoids. Two online filters were applied:
a 100 Hz low-pass and 0.01 Hz high-pass.

The offline pre-processing steps were performed using BrainVision Ana-
lyzer (Brain Products GmbH, Munich, Germany), in which all signals were re-
referenced to average reference and filtered with a low-pass filter of 40 Hz
(slope 8 dB/oct). The continuous data were segmented into segments ranging
from -100 ms before to 7500 ms after the cue onset. A pre-cue baseline of
100 ms was applied. To identify and remove blinks and eye movements, an
independent component analysis algorithm (restricted fast ICA) was used.
Channels with low quality and noisy signals were interpolated using spherical
splines of order 4 (2.7 % of all channels). Further, to exclude artifacts, a semi-
automatic procedure was applied targeting signals exceeding + 100 4V or volt-
age steps larger than 100 uV. This led to rejection of 5.39% of trials for all cue
signals, 5.9% of trials for all pre-feedback, and 5.98% for all feedback signals.
The data were divided into three sub-segments representing the phases: the
incentive cue (early anticipation), the pre-feedback (late anticipation), and the
feedback (reception). Those were ranging, respectively: from -100 ms before to
1500 ms after the cue onset; from -600 ms before feedback onset to feedback
onset; and from -100 ms to 2000 ms after the feedback stimuli onset.
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Across participants an average of 95 artifact-free successful trials was ob-
tained in conditions M and S and 94 in N for the cue responses (SDw = 5.83,
SDs = 6.08, SDy = 8.11). In pre-feedback and feedback, the average number of
successful trials was 57 (SDpre-feedback = 5.67, SDfeedback = 5.88). Average
number of segments respectively for N, M, and S were in pre-feedback: 55.66
(6.37), 58.66 (4.86), and 57.19 (5.34), and in feedback: 55.46 (6.89), 58.61 (4.87),
and 57.18 (5.34). The number of artifact-free segments did not vary signifi-
cantly between conditions (N, M, S) in either of the phases (all F <1.17, p > .31).

The temporal windows and regions of interest for the brain responses
were chosen based on prior research and visual inspection of grand averages.
For the early and late anticipation phases the time windows for the anticipa-
tory brain responses were respectively the CNV and the SPN defined as the
last 500 ms of each phase: in early anticipation this was 1000 — 1500 ms after
cue onset (with -100 — 0 ms baseline), and in the jittered late anticipation phase
this was -500 — 0 ms time-locked to feedback onset (with -100 — 0 ms baseline
locked to the onset of the pre-feedback fixation cross). In the reception, the P3
was identified from 230 to 500 ms after feedback onset. Mean amplitudes for
these time windows were calculated from electrodes Pz, P1, P2, POz, PO3,
PO4, Oz, O1, O2. Finally, the mean amplitudes of the CNV, SPN, and P3 were
aggregated per participant and condition and used in the statistical analyses.

3.2.2.7 Pupillary data acquisition and pre-processing

We recorded the pupil sizes in both anticipation and reception phases of
reward processing. The pupil has been observed to increase in size while an-
ticipating rewards (Cash-Padgett et al., 2018; Koelewijn et al., 2018; Schneider
et al., 2018; Takarada & Nozaki, 2017). In contrast, when receiving and evalu-
ating outcomes, the pupil is negatively correlated with their reward values
(Cash-Padgett et al., 2018; Matyjek, Bayer, et al., 2021; our pre-registered ex-
pectations of dilations in this phase were yet uninformed by this recent
research). The contrasting pupillary responses in reward anticipation
(stronger dilation for larger rewards) and reception (stronger constriction for
larger rewards) emphasise that these phases are not a unitary construct and
have qualitatively different elements (Cash-Padgett et al., 2018).s

Pupillary responses were recorded binocularly with a desktop-mounted
eye tracker (Eye Tribe, TheEyeTribe) with a 60 Hz sampling rate. The EyeTribe
Toolbox for Matlab (https://github.com/esdalmaijer/EyeTribe-Toolbox-for-
Matlab) was used to send event triggers. The calibration was conducted with
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a nine-point grid and accepted when accuracy of < 0.7 degree was achieved.
Data sets with poor data quality (more than 50% missing trials, with a trial
removed when missing over 50% samples) were excluded from further pro-
cessing and analysis (13). Offline preprocessing was performed with Matlab
code published by Kret & Sjak-Shie (2018) with their default settings (upsam-
pling was reduced from 1000 to 100 Hz). This includes blink and missing data
interpolation, filtering and smoothing. Then, using a custom code in
R ver. 4.0.2 (R Core Team, 2020), segmentation of the signal into phases with
a subtractive 200 ms baseline correction was performed. Finally, the mean pu-
pil size was calculated for each segment: 0 to 1500 ms after cue onset (early
anticipation), -1500 to 0 ms before feedback onset (late anticipation), and 0 to
2000 ms after feedback onset (reception) and aggregated for participants and
conditions.

In the remaining 66 datasets (N in LAQ, HAQ, and ASC was, respectively,
23, 24, and 19), on average 87 trials per condition in the cue signals entered
analyses (SDy =13.13, SDy=15.45, SDs = 13.19). In pre-feedback and feedback,
average number of only successful trials for M, N, and S conditions were, re-
spectively, 55, 53, and 53 (pre-feedback: SDy = 8.27, SDy = 9.77, SDs = 7.96,
feedback: SD,; = 8.27, SDy = 9.76, SDs = 7.96). Number of trials did not differ
between conditions in the cue signals, F(2,130) = 0.07, p = .936. It did in pre-
feedback, F(2,130) = 3.13, p = .047, and feedback, F(2,130) =3.11, p = .048, but
no contrasts survived corrections for multiple comparisons (all p.» >= .075).

3.2.2.8 Data analysis

All data analyses were performed using R ver. 3.4.3 (R Core Team, 2020).
The significance level for all the tests was set to .05. The data and analysis code
(as well as an html file presenting all the analyses (primary and secondary) in
an accessible way without the need to run the code) are available in the OSF
repository: https:/ /osf.io/vse38/.

Primary analyses

As registered, we analysed reward-related ERPs, pupil sizes, and reaction
times corrected for accuracy in two approaches: 1) population-based approach,
which includes individuals with high levels of autistic traits as compared to
individuals with low levels of autistic traits (groups created based on AQ score
median split); and 2) psychopathological approach, which includes individuals
diagnosed with autism as compared to individuals with low trait levels.
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Participants’ responses to the debriefing questions were analysed across the
three groups, with Pearson’s correlation or linear models.

For reaction times, brain, and pupillary responses, we built multiple re-
gression models with mixed effects (random intercepts for subjects) with the
ImerTest package ver. 3.1-2 (Kuznetsova et al., 2017). Regression assumptions
were checked and met for all models (normality, linearity, multicollinearity,
homoscedasticity). Models, which violated these assumptions, were consid-
ered for outliers (based on influence and deletion diagnostics). Models with
outliers were re-fitted after either overwriting a data point with the group’s
mean in the given condition, or exclusion of a subject’s data set. Since condi-
tion is a multilevel categorical predictor (N, S, M), for the estimation of its main
effect an analysis of variance (ANOVA) with Satterthwaite approximation for
degrees of freedom was calculated on the models. For all reported post-hoc
tests, a Holm correction was applied. Because there is no established way of
calculating standardised effect sizes for mixed models’” terms (Rights & Sterba,
2018), the unstandardised slope estimates can be treated as effect sizes (Pek &
Flora, 2018). However, to comply to the convention, as an approximation we
also calculated partial Cohen’s f (f,) from ANOVA ran on the models with the
effectsize package ver. 0.3.2 (Ben-Shachar et al., 2020). As registered, we con-
trolled for social anxiety traits by including the (centred) LSAS-SR score in all
the models. Overall, all the models were built in the following form:

DV ~ group * condition + LSAS-SR + (1 | subject)

where DV is the dependent variable (LISAS, ERP (CNV, SPN, P3), or pupil
size), and the term (1 |subject) adds a random intercept for each subject. Be-
cause our hypothesis was that groups would respond similarly to different
conditions (i.e., no interaction of group and condition), we first checked
whether the interaction term was statistically significant. Since an insignificant
effect does not mean a true negative effect, we used Bayes factors (BF) to pro-
vide an explicit quantification of evidence in favour of a model without the
interaction vis-a-vis a model with the interaction (van Ravenzwaaij et al.,
2019). In case of strong evidence in favour of a model without the interaction
term, we continued the analysis with the model including only main effects.

Secondary analyses

Methods and results for all secondary analyses are presented in the sup-
plementary material. As registered, we explored (1) correlations between
questionnaires (AQ, BIS/BAS, and LSAS-SR), ERPs, and pupil sizes, and
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(2) reaction times, ERPs, and pupillary responses also in unsuccessful (not re-
warded) trials. Additionally to the registered analyses, we performed
(3) dimensional analyses of AQ as a predictor of reward-related responses
across all participants, and (4) exploratory analyses of the effects of age and
gender in all the primary models.

3.2.3 Results
3.2.3.1 Primary analyses

The grand averages of the brain and pupil responses for all groups are
shown in Figure 3-6 and Figure 3-7. Mean responses in both measures across
conditions, groups, and phases are shown in Table 3-6. All analysis steps are
shown in the html file (https:/ /osf.io/vse38/) in sections 5.1.6., 5.2., and 5.3. for
the population-based approach, and sections 6.1.6., 6.2., and 6.3. for the psy-
chopathological approach.

As predicted, in none of the models (across all measures and approaches)
we observed an interaction effect of group (LAQ, HAQ, ASC) and condition
(S, M, N), all F <=2.09, all p >=.13. Moreover, in all analysis we found strong
evidence in favour of models without the interaction term (all BF >= 20; Kass
& Raftery, 1995) and those models showed a better fit (based on BIC) than
models including this term. Hence, in the following we report only results of
models re-fitted without the interaction term. Nevertheless, all analyses steps
can be found in the code and the html file.
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Figure 3-6 Grand averages of the ERPs. The panels show the grand averages for
groups (low autistic traits, LAQ; high autistic traits, HAQ; and autism, ASC) and condi-
tions (social, S; monetary, M; and neutral, N) for each reward processing phase: early
anticipation (top panel), late anticipation (middle panel), and reception (bottom panel).
The dotted vertical lines mark the onset of each phase: cue presentation in early antici-
pation, fixation cross in late anticipation, and feedback in reception. The grey rectangles
mark the time window for analyses. Note that for the purpose of visualisation, the SPN
in the late reception is plotted as aligned to the onset of the fixation cross until 1500 ms,
even though the display time was jittered (1500 — 2000 ms). The analysis included the
last 500 ms before the feedback in each trial.
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Figure 3-7 Grand averages of the pupillary responses. The panels show the grand
averages for groups (low autistic traits, LAQ; high autistic traits, HAQ; and autism,
ASC) and conditions (social, monetary, and neutral) for each reward processing phase:
early anticipation (top panel), late anticipation (middle panel), and reception (bottom
panel). On the right site are shown stimuli displayed in each phase and condition. The
plots were created with generalized additive model smoothing and the grey shades
show 96% confidence interval of this fit. The solid vertical lines mark the onset of each
phase: cue presentation in early anticipation, fixation cross in late anticipation, and feed-
back in reception. The dotted vertical lines mark the end of the phase (and time window
for analysis). For visualisation purposes in the early anticipation and in the reception,
respectively, the following 500 ms of fixation cross and 1000 ms of the intertrial interval
were plotted. Note that for the purpose of visualisation, the pupil responses in the late
reception are plotted as aligned to the onset of the fixation cross until 1500 ms, even
though the display time was jittered (1500 — 2000 ms). The analysis included the last 500
ms before the feedback in each trial.
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Table 3-6 Means and standard deviations for ERP amplitudes, pupil responses, and reaction

times in groups, conditions, and phases.

Early

Group Condition anticipation Late anticipation Reception
ERPs [uV]
CNV SPN P3
N -0.32 (1.53) -4.4 (3.42) 2.98 (1.98)
ASC M -0.61 (1.77) -4.34 (3.05) 3.33 (1.89)
S -0.49 (1.42) -4.78 (3.1) 4.23 (1.94)
N -0.21 (1.39) -2.95 (3.34) 1.73 (1.74)
HAQ M -0.16 (1.71) -2.97 (3.07) 2.01 (1.83)
S -0.67 (1.82) -3.52 (3.47) 2.81(1.93)
N 0.33 (1.23) -3.3 (2.81) 2.23 (1.99)
LAQ M -0.1 (1.17) -3.53 (2.45) 3.15 (2.16)
S -0.41 (1.13) -3.94 (2.71) 3.82 (2.29)
Pupil sizes [au]
N 0.11 (0.15) 0.24 (0.26) -0.78 (0.68)
ASC M 0.11 (0.14) 0.23 (0.25) -0.67 (0.6)
S 0.17 (0.19) 0.3 (0.25) -0.78 (0.72)
N 0.05 (0.29) 0.2 (0.23) -0.38 (0.45)
HAQ M 0.06 (0.26) 0.22 (0.31) -0.38 (0.45)
S 0.07 (0.38) 0.24 (0.36) -0.45 (0.56)
N 0.08 (0.21) 0.23 (0.29) -0.37 (0.49)
LAQ M 0.06 (0.17) 0.28 (0.27) -0.42 (0.5)
S 0.1(0.29) 0.27 (0.25) -0.54 (0.58)
Reaction times [ms]
N 291.59 (49.65)
ASC M 292.79 (48.36)
S 296.14 (44.97)
N 290.34 (50.79)
HAQ M 270.16 (35.95)
S 289.4 (62.21)
N 292.52 (41.73)
LAQ M 283.48 (40.1)
S 290.88 (39.83)

Population approach (low AQ vs. high AQ)

Reaction times

Condition statistically significantly predicted reaction times corrected for
accuracy, i.e., LISAS scores, F(2,100) = 11.7, p < .001, f, = 0.48, with fasted re-
sponses in M than N (pe,» < .001, est = 9.99) and M than S (p.,,, = .001, est = 7.37).
Group was not a significant predictor (f, = 0.13). For details, see sections 5.1.6.
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in the html file (additional analyses of uncorrected reaction times and accuracy
can be found in sections 5.1.4.-5.1.5.).

ERPs

Analyses of the CNV in the early anticipation, the SPN in the late antici-
pation, and the P3 in the reception all yielded a main effects of condition, all
F(2,106) >= 4.61, p <= .012, f,>=0.3, with the ERP responses being larger
(i.e., more negative CNV and SPN, and more positive P3) for S than N (all
Peorr <= .012, all est >= .61) and in SPN and P3 for S than M (all p..., <= .04, all
est >=.49). Additionally, in the reception, P3 was also statistically significantly
larger for M than N (p.,» = .002, est = 0.59). Group was not a statistically signif-
icant predictor in these models (all f, <= 0.18).

Pupil sizes

Condition was a statistically significant predictor of pupil sizes in all
phases: early anticipation, F(2,90) = 5.74, p = .004, f, = 0.36, late anticipation,
F(2,92) = 3.88, p = .024, f,= 0.29, and reception, F(2,94) = 8.64, p < .001, f, = 0.43.
In both anticipation phases and in reception, pairwise post-hoc tests revealed
that the main effect of condition was driven by, respectively, larger dilations
and larger constrictions to S than N (all Peorr <= .035, est >= 0.04) and in early
anticipation and reception to S than M in early anticipation and reception
(both pe.rr = .003, est >= 0.05). Group did not significantly predict pupil size in
any model (all f, <= 0.05).

Psychopathological approach (low AQ vs. ASC)
Reaction times

The analysis of reaction times yielded a significant effect of condition,
F(2,88) = 3.64, p = .03, f,= 0.29, with faster responses in M than in S (p.,» = .037,
est = 5.74). Group did not predict the responses, f, = 0.04. For details, see sec-
tions 6.1.6. in the html file (and additionally 6.1.4.-6.1.5. for separate analyses
of uncorrected reaction times and accuracy).

ERPs

The models yielded a main effect of condition in early anticipation,
F(2,104) = 5.25, p = .007, f, = 0.32, with larger CNV to S (pcrr = .006, est = 0.45)
and M (pm = .03, est = 0.36) in comparison to N, and in reception,
F(2,104) = 20.79, p < .001, f, = 0.63, with the largest P3 amplitudes to S, than to
M, and smallest to N (all p.,» <= .004, all est >= 0.64). Condition did not predict
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the SPN amplitudes in late anticipation (f, = 0.17). Group was a significant
predictor only in early anticipation, F(1,52) = 4.83, p = .032, f, = 0.31, where the
CNV amplitudes were larger in the ASC than in the LAQ group (effect sizes
for group in late anticipation and in reception were f, <= 0.16).

Pupil sizes

Condition predicted pupil sizes in all phases: early anticipation,
F(2,84)=5.57, p = .005, f, = 0.36, late anticipation, F(2,82) = 5.63, p = .004,
f, =0.37, and reception, F(2,84) = 8.8, p < .001, f, = 0.46. Pupil sizes were larger
(i.e., more dilated in early and late anticipation and more constricted in recep-
tion) to S than N in all phases (all p., <= .033, est >= 0.04) and to S than M in
early anticipation and reception (both p.,, <= .03, est >= 0.05). Group signifi-
cantly predicted pupil sizes only in reception, F(1,42) = 6.05, p = .018, £, =0.38,
with larger constrictions in ASC than LAQ (in anticipation phases both
f,<=0.17).

Debriefing questions

We found no significant differences in self-reported general motivation
during the experiment across autistic traits, 7(79) = .05, p = .69, or between
groups (both t <= 0.63, p >=.535). In contrast, the condition was reportedly
more important for those with less autistic traits, #(79) = -.37, p < .001, and for
LAQ than ASC (t = 3.5, p <.001; in LAQ vs. HAQ, t =-0.64).

Three participants reported that they never or almost never knew whether
they were successful in the game directly after giving response, while the rest
reported they knew sometimes (16), often (24), most of the time (33), or always
(3). This did not differ significantly between the groups (both p >=.09).

Figure 3-8 displays average ratings of motivational values of the cues and
of reward values of the feedback stimuli across groups. There was a statisti-
cally significant interaction of group and condition on subjective ratings of
motivational values, F(4,152) = 2.77, p = .03. Although all groups showed de-
scriptively higher ratings for the rewarded conditions (S and M) than N, post-
hoc tests revealed that this was statistically significant in the LAQ and HAQ
groups (all est >=22.89, p.,» < .001) but not in the ASC group (all est >=10.73).
Moreover, LAQ on average rated S cues higher than ASC (est >= 23.96,
Peorr = .015).

For the analysis of subjective reward value of the feedback stimuli, we
built a linear mixed model with group, condition, and outcome (successful or
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unsuccessful trial) as main predictors and with their interactions. This model
yielded significant interactions of group and outcome, F(2,380) =11.1, p <.001,
and of condition and outcome, F(2,380) = 11.33, p < .001. Post-hoc tests re-
vealed that in all groups positive outcomes were rated higher than negative
ones (all est >=46.64, p.» < .001), and the ratings of positive outcomes were
higher in the neurotypical groups than in ASC (both est >=11.81, p.,» <= .008).
Feedback stimuli in all conditions were also rated higher in successful than
unsuccessful trials (all est >= 44.39, p. < .001), and social and monetary re-
wards were rated higher than neutral positive outcomes (both est >= 18.89,
Peorr < .001). For details and plots, see sections 4.6., 5.1.3., and 6.1.3. in the html
tile.
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Figure 3-8 Average group ratings of (left) motivational value of the cues and (right)
reward value of the feedback stimuli.

3.2.3.2 Secondary analyses

To summarise the highlights of the secondary analyses (see the supple-
mentary material), we found that high levels of autistic traits were linked to
social anxiety traits, and to stronger behavioural motivation to move away
from unpleasant stimuli than to move towards desired outcomes. Further, the
dimensional analyses (with AQ instead of group) paralleled the primary anal-
yses: AQ did not interact with condition in either measure or phase, but higher
AQ scores were linked to enhanced neuronal and pupillary responses respec-
tively in early anticipation and in reception. Additional analyses revealed that
the best fit for the relationship between AQ and all measures is linear, which
suggests that autistic traits play a similar role in reward processing across in-
dividuals with and without autism. Finally, enhanced brain and pupillary
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responses were correlated across processing phases (early and late anticipa-
tion, reception), but not with each other.

3.2.4 Discussion

In this study, we investigated responsiveness to relevant social rewards,
money, and neutral outcomes across autistic traits and in autism, on multiple
levels of processing. As hypothesised, using social stimuli of relevance to the
participants, we found that behavioural, neuronal, and autonomic responses
of individuals with autism and higher levels of autistic traits were no differ-
ently influenced by the type of outcome (relevant social reward, money,
neutral outcome) than responses of those with low levels of autistic traits.
However, individuals with autism, in contrast to those with low trait levels,
showed enhanced reward responsiveness in early anticipation (larger CNV
amplitude) and in reward reception (larger pupil constrictions). Both of these
indexes have been previously linked to increased reward processing (Brunia
et al., 2012; Cash-Padgett et al., 2018). These enhanced responses were also
predicted by autistic traits across the whole sample in dimensional analyses.
Finally, additional models revealed that the relationship between autistic traits
and behavioural, neuronal, and autonomic responses is likely linear.

In line with our hypotheses, we did not observe evidence for specifically
social deficits in reward processing in autism when using socially relevant
stimuli. Models of all reward responses (neuronal, pupillary, and reaction
times) yielded statistically insignificant interaction of group by condition and
using Bayes factors, we found strong evidence in favour of no interaction be-
ing the true effect in all the models. This stands at odds with the social
motivation theory, which proposes that autism is characterised by reward pro-
cessing impairments (i.e., hypo-responsiveness) specifically in the social
domain (Dawson et al., 2002; Dawson, Webb, & McPartland, 2005; Schultz,
2005).

A potentially critical element in our design which could explain this is the
relevance of the social rewards. While a common social stimulus in reward
paradigms is a picture of a smiling, unknown person (e.g., Kohls et al., 2013;
Scott-Van Zeeland et al., 2010; Stavropoulos & Carver, 2014b), in this study we
used photographs of the main experimenter. The experimenter’s face became
familiar to the participants during the study preparations, which they con-
firmed by recognising her in the photographs prior to the task. Importantly,
the experimenter was also socially relevant in the context of the study, as she
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provided explanations and instructions, engaged in a semi-scripted, casual so-
cial exchange, and was present in the laboratory throughout the course of the
study, also after the completion of the task by the participants. Therefore,
while many studies use faces that allow no further interaction in the study
situation (even of familiar, but absent or irrelevant in the context of the task
persons; Neuhaus et al., 2015; Pankert et al., 2014; Stavropoulos & Carver,
2014a), we created a relevant social context. There is accumulating evidence
suggesting that faces which are more familiar and relevant elicit higher acti-
vation in the brain reward structures (e.g., Acevedo et al., 2012; Bayer et al.,
2021). Moreover, familiar, but not unfamiliar faces, have been reported to elicit
typical neuronal and pupillary responses in ASC (Nuske et al., 2014; Pierce et
al., 2004; Pierce & Redcay, 2008). Hence, we propose that the relevance of the
social stimuli used in this study is an important qualitative factor which could
have normalised otherwise aberrant responsiveness (as observed in other
studies using unfamiliar faces, e.g., Kohls et al., 2011; Scott-Van Zeeland et al.,
2010; Stavropoulos & Carver, 2014b) to social rewards in ASC and higher au-
tistic traits.

Further, our data provide evidence that individuals with ASC, in compar-
ison to those with low levels of autistic traits, show enhanced reward-related
processing in the early anticipation and reception of rewards (indexed by in-
creased amplitude of the CNV and larger pupil constrictions, respectively).
While these results contradict accounts suggesting reduced responsiveness in
ASC to social and non-social rewards (Bottini, 2018; Clements et al., 2018;
Keifer et al., 2021; Kohls et al., 2012), they are not isolated in the literature.
Autism has been repeatedly linked to enhanced neuronal activation in re-
sponse to various rewards (Dichter, Richey, et al., 2012; Groen et al., 2008;
Pankert et al., 2014; van Dongen et al., 2015). Also, previous results from our
group yielded a similar effect in early anticipation in subclinical levels of au-
tistic traits (Matyjek, Bayer, et al., 2020).

This study investigated multiple levels of reward processing — neuronal,
autonomic, and behavioural — with the aim to grasp a bigger picture of the
process, which is necessary for an informed interpretation of predicted atypi-
calities in ASC. Across these levels, autism in our data was linked to enhanced
neuronal (early anticipation) and pupillary (reception) processing of rewards,
but typical performance (reaction times) and decreased ratings of the motiva-
tional and rewarding values of the stimuli. One interpretation of these results
is that individuals with ASC are more sensitive to rewards on the neuronal
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level (measured directly in the brain electrical activity and with pupil sizes as
a proxy of the LC activity; Aston-Jones et al., 1999). The enhanced early pro-
cessing in this group can be then reflecting the rapid formation of a
representation of a reward and the initial anticipatory processes. However,
this neuronal enhancement is weaker or absent in the later processing stages
and is not translated to performance, which suggests that the motivational
power of the incentive cues is not sufficient to modulate behaviour. Finally,
increased autonomic measures in reward reception may indicate robust pro-
cessing of the feedback (cf. with results from Baumeister et al., 2020, who
observed hyperactivation of the ventral striatum during reward reception in
over 200 ASC participants, although only at an uncorrected level). This, how-
ever, did not translate to a higher perceived rewarding value of the stimuli (as
indicated by lower ratings of the positive feedback in ASC in our data).

Alternatively, these group differences may be an indicator of less efficient
neuronal processing of rewards in ASC in the sense that larger activation is
required to achieve similar performance. Importantly, the enhanced neuronal
and autonomic processing was predicted by levels of autistic traits, which
quantify manifestations of socio-communicative, attentional, and imaginal be-
haviours characteristic for ASC (Baron-Cohen, Wheelwright, Skinner, et al.,
2001). This suggests that the enhanced reward responsiveness on the neuronal
and autonomic levels is linked to more pronounced autistic symptomatology
on the behavioural level, which cuts through the borders of diagnostic groups.
This speaks to the value of the dimensional analysis of autistic traits in addi-
tion to the coarse group differences based on the diagnostic cut-off. In this
vein, by exploring autistic traits as continuously distributed in the population,
we showed that reward processing atypicalities are likely linked to these traits
in a linear manner: the higher the autistic traits, the larger the reward-related
responses.

As expected, both brain and pupil responses were consistently larger to
relevant social rewards compared to neutral outcomes and (less consistently)
monetary rewards regardless of autistic traits and reward processing phases
(early anticipation, late anticipation, reception). This corresponds to higher
ratings of motivational and reward value of the rewards in comparison to the
neutral outcomes. On the other hand, reaction times corrected for accuracy
were faster in monetary trials than in social or neutral ones. Although this sug-
gests higher motivational value of the monetary rewards on performance and
of social rewards on psychophysiological measures, it has been reported
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before that reward magnitudes can predict subjective motivation and arousal,
but not performance (Watanabe et al., 2019). Together, the larger responses in
social and monetary than in neutral trials observed on multiple processing
levels suggest that our paradigm was successful in capturing reward pro-
cessing.

While more research is needed before firm conclusions can be drawn, our
data suggest that the neuronal, autonomic, and behavioural indexes of reward
processing reflect distinctive mechanisms and together offer a broader picture
of this function. In line with this, ERP and pupillary responses across condi-
tions did not correlate with each other, but in each level (neuronal and
autonomic), we observed consistent correlations between reward phases. The
SPN was positively associated with the CNV (both negative ERPs) and nega-
tively with the P3 values, which suggests that the larger the late anticipation,
the larger both the early anticipation and the reception of rewards. The pupil
sizes in the reception phase correlated negatively with the pupil sizes in both
early and late anticipation, which suggests that the larger the anticipation (in-
dexed as increased dilations), the larger the reception (indexed as increased
constrictions). These consistencies emphasise the additive explanatory values
of ERPs and pupil sizes, and emphasise the importance to investigate reward
function on multiple levels.

The current study design, although based on a well-established paradigm
(cued incentive delay task; Knutson et al., 2005) includes several aspects which
allow us to disentangle potentially confounding factors in reward processing.
Firstly, we used symbolic incentive cues which were not themselves reward-
ing (as could be showing a coin or a smiling face as a cue; Kohls et al., 2011).
Thus, we ensured that the responses in early and late anticipation were indeed
reflecting reward anticipation and not reception. Further, we included a non-
rewarded condition (neutral), in which informative feedback was provided,
but which did not offer any external rewards. Due to this, the observed en-
hanced responses to the social and non-social conditions in contrast to the
neutral outcomes can be interpreted as reward processing on top of feedback
processing. Finally, in all statistical models we controlled for social anxiety
traits, as it is linked to deficient reward processing (Richey et al., 2014), and
correlates with autistic traits (see point 1.1. in the supplementary material).
This allowed us to interpret the obtained results as more autism-specific.
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At the same time, several limitations in this study should be noted. First,
we focused on adults but reward processing atypicalities linked to autism
have been shown primarily in childhood (Kohls et al., 2011; Scott-Van Zeeland
et al., 2010; Stavropoulos & Carver, 2014b) and are possibly dynamic through-
out development (Keifer et al., 2021). In additional explorative analyses we
observed that age was linked to diminished ERP responses in late anticipation
and reception (see Figure 3-14 in the supplementary material). Similarly, ex-
ploratory models yielded that females exhibited increased pupil responses in
late anticipation (dilations) and reception (constrictions) than males (see Fig-
ure 3-15 in the supplementary material). However, it should be noted that
groups in this study did not differ in age or gender distribution. Further, for
the dimensional analyses we used the full AQ scores, but the social subscale
of the AQ or the SRS would provide a more direct test of the social motivation
theory’s predictions. This was not possible in our data, because many partici-
pants with ASC were not comfortable with the SRS and several provided
a pre-existing full AQ score (from which we could not calculate the subscales’
scores). Finally, due to the need to maintain high experimental control over
luminance and onset timing of the stimuli (for pupillometry and ERPs), we
used static stimuli. Nevertheless, such stimuli lack ecological validity, espe-
cially in the social domain (Dziobek, 2012). Thus, future studies should
attempt to replicate our results with dynamic stimuli.

To summarise, the present study provides evidence that autistic traits and
autism are linked to atypical reward processing. However, in contrast to the
social motivation theory, we observed enhanced neuronal and autonomic re-
sponses to both social and non-social rewards in individuals with autism in
contrast to neurotypical individuals with low levels of autistic traits. Im-
portantly, we used social stimuli of relevance to the participants, which might
have increased the reward value in the social condition and potentially nor-
malised otherwise aberrant responsiveness to social rewards in autism and
higher autistic traits. By investigating neuronal, autonomic, and behavioural
responses, we provided a bigger picture of reward processing, which suggests
a complex mechanism manifesting differently on each level. Autism in our
data was linked to enhanced neuronal and autonomic processing, typical be-
havioural performance, and diminished self-rated responsiveness to rewards.
We suggest that to understand reward responsiveness in autism, atypicalities
found on the neuronal or autonomic levels must be interpretated in relation to
the behavioural manifestations of social impairments.
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3.2.5 Supplementary material

All steps of the following analyses can be found in the html file available
in the corresponding repository (https://osf.io/vse38/).

3.2.5.1 Questionnaires and brain-behaviour correlations

Correlations between the questionnaires, ERPs, and pupil responses were
calculated using Pearson’s rank correlation coefficients.

Questionnaires

We explored correlations between the AQ and other questionnaires and
found statistically significant correlations for LSAS-SR, #(79) = .67, p < .001, BIS
scale, 7(79) = .45, p <.001, BAS drive scale, 7(79) = -.23, p = .041, BAS fun seeking
scale, r(79)=-49, p < .001, and BAS reward responsiveness, r(79) = -.31,
p = .006. For details and plots, see section 4.5. in the html file. Altogether, these
results suggest that higher autistic traits are related to decreased social ability,
increased social anxiety, higher sensitivity of the inhibition system, and re-
duced activation of the approach system. Thus, these data support that
individuals with high autistic traits have stronger behavioural motivation to
move away from unpleasant stimuli than to move towards desired outcomes.

Correlations of the brain and pupil responses

Across all successful trials, the mean SPN correlated positively with the
mean CNV, r(79)= .27, p = .018, and negatively with the P3, 7(79) = -.58,
p <.001. This suggests that larger brain responses in late anticipation are
linked to also larger responses in early anticipation and in reception.

The mean pupil sizes were negatively correlated in reception and in both
early and late anticipation, r(66) = -.52, p < .001 and r(66) = -.64, p < .001, re-
spectively. This suggests that larger pupil responses in anticipation phases
(i.e., more dilation) are related to larger pupil responses in reception (i.e., more
constriction).

We found no significant correlations between ERPs and pupil sizes. Figure
3-9 shows correlogram of brain and pupillary responses. For details, see sec-
tion 7.4. in the html file.
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Figure 3-9 Correlogram: ERPs and pupil sizes in successful trials across conditions.
Coefficients are displayed only for statistically significant correlations.

Correlations of brain, pupil, and self-reported data

The mean anticipatory brain responses (but not the P3) across conditions
were found to correlate with the debriefing questions and questionnaires:
Higher self-reported general motivation in the experiment was linked to larger
CNV amplitudes, r(79) =-0.26, p = .019, higher BIS scores were linked to larger
SPN amplitudes (in successful and unsuccessful trials, both 7(79) >= -0.37,
p <=.005), and higher BAS fun seeking scores in unsuccessful trials were
linked to smaller SPN amplitudes, 7(79) = 0.27, p = .017.

The mean pupil size across conditions correlated with self-reported im-
portance of condition, so that the more important the condition, the weaker
the pupil response in early anticipation and in reception of unsuccessful feed-
back (smaller pupil size in early anticipation, i.e., weaker dilations, and larger
pupil size in reception, i.e., weaker constrictions), respectively r(66) = -0.25,
p =.04 and r(66) = 0.31, p = .012. For details, see section 7.3. in the html file.
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3.2.5.2 Effects of group, condition, and outcome (successful and unsuccess-
ful trials) on ERP and pupillary responses in the reception phase

To explore differences between reception of successful and unsuccessful
outcomes on the neuronal and pupillary responses, we built models including
group, condition, outcome (successful and unsuccessful), and their interac-
tions. The predicted P3 and pupillary responses in successful and unsuccessful
trials across all groups are shown in Figure 3-10 and Figure 3-11. Full analyses
can be found in section 7.2. of the html file.

For both pupillary and neuronal responses, we observed an interaction of
group and outcome (both F >=3.53, p <= .03, f, >= 0.13). For the neuronal re-
sponses, this was driven by larger P3 amplitudes in ASC as compared to HAQ,
for both successful and unsuccessful trials (both p.,, <= .034). For the pupil
sizes, the interaction was driven by the ASC group showing significantly
larger pupil constrictions to outcomes in successful than in unsuccessful trials,
Peorr < .001 (no other contrasts were significant).
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Figure 3-10 Average P3 responses in successful and unsuccessful trials across
groups.
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Figure 3-11 Average pupil sizes in successful and unsuccessful trials across groups

3.2.5.3 Dimensional analyses — AQ as a predictor of reaction times, ERPs,
and pupillary responses

In addition to the pre-registered analyses, we explored the effects of autis-
tic traits across the sample on reward responses (a dimension analysis).
Because in the spectrum view of autism the distribution of autistic traits in the
general population is continuous, we conducted exploratory analyses in
which the main predictor of reward responsiveness is continuous AQ instead
of group. Finally, it is conceptually interesting to consider whether the poten-
tial atypicalities in reward processing would increase linearly with higher
autistic traits in the population, or whether this increase would become steeper
with particularly high trait levels (for example, around the approximate cut-
off of autism diagnosis). To investigate this, we also built exploratory general-
ised additive mixed models (GAMMs) with package mgcv ver. 1.8-31 (Wood,
2011) in the following form:

DV ~ condition + s(AQ, by = condition) + LSAS-SR + s(subject, bs="re),

where DV is the dependent variable, s(AQ, by = condition) is a smooth
term for AQ fitted separately for each condition, and s(subject, bs='re') is the
random smooth for subjects. AQ and LSAS-SR were centred before they en-
tered the statistical models. Here, we report only the main effects of those
additional models and the complete analyses can be found in the analysis code
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in the referred repository. Figure 3-12 shows predicted neuronal and pupillary
responses across levels of autistic traits in all phases. All analysis steps are
shown in section 7.1. of the html file.

ERPs

Condition was a significant predictor of the brain responses in all linear
models with continuous AQ (instead of group): early anticipation,
F(2,158) =7.76, p = .001, f, = 0.31, late anticipation, F(2,156) = 3.57, p = .031,
f,=0.21, and reception, F(2,158) = 4.32, p = .015, f, = 0.23. In all models, re-
sponses to S were larger than to N (all p.» <= .031, est >= 0.46). Additionally,
in late anticipation and reception, S elicited larger ERP amplitudes than
M (both p. <= .035, est >= 0.47), and in reception M was linked to larger P3
than N (perr =.002, est = 0.51). The AQ score significantly predicted the brain
responses only in the early anticipation, F(1,79) = 4.28, p = .042, f, = 0.23 (in late
anticipation and reception f, = 0.05), with higher AQ scores linked to larger
(more negative) CNV response.

GAMMs with continuous AQ score yielded similar pattern of effects: con-
dition (entered as a parametrical term) significantly predicted ERP amplitudes
in all models (all F >= 4.26, p <= .012) with larger responses to S than N. In the
early anticipation model (and not late anticipation and reception), the AQ
smooth was significant (F = 4.12, p = .044). Importantly, in all models AQ was
fitted with effective degrees of freedom (edfs) of 1 (in reception edf = 1.2),
which suggests that the best approximation of the relationship between autis-
tic traits and reward-related brain responses is linear.

Pupil sizes

In all phases, the pupil sizes were predicted significantly by condition:
early anticipation, F(2,128) = 9.66, p < .001, f,>= 0.39, late anticipation,
F(2,128) = 5.66, p = .004, f,= 0.29, and reception, F(2,132) = 5.43, p = .005,
f, =0.4). Responses were larger in S than in N (all p,, <= .018, est >= 0.04) and
in early anticipation and reception also in S than M (both p.,,, <=.007, est >=
0.05). AQ significantly predicted pupil sizes only in reception, F(2,128) = 5.66,
p =.004, f,=0.33 (in anticipation phases both f, <= 0.29).

GLMMs yielded a main effect of condition in all phases (all F >= 5.35,
p <=.006) with larger responses (more dilation in anticipation phases and
more constriction in reception) to S than N. In all phases, the models fit better
without separate AQ smooths for conditions and with edf =1. AQ was
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statistically significant only in reception with higher AQ scores linked to
smaller pupil sizes (F = 22.48, p = .013).
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Figure 3-12 Predicted values of neuronal and pupillary responses to social, mone-
tary, and neutral outcomes in successful trials across autistic traits (AQ) in all
participants. Shadowed areas represent 95% confidence intervals. Statistically signifi-
cant effects of AQ were marked with * for p < .05

Reaction times corrected for accuracy

Condition was a significant predictor of the LISAS scores, F(2,136) = 8.6,
p <.001, f, = 0.36, with faster responses to M than to S and N (both p.,., <= .001,
est >= 6.31). The AQ did not significantly predict LISAS (f, = 0.04). Figure 3-13
shows predicted LISAS scores across AQ.
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The GAMM model showed a slightly better fit for a separate smooth for
AQ in each condition, with edf = 1 for N and M and 1.3 for S. However, none
of the smooths were significant. Condition as a parametric term significantly
predicted LISAS (F = 8.62, p < .001), with the fastest responses in M.
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Figure 3-13 Predicted reaction times corrected for accuracy in social, monetary, and
neutral conditions in successful trials across autistic traits (AQ) in all participants. Shad-
owed areas represent 95% confidence intervals.

3.2.5.4 Age and gender effects in ERP and pupillary models

For all primary models, we additionally explored the effects of age and
gender. New models were in the form:

DV ~ group * age + group * gender + condition + LSAS-SR + (1 | subject).
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Figure 3-14 Effects of age on ERP and pupillary responses across groups (LAQ,
HAQ, ASC), conditions (N = neutral, M = monetary, S = social), and phases (early /late
anticipation, reception). Statistically significant predictors are marked with * for p<.05,
** for p<.01, and *** for p<.001. Details and full analyses can be found in the html file in
sections 5.2-5.3 and 6.2-6.3.
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3.3 Study 3: Familiarity and rewarding context

Pupillary Responses to Faces are Modulated by
Familiarity and Rewarding Context

Magdalena Matyjek, Mareike Bayer, & Isabel Dziobek

Abstract Observing familiar (known, recognisable) and socially relevant (per-
sonally important) faces elicits activation in the brain’s reward circuit. Although
smiling faces are often used as social rewards in research, it is firstly unclear
whether familiarity and social relevance modulate the processing of faces dif-
ferently, and secondly whether this processing depends on the feedback
context, i.e., if it is different when smiles are delivered depending on perfor-
mance or in the absence of any action (passive viewing). In this preregistered
study, we compared pupillary responses to smiling faces differing in subjective
familiarity and social relevance. They were displayed in a passive viewing task
and in an active task (a speeded visual short-term memory task). The pupils
were affected only in the active task and only by subjective familiarity. Contrary
to expectations, smaller dilations were observed in response to more familiar
faces. Behavioural ratings supported the superior rewarding context of the ac-
tive task, with higher reward ratings for the game than the passive task. This
study offers two major insights. Firstly, familiarity plays a role in the processing
of social rewards, as known and unknown faces influence the autonomic re-
sponses differently. Secondly, the feedback context is crucial in reward research
as positive stimuli are rewarding when they are dependent on performance.

This manuscript has been published in 2021 Brain Sciences. Doi: 10.3390/brain-
sci11060794.

3.3.1 Introduction
3.3.1.1 Privileged Processing of Familiar Faces in Humans

Familiarity of faces is an important factor in the socio-cognitive function-
ing of humans. Immediate access to information about familiar others is
crucial for successful social interactions (Gobbini & Haxby, 2007). Indeed, nu-
merous studies have shown evidence of preferential processing of familiar
faces. The familiarity of a face dramatically facilitates its recognition (Dobs et
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al,, 2019; Natu & O’Toole, 2011), enhances the cueing effects of the eyes
(Deaner et al., 2007), and also requires less attentional resources and no con-
scious awareness (Gobbini et al., 2013). Social cues conveyed by familiar faces
are processed and recognised faster than cues from unfamiliar faces (Visconti
di Oleggio Castello et al., 2014), and on the emotional level, familiarity facili-
tates one’s empathy towards the other (Preston & de Waal, 2002). Taken
together, it seems that familiarity plays an exceptional role in human socio-
cognitive functioning, which is furthered by research on social impairments,
such as autism spectrum conditions (ASC). Abnormal patterns of neural acti-
vation have been reported in this population in response to unfamiliar faces
(for a review, see Nomi & Uddin, 2015). These include both hypoactivation of
individual cortical areas such as the fusiform gyrus, the amygdala, and the
superior sulcus, and the atypicalities of distributed cortical and subcortical
brain networks. However, there is evidence for typical patterns of neural acti-
vation (mainly in the fusiform gyrus and the amygdala) for familiar faces in
this group (Pierce et al., 2004; Pierce & Redcay, 2008). This suggests that famil-
iarity may normalise otherwise aberrant neural responses to faces in
individuals with ASC. Altogether, familiarity has a unique standing in the hu-
man social functioning, which has even led to a shift in the proposition of
humans being face experts, to that of humans being familiar face experts
(Young & Burton, 2018).

3.3.1.2 Familiarity and Social Relevance of Faces

Although it is clear that the faces of familiar persons are processed differ-
ently than faces of strangers, it is important to note that there are different
types of familiar faces we encounter in life: relatives, friends, colleagues, ce-
lebrities, etc. (Ramon & Gobbini, 2018). Among the qualitative differences
between these categories, social relevance is the most notable. Close relatives
and loved ones are more socially relevant than co-workers, and a superior is
more socially relevant than an acquaintance from the gym. For the purpose of
operationalising the key terms in this article, we propose the following defini-
tions: Familiar persons are those that one recognises and has some knowledge
about, but who are not necessarily personally important for the person (e.g.,
actors, a frequently seen salesperson in a grocery store); Socially relevant per-
sons are those connected to one on a personal level, sharing a social context of
special subjective meaning, and bearing personal importance (in the literature,
social relevance is also referred to in a broader framework as “personal
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relevance’, Bayer et al., 2021; or “personal importance’, Caharel et al., 2005),
e.g., friends, relatives, school teachers. Both familiarity and social relevance
describe spectra rather than binary categories as faces can be more (or less)
familiar and more (or less) socially relevant. Moreover, socially relevant faces
are often linked to affective knowledge and emotional responses of varying
intensity, ranging from love for relatives and partners to feelings of acceptance
or belonging in a new group context.

Following these definitions, all socially relevant faces are necessarily fa-
miliar, but not all familiar faces are socially relevant. Importantly, relevance is
not merely a feature of higher levels of familiarity. For example, the face of
a news presenter may be very familiar but may still not bear any social rele-
vance due to a lack of personal importance to the person. These features can
be processed detachedly, which is supported by studies with patients suffer-
ing from Capgras delusion, who believe that their loved ones are in fact
imposters. Such patients can typically recognise a familiar face, but they show
no autonomic response (skin conductance response) that is typically observed
when seeing loved individuals (Sugiura, 2014, p. 20). Thus, the recognition
process (crucial for familiarity) and the autonomic nervous system response
(linked to highly socially relevant individuals) are independent to a degree.
However, few studies have compared the impact of familiarity and social rel-
evance on the processing of faces. In one such study, the N170 component was
shown to be increased for personally important faces (i.e., those of a partici-
pant’s mother and their own) in contrast to less familiar (celebrities) or
unknown faces (Caharel et al., 2005). In another study, familiarity (friend and
romantic partner vs. stranger) influenced neural processing earlier than love,
i.e., high personal relevance (romantic partner vs. friend and stranger; Bayer
etal., 2021). It is important to note that the definitions of familiarity and social
relevance vary between studies and operationalisation of those terms is crucial
for between-study comparisons.

3.3.1.3 Social Relevance and Reward Circuitry

Importantly, a number of neuroimaging studies have reported that faces
of beloved individuals (i.e., familiar and socially relevant persons for whom
one has strong positive emotional feelings) elicit stronger responses of the re-
ward circuitry (among others the ventral tegmental area, striatum, anterior
and posterior cingulate) than faces of less familiar persons (Acevedo et al.,
2012; Aron et al.,, 2005; Bartels & Zeki, 2004; Bayer et al., 2021; Ortigue et al.,
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2007). Thus, observing emotionally associated and socially relevant faces is
more rewarding than observing faces of less familiar and relevant individuals
or strangers. However, in reward research, where smiling faces are often used
as social rewards, most studies use faces of individuals unknown to partici-
pants (not familiar and not relevant). This is surprising in light of the
neuroimaging studies showing that the reward circuit is uniquely activated by
highly relevant faces (Sugiura, 2014). Hence, it is important to empirically ad-
dress whether increasing levels of familiarity and/or social relevance are
linked to other reward responses than the neural responses, including behav-
ioural self-reported reward values and psychophysiological indexes.

3.3.1.4 Reward as Property of a Pleasant Stimulus vs. as Outcome Contin-
gent on Behaviour

It is important to note that the reward magnitude of a positive social stim-
ulus is substantially different when its presence is contingent on one’s
behaviour in contrast to when it is passively viewed regardless of one’s behav-
iour. For example, a mother’s smile in response to a child’s appropriate social
behaviour differs from a smiling face in a commercial viewed on a television
screen (for a discussion, see Matyjek, Meliss, et al., 2020). A reward value is
not merely a property of a stimulus, but also lies in the receiver’s subjective
judgement of the stimulus (Berridge & Kringelbach, 2008). However, little re-
search has explored the effect of familiarity (and social relevance) on the
rewarding and motivating value of faces serving as feedback contingent on
behaviour. Two studies investigated reward responsiveness to familiar and
unfamiliar faces in children with and without ASC and found effects of the
condition (Pankert et al., 2014; Stavropoulos & Carver, 2014a). One explana-
tion for this surprising result in light of the known preferential processing of
familiar faces in ASC (Pierce & Redcay, 2008) might lie in the lack of contextual
importance of the faces in the study. It is possible that for autistic individuals,
the reward value of the faces serving as feedback for recent actions depends
on the believability that this person offers such feedback in the given situation.
Thus, it is not the smiling relevant face per se that is rewarding, but rather the
smile of a relevant person responding to one’s actions. An argument for such
disentanglement of face processing and context-dependent social meaning in
individuals with ASC is offered by an observation of simultaneous normal ac-
tivation in the fusiform gyrus and reduced activity in the cingulate cortex in
response to specifically familiar faces (Pierce & Redcay, 2008). The fusiform
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gyrus is linked to face processing and the cingulate cortex is a part of the “de-
fault network’ responsible for mentalising and social processing. This could
suggest that the interplay of familiarity /social relevance and reward is de-
pendent on the social context.

3.3.1.5 Familiarity and Social Relevance in Active and Passive Tasks

Overall, the literature suggests that faces of familiar and socially relevant
persons trigger activation in the brain structures devoted to the processing of
rewards. However, more research is needed to learn whether their rewarding
value (1) increases with the faces’ increasing familiarity and/or social rele-
vance and (2) depends on behaviour contingency (i.e., that one has to work
towards getting them or just view them passively).

In this study, we investigated whether the reward value of smiling faces
depends on a feedback context and / or familiarity and social relevance. To this
end, we included two tasks, namely an active task, in which participants
played a repeat-a-pattern game and received social rewards (photos of smiling
faces) on successful trials only (reward contingent on behaviour); and a pas-
sive task, in which participants viewed the same smiling faces with no context
of performance-feedback (non-contingent presentation of the face).

We aimed to create a set of pictures of smiling faces that would ensure
a wide range of levels of familiarity and social relevance for each individual,
but similar levels across all participants. For this, in the present study, partici-
pants observed smiling faces of three types: (1) strangers, who are unfamiliar
and socially non-relevant persons; (2) celebrities, who are personally non-rel-
evant persons with familiar faces; and (3) experimenters, who become familiar
and, to some extent, socially relevant through the importance of the shared
social context of the experiment. In order to ensure the familiarity and social
relevance of the experimenters, a scripted social interaction was introduced
during the course of the participants” study appointment in the lab that en-
tailed, among others, semi-scripted conversations (for similar designs, see
Hayward et al., 2018; Matyjek, Bayer, et al., 2020). To capture expected intra-
individual differences in the perceived familiarity and relevance of the faces,
and to reflect them in the data, participants provided subjective ratings of the
depicted persons. We then used the ratings as predictors of physiological re-
sponses to these faces.
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3.3.1.6 Measuring Reward Processing with Eye-Tracking Pupillometry

While most reward processing studies targeting responses to familiar
vs. unfamiliar faces exploit neuroimaging methods, a worthy alternative is of-
fered by measures of the central autonomic nervous system. Pupillary
responses measured with eye tracking technology allow researchers to grasp
a full picture of its responsiveness, i.e., they capture the influence of both the
sympathetic and the parasympathetic branches. This includes dilations caused
by excitation of the sympathetic or inhibition of the parasympathetic branches
and constrictions caused by the excitation of the parasympathetic or inhibition
of the sympathetic branches (Liu et al., 2017). A further advantage of this tech-
nology is its non-invasiveness, which adds to the naturalness of the social
context in a laboratory setting. The pupil systematically dilates in response to
mental processes, such as cognitive activity, mental effort, or increasing levels
of arousal (Mathot, 2018). Importantly, the increase in its size has been linked
to goal-priming with rewards (Takarada & Nozaki, 2017), to higher magnitude
of possible rewards (Koelewijn et al., 2018), and to reward anticipation (Cash-
Padgett et al., 2018; Schneider et al., 2018). Similarly, pleasant (and rewarding)
images of smoking-related cues trigger an increase in smokers’ pupil sizes
(Chae et al., 2008). Moreover, pupillary responses have previously been used
to discriminate between familiar and unfamiliar faces (Nuske et al., 2014). Fi-
nally, pupil size strongly correlates with the activation of the locus coeruleus
(LC; Joshi et al., 2016), which plays an important role in reward processing and
motivation (Hofmeister & Sterpenich, 2015). The size of a pupil is thus a prom-
ising indicator of the subjective reward value of an observed stimulus.

3.3.1.7 Aims and Hypotheses

The aim of the current study was to investigate pupillary responses (as
indicators of reward processing) to smiling faces varying in their subjective
levels of familiarity and social relevance. We hypothesised that the familiarity
and social relevance of smiling faces, as measured via subjective ratings,
would be linked to increased pupil sizes, especially in the game. This is based
on: (1) the assumption that feedback from relevant and familiar faces would
be more rewarding than from unknown and irrelevant faces, and (2) previous
research showing that more familiar persons are regarded as being more
arousing (Dobel et al., 2008) and that changes in pupil sizes can be linked to
arousal as an indicator of the motivational and rewarding features of stimuli
(e.g., Koelewijn et al., 2018). We did not have a directed hypothesis as to which
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factor, familiarity or social relevance, would influence the pupillary responses
more. We also aimed to analyse reaction times to check whether familiarity
and social relevance influence performance in the following trial, as they have
previously been shown to differentiate between reward conditions in speeded
tasks (Kohls et al., 2011). Again, we expected that more familiar and relevant
faces would improve the subsequent performance (i.e., shorten reaction
times).

We also performed two secondary analyses. First, we measured partici-
pants’ autistic traits to investigate their possible modulatory effects on pupil
responses to smiling faces in this study. The reward value of social stimuli
such as faces is proposed to be reduced in individuals with autism (Chevallier
et al., 2012), and studies that measured pupil size have indicated abnormal
patterns of dilation in this population (Nuske et al., 2014; Sepeta et al., 2012).
For this secondary analysis, we predicted that less familiar and less relevant
faces would elicit smaller dilations in individuals with higher levels of autistic
traits. The reasoning is that even though social stimuli may have lower reward
value for individuals with higher levels of autistic traits (Carter Leno et al.,
2016), the familiarity (and social relevance) of faces likely normalises their pro-
cessing (as is the case in ASC; Pierce & Redcay, 2008).

Finally, since the attractiveness of observed faces has previously been
shown to influence pupil sizes (Winston et al., 2007), we collected subjective
ratings of attractiveness of the faces presented in this study and included them
as a covariate (predictor of no major interest) in the analyses. We also aimed
to explore the correlation between ratings of attractiveness and reward value.
A positive correlation would offer support for considering attractive faces as
being akin to rewards (Aharon et al., 2001).

3.3.2 Materials and methods

Methods, power analyses and hypotheses were preregistered on the 25th
of November 2019 at https://osf.io/h4awf. The data and analysis code in
R for the current study (as well as an html file presenting all the analyses in an
accessible way without the need to run the code) are available in the OSF re-
pository: https:/ /osf.io /623jg /.
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3.3.2.1 Sample Determination and Participants

Prior to data collection, a power analysis was performed with G*power
software (Faul et al., 2007) for fixed effects in linear multiple regression, with
power set to 0.8, alpha set to 0.05, two predictors (familiarity and relevance),
and the total number of included predictors set to four (familiarity, relevance,
attractiveness, and trial number). This analysis showed that, to observe a me-
dium effect size of f = 0.15, a total sample size of 68 is required. Participants
were recruited via eBay (a popular online advertising service in Germany),
social media, flyers distributed on the university’s campus, and through par-
ticipant databases of the Berlin School of Mind and Brain and Humboldt-
Universitdt zu Berlin. All participants were between 18 and 40 years of age,
had no self-reported history of psychological illness in the last six months,
were proficient in English, and had normal or corrected-to-normal vision.
A total of 84 volunteers participated in the study. Fourteen data sets were sub-
sequently rejected due to poor data quality or failed attention checks (for
details, see 3.3.2.6). The remaining sample of 70 participants consisted of 45
females and 25 males, with an average age of 27.77 years (SD = 5.17), which
did not differ between the genders, #(44.74) = —0.45, p = .66. The study was
approved by the Ethics Committee of the Institute of Psychology, Humboldt-
Universitdt zu Berlin (nr 2019-24). Participants provided prior informed writ-
ten consent.

3.3.2.2 Stimuli and Materials

The stimuli set consisted of pictures of 10 females: two experimenters, two
strangers, and six celebrities. All experimenters and strangers consented in
writing to the use of their photographs in the study. Pictures of celebrities were
selected from the internet. We targeted pictures of popular actresses and sing-
ers aged between 20 to 40 years without excessive make up, with a straight
gaze and smile, who were facing the camera. The pictures of experimenters
and strangers (personal contacts of the researchers with no connection to the
study) were taken according to these criteria. The background was removed
from all photos, which were resized to 238 x 238 pixels (seven visual angles)
and transformed into greyscale. Finally, their brightness and contrast were ad-
justed so that all matched in terms of luminance (ensured with the mean value
of luminance in perceptual space in GIMP 2.0, which was additionally con-
firmed with a photometer). Photo editing was conducted with GIMP 2.0.
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The experiment was run using a 19-inch flat-screen monitor with
1024x1280 pixel resolution and a 60 Hz refresh rate. The experiment was pro-
grammed and executed in MATLAB. Pupillary responses were recorded
binocularly using a desktop-mounted eye tracker (Eye Tribe, TheEyeTribe) at
a 60 Hz sampling rate and the EyeTribe Toolbox for MATLAB
(https:/ / github.com /esdalmaijer /EyeTribe-Toolbox-for-Matlab). Eye Tribe
provides pupil measurements in arbitrary units (not mm or pixels). Prior to
each task, the eye tracker was calibrated with a nine-point grid. Calibration
was accepted when <0.7 degree of accuracy was achieved.

3.3.2.3 Procedure and Tasks
Socialising

Upon arrival, participants were fetched at the entrance of the university
building by one of two experimenters (randomly assigned), who introduced
herself and maintained a semi-scripted, naturally flowing social conversation
on their way to the laboratory. There, the experimenter explained the study
and her role in it (a master student doing a lab rotation) and encouraged ques-
tions. After acquiring signed consent, she presented the participants with all
the face stimuli and asked them to indicate the faces they recognised. This was
done to ensure that participants recognised their experimenter in the picture,
recognised at least one celebrity (and did not exhibit any excessive positive or
negative affection towards them), and were unfamiliar with at least one
stranger. Based on their answers, the experimenter selected one celebrity and
one stranger. This part also served as further natural socialising of the partici-
pants and the experimenter, who led a light, semi-scripted social conversation
to increase their social relevance (shared context and social interaction) and
familiarity through an extended exposure (approximately 10-min conversa-
tion with various expressions and viewing angles of the experimenter’s face).
The overall duration of the interaction between experimenters and partici-
pants prior to the tasks was approximately 20 min.

Tasks

The lab was an artificially lit room (with constant illumination for all par-
ticipants) with covered windows to keep the light conditions constant.
A chinrest was used to limit head movements and to maintain the distance
between participants and the screen at 50 cm. All participants completed two
tasks in counterbalanced order: a passive viewing task and a repeat-a-pattern
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game. Prior to each, the eye tracker was calibrated. Participants were in-
structed to keep their eyes fixed on the centre of the screen.

In the repeat-a-pattern game modelled on the popular Simon game
(Hasbro Gaming), participants were instructed to quickly repeat a pattern of
appearance of four coloured dots that was presented on the screen (in terms
of locations and colours), by pressing the corresponding buttons on
a gamepad (both in terms of locations and colours, i.e., replicating the pattern).
They were informed that they would see a smiling face as positive feedback in
case of success, or a red cross in case of failure. To further their motivation in
the game through an element of competition, participants could also place
their nicknames and scores on the wall of best scores after completing the
tasks. The game consisted of six blocks of 18 trials, resulting in a total of 108
trials (circa 8 min). In each trial, participants first saw a fixation cross for 500
ms. Then, four circles (50 pixels diameter) of red, yellow, green, or blue colour
were presented with 0.1 s blank screen in between. The circles were displayed
50 pixels from the centre of the screen reflecting the topography and colours
of the gamepad’s buttons. To create a dynamic setting and sustain motivation
to play, in the first two blocks the display time of the circles was 0.2 s, in the
next two blocks 0.17 s, and in the last two blocks 0.14 s. After the pattern was
shown, the word ‘GO!” was displayed in the centre of the screen for 0.2 s, trig-
gering the response. Participants then repeated the pattern on the gamepad,
which was followed by a 0.5 s blank screen and feedback. In case they failed
to press four buttons within 3 s or to repeat the pattern correctly, the trial was
unsuccessful, in which case a red cross was presented in the centre of the
screen for 0.5 s. In successful trials, a smiling face of a stranger, celebrity, or
the experimenter (in a randomised order) was presented at the centre of the
screen for 3 s.

In the passive viewing task, the same pictures (of the same experimenter,
celebrity, and stranger as in the game) were displayed in random order for 3 s
with a 500 ms inter-trial interval. As in the game, the 108 trials were divided
into six blocks (circa 6 min). Additionally, to ensure that participants paid at-
tention to the faces, a 1-back task was introduced: Eight times throughout the
task (at least once in a block) one of the faces was presented in a red frame
with a question ‘is this the face you saw in the last trial?’; participants re-
sponded yes or no by pressing a button. Since the face had to be stored for
only 0.5 s (the intertrial interval), attentional and memory demands were
likely very low.
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3.3.2.4 Ratings and Questionnaires

After completing both tasks, participants rated the faces used in the tasks
on the dimensions of social relevance, familiarity, attractiveness, and reward
value, via an online survey administered with the SoSci Survey platform,
www.soscisurvey.de (Leiner, 2019). Participants answered the following ques-
tions (separately for each factor): How socially relevant/familiar/attractive do you
find the people presented in the pictures at the moment?/How rewarding did you find
these pictures? Additionally, short descriptions were provided to ensure all
participants shared an understanding of the concepts in question. These were,
respectively to the questions: a socially relevant person is someone you are con-
nected to, who is important for you for some reason, who you share a social context
with; a familiar person is someone you know, recognise, have some knowledge about;
an attractive person is someone you find aesthetically pleasant, pleasing, interesting,
beautiful, arousing, or desirable; when you saw these faces as feedback in the game
with the coloured buttons/the passive looking task, how rewarding were they to you?
We were aware of the fact that the reward ratings for faces in the passive view-
ing task were not reflecting rewards per se, as in this task the smiling faces
were positive stimuli presented in the absence of any actions performed by the
participants. However, to allow exploratory comparison between tasks, we
asked for the reward ratings of the faces in both tasks (repeat-a-pattern game
and the passive viewing). All ratings were given on a 100-point scale with ex-
tremes labelled as ‘not at all” (0) and ‘very’ (100).

For an analysis of autistic traits’ effect on arousal measurements in the
tasks, participants also filled out the 10-item Autism Spectrum Quotient (AQ;
Baron-Cohen, Wheelwright, Skinner, et al., 2001). Additionally, they filled out
the behavioural inhibition/approach scales (BIS/BAS; Carver & White, 1994),
which addresses whether individuals are motivated by pursuit of rewards (the
BAS system) or avoidance of punishment (the BIS system), and the Liebowitz
Social Anxiety Scale (LSAS; Liebowitz et al., 1985), which addresses anxiety
linked to social stimuli and situations, e.g., social judgement.

104



3.3.2.5 Data Preprocessing

Pupillary Responses

Offline pre-processing of the pupillary data was performed using
MATLAB, with a procedure proposed by Kret & Sjak-Shie (2018) with their
default settings. Pre-processing included blink and missing data interpolation
(artifacts identified as dilation speed outliers and edge artifacts, trend-line de-
viation outliers, and temporally isolated samples), filtering, calculating mean
pupil size from both eyes, smoothing, and up-sampling to increase the tem-
poral resolution and smoothness (for details, see Kret & Sjak-Shie, 2018).
Segmentation and subtractive 200 ms baseline correction were subsequently
performed in R ver. 4.0.2 (R Core Team, 2020). The mean pupil size across
a time window within the segment was calculated and used in the analyses.
The time window was based on visual inspection of the averaged pupillary
responses (see Figure 3-16) resulting in 1-3 s for the game and 0.5-2 s for the
passive task. The difference in the time windows (which were used for re-
sponse averaging) results from the different overall shape of the phasic pupil
responses to stimuli presentations in the repeat-a-pattern game and the pas-
sive viewing (for details, see section 3.3.3.3). Averaging of trials was
performed to increase the signal-to-noise ratio of the signal.

Reaction Times in the Game

Reaction times were recorded as the last button press in an attempt to re-
peat the pattern in the game. Unsuccessful trials (incorrect responses or
responses that took longer than 3 s) were removed from the data sets (16.44 tri-
als on average). Three participants showed low accuracy, i.e., lower than 2 SD
from the sample’s mean (on average, participants were successful in 92 trials).
We built models both with and without the data from these three participants
and observed similar results. We therefore here describe the models generated
without the exclusion of these participants, although for the sake of complete-
ness, both models can be found in the analysis code (https://osf.io/623jg/,
Section 5.1.7). Trials with reactions times longer or shorter than 2 SD from the
mean of each participant and longer than 3 s were removed from the data set
(4.11 trials on average).
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Figure 3-16 Average pupil sizes (in arbitrary units) in response to stimuli in both
tasks across face types (celebrity, experimenter, stranger). The averages are aligned at
time 0, which marks the onset of a stimulus presentation (the 200 ms prior to this point
comprise the baseline). Grey lines mark the time window used in analyses. Note that
the responses are grouped for face types for the purposes of visualisation only (the anal-
yses were conducted with subjective ratings of familiarity and social relevance).

3.3.2.6 Data Rejection

As registered, full data sets were removed if participants failed to give the
correct response in four or more trials of the 1-back task in the passive viewing
task (two data sets; for details, see tasks’ description above), or if the data qual-
ity of the acquired signal was insufficient. Insufficient data quality was
defined as 50 or more percent of trials rejected due to missing data samples
within each trial (50% or more) or more than 50% missing data samples in
a trial’s baseline. Missing data samples were mainly blinks and fixations away
from the stimuli. Since rotating the eyeball to look at distant points from the
centre of the screen causes an artificial decrease of the pupil size (Kret & Sjak-
Shie, 2018), all fixations beyond the area of interest were removed. The area of
interest was defined as the size of the stimuli plus two visual angles (not one
as preregistered, to match the previous literature, Brisson et al., 2013).

These restrictions led to the rejection of 14 data sets. In the remaining data
from 70 subjects, the number of trials across face types (experimenter, stranger,
celebrity) was not significantly different in either of the two tasks,
F(2,207) = 0.009, p = .99 (game) and F(2,207) =0, p = 1 (passive task).
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3.3.2.7 Data Analyses

All data analyses were performed using R ver. 4.0.2 (R Core Team, 2020).
The significance level for all the tests was set to .05. The analysis of the game
data only included successful trials (where faces were presented as positive
feedback). For all analyses (subjective ratings, pupillary responses, reaction
times), we used multiple regression analyses with mixed effects with the
ImerTest package ver. 3.1-2 (Kuznetsova et al., 2017) and with treatment con-
trasts. Random intercepts for participants were used in all models. Additional
random intercepts for stimuli (10 pictures used in the study) were used in the
models, but in the game data (both pupillary responses and reaction times)
variance of this term was 0, which suggests a singular model, and thus this
term was eliminated from the game model. Assumptions for multiple regres-
sion were checked (normality, linearity, multicollinearity, homoscedasticity).
The social relevance and attractiveness ratings models showed moderate
skewness in the residual plots and were subsequently re-fitted with trans-
formed data. The distribution of residuals in the initial reaction times model
was positively skewed, which violated the normality assumption for linear
models. Instead of transforming the data, which would make the estimates not
readily interpretable (Speelman et al., 2015), we used a generalised linear
mixed model with raw reaction times with fitted inverse Gaussian distribution
and the identity link function, which also ensured that the estimates could be
considered direct effect sizes. Confidence intervals for this analysis were cal-
culated via the confint function of the R base package stats with method Wald.
Marginal and conditional R* were calculated as measures of goodness of fit for
mixed models (Nakagawa & Schielzeth, 2013), in which marginal R? (R?,) re-
flects variance explained by fixed factors, and conditional R?(R%) the variance
explained by the entire model. Since there is no agreement on a method for
estimating standardised effect sizes for individual terms in linear mixed effect
models (Rights & Sterba, 2018), we used an indirect method for their estima-
tion: partial Cohen’s fs (f,) were calculated with effect size package v. 0.3.2
(Ben-Shachar et al., 2020), which calculates these from an analysis of variance
run on the models. The p-values were computed via Wald-statistics approxi-
mation (treating t as Wald z) and corrected with package multcomp v. 1.4-13
where appropriate (Hothorn et al., 2008). P-values for exploratory analyses are
intentionally not provided. Plots and tables of the models were created with
the sjPlot package v. 2.8.4 (Liidecke, 2020).
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3.3.3 Results
3.3.3.1 Subjective Ratings—Planned Analyses

Table 3-7 shows the mean ratings (with standard deviations) and results
of analysis of variance (ANOVA) performed on regression models with ran-
dom intercepts for subjects and (1) one predictor: face type (stranger,
experimenter, celebrity) for social relevance, familiarity, and attractiveness, or
(2) two predictors: face type and task (repeat-a-pattern game, passive task) and
their interaction for reward value. Once again, the analyses including reward
value of faces in the passive task were included for completeness, but the
meaning of reward value across the two tasks is likely different due to the
presence (in the repeat-a-pattern game) or absence (in the passive viewing) of
the feedback (and thus reward) context.

Table 3-7 Mean subjective ratings (and standard deviation) of social relevance, familiarity,
attractiveness, and reward value for each type of face (experimenter, celebrity, stranger). p-val-
ues < 0.01, <0.001 are marked with **, and ***, respectively.

Social rele- Reward value

vance Familiarity Attractiveness
Game Passive
Experimenter 42.77 (30.34) 69.53 (27.84) 57.01 (23.84) (;;(3);) (gz;}g)
Celebrity 2651 (31.86)  7537(27.03) 7176 (23.78) (g‘é'gg) (‘2%'2‘21)
Stranger 11.16 (19.55) 39.46 (38.18) 47.91(29.71) égié) (gggi)
ANOVA
Face type F(2,14(11*: 47.42 F(2,1421: 50.07 F(2,1421: 17.76 F(2,350) = 5.27 **
Task - - - F(1,350) =9.41 **
Face type x Task - - - F(2,350) = 50.51 ***

Face type was a significant predictor in all models with one predictor. Post
hoc analyses (with Holm correction) revealed that, in terms of social relevance,
the experimenter was rated significantly higher than both the celebrity and the
stranger, and the celebrity was also rated higher than the stranger (all
PScorr < .001). Both the experimenter and the celebrity were rated as more fa-
miliar than the stranger (psco < .001), but similarly to each other (pscor = .13).
On average, the celebrity was rated as being more attractive than the
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experimenter and the stranger (both ps,. <.001). Altogether, these results sug-
gest that the experimenter and the celebrity were perceived by the participants
as being more familiar and socially relevant than the stranger. The experi-
menter was also perceived as being more socially relevant, but not more
familiar, than the celebrity.

Exploratory analysis of the reward value of faces revealed an interaction
of face type and task, which is presented in Figure 3-17a. Post hoc comparisons
(the complete list of adjusted p-values can be found in the supplementary ma-
terial, Table 3-10) confirmed that in the game, the experimenter’s face was
perceived as more rewarding than the other two faces, whereas in the passive
task the most rewarding face was that of the stranger. Moreover, while both
the experimenter and the celebrity were rated as more rewarding in the game
than in the passive task, it was the opposite for the stranger.
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Figure 3-17 (a) Mean subjective ratings of the reward value of each type of face in
the repeat-a-pattern game and the passive task. The error bars represent standard errors.
(b) Correlogram (Pearson) of the ratings: social relevance, familiarity, reward value, and
attractiveness. For clarity, the crosses mark statistically insignificant correlations (p-val-
ues were adjusted with Holm correction), however, this is an exploratory analysis and
p-values should not be considered relevant.

3.3.3.2 Subjective Ratings—Exploratory Analysis

We explored correlations between the subjective ratings. We were partic-
ularly interested in the relationship between attractiveness and reward value.
A correlogram with all ratings, shown in Figure 3-17b, suggests that higher
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perceived attractiveness is linked to higher reward value, but only in the re-
peat-a-pattern game.

3.3.3.3 Pupillary Responses—Planned Analyses

The average pupil sizes in response to the stimuli (stranger, celebrity, and
experimenter) in both tasks are shown in Figure 3-16. Importantly, these cate-
gories were not used as predictors in the regression models; instead, we used
the subjective ratings provided by the participants. The overall shape of the
pupil responses reflected the differences between the tasks. In the repeat-a-
pattern game, stimuli were presented as feedback to the participants’ re-
sponses, which caused large pupil dilations, reflecting the cognitive load of
the task (see Figure 3-19 in the supplementary material). In turn, this caused
the pupils to decrease in size during the feedback (face) presentation (return
to baseline). Since in the passive viewing task there were no systematic large
dilations prior to the stimulus onset, the pupil responses in this task showed
less fluctuation.

For both tasks, we built multiple regression models with continuous and
centred subjective ratings of social relevance and familiarity of the stimuli as
main predictors. The ratings of reward value were also included in the game
model, but not in the passive viewing model (as reward value in the context
of passive viewing is not meaningful). We controlled for attractiveness and
time effects by including attractiveness ratings and trial numbers as covari-
ates. The models are shown in Table 3-8.

In the game, we observed a statistically significant effect of familiarity,
with smaller pupil sizes for more familiar faces. The results also show the ef-
fects of trial number in both tasks such that, in the repeat-a-pattern game, the
pupil sizes increased with time, while in the passive viewing task they de-
creased with time. In the repeat-a-pattern game, the effect sizes were: f, = 0.03
for trial, f, = 0.03 for familiarity, all others < 0.02; in the passive task, the effect
sizes were: f, = 0.07 for trial, all others < 0.05.

We tested gender, LSAS, and BIS/BAS scales to check whether they would
improve the models’ fit. As none of these aspects did, they were thus not fur-
ther considered. Furthermore, we tested whether the two experimenters in the
study had different effects on the pupillary responses and found no such effect
(for both analyses, see points 4.1.5 and 5.1.5 in the analysis code).
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Table 3-8 Mixed effects models investigating the effects of social relevance, familiarity, and
reward value on pupil size in the repeat-a-pattern game and in the passive viewing task (with
attractiveness and trial number as covariates).

Passive viewing task Repeat-a-pattern Game

Estimates (95 % CI) Estimates t-value Estimates t-value
Intercept 174.00 ™ 4.55 -993.36 ™" -12.00
(99.02 — 248.97) (-1155.60 — -831.12)
Social relevance -0.08 -0.13 0.83 1.12
(-1.21-1.06) (-0.62 —2.28)
Familiarity 0.43 0.84 -1.72° -2.57
(-0.58 —1.45) (-3.03--0.41)
Attractiveness -0.08 -0.13 141 1.83
(-1.26 -1.10) (-0.10-2.92)
Trial number -2.15™ -5.06 096" 2.01
(-2.98 —-1.32) (0.02-1.89)
Game: Reward value -0.71 -1.09
(-1.99 - 0.57)
Random Effects
o? 756522.55 1394768.97
Too 41903.35 code 415711.60 code
3206.80 item
ICC 0.06 0.23
N 10 item 70 code
70 code
Observations 6211 6408
Marginal R? / Conditional R>  0.004 / 0.060 0.003 / 0.232

*p<0.05 **p<0.01 ***p<0.001
ICC = interclass correlation coefficient
Too = between-subject-variance

3.3.3.4 Reaction Times—Planned Analysis

Since in the repeat-a-pattern game participants did not know which face
they would see after a successful repetition of a pattern in each trial (face type
was randomised for all participants), we built a generalised linear mixed
model predicting reaction time in the subsequent trials, as a possible indicator
of increased performance following a rewarding stimulus. This analysis
yielded a large effect of trial, est = —2.26, 95% CI = —2.40—-2.11, t = -31.14,
p <.001, showing that, on average, participants improved their reaction times
in each trial by 2.26 ms. No other rating significantly predicted reaction times:
familiarity (est = —0.03, 95% CI = —0.25-0.18, t = —0.32, p = .75), social relevance
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(est = —0.02, 95% CI = —0.23-0.20, t = —0.15, p = .88), attractiveness (est = 0.13,
95% CI=-0.11-0.36, t = 1.07, p = .29), reward value (est = 0.06, 95% CI = —0.14-
0.26, t =0.60, p = .55). The overall fit of the model was R?, = 0.37 and R?,, = 1.

Table 3-9 Exploratory mixed effects models investigating the effects of autistic traits (AQ
score) and their interactions with social relevance and familiarity in the game and in the passive
viewing task.

Passive viewing task Repeat-a-pattern Game

Est. SE t Est. SE t
Intercept 172.44 38.93 4.43 -992.09 83.00 -11.95
(96.13 — 248.74) (-1154.76 — -
829.41)
Social relevance -0.10 0.59 -0.16 0.78 0.75 1.04
(-1.25-1.06) (-0.69 - 2.25)
AQ 2.73 14.63 0.19 -17.11 42.16 -0.41
(-25.94 — 31.39) (-99.74 — 65.53)
Familiarity 0.33 0.53 0.62 -1.59 0.68 -2.36
(-0.71-1.36) (-2.92 --0.27)
Attractiveness 0.05 0.61 0.08 1.36 0.77 1.76
(-1.15-1.25) (-0.16 -2.87)
Trial number -2.15 0.42 -5.06 0.95 0.48 2.00
(-2.98 —-1.31) (0.02-1.89)
AQ x Social rele- 0.02 0.30 0.07 0.07 0.42 0.17
vance (-0.56 - 0.61) (-0.76 = 0.90)
AQ x Familiarity 0.43 0.23 1.86 -0.47 0.33 -1.43
(-0.02-0.88) (-1.12-0.18)
Game: Reward -0.58 0.66 -0.89
value (-1.87-0.70)
Random Effects
o? 755831.57 1394162.10
Too 42239.43 ode 418152.94 coqe
3641.95 iiem
ICC 0.06 0.23
N 70 code 70 code
10 item
Observations 6211 6408
Marginal R*/ 0.005/ 0.062 0.004 / 0.234
Conditional R?

P-values are intentionally not provided due to the exploratory nature of the model.

ICC = interclass correlation coefficient

Too = between-subject-variance
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3.3.3.5 Pupillary Responses—Exploratory Analysis with Autistic Traits

We built additional models for each task including the AQ scores and their
interactions with the stimuli’s familiarity and social relevance to explore their
possible effects on the pupillary responses. The models are shown in Table 3-9.

Although autistic traits (AQ score) were not a promising predictor of pupil
size in either of the tasks (game: f, = 0.05, passive task: f, = 0.02), the confidence
intervals and the standard error for the estimates in the passive viewing task
suggest that a noteworthy amount of variance was explained by the
AQ x familiarity interaction (f, = 0.04). A visual inspection of this interaction
(Figure 3-18) showed numerically larger pupil sizes for higher autistic traits in
high familiarity and smaller pupil sizes in increased autistic traits in low fa-

miliarity.
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Figure 3-18 Interaction effects of autistic traits (AQ) and familiarity on pupil size
in the passive viewing task. For the purpose of visualisation, the continuous familiarity
rating was divided into two factors at value 50 (the range was 1 to 101) into low and
high familiarity. The grey areas show 95% confidence intervals.
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3.3.5 Discussion

In this study, we explored pupillary responses to smiling faces differing
in their subjective familiarity, social relevance, and reward value. We consid-
ered these faces as social rewards either contingent on behaviour (in a repeat-
a-pattern game) or not (in a passive viewing task). To this end, we measured
pupillary responses to pictures of smiling faces of strangers (on average rated
by the participants as not socially relevant and not familiar), celebrities (non-
relevant but familiar) and experimenters (relevant and familiar). We hypothe-
sised that we would observe increased pupil responses in response (1) to more
familiar and socially relevant faces and (2) in the repeat-a-pattern game rather
than in the passive viewing task. In the passive viewing task, none of the hy-
pothesised predictors showed significant effects, while in the game we
unexpectedly observed decreased pupil sizes as a response to more familiar
faces. Additionally, the results showed contrasting tonic changes in pupil size
in the two tasks: with time (subsequent trials) the pupil size became smaller in
the passive viewing task and larger in the game. Reaction times in the game
were not modulated by any of the variables of interest. Finally, in an explora-
tory analysis, we investigated the effects of autistic traits and their interactions
with familiarity and social relevance in neurotypical participants in our tasks.
As anticipated, we observed that higher autistic traits were linked to smaller
pupil sizes when viewing less familiar faces and to larger pupil sizes for more
familiar faces.

3.3.5.1 Subjective Ratings of the Familiarity and Social Relevance of the
Stimuli

To ensure that the values of familiarity and social relevance in our study
are widespread, we created a stimulus set comprising of three basic face types:
strangers, celebrities, and experimenters. Strangers are socially non-relevant
to the participants, as they share no social context, and unfamiliar, as they have
never met. In contrast, experimenters become familiar and socially relevant to
the participants in the context of the study and due to the socialising procedure
implemented in its design. Finally, the celebrities, although not personally ac-
quainted or relevant, are characterised by a certain familiarity due to media
exposure. We collected participants’ subjective ratings of social relevance and
familiarity of the stimuli (as well as attractiveness and reward value in both
tasks). Subjective ratings are a popular method of reflecting qualitative values
of stimuli, and are also used for familiarity (Baudouin et al.,, 2000; Lander
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& Metcalfe, 2007). The ratings showed that, on average, the experimenters
were indeed perceived as more socially relevant and familiar than the other
two faces, and celebrities were also rated as more familiar than strangers. Alt-
hough the distribution of the ratings showed a considerable intraindividual
variability, our results reflected this variance by including subjective ratings
as predictors in the planned analyses (for familiarity and social relevance rat-
ings, including raw data points and means, see Figure 3-20 and Figure 3-21 in
the supplementary material).

3.3.5.2 Social Reward and Pupillary Responses

Social Relevance

We hypothesised that faces of high social relevance and familiarity would
be linked to larger pupil sizes in both tasks, especially in the repeat-a-pattern
game. Against our predictions, we observed no effects of social relevance in
either of the tasks. One reason for this may be that the experimenters, although
significantly more relevant to the participants than celebrities and strangers
(as suggested by the subjective ratings), were not relevant enough for the pu-
pillary responses to reflect this effect. Indeed, social relevance has so far been
discussed in the context of individuals linked to strong emotional responses,
i.e., to loved ones (Sugiura, 2014). Hence, the experimenters might not have
been relevant enough to elicit a strong reward-related response. However,
since to our knowledge no study has so far linked pupil behaviour to social
relevance of faces (and specifically study experimenters), our observation is
novel and requires more research to shed light on this interpretation.

Alternatively, the ratings of social relevance and familiarity in our models
may in fact have explained similar parts of the overall variance and, by includ-
ing both terms in the regression analysis, the true effect of social relevance
might have been occluded. In such a case, a model without familiarity could
reveal a larger estimate of social relevance and should be penalised less for
overfitting. This, however, was not the case (for this exploratory testing, see
points 4.2.2 and 5.2.2 in the analysis code).

Finally, it is possible that social relevance of a face is simply not a good
predictor of its reward value (at least without engagement of strong emotions
as is the case for loved ones). Indeed, although in the repeat-a-pattern game
the subjective reward value showed correlations with both social relevance
and familiarity, this relationship was stronger for the latter. Additionally, self-
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rated reward value in the passive viewing task did not correlate with social
relevance, even though it did with familiarity. Nonetheless, this result should
be viewed with caution, as reward value may not be a meaningful concept in
the context of positive stimuli presented in a passive viewing task. This is in
line with the otherwise surprising higher ‘reward’ ratings for the stranger than
other faces in this task. Overall, these results suggest that social relevance (at
least in the range present in this study) of smiling faces does not play a signif-
icant role for the reward value of such stimuli.

Familiarity

Although our analyses revealed an effect of familiarity on pupillary re-
sponses, it was only manifested in the repeat-a-pattern game and, in contrast
to our hypothesis, showed a negative direction: more familiar faces were
linked to smaller pupil sizes. Importantly, previous research has provided
similar findings. For example, Schneider et al. (2018) observed greater and
longer dilation for no-reward outcomes than for both monetary and non-mon-
etary outcomes (reported in the supplementary material). If, as indicated in
the subjective ratings in our study, the experimenters and celebrities were in-
deed more rewarding than strangers for the participants in the repeat-a-
pattern game, our pattern of results (smaller pupils in response to more re-
warding outcomes) parallels those of Schneider and colleagues. This,
however, stands at odds with previous studies reporting increase in pupil
sizes in response to higher magnitudes of rewards (Koelewijn et al., 2018) and
addiction-related images (Chae et al., 2008). Notably, in these studies the pupil
behaviour was measured in response to an incentive and not to an actually
received reward. Given that the neural and behavioural differences between
reward anticipation and reception are well established (Berridge et al., 2009),
it is possible that the pupil-coded reward reception targeted in our study does
not follow the same pattern of responses as in the studies investigating antici-
pation.

Since neither the subjective ratings of social relevance nor the reward
value predicted pupillary responses, our data did not yield evidence for
a straightforward relationship between pupil size and reward. Nonetheless,
we consider a few interpretations for the role of pupillary responses in social
reward processing. One possible explanation for the observed results is that
pupil sizes do not actually reflect reward value of a stimulus via arousal, but
rather mere physiological arousal (not modulated robustly by the stimulus).
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Although we did not directly ask participants to rate their arousal in response
to the stimuli, pupil sizes have been repeatedly used as its proxy (Mathot,
2018). However, this selective interpretation stands in contrast to the growing
body of literature utilising pupillometry in reward research (e.g., Cash-
Padgett et al., 2018; Chae et al., 2008; Koelewijn et al., 2018; Schneider et al.,
2018; Takarada & Nozaki, 2017). Moreover, if the negative relationship of pu-
pil sizes and familiarity in our study was indeed a reflection of reduced
arousal to more familiar faces, this contradicts previous reports of familiar
faces (especially with happy expressions) judged as more arousing than un-
known ones (Dobel et al., 2008).

Alternatively, the pupil may reflect a reward-related mechanism, how-
ever, instead of coding the value of a reward (or from a subjective point of
view: appreciation of a reward), it rather reflects its motivational power. In-
deed, it has recently been proposed that pupils reflect the activity of the LC
neurons, which play a significant role in mobilising energy and resources nec-
essary to perform future actions (Bouret & Richmond, 2015). Indeed, in some
studies the pupil is found only to be modulated by reward magnitude in dif-
ficult tasks, in which recruitment of resources and effort are needed to perform
them (Bijleveld et al., 2009). This interpretation is further supported by the fact
that the effect of familiarity was observed in this study in the repeat-a-pattern
game but not in the passive viewing task. While in the repeat-a-pattern game,
after receiving feedback, the participants were preparing to perform again in
the next trial, in the passive viewing task no action was required. Under this
interpretation, our data suggest that receiving positive feedback from unfa-
miliar persons mobilises more resources to perform than does feedback from
known faces. A tentative reason for this may lie in the desire to perform well
in front of persons about whom we cannot be sure whether they have positive
or negative attitudes towards us (such as strangers), in contrast to more famil-
iar experimenters, who are known to be pleasant and helpful. While not
disputing that this is a possible interpretation of the obtained results, we rec-
ognise that our paradigm does not provide a robust support for it and that
different designs are needed to specifically tackle this question.

Finally, our results may reflect a link between pupil size and surprise. In
this view, the pupil does not reflect expected reward or uncertainty per se, but
rather errors in judging uncertainty, i.e., surprise (Preuschoff et al., 2011). Alt-
hough in our paradigm the different face types were displayed in a random
order, it is possible that receiving a smile from an unknown person as feedback
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for one’s actions is surprising, as it rarely happens in natural situations. More-
over, this interpretation explains the lack of effects in the passive viewing task:
as no performance-dependent feedback was included in this task, no surprise
could arise, and thus none of the faces were perceived as being more surpris-
ing than others.

3.3.5.3 Reward Contingent on Behaviour

In this study, we contrasted two tasks: a repeat-a-pattern game, in which
participants were asked to quickly repeat a pattern and then received feedback
dependent on their performance, and a passive viewing task, in which no ac-
tion was required, and participants were only asked to pay attention to the
stimuli. The aim was to compare the reward value of positive stimuli serving
as feedback (rewards) and positive stimuli presented regardless of one’s ac-
tions. Importantly, the stimuli (smiling faces) in both tasks were the same for
each participant. Thus, the difference in pupil responses to the stimuli between
the tasks were essentially due to their contingency on performance (in the re-
peat-a-pattern game) or lack thereof (in the passive viewing task). We
hypothesised that the modulatory effects of the stimuli (i.e., social relevance
and familiarity) would be larger in the game. Indeed, familiarity of the smiling
faces was a significant predictor of the pupil size in the game, but not in the
passive viewing task. We believe that the reason for this is that positive stimuli
can be considered to be rewards only when their delivery is contingent on
one’s behaviour.

Although the ratings of reward value in the passive viewing task should
be treated with caution for the abovementioned reasons, a pattern of results
emerging from the subjective ratings supports that which is found in the au-
tonomic responses. The reported reward values of the smiling faces were
higher in the game and the reward values of the faces correlated positively
with social relevance and attractiveness in the game, but not in the passive
viewing task. Overall, this suggests that the feedback context (i.e., contingency
on behaviour) changes the way social rewards are processed in contrast to pas-
sively viewed positive stimuli not contingent on one’s behaviour.
Additionally, it is worth mentioning that the two tasks in this study were
linked to contrasting effects of time. Specifically, in the game the pupil sizes
increased over trials and in the passive viewing task, they decreased. The
likely reason for these effects is tonic changes in the tasks: the passive viewing
task was monotonous and the decreased pupil size over time could reflect
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growing fatigue, whereas the repeat-a-pattern game was entertaining and the
motivation for performance retained with increasing speed of the pattern
presentation over blocks. This possibly led to increased arousal. These effects
once again point to the differential engagement in the tasks, and through that
with the rewards.

3.3.5.4 Exploratory Analyses

Autistic Traits and Pupillary Responses

In addition to the main hypotheses, we explored the effect of autistic traits
on the pupillary responses to smiling faces in both tasks. Autistic traits were
not a good predictor of the pupil size in either of the tasks. However, we ob-
served a predicted descriptive interaction of autistic traits and familiarity of
the stimuli in the passive viewing task. The higher the autistic traits, the
smaller the pupil responses to less familiar faces. This result parallels that of
Nuske et al. (2014), who reported reduced pupillary responses to fearful ex-
pressions of unfamiliar people (but not familiar ones) in children with ASC
relative to typically developing controls. Our exploratory analysis furthers
that finding by pointing towards a descriptive effect in a sample of neurotyp-
ical subjects differing in the levels of autistic traits. Such results are interesting
because they show that social difficulties characterising ASC are likely medi-
ated by the familiarity of others.

Correlations of Attractiveness and Reward Value

It has been suggested that attractive faces can be processed similarly to
rewards, and indeed, activation of the reward circuitry in the brain in response
to beautiful faces has been previously reported (Aharon et al., 2001). A positive
correlation between subjective ratings of familiarity and reward values in our
tasks further supports this claim. However, we only observed such a correla-
tion in the repeat-a-pattern game and not in the passive viewing task. This
suggests that, at least on the subjective level, attractive faces are indeed per-
ceived as more rewarding when they serve as feedback contingent on
behaviour. This correlation, however, should be viewed with a certain degree
of caution, as it is based on a relatively small amount of data, and it does not
inform about the causality of the relationship between attractiveness and re-
ward.
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3.3.5.6 Limitations

This study is not free of limitations. A growing body of literature empha-
sises the need to increase the ecological validity in experiments by including
dynamic instead of static faces as stimuli (Dziobek, 2012). Here, we used static
stimuli to ensure higher control over their physical properties, mainly lumi-
nance, which is a crucial factor in pupillometry. Nonetheless, to make the
social stimuli more naturalistic, dynamic counterparts of pictures of smiling
faces should be employed in future studies.

Particular to this study, it should be noted that we only included female
faces in the stimuli set. This was done to match the physical gender of the ex-
perimenters (two females). However, a replication of our results with a multi-
gender stimulus set is needed before they can be generalised further.

Thirdly, it should be noted that all variables of interest in our models ex-
plained a small fraction of the total variance (and thus showed small effect
sizes). However, effect sizes in social psychology are commonly smaller than
the traditional thresholds for “small’, ‘medium’, and ‘large’ effects would sug-
gest (Richard et al., 2003). Moreover, cognitive factors typically explain
a strikingly small variance in pupil size in comparison to physiological
changes such as blinks or tonic fluctuations (Knapen et al., 2016). Nevertheless,
it would be of great benefit to compare our results to similar paradigms em-
ploying other psychophysiological indicators of reward processing
(e.g., event-related brain potentials).

Fourthly, the subjective ratings of familiarity and social relevance (as well
as attractiveness and reward value) were taken at the end of the study, which
grasps the final subjective impressions of the participants. Hence, in the un-
likely case that the levels of subjective familiarity and relevance changed
dynamically throughout the time of the experiment, this might not be reflected
in the data.

Finally, despite a growing number of published works exploring pupil be-
haviour as an indicator of reward processing, this is still a relatively narrow
and largely unexplored field. While on the one hand it is difficult to propose
convincing interpretations of the results obtained, on the other hand our re-
sults emphasise the need to invest more efforts in this research path.
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3.3.5.7 Conclusions

This study set out to explore the modulatory effects of familiarity and so-
cial relevance of social rewards on pupillary responses in tasks in which the
reception of a reward was or was not dependent on one’s performance. It pro-
vides two major insights. Firstly, familiarity plays a role in the processing of
social rewards. Known and unknown faces, regardless of their social rele-
vance, influence the physiological responses to rewarding outcomes
differently. Secondly, feedback context is crucial in reward research as positive
stimuli are (more) rewarding when they are contingent on behaviour. Both the
psychophysiological measurements (pupil dilations) and behavioural re-
sponses (subjective ratings) suggested that the feedback context substantially
changes how the rewards are processed. The pupil sizes were modulated by
familiarity of the rewarding faces only when these faces followed a successful
performance. Overall, the findings of this study contribute to our understand-
ing of the social reward processing by targeting the crucial components of the
human socio-cognitive functioning: familiarity and social relevance.
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3.3.6 Supplementary material

Table 3-10 Pairwise comparisons for the effect of face type on the subject ratings of

reward value in both tasks (with Holm correction)

Contrast Est. SE z Peorr
celebrity.Game - stranger.Game 10.114 4.298 2.353 0.129
celebrity.Passive_task - celebrity.Game -12.014 3.959 -3.035 0.019
celebrity.Passive_task - stranger.Passive_task -26.886 4.298 -6.255 <0.001
experimenter.Game - celebrity.Game 20.714 4.771 4.342 <0.001
experimenter.Game - stranger.Game 30.829 4112 7.497 <0.001
experimenter.Passive_task - celebrity.Passive_task -3.186 4.771 -0.668 0.979
experimenter.Passive_task - experimenter.Game -35.914 3.959 -9.072 <0.001
experimenter.Passive_task - stranger.Passive_task -30.071 4.112 -7.313 <0.001
stranger.Passive_task - stranger.Game 24.986 3.959 6.312 <0.001
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Figure 3-19 Plot of the pupillary responses across face types in the game - time-

locked to the onset of the face presentation.
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Figure 3-20 Subjective ratings of feedback's social relevance in the game and the
passive task. The plot portraits: raw data points, boxplot, violin plot, and means with
error bars marking standard deviation.
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Figure 3-21 Subjective ratings of feedback's familiarity in the game and the passive
task. The plot portraits: raw data points, boxplot, violin plot, and means with error bars
marking standard deviation.
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3.4 Study 4: Multidimensionality of rewards

A Multidimensional View on Social and Non-So-
cial Rewards

Magdalena Matyjek, Stefanie Meliss, Isabel Dziobek, & Kou Murayama

Abstract Social rewards are a broad and heterogeneous set of stimuli including
for instance smiling faces, gestures, or praise. They have been widely investi-
gated in cognitive and social neuroscience as well as psychology. Research often
contrasts the neural processing of social rewards with non-social ones, with the
aim to demonstrate the privileged and unique nature of social rewards or to
examine shared neural processing underlying them. However, such compari-
sons mostly neglect other important dimensions of rewards that are conflated
in those types of rewards: primacy, temporal proximity, duration, familiarity,
source, tangibility, naturalness, and magnitude. We identify how commonly
used rewards in both social and non-social domains may differ in respect to
these dimensions and how their interaction calls for careful consideration of al-
ternative interpretations of observed effects. Additionally, we propose potential
solutions on how to adapt the multidimensional view to experimental research.
Altogether, these methodological considerations aim to inform and improve fu-
ture experimental designs in research utilizing rewarding stimuli, especially in
the social domain.

This manuscript has been published in 2020 at Frontiers in Psychiatry (Research
topic: Neurobiological Systems Underlying Reward and emotions in Social Set-
tings). doi: 10.3389/ fpsyt.2020.00818.

3.4.1 Social and Non-Social Rewards

Rewards are desired, appetitive, and positive outcomes of motivated be-
haviour that can increase and maintain the frequency and strength of the
behaviour they are contingent on (Schultz, 2015). They often serve as reinforc-
ers, i.e., positive (or in other cases negative) stimuli or events that actually
change the probability of that behaviour’s occurrence or its strength in the fu-
ture (Tobler & Kobayashi, 2009). Because humans do not live in isolation,
many rewarding experiences stem from social interaction and relationships.
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Social rewards are a broad set of stimuli, which instigate positive experiences
involving other people, including a vast repertoire of verbal and non-verbal
behaviors, gestures, and feelings (Bhanji & Delgado, 2014) such as a smile
(Spreckelmeyer et al., 2009), praise (Deci, 1971), a thumbs-up (Oumeziane et
al.,, 2017), acquisition of good reputation (Izuma et al., 2008), etc. However,
despite the considerable heterogeneity of social rewards and abundance of re-
search utilizing them, it is not clear what constitutes rewards as social and
there has been surprisingly little systematic discussion on how we can concep-
tualize them. Nevertheless, regardless of lacking a clear definition of social
rewards, there is a large body of literature discussing them in relation to non-
social ones.

Social rewards have been studied by two different lines of research. The
first line of research aims to address the “privileged’ nature of social rewards,
arguing that there are dedicated, special mechanisms that subserve social
functioning, including social rewards. These studies often contrast them
against non-social rewards to demonstrate if and how they are processed dif-
tferently from non-social environmental rewards. For example, autism, which
is characterized by pervasive social impairments (American Psychiatric Asso-
ciation, 2013), has been taken as an example of atypical responsiveness to
social cues. Researchers have hypothesised impaired processing of social, and
preserved processing of non-social rewards (social motivation hypothesis;
Chevallier et al., 2012) and have been testing this prediction by comparing re-
sponses to social and non-social rewards (for a review, see Bottini, 2018). The
comparison is also common in other fields with non-clinical populations
(e.g., Kohls et al., 2009).

Another line of research has indicated that social and non-social rewards
may be processed in a similar manner. This is supported by economic theories
proposing that behaviours stem from the desire to maximize the ratio of re-
wards to costs (Von Neumann & Morgenstern, 1947) and this applies to non-
social as well as to social rewards (social exchange theory; Thibaut & Kelley,
1959). Indeed, many studies investigating the neural basis of reward pro-
cessing found that social and non-social rewards are processed in the same
brain areas of what is referred to as the reward network (i.e., a cortico-basal
ganglia circuit; Haber & Knutson, 2010), especially in the striatum, supporting
the assumption of an “extended common currency schema’ (Ruff & Fehr, 2014).
However, researchers have also emphasized specific activity differences in
line with the idea of ‘social-valuation-specific schema’ (Ruff & Fehr, 2014),
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which assumes dedicated brain circuits for social rewards. For instance,
a study comparing the rewarding properties of receiving money or positive
social feedback found that both rewards activated the striatum, especially the
left nucleus caudate, and that this region also showed a linear activity increase
towards both reward values (Izuma et al., 2008). A reanalysis of the same data
using machine learning, however, yielded a fairly small correlation between
classifier weights for social and monetary rewards, suggesting that only a sub-
set of neurons in the caudate nucleus encodes both rewards, whereas also
distinct populations of neurons are involved for social and for non-social re-
wards separately (Wake & Izuma, 2017). Thus, although both types of rewards
can be processed in similar structures of the reward network in the brain
(Izuma et al., 2008; Levy & Glimcher, 2011; Lin, Adolphs, et al., 2012; Smith et
al., 2010; Spreckelmeyer et al., 2009; Wake & Izuma, 2017), there has also been
accumulating evidence for differences in neural processing between social and
non-social rewards (e.g., Izuma et al., 2008; Sescousse et al., 2010; Smith et al.,
2010; for a recent review of literature discussing overlaps and differences in
neural processing of social and non-social rewards, see Ruff & Fehr, 2014).

These studies suggest that there are both similarities and differences in
neural processing between social and non-social rewards. However, we argue
that research comparing social and non-social rewards often neglects im-
portant dimensions that can be conflated with the sociality dimension. For
example, comparing brain responses to receiving a smile or money may po-
tentially reveal a difference between social and non-social rewards as well as
between intangible and tangible rewards. In this article, we propose a more
comprehensive, multidimensional view on rewards in experimental settings,
which allows more informed and better-controlled comparisons of social and
non-social rewards.

3.4.2 Dimensions of Rewarding Stimuli

Research contrasting social and non-social rewards implicitly assumes
a binary categorization of those rewards. However, monetary reward is con-
sidered as non-social, but money could be regarded as a “social construct” in
the sense that it would not exist without society and a collective agreement of
their function (social constructionism; e.g., Galbin, 2014). Thus, binary catego-
rization of social and non-social may be an oversimplification, and
a continuous dimension may provide a more accurate conceptualization.
Moreover, we suggest that there are other dimensions to describe rewards,

126



e.g., tangibility and primacy, and that considering them can offer alternative
interpretations of observed differences between social vs. non-social rewards.
This section describes these dimensions of rewarding stimuli (see Figure 3-22
for an overview). Our goal is not to provide a complete list of all possible di-
mensions, but to outline the scope of this multidimensional view with several
examples, which we consider particularly relevant for social vs. non-social re-
ward processing: primacy, temporal proximity, duration, familiarity, source,
tangibility, naturalness, and magnitude. Importantly, we discuss how each of
these dimensions interacts and confounds with social vs. non-social dimen-
sion.

3.4.2.1 Primacy

Primacy is a dimension categorizing rewards (after theories of operant
conditioning; Skinner, 1938) depending on whether they stem from innate or
biologically pre-programmed reinforcing states (hunger satisfied by food or
mother’s closeness satisfying the need for touch of an infant) on one hand
(i.e., primary rewards), or having rewarding properties through learned or ac-
quired associations with primary reinforcers (money as a means to acquire
food, a Facebook thumbs-up to gain social appreciation) on the other hand
(i.e., secondary rewards; Delgado et al., 2006). Thus, primary and secondary
rewards can be found in both, social (touch, thumbs-up) and non-social (food,
money) domain. Studies have shown that even though there is a partial over-
lap in the ventromedial prefrontal cortex (vmPFC) representing the
anticipatory value of primary and secondary rewards (Kim et al., 2011; Levy
& Glimcher, 2011), there is also additional activity specific to primary (i.e. hy-
pothalamic regions) and secondary rewards (i.e., posterior cingulate cortex;
Levy & Glimcher, 2011), respectively. Since primacy can be linked to distinct
neural processing, it is important to choose rewards of the same primacy na-
ture when comparing social and non-social ones.

3.4.2.2 Temporal Proximity

Temporal proximity describes the temporal relationship between moti-
vated behaviour and reward reception (e.g., immediate vs. delayed). There is
evidence that they are processed distinctly in the human brain (e.g., Ballard
& Knutson, 2009; for a review, see Bermudez & Schultz, 2014). Specifically,
midbrain, striatum, frontal cortex, and amygdala are all sensitive to time of
reward
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occurrence (soon or later). Moreover, temporal discounting may lead to a pref-
erence for sooner smaller compared to later larger rewards. Social rewards are
usually delivered immediately at the end of the trial in the form of a smile or
social feedback, aligning simultaneous reception and consumption of reward.
However, in the non-social domain, there is often a difference between reward
reception in an experimental trial (e.g., a picture of a coin) and the actual con-
sumption of the reward after the experiment (i.e., receiving the physical
money). Note that sometimes the amount of points won in trials is not even
directly translated to actual money gains (O’'Doherty et al., 2001). Thus, com-
paring social rewards with non-social rewards may trigger brain responses
reflecting differences in the temporal proximity dimension in addition to the
sociality dimension.

3.4.2.3 Duration

The dimension of duration distinguishes between lasting and transient re-
wards. Unlike transient rewards (consumed/appreciated while presented),
lasting ones may entail accumulation over time, which affects economic deci-
sion making and activity in vmPFC (Juechems et al., 2017). While social ones
most often are transient (a smile lasts only while presented, but praise may
have longer-lasting effects generating feelings of appreciation), non-social re-
wards are more dependent on the experimental context. For example, money
received in a task is still available after the end of the experiment, whereas
juice delivered on a trial-by-trial basis is immediately consumed. Thus, when
comparing social and non-social rewards, duration needs to be considered to
avoid confoundedness.

3.4.2.4 Familiarity

Familiarity differentiates novel from familiar stimuli and is signalled in
the striatum and the midbrain (Guitart-Masip et al., 2010). While novelty is
rewarding in non-social stimuli (Guitart-Masip et al., 2010), it may be the op-
posite in the social domain, where familiar and socially relevant faces are more
rewarding than faces of strangers (Pankert et al., 2014). In fact, it has been
shown that familiar faces are processed differently than faces of unknown peo-
ple, due to different visual representations stored in memory, personal
knowledge, and personal relevance (Ramon & Gobbini, 2018). Furthermore,
“familiarity” in the context of social rewards has multi-faceted meanings and
there may be qualitative differences between familiarity with relatives,
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celebrities, and experimentally learned individuals (Ramon & Gobbini, 2018),
which can potentially lead to inconsistencies through differential engagement
in experimental tasks (Liccione et al., 2014). Altogether, familiarity may mod-
ulate social and non-social rewards differently, which should be considered in
study designs.

3.4.2.5 Source

Source relates to whether the rewarding nature originates internally
(i.e., intrinsically within a person, e.g., feeling curious) or externally (i.e., ex-
trinsically by receiving food or praise). While psychological theories consider
them as distinct (e.g., Deci et al., 2001), neuroscientific studies show that re-
wards from both sources activate the reward network (Murayama, 2019), with
additional brain regions specific for intrinsic rewards (the anterior insula; Lee,
2016). This can be a potential confound for the sociality dimension, as non-
social rewards could stem from both sources (satisfying curiosity or receiving
money), but social rewards are by definition extrinsic as provided by others
(e.g., social feedback).

3.4.2.6 Tangibility

Tangibility refers to the property of a stimulus to be touched or consumed,
with more abstract stimuli being less tangible. Studies suggest differential re-
inforcing and motivating effects of tangible and intangible stimuli (Yoon et al.,
2015), often via differential engagement of intrinsic and extrinsic motivation
(Deci et al., 1999). For example, in a study with tangible monetary and intan-
gible verbal rewards on intrinsic motivation, only the latter showed positive
and prolonged effects (Albrecht et al., 2014). Because social rewards are most
often intangible (like verbal praise) and non-social rewards are tangible
(e.g., money), the interaction of sociality and tangibility is a potential con-
found.

3.4.2.7 Naturalness

Some studies use natural stimuli such as chocolate (Levy & Glimcher,
2011) or verbal praise (Warneken & Tomasello, 2008) as rewards, whereas
other studies use more arbitrary, symbolic stimuli such as Facebook thumbs-
up icon (Oumeziane et al., 2017) or a picture of a coin (Kohls et al., 2009). Nat-
uralness is especially important for social rewards. For example, there is an
increasing number of studies using avatars (e.g., Kim et al., 2015) and cartoon
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representations of faces (Gonzalez-Gadea et al., 2016), which convey the social
nature through the resemblance to their natural equivalences (faces). In fact,
computer-generated and natural faces have been shown to elicit similar emo-
tional processing in the amygdala, but also differential activation in the
fusiform face area (Kétsyri et al., 2020). Again, the interaction of sociality and
this dimension should be considered and controlled for by choosing both so-
cial and non-social rewards to be either natural or representational.

3.4.2.8 Magnitude

The magnitude of a reward can be defined as the extent of its objective and
subjective value. Studies have shown that activity in the ventral striatum cor-
relates with the objective magnitude of both monetary (increasing amounts;
Knutson et al., 2001) and social rewards (happy face expressions with increas-
ing intensity level; Spreckelmeyer et al., 2009), and vimPFC correlates with the
subjective magnitude of rewards (Lin, Adolphs, et al., 2012). Critically, re-
wards with higher magnitude are likely to elicit larger responses in wider
areas of the brain in comparison to rewards with lower magnitude (Diekhof et
al., 2012; Smith et al., 2009). Differences in magnitude between rewards should
thus be avoided to allow interpretation of the observed effects in terms of so-
cial vs. non-social (and not low vs. high magnitude).

In addition to the dimensions above, some other aspects contrast social
rewards against other rewards. For example, social stimuli are usually com-
plex and can be more ambiguous than non-social ones: The same smile may
be interpreted as a friendly reaction or as a ridicule, depending on the context.
Thus, it is important to take into account biases in the interpretation of ambig-
uous social stimuli linked to internal states (e.g., negativity bias in depressive
states; Baumeister et al., 2020). Also, psychological traits and conditions (like
autistic traits and social anxiety; (Cox et al., 2015; Cremers et al., 2015), respec-
tively) have been shown to modulate responses to social rewards specifically.
Likewise, visual complexity may introduce altered processing: Non-social re-
wards are often less visually complex than their social counterparts (Ethridge
et al., 2017; Oumeziane et al., 2017), introducing a perceptual bias and neural
differences (Pfabigan et al., 2019). Furthermore, it may be more challenging to
uniformly induce a rewarding value of social stimuli than of non-social ones,
as the rewarding value of social stimuli depends on a certain context around
participant and reward. In fact, a smiling face seen on the screen can be
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rewarding for a participant performing a task only when they believe to some
extent that this smile is contingent on their action, as it happens in natural in-
teractions. Simply instructing participants that a smiling face indicates
positive feedback might not make it sufficiently socially rewarding; this re-
quires a perceived social context between the participant and the person on
the screen, entailing that “social interaction must not inherently be rewarding
due to the appearance of positive social stimuli” (Krach et al., 2010, p. 1). Alt-
hough some studies suggest that bottom-up processes are involved in the
privileged processing of social stimuli (Pfabigan & Han, 2019), for a stimulus
to be socially rewarding, it is not enough to be a representation of human like-
ness/gesture carrying positive feedback. Social rewards require the
component of intention and direction from the observer to the observed, even
if there is no direct (face-to-face) interaction between those two. In fact, one
could consider social rewards that are delivered without a social visual stim-
ulus. For example, in Kujawa et al. (Kujawa et al., 2014) participants saw
a green checkmark (abstract symbol) as signifying social acceptance, a salient
social reward (Saxe & Haushofer, 2008). This is especially important consider-
ing recent attempts to bring experimental research closer to reality, which
includes the use of dynamic stimuli (Dziobek, 2012; Hasson et al., 2004) and
implementing a second-person approach in (neuroscientific) research on so-
cial cognition (Schilbach et al., 2013). Although instantiating social context
may come at the cost of losing experimental control, some promising designs
aiming to ensure ecological validity and experimental control have been pro-
posed (e.g., Drimalla et al., 2019).

3.4.3 Implications of the Multidimensional View on Rewarding Stimuli in
Experimental Designs

As discussed, rewards can be described on multiple dimensions and each
of them can be linked to different neural correlates and psychological pro-
cesses. Thus, research interested in comparing social against non-social
rewards should carefully control for other dimensions that may conflate the
dimension of interest instead of ascribing the observed effects to a single one,
like sociality. However, research has rarely considered these additional as-
pects of rewards (but see the discussion of primacy and tangibility of money
and juice, Kim et al., 2011; or praise, Wake & Izuma, 2017). For example, many
studies simply compare smiling faces and monetary outcomes to examine the
differences of social vs. non-social processing (Kohls et al., 2011, 2013, 2018;
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Richey et al.,, 2014). However, both outcomes differ not only on the social —
non-social dimension, but also in terms of their 1) tangibility: a smile is not
tangible, but money as a reward in the form of coins and notes is; 2) primacy:
a smile is a primary reward*, money is secondary; 3) proximity and duration:
a smile is immediate and transient (its rewarding value lasts as long as its ex-
posure), whereas money is lasting and distant, as it will be delivered at the
end of the experiment. Hence, from this multidimensional perspective ob-
served differences between responses to smiles and money cannot be fully
ascribed to the social vs. non-social contrast but could also stem from differ-
ences in tangibility, primacy, proximity, and duration.

How can empirical research overcome these potential limitations? One
strategy is to incorporate these dimensions as additional factors in an experi-
mental design (e.g., visual complexity in Pfabigan et al., 2019). However, this
exponentially increases the number of conditions, which substantially boosts
the length of the experiment and /or required sample size. An alternative so-
lution is to use stimuli that match in other dimensions than sociality as much
as possible. Previous research has shown that pleasant odours can engage the
reward circuits (Bragulat et al., 2010; Jiang et al., 2015; O'Doherty et al., 2000)
which could be used in a comparison with social rewards like smiling faces.
Both rewards would be balanced in terms of temporal proximity (both imme-
diate), tangibility (both intangible), source (both external), and they can be
matched with respect to their primacy, duration, familiarity, naturalness, and
magnitude. Another approach could be to condition social and non-social re-
wards with neutral stimuli. For instance, Lehner et al. (Lehner et al., 2017)
matched reward magnitude of chocolate, money, and social smile with
thumps-up using a willingness-to-pay paradigm and later paired them with
neutral stimuli (matched in colour, luminance, and complexity) to then meas-
ure the response to those stimuli. Finally, another potential solution would be
to assess other dimensions as much as possible (e.g., using subjective ratings)
and statistically control for these effects in the analysis. This strategy can also
address potential individual differences in the interpretation of social stimuli.

Another implication of this multidimensional view is noteworthy for one
of the most widely-used paradigms that compare social and non-social re-
wards: Monetary (MID; Knutson et al., 2000, 2001) and Social (SID;

*In this article, we consider smile as a primary reward as suggested by infants’ preference
for smiling faces (Farroni et al., 2007), but other interpretations are possible.
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Spreckelmeyer et al., 2009) Incentive Delay tasks. In these tasks, participants
are presented with a cue indicating possible outcomes in a given trial: a gain
or loss, or no outcome (control condition). After a variable anticipation delay,
they perform a task after which feedback (i.e., the amount of reward or pun-
ishment) is delivered depending on participants” performance. An advantage
of the incentive delay paradigm is that it allows targeting both reward antici-
pation triggered by an incentive cue indicating a possible future reward, and
reward reception, elicited with a rewarding stimulus after task performance
(Knutson et al., 2000, 2001). It has been shown that both phases (anticipation
and reception) involve different brain regions and they are modulated differ-
ently by the domain of rewards (social and non-social), with reception being
more domain-specific than anticipation (Rademacher et al., 2010). This para-
digm has intuitive appeal to contrast social and non-social rewards, but our
multidimensional view suggests the potential difficulty in interpreting the re-
sults in terms of anticipation and reception, especially in the context of
comparing social and non-social rewards.

For example, Kohls et al. (2011) used a picture of a smiling face as both
incentive cues and rewards in the SID task. However, a smile is an immediate
reward (participants are being smiled at the moment), which entails that as an
incentive cue it triggers not only anticipation as intended, but also reception
of this reward. Moreover, in the MID task, a picture of a coin is normally pre-
sented as a signal that the trial was successful and thus participants receive
a monetary reward. However, in reality, participants receive physical money
at the end of the experiment, not immediately after each trial (money is a dis-
tant reward in such settings). Hence, a picture of a coin intended to represent
a reception of reward may actually trigger another anticipation. In other
words, when considering the dimension of temporal proximity, for both cases,
the distinction between the reward processing phases becomes rather arbi-
trary. Confounding these two factors (reward processing phases and domain)
has serious consequences on how we should interpret the results because both
phases are associated with distinct brain areas (Liu et al., 2011). Disentangling
of those factors could be achieved by using neutral, non-rewarding incentive
cues to trigger anticipation (e.g., Matyjek, Bayer, et al., 2020), or by matching
social and non-social rewards on the temporal proximity dimension (i.e., im-
mediate vs. delayed rewards). For instance, to match social rewards, which are
often immediate (e.g., a smile), their non-social counterparts can be delivered
on a trial-by-trial basis, e.g., in form of juice (Kim et al., 2011) or direct online
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bank transfers. Similarly, to match non-social rewards, which have often de-
layed reception (e.g., money), the social condition could include trial-by-trial
symbolic indications of positive feedback, which translate into social appreci-
ation at the end of the experiment in a form of positive adjectives describing
the participant (Izuma et al., 2008), given by an “observer”.

At a broader level, one important implication of the proposed multidi-
mensional perspective is that it highlights a more nuanced relationship
between social and non-social rewards than what researchers have previously
assumed. As indicated earlier, while many studies seek neural correlates spe-
cialized to social processes, another body of literature focuses on the
similarities among different types of rewards (including social), suggesting
that there is a common valuation network in the brain. These two lines of re-
search seem contradictory: One argues that social and non-social rewards are
different and the other suggests that they are the same. However, the proposed
multidimensional view provides a simple integration (see also Murayama,
2019, in the context of the distinction between intrinsic and extrinsic rewards).
While social and non-social rewards are both reinforcers with the potential to
guide behaviour, their differential effects are (at least in part) attributable to
properties on other dimensions on which rewards can be described (e.g., tem-
poral proximity, familiarity, etc.). Using the multidimensional view as
a starting point, we can thoroughly reflect upon mechanisms underlying the
processing of social rewards, being able to go beyond the simple assertion that
social rewards and non-social rewards are either similar or different.
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Discussion and insights

This chapter discusses the original work in this
dissertation and provides insights for the fields of
autism, reward, and social neuropsychology.



Discussion and insights

4. Discussion and insights

The overall aim of this doctoral project was to elucidate the processing of
social and non-social rewards particularly in relation to autism and autistic
traits. While a better understanding of this topic has the potential to be remark-
ably beneficial for the advancement of ASC research as well as clinical
interventions, it is empirically challenging: Reward processing is a multifac-
eted function and autism is a complex condition characterised by
a considerable heterogeneity of symptoms. In this dissertation four studies
were conducted to contribute to our understanding of reward responsiveness,
especially in autism and autistic traits.

In this chapter, I summarise the results of the original works conducted in
this dissertation, and I discuss them along three main foci: 1) insights for au-
tism research, 2) insights for reward research, and 3) insights for the field of
social neuropsychology.

4.1 Summary of results

In the introduction, I proposed that the following crucial aspects in reward
responsiveness in autism are insufficiently or inconsistently addressed in the
literature: 1) disentangling and investigating the reward processing phases,
i.e., anticipation and reception, while appreciating the potentially dynamic
character of the first, 2) addressing the role of familiarity in the processing of
social rewards, especially in the context of autism, 3) recognising the differ-
ence between ‘active’ and ‘passive’ rewards, and 4) investigating reward
processing in relation to autism by targeting autistic traits in diagnosed indi-
viduals and in the general population, thus offering a broader picture of the
reward function in the autism spectrum. Studies 1, 2, and 3 were designed to
address those aspects and they constitute the empirical basis in this disserta-
tion. Study 4 is a theoretical perspective on the multidimensionality of
rewards and a result of the many insights generated during the empirical
work.
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4.1.1 Effects of autism and autistic traits

Studies 1 and 2 investigated anticipation and reception of social and non-
social rewards by indexing their behavioural and biomarkers (EEG and pupil-
lometry) across autistic traits in neurotypical individuals (population-based
approach) and in autism (psychopathological approach). Across all subjects,
social and monetary rewards consistently increased behavioural, neuronal,
and autonomic responses and were rated as more rewarding and motivating
than neutral outcomes. In the next sections, I elaborate on these effects in rela-
tion to autism and autistic traits.

41.1.1 EEG and autonomic data

In line with the social motivation theory, in the first study we expected
that higher autistic traits would be linked to a deficit in specifically social re-
ward processing (indexed by decreased ERP amplitudes). However, we found
that higher trait levels in the general population were linked to enhanced brain
responses (i.e., increased CNV amplitudes) in the early anticipation of both
social and non-social rewards. We found no effects of the trait level in the late
anticipation or in reception of rewards.

Similarly, in Study 2 we observed enhanced early anticipatory ERP re-
sponses (the CNV) for the ASC group in comparison to subjects with low
levels of autistic traits and no differences between these groups in late antici-
pation or reception. In the population-based approach, there were no group
effects in either of the processing phases, although higher levels of autistic
traits were descriptively linked to larger brain responses in the early anticipa-
tion (in line with the population-based result in Study1l and the
psychopathological result in Study 2). In addition to the ERPs, in Study 2 we
also investigated pupillary responses as an index of the LC activity related to
higher rewarding and motivational values of the incentives. These data
showed group differences only in reception and regardless of the reward type:
Larger pupil responses (enhanced constrictions) were found in subjects with
ASC compared to those with low levels of autistic traits. Importantly, by ex-
ploring autistic traits as continuously distributed in the population, we
showed that reward processing atypicalities are likely linked to these traits in
a linear manner: the higher the autistic traits, the more enhanced the reward-
related responses.
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4.1.1.2 Behavioural data

In both experiments, autistic traits in subjects not diagnosed with autism
influenced neither the ratings of the importance of reward type, nor the moti-
vational and rewarding values of the stimuli. In Study 2, in comparison to
subjects with low levels of autistic traits, the ASC group showed lower ratings
of how important the reward type in a trial was, how motivating the cues
were, and how rewarding the feedback stimuli were. Moreover, in both stud-
ies autistic traits correlated negatively with the behavioural approach system
scores and positively with behavioural inhibition scores (the BIS/BAS scales),
suggesting that the traits are linked to decreased motivation towards rewards,
but increased motivation away from punishments. Altogether, self-reported
evaluations suggest that reward responsiveness in individuals with ASC is di-
minished in comparison to individuals with low levels of autistic traits. These
data allowed us to interpret the neuronal and autonomic results in the light of
quantitative behavioural indexes of reward responsiveness.

Finally, reaction times corrected for accuracy did not differ between the
groups in Study 2 (not targeted in Study 1), which is in line with many previ-
ous works (Baumeister et al., 2020; Greene et al., 2020; Kohls et al., 2013, 2018;
Kohls, Thonessen, et al., 2014; Neuhaus et al., 2015; van Dongen et al., 2015).
However, while the responses were faster for monetary than social and neutral
outcomes across all groups, both the neuronal and pupillary responses were
consistently the largest for the social rewards. These results suggest that be-
havioural performance (i.e., reaction times) may not be appropriate to reflect
autism-related effects on reward processing and they may emerge from differ-
ent processes than those indexed by the psychophysiological responses.

4.1.1.3 Interpretation

Together, the results of Study 1 and 2 provide evidence for atypical pro-
cessing of rewards in autism regardless of the domain (social or non-social).
In the light of reduced self-reported behavioural reward responsiveness and
comparable reaction times in the task for all participants, this suggests that the
group differences found in the EEG signals and pupil sizes may reflect com-
pensatory brain mechanisms which result in successful behavioural
performance (Shafritz et al., 2015). These results are at odds with the social
motivation theory, which predicts that autism is related to deficits specifically
in the social domain.
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This should be viewed in the light of two important aspects of the experi-
mental designs of Study 1 and 2, which are fairly unique in the field. First, to
create a meaningful social context and to address the potentially confounding
effect of aberrant processing of unfamiliar faces in autism (Pierce et al., 2004;
Pierce & Redcay, 2008), we used pictures of a familiar and socially relevant
person (the main experimenter). Second, because social anxiety is a common
comorbidity of autism (Bejerot et al., 2014; White et al., 2009) and it has been
shown to modulate reward responsiveness (Richey et al., 2014), we controlled
for these traits in our statistical analyses. Therefore, our results reflect autism-
specific (free from the comorbid influences of social anxiety) effects to mean-
ingful social rewards.

4.1.2 Effects of familiarity and rewarding context

In Study 3, we investigated the role of familiarity and personal relevance
in the processing of facial social rewards indexed by pupil size. Because “ac-
tive” and ‘passive’ rewards may be qualitatively different, participants were
viewing the smiling faces either actively, i.e., as positive feedback after per-
forming a task (rewarding context), or passively (in the absence of any action).
We used three types of faces to cover different levels of familiarity and rele-
vance: experimenters, celebrities, and strangers. Based on participants’
ratings, experimenters and celebrities were more familiar than strangers, and
experimenters were also more socially relevant than the other two. In the ac-
tive task, experimenters were also rated as the most rewarding types of faces,
followed by the celebrities. The ratings of familiarity and social relevance were
further used as predictors of the pupillary responses.

The pupil responses were modulated by familiarity (larger constrictions
for more familiar faces), but not by social relevance, and only in the active task.
Reaction times in the active task were similar for all stimuli. Therefore, both
familiarity and the rewarding context (‘active’ vs. ‘passive’ task) play a role in
the processing of facial social rewards on an autonomic but not behavioural
level. Since the pupil dynamics reflect the activity of the LC (Aston-Jones et
al., 1999; Bast et al., 2018; Bouret & Richmond, 2015), these results may indicate
that the brain distinguishes acquired rewards from merely positive stimuli
and that feedback from persons we know is processed differently than that
from strangers. In an exploratory analysis we observed a descriptive interplay
between autistic trait levels and familiarity.
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The results from this experiment support our interpretation of increased
reward value of the social feedback from the experimenter (who is a familiar
and, to an extent, a relevant person for the participants) in Studies 1 and 2.
Moreover, they reinforce that the same stimuli are differently rewarding when
they are earned in comparison to when they are passively viewed without any
action. Finally, the exploratory analysis in this experiment directly suggests
that autistic traits may have different effect on responsiveness to familiar and
unfamiliar social rewards.

4.1.3 Multidimensionality of rewards

Although a popular reward dyad in experiments is a picture of a smile
and a picture of money (also in Studies 1 and 2 in this dissertation), it may be
an oversimplification to interpret and generalise observed differences between
responses to these two as the effect of sociality (social vs. non-social). Building
on the insights I acquired while planning and conducting the empirical stud-
ies, together with co-authors we constructed a theoretical perspective which
proposes a larger framework for understanding and working with multidi-
mensionality of rewards.

In this perspective, we argue that rewards can be described on many other
dimensions than sociality. These are, among others, primacy, temporal prox-
imity, duration, familiarity, source, tangibility, naturalness, and magnitude.
Importantly, we present empirical evidence for modulatory effects of each of
them on cognitive, behavioural, or neuronal processing and we show how
they interact with the sociality dimension. For example, the dimension of pri-
macy is intertwined with sociality, as primary and secondary rewards (whose
reinforcing power is innate or learned, respectively) can be both social (touch
and the gesture of thumbs-up) and non-social (food and money). Because pri-
mary and secondary rewards show differential neural correlates (Levy &
Glimcher, 2011), this could be a confounding dimension for studies focusing
on sociality. Further, we suggest ways to account for the multidimensionality
of rewards in experimental designs by either incorporating all dimensions as
factors, match the rewards on all dimensions, condition rewards with neutral
stimuli, or statistically control for dimensions of no interest.

Finally, we discuss the implications of the multidimensionality of rewards
in the context of the cued incentive delay task (which was used in Studies 1
and 2) and reward phases. For example, using the same picture of a smiling
face as an incentive cue triggering anticipation and as a reward (e.g., Kohls et
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al., 2011) may entangle reward phases. Because a smile is a transient and im-
mediate reward (it lasts while it is presented), it is delivered both in the
beginning and in the end of a trial. This essentially gives two reception phases
with the difference of the first being ‘passive ‘and the other ‘active’ (which, as
shown in Study 3, is also a factor in reward processing).

4.2 Insights for autism research

All the studies in this dissertation covered the topic of autism in relation
to reward responsiveness. Studies 1 and 2 directly investigated the modula-
tory effects of autistic traits (both) and autism (Study 2). In Study 3,
an exploratory analysis considered the role of autistic traits on arousal re-
sponses to rewarding faces. Finally, in Study 4, we considered the implications
of the multidimensionality view on rewards for autism research.

4.2.1 Evaluation of the social motivation theory

According to the social motivation theory, autism is characterised by di-
minished responsiveness to specifically social rewards. Thus, an interaction of
group (autism or higher levels of autistic traits vs. control) and reward domain
(social vs. non-social) is expected. Contrary to this theory, we found no inter-
action of group and reward domain at any processing level (behavioural,
neuronal, autonomic) in any of the experiments in this dissertation.

Available research empirically testing the social motivation theory mounts
to mixed results reporting both abnormalities and typical processing in autism
in each domain (see section 1.3 for an overview). A recent meta-analysis
(Clements et al., 2018) reported both hypo- and hyper-activations in the re-
ward network of the autistic brain in response to social and non-social stimuli.
The authors propose that these results suggest a general reward impairment
and support the social motivation theory in a broader frame, i.e., deficient pro-
cessing of both social and non-social rewards in autism. However, this
conclusion should be re-visited to consider the meaning of reward-related hy-
per- (instead of the predicted hypo-) activations found in ASC.

Differences between groups, while atypical for ASC in comparison to con-
trol subjects (Bottini, 2018; Clements et al., 2018; Keifer et al., 2020; Kohls et al.,
2012; Neuhaus et al., 2010), should not be automatically equalled to deficient.
For example, there is no indisputable causality between hypoactivation of
a given brain structure and functional deficiency instead of, for example, more
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efficient neuronal processing (Scott-Van Zeeland et al., 2010; Shafritz et al.,
2015). Hence, to interpret these effects in the light of the social motivation the-
ory, strong evidence directly linking reward-related neuronal atypicalities in
ASC with aberrant motivated behaviour, reward learning, or socio-communi-
cative skills (which would suggest functional deficits) is needed. While many
studies fail to find such effects (Baumeister et al., 2020; Dichter, Felder, et al.,
2012; Greene et al., 2020; Kohls et al., 2013, 2018; Kohls, Thonessen, et al., 2014;
Neuhaus et al., 2015; Scott-Van Zeeland et al., 2010), some report symptom
severity associated with reduced (Barman et al., 2015; Carter Leno et al., 2016;
Kohls, Thonessen, et al., 2014) and some (including our data in Studies 1 and
2) with enhanced (Dichter, Richey, et al., 2012; van Dongen et al., 2015) neuronal
responses. Thus, there is not sufficient evidence to clearly and consistently in-
terpret either direction of group effects (increased or diminished processing in
ASC) as functional impairments of social motivation in autism.

On the other hand, social impairments in ASC are evident and core symp-
toms of this condition (American Psychiatric Association, 2013). While more
research is needed to elucidate this, at least two possible interpretations arise.
One is that the social motivation theory is challenged in assuming that defi-
ciencies in reward processing cause social impairments in autism. It is possible
that while reward processing is different in this population, the social difficul-
ties result from other mechanisms. For example, it is argued that many
individuals on the autism spectrum show typical interests in social relation-
ships (and thus, typical social motivation) and further behavioural
manifestations of diminished social motivation in this group (e.g., reduced eye
contact) can be explained by other, not pertaining to reward processing, mech-
anisms, (e.g., a stress reduction strategy; Fennell & Johnson, 2021). Another
interpretation is that while there is a true effect of atypical reward processing
resulting in social impairments in ASC, the research so far is mixed due to
considerable heterogeneity of symptoms in this group, methodological varia-
bility in the studies, comorbidities (e.g., social anxiety), other confounding
group differences (e.g., face processing), etc. In either case, firm conclusions
about the social motivation theory cannot be drawn at this stage. To evaluate
it, future research should focus particularly on the relationship between re-
ward processing atypicalities (on multiple levels: neuronal, autonomic,
performance) and the social functioning in autism.
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4.2.2 Enhanced reward responsiveness in autism and autistic traits

Notably, our data suggest that higher autistic traits and autism are linked
to enhanced responsiveness to both social and non-social rewards. In the light
of the social motivation theory and some previous studies (see section 1.3 for
an overview), this result may come as a surprise. However, it is in line with
other studies reporting autism being associated with larger ERP amplitudes,
hyperactivation in the reward structures, and performance benefits (Cascio et
al., 2012; Dichter, Felder, et al., 2012; Dichter, Richey, et al., 2012; Groen et al.,
2008; Kohls et al., 2018; Pankert et al., 2014; Sasson et al., 2012; van Dongen et
al., 2015; Watson et al., 2015). Importantly, we observed this autism-related
enhanced processing in both early reward anticipation and in reception. The
first was indexed with an ERP and the latter with pupillary responses, while
behavioural performance was comparable for all subjects. This suggests that
individuals with autism-like symptoms employ enhanced brain mechanisms,
which allow them to achieve similar performance level to those with less or no
symptoms.

It is worth noting that we did not observe statistically significant group
effects in the late anticipation in either of the two studies. Whereas early antic-
ipation (time-locked to the incentive cues) may be important for establishing
the action-reward associations and modulated primarily by motivation and
preparation to perform in order to achieve a particular reward, late anticipation
(directly before reward reception) may in contrast involve expectations and
preparations to receive and consume the reward. To our knowledge, we were the
tirst to target anticipatory brain responses across time in relation to autism and
autistic traits (but see (Oumeziane et al.,, 2017) in a neurotypical sample).
Therefore, we cannot reject the idea that similar effects were neglected in other
studies, which focused solely on the late anticipatory response. Future studies
should target both early and late anticipation to provide more evidence before
any definite conclusions can be formulated about the role of autistic traits and
autism in these two stages.

Notably, although there is accumulating empirical evidence for atypical
reward responsiveness in autism, at the same time rewards are prominently
utilised in clinical interventions for this group. Appropriate behaviours are
promoted in children with ASC by using reinforcement strategies and by pair-
ing naturalistic and external rewards with social situations (Bottini, 2018).
Indeed, some of the most popular evidence-based programs use rewards and
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reinforcers: the applied behavioural analysis (Foxx, 2008), the pivotal response
treatment (Verschuur et al., 2014), and the sociodramatic affective relational
intervention (Lerner & Mikami, 2012). If research reporting atypical reward
processing in autism is interpreted as impaired reward function in this group,
these observations do not align with the treatment programs effectively em-
ploying rewards. On the other hand, if enhanced neuronal processing of
rewards in ASC and higher levels of autistic traits (as observed in Studies 1
and 2) can be interpreted as higher reward responsiveness (or increased com-
pensatory activation leading to typical behavioural performance), this does
not contradict reward-based treatments. Either way, efforts towards an inte-
gral interpretation of both empirical and clinical observations should be
prioritised in future studies.

Furthermore, it should be noted that our experimental designs incorpo-
rated three important aspects which are rarely considered in the literature:
controlling for social anxiety traits, familiarity of the social rewards, and em-
ploying ‘active’ rewards. On the one hand, these aspects aimed to eliminate
potential confounds in group differences. Controlling for social anxiety traits
allowed us to extract autism-specific effects on reward responsiveness and us-
ing familiar faces reduced potential group differences in face processing (of
course, more comorbidities could and should be controlled for in future stud-
ies, e.g., ADHD traits; Kohls, Thonessen, et al., 2014; van Dongen et al., 2015).
On the other hand, using “active” and meaningful (familiar and relevant) social
rewards might have boosted the saliency of these stimuli and, in turn, in-
creased their reward value. I discuss this further in the next section.

4.2.3 Saliency of rewards as a key factor

Saliency of rewards can be increased due to internal factors related to mo-
tivation and preference. In fact, the social motivation theory proposes that the
reward circuit in individuals with ASC is hypoactive for social stimuli, but
hyperactive for personal, idiosyncratic, circumscribed interests (Chevallier
etal.,, 2012). Indeed, studies testing this claim support the hypothesised en-
hanced neuronal responses to pictures of particularly interesting objects for
participants on the spectrum (Benning et al., 2016; Cascio et al., 2014; Dichter,
Felder, et al., 2012; Kohls et al., 2018; Sasson et al., 2012; Watson et al., 2015).
Also, objects related to circumscribed interests have been shown to be more
successful reinforcers than social rewards or food (Charlop-Christy
& Haymes, 1996). An established neural correlate of saliency detection is the
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amygdala (Adolphs, 2010; Gerber et al., 2008) and its altered activation in au-
tism has been repeatedly shown (Baron-Cohen et al., 2000; Dichter, Richey, et
al., 2012; Grelotti et al., 2005; Kohls et al., 2013; Nomi & Uddin, 2015). Hence,
it has been suggested that the decreased responsiveness of the amygdala to
social incentives and enhanced to stimuli related to circumscribed interests in
this condition may indicate dysregulation of the reward system through atyp-
ical saliency assigned to these categories (Kohls et al., 2012). Therefore, it is
interesting to consider whether increasing the saliency of rewards in an exter-
nal way has the potential to modulate reward processing in autism.

There are several ways in which a stimulus may become more salient. An
obvious one is magnitude, e.g., a reward of 1 Euro motivates more than that
of 1 Eurocent (Rosell-Negre et al., 2017). This is less clear in social rewards, but
it has been attempted, e.g., by using increasingly happy faces as feedback
(Spreckelmeyer et al., 2009). Further, Zink and colleagues (Zink et al., 2004)
manipulated saliency of monetary rewards by either making them contingent
on behaviour or independent of task performance. They observed increased
electrodermal and striatal activity for the ‘active’ money and concluded that
the striatum differentiates the saliency of the monetary reward from its nomi-
nal value. Note that these results parallel those found in our Study 3, in which
the rewarding context (called ‘saliency’ by Zink and colleagues) increased pu-
pillary and behavioural responses.

Familiarity of rewards, especially social ones (like faces) is another candi-
date for modulating saliency. Although unfamiliar and novel faces may be
more salient to facilitate attention to newly met people (Dubois et al., 1999;
Gobbini & Haxby, 2006; Todorov, 2012), familiar faces, especially those per-
sonally relevant and laden with emotional meaning, are particularly salient
(Bayer et al., 2021; Pierce et al., 2004; Sugiura, 2014). Additionally, familiar
faces offering feedback are more interesting (and hence, salient) due to the
long-term meaning and significance for future interactions. Therefore, familiar
faces of personal relevance and/or importance in a context may be more sali-
ent and because of that, more motivating and rewarding.

Together, the saliency and the reward value of the social incentives may
be increased by familiarity, relevance, and rewarding context (contingency on
behaviour). This reinforces our interpretation that our findings of preserved
or even enhanced responses to social rewards in the individuals with autism
and higher levels of autistic traits (in comparison to those with low trait levels)
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might have been due to the identity of the feedback face: the experimenter.
However, Study 1 and 2 did not directly measure the effect of tamiliarity. Fur-
ther studies are needed to confirm this interpretation by attempting
a replication of our results in an experimental design including a control, non-
familiar social reward.

The idea that more salient social rewards are processed without impair-
ments in autism is not solely a descriptive observation, but it is also generates
several research questions: 1) can the saliency of social rewards be increased
for individuals with autism (for example, by explicitly directing attention to-
wards them)?; 2) how ‘much’ of social familiarity or personal relevance is
necessary to facilitate reward processing in autism?; 3) does saliency of re-
wards (or lack thereof) explain the mixed results in the literature? Future
research should systematically address the role of saliency in reward respon-
siveness in autism. Ultimately, this may facilitate development of treatment
options, which are tailored to an individual.

4.2.4 Reward processing as a transdiagnostic characteristic

Since reward function is also implicated in other psychological conditions
(e.g., schizophrenia, addiction, ADHD; Dichter, Damiano, et al., 2012), it is
beneficial for the fields of clinical psychology and psychiatry to consider atyp-
icalities in reward responsiveness as a transdiagnostic, rather than ASC-
specific, marker. Indeed, a recent systematic review (Aldridge-Waddon et al.,
2020) exploring social reward anticipation in psychopathology, found that
ADHD, ASC, and schizophrenia spectrum conditions are associated with re-
duced behavioural anticipation of social rewards, whereas bipolar disorder,
eating disorders, and sexual addiction disorders are linked to hyper—anticipa-
tion of these rewards. This suggests that atypical social reward anticipation
may be a valuable transdiagnostic characteristic with a potential to improve
treatment options for autism and other conditions. This is also in line with the
Research Domain Criteria (RDoC), a research framework for investigating
mental disorders aiming to provide classification schemes based on patho-
physiological, rather than clinical, evidence (Insel et al., 2010). RDoC treats
mental conditions as brain disorders and characterises dysregulations of brain
circuits regardless of diagnostic borders. Thus, a deficit of the reward circuit
(manifested in aberrant neuronal indexes) which is shared by different diag-
noses can be addressed by a practitioner with the use of the same therapeutic
tools.
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Furthermore, potential similarities in reward responsiveness within clus-
ters of individuals sharing a diagnostic profile (e.g., common comorbidities or
symptoms) open an interesting line of research. Namely, reward responsive-
ness atypicalities in autism could be address as individual or sub-group
characteristics, rather than ASC-specific ones. For example, since ASC and
SAD are often co-occurring and they are connected to different profiles of re-
ward processing atypicalities (Richey et al., 2014), one grouping criteria could
be the comorbidity of social anxiety. It is possible that this approach can help
account for at least some of the inconsistencies in the literature. Additionally,
such sub-grouping has the potential to individualise and improve treatment
options: A subgroup of ASC individuals with SAD may benefit more than
those without the comorbidity from treating social avoidance rather than from
promoting social reinforcement (Ouimet et al., 2009). Overall, a continued re-
search effort is needed to provide a thorough and consistent description of the
neuronal realisation of the reward function in autism, including comorbidities
and subtypes, which could inform the existing and future behavioural inter-
vention approaches.

4.3 Insights for reward research

All four studies in this dissertation addressed and discussed social re-
wards; three of them comparing their effect to non-social rewards (Studies 1,
2, and 4). Although intuitively we know what rewards are and which ones are
social, study designs in empirical research require a careful operationalisation
of each phenomenon of interest. Upon a closer look, the concept of a reward
becomes elusive: When does a positive stimulus become rewarding? Does it
have to be contingent on behaviour? Is rewarding the same as liked or pleasant?
Is rewarding a property of a stimulus or rather a feature emerging in the inter-
action of a stimulus and a cognitive agent? In the following, I discuss the
insights from this dissertation for the field of reward research.

4.3.1 When is a positive stimulus a reward?

Reward research has been tightly linked to neuroimaging studies of the
brain’s reward circuit. In such studies, a ‘reward’ could be anything that elicits
activation in its structures. This approach can easily fall victim to the reverse
inference fallacy, in which a cognitive process is inferred from a brain activity
not directly tested (Poldrack, 2006). However, when talking about social learn-
ing and motivation, the meaning of a reward becomes more restricted. In
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addition to the stimulus being positive, two more elements are required: con-
tingency on behaviour and context.

Imagine a cashier in a store handing a person the change, smiling, and
wishing good day, as they did to all clients before. Should the money or the
smile be considered rewarding? I argue that it should not. While the smile and
the money are directed towards the receiver and are likely pleasant and liked,
they are not rewarding, because the smile is an automatic part of the transaction
at a cash register and the money are not acquired by the receiver. The receiver
did not perform any action without which they would not have received the
change or the smile. Similarly, positive feedback from a caregiver reinforces
socially appropriate behaviours of a child not only because it is pleasant or liked
by the child, but because the child connects the behaviour to the outcome:
Without the action-outcome link, no reward-based learning could occur.
Therefore, the reward value of a stimulus is not its feature, but a quality
emerging as a result of an action-outcome association and successful perfor-
mance of this action.

Likewise, watching a movie may be pleasant and may elicit activation in
the reward circuit, but it is unlikely that we would consider it rewarding for
any specific behaviour. On the other hand, one can decide to watch their fa-
vourite movie in the evening as a reward for working hard during the day. In
this case one would anticipate this reward throughout the day and would like
to watch it in the evening. Thus, a positive stimulus (or event) becomes re-
warding because of one’s own subjective conceptualisation of its meaning in
a broader context.

These seemingly trivial observations carry significant value for research.
Passively viewed pleasant stimuli in a lab are equivalent to getting the change
from a cashier: one receives them, but they are not rewarding because one did
not perform to achieve them. This was tested in Study 3, in which we directly
compared arousal responses to the same positive stimuli — smiling faces vary-
ing in levels of familiarity and social relevance for participants — in a passive
viewing task and in an active task. The results of this study suggest that con-
tingency on behaviour changes the way in which social rewards are processed
in comparison to passively viewed stimuli: In the active task, the subjective
ratings of rewarding value of the faces were higher, the explained variance in
the model was greater, and familiarity of the faces played a role only in this
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task. Thus, a positive stimulus is not necessarily a reward, but it can become
one depending on a performance of an action and on context.

4.3.2 When is a reward social?

Although there is no clear definition of what makes a reward social, there
are numerous studies contrasting social and non-social rewards. In Studies 1,
2, and 3, following previous work, we used pictures of smiling faces as social
rewards. However, other instances in research include approximations of
a human likeness, for example, only a hand (Haffey et al., 2013) or a virtual
avatar (Kim et al., 2015). Moreover, research uses also symbolic representa-
tions of social feedback known from popular social media, like a Facebook
thumbs-up (Oumeziane et al., 2017), or emoticons (Gonzalez-Gadea et al.,
2016). Altogether, various stimuli are employed in empirical research to serve
as social rewards, which reflects the complexity of this category in real life. But
what is it that makes a stimulus a social reward?

4.3.2.1 Intended direction

As is the case with other rewards, contingency on behaviour and context
are necessary elements also in the social domain. However, as we argued in
Study 4, it may be more straightforward to assign a reward value to a non-
social stimulus than to a social one. The reason for this is that some social re-
wards require an additional element in the interplay of the sender, the
receiver, and the situation: an intended direction.

Consider an applauded actor in a theatre. Applause is an example of a fun-
damentally social reward, as the gesture of clapping hands in appreciation of
another person’s actions is only rewarding due to a social contract: Its value
exists because people agree that it means approval and appreciation, not be-
cause there is something intrinsically rewarding about seeing or hearing
clapping hands. An actor receiving applause after a successful performance in
a theatre play finds the clapping hands of the audience rewarding. However,
the same stimulus is likely neutral (in terms of reward value) for the spectators
and may even elicit negative emotions in a competitive colleague of the ap-
plauded performer. Hence, the same stimulus, although generally considered
positive, can be perceived as rewarding, neutral, or negative for different in-
dividuals sharing the same social situation. The crucial element here is the
intended direction. The audience intents to reward the actor and not the com-
petitive colleague and they are both aware of this based on the situation. For
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this reason, one of them does, and the other one does not find the applause
rewarding. This is in line with empirical evidence. For example, reading posi-
tive evaluations of one’s person is rewarding, while similar evaluations of
another person’s personality are not (Izuma et al., 2008). Therefore, social stim-
uli require the element of intended direction to be rewarding.

4.3.3 Conclusion: a definition of a reward

Summing up the considerations detailed above, I propose that a stimulus
is a reward when it is 1) positive and pleasant, 2) contingent on one’s behaviour
(a caregiver smiling to a child for their actions), 3) meaningful based on context
(watching a movie as a self-planned reward), and, in case of social stimuli,
4) intentionally directed towards the recipient (an applauded actor).

Future research could benefit from considering this definition. Indisputa-
bly, operationalisation of this fundamental concept in reward research has the
potential to contribute to the comparability of published results and our un-
derstanding of reward processing in humans.

4.4 Insights for social neuropsychology research

Natural social situations are dynamic, unpredictable, and immensely com-
plex. These very same characteristics are the core reasons for low experimental
control in settings closely resembling natural. Hence, investigating social cog-
nition is an inherently difficult task, as it may be unmanageable to fully grasp
the social functioning of humans without immersing them in natural social
settings. For example, engagement in interaction, which is the primary social
situation, is fundamentally different than mere observation (Schilbach et al.,
2013). Using carefully designed paradigms we — the researchers — aim to ex-
tract the cognitive, social, and affective components of the human functioning.
For this, we balance experimental control and ecological validity.

In this chapter, I discuss the reasons for and the consequences of the trade-
off between ecological validity and experimental control in the research con-
ducted in this dissertation. Further, I critically evaluate the choice to use in
pictures of the experimenter as social rewards Studies 1, 2, and 3, with which
we aimed to increase the meaningfulness of the social feedback. Finally, I dis-
cuss some aspects of my research in the light of the principles of open and
reproducible science.
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4.4.1 Ecological validity

Ecological validity refers to how well effects observed in a laboratory set-
ting can be generalised to similar situations in natural circumstances. Clearly,
ecological validity is important in all endeavours of neuropsychology, includ-
ing reward research. At least three aspects of experimental stimuli should be
considered in the context of the studies in this dissertation: physical vs. digital,
static vs. dynamic, and incidental vs. relevant.

4.4.1.1 Physical vs. digital

For the sake of experimental control, researchers usually present the re-
wards in a digital form, e.g., as visual representations on a computer screen.
This was also the case for the stimuli used in Studies 1, 2, and 3. However,
rewards which are ‘naturally’ digital are more ecological in such circum-
stances than those normally experienced in a physical realm, which is
especially vivid in the social domain. For example, a thumbs-up is a symbol
existing in the digital space, in which it acquires its meaning (although it is
rooted in a physical gesture). Therefore, a symbolic thumbs-up sent by a re-
search assistant sitting in another room (whether factual or not; Oumeziane et
al., 2017) is very similar to receiving a symbolic thumbs-up on social media for
sharing content. In contrast, a picture of a smiling face of an unfamiliar person
shown on a computer screen in a successful trial is not qualitatively close to
seeing a friend sitting across a table and dynamically expressing a smile di-
rectly in response to one’s words. On the other hand, in the times of television,
social media, video calls, and other digital means of watching and interacting
with others, the digital realm is becoming more and more a part of our natural
social domain. Therefore, the digital representations of faces (i.e., 2D pictures
presented on a computer screen) we used in Studies 1, 2, and 3 might have
been ‘real” enough to be ecologically valid.

In the case of the monetary reward in Studies 1 and 2, the digital represen-
tations of coins served as a symbol of the real money which subjects received
in the end of the study (in line with many other studies; Barman et al., 2015;
Baumeister et al., 2020; Delmonte et al., 2012; Greene et al., 2020; Koelewijn et
al., 2018; Kohls et al., 2009, 2011, 2013; Kohls, Thoénessen, et al., 2014; Scott-Van
Zeeland et al., 2010). Although participants were encouraged to imagine they
receive the money indicated by the symbols when they see them, the pictures
of the coins are used rather as an indication of the actual monetary rewards
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paid later (for more about the distinction between immediate and delayed re-
wards, see the discussion of temporal proximity in section 3.4.2). Hence, there
is a potential to improve this design in future studies by eliminating con-
founds between social and non-social rewards in terms of temporal proximity.
On the other hand, the digitalisation of our everyday life renders non-physical
money (e.g., bank transfers, vouchers) as real as coins and banknotes. There-
fore, it is important to consider multidimensionality (e.g., temporal proximity)
and the consequences of digitalisation of common rewards in future study de-
signs.

4.4.1.2 Static vs. dynamic

A growing number of studies, instead of static pictures, utilise short vid-
eos of persons transitioning from a neutral expression to a positive one (Carter
Leno et al., 2016; Cox et al., 2015; Dubey et al., 2015, 2017; Kohls et al., 2018;
Neuhaus et al., 2015; Sims et al., 2012). This aims to increase the ecological
validity of the stimuli, as social signals are dynamic in nature (Dziobek, 2012).
Indeed, research suggests that dynamic in comparison to static stimuli are as-
sociated with distinct or stronger neuronal activation (Dziobek, 2012; Kilts et
al., 2003; LaBar et al., 2003; Perdikis et al., 2017) and higher engagement (Risko
etal., 2012).

The stimuli used as rewards in the empirical work of this dissertation were
all static and thus lack ecological validity in terms of stimulus dynamics. This
limitation, while it leaves room for improvement, was a result of a planned
trade-off between ecological validity and experimental control. The primary
methods used in Studies 1, 2, and 3 require highly precise timing of the stim-
ulus onset (in the case of the millisecond-resolution of the EEG and ERPs) and
rigorous control of the stimuli’s luminance (in the case of light-sensitive pu-
pillary responses). These two requirements are difficult to achieve in video
stimuli. Thus, while I appreciate and applaud the call for including dynamic
stimuli in social neuroscience research, the reasons for this limitation in the
current work results from the need to maintain experimental control to ensure
high quality of the obtained data. However, it is possible that dynamic (espe-
cially social) stimuli, being more natural, would be also considered more
rewarding. Therefore, an interesting research question for future studies is
whether stimuli dynamics modulate their reward value.
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4.4.1.3 Incidental vs. relevant

When one agrees that reward must be coupled with an action and be its
consequence (for a discussion, see section 4.3.1), it becomes clear that in eve-
ryday life reward and feedback (i.e., response to or evaluation of another
person’s action) occur simultaneously. For example, a mother smiling to
a child for their behaviour offers both positive feedback and a social reward.
In experimental settings some rewards are indeed intertwined with feedback,
i.e., both are provided in the same stimulus (e.g., Kohls et al., 2011 and our
Studies 1, 2, and 3). However, in some studies the rewards are incidental,
i.e., are presented in addition to otherwise delivered feedback (e.g., an arbi-
trary symbol indicating successful performance), either following it (Cox et al.,
2015), or occurring simultaneously but without the necessity to be processed
(Stavropoulos & Carver, 2014a, 2014b). While they are still contingent on the
task performance, the decoupling of feedback and reward may be lacking eco-
logical validity, especially in the case of social incentives.

Further, especially in the social domain, the relevance of the person deliv-
ering a reward is of importance. In natural social settings, rewards are
typically delivered by familiar persons (partners, friends, colleagues) and
those relevant in a given situation (e.g., co-passengers on a train). Therefore,
familiarity and contextual relevance, in addition to increasing the reward
value of feedback (see section 4.2.3), are also factors boosting ecological valid-
ity of experimental stimuli.

In all empirical studies in this dissertation, the reward was delivered sim-
ultaneously with feedback, which resembles natural situations. We used
pictures of the main experimenter as social rewards (and contrasted them with
those of other individuals in Study 3), who was a familiar and relevant person
in the given situation. I discuss further the consequences of this rather uncom-
mon research choice (cf. Hayward et al., 2018) in the next section. Together,
the stimuli used in the empirical works of this dissertation were relevant in
the experimental and social context, which increases the ecological validity of
the results.

4.4.2 Experimenter as feedback stimulus

In the context of an empirical study, experimenters are a particular cate-
gory of social interaction partners. Their faces become familiar during the
study preparations, they are relevant to the participants in the context of the
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study, and their feedback is especially meaningful in the situation, as they pro-
vide information and evaluate performance of the subjects. Moreover, they are
likely the only persons who are known by all participants to a similar extend
(which balances the level of familiarity and relevance of social reward across
the sample). Thus, there is a clear appeal in using experimenters as feedback
providers in a study (Hayward et al., 2018).

However, it seems likely that the social relevance of the experimenters de-
pends on how approachable, friendly, and genuine they seem to the
participants. Thus, the level of familiarity and relevance may differ between
experimenters and studies. A semi-standardised interaction script is required
as a part of the experimental procedure to ensure that an experimenter ac-
quires a similar social meaning for all participants. In Studies 1, 2, and 3, such
scripts were established and, besides standardised elements like greetings, in-
structions, and debriefing, also included a small talk to establish a social
connection not related directly to the study situation. Experimenters spent
a similar amount of time with each participant and had not known them be-
fore the visit in the lab. In Study 3, data collection was conducted (and
feedback provided) by two experimenters following the same script and no
differences between them were found in participants’ ratings of their familiar-
ity and relevance or pupillary responses to their pictures (in Studies 1 and 2
there was only one experimenter used as social rewards).

Yet, it can be argued that pictures of such familiar and relevant in the con-
text persons delivered in an experiment are still qualitatively far from natural
social feedback. For one, in everyday situations the feedback giver is typically
present in the room and offers the evaluation in direct response to one’s ac-
tions. In an experiment, pictures of smiling faces appear on the screen without
an intention of the depicted person to smile in each trial (however, in some
studies participants are informed that the feedback is sent in the moment by
that person; Oumeziane et al., 2017). Nevertheless, seeing feedback from a per-
son that is important in the situation as an experimenter in a study, likely
engages participants on a different level than feedback from absent and un-
known people. Moreover, participants are required to continue social
exchange with the experimenters after performing in the task, which increases
the importance of the latter as immediate interaction partners. Therefore, alt-
hough there is no direct interaction between participants and experimenters
in the moment of the feedback delivery, it is conceivable that processing of this
feedback is laden with engagement stemming from the inevitability of further
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social interaction. Due to those reasons, I argue that feedback provided by ex-
perimenters in our studies was qualitatively different than that which would
have been delivered by a picture of a stranger.

This should be considered in the light of the notion that social cognition
(including processing of social feedback and reward) is not merely processing
of passively acquired information, but rather an active function in which indi-
viduals are embedded in and coupled with the perceived world (Thompson,
2010). Indeed, there is a growing body of literature suggesting that cognitive
and neuronal processing of social information is fundamentally different in
passive observation than in interpersonal interaction (Schilbach et al., 2013).
This led to the call for second-person neuroscience, which proposes that inter-
personal understanding is based on social interaction and emotional
engagement (Schilbach et al., 2013). Thus, social neuroscience should investi-
gate neuronal processing of social information while one interacts with others
(second-person approach) and not while one merely observes others (third-
person approach). What is more, it has also been suggested that this sec-
ond- vs. third-person approaches, respectively in natural settings and in
laboratories, may explain why some studies fail to reflect typical for autism
difficulties in joint attention or attention coordination (Redcay et al., 2013).

To sum up, although not directly tested, it is likely that the familiar face of
the experimenter used in Studies 1 and 2 was more rewarding as feedback
than a picture of a stranger would have been. Importantly, the social context
enclosing the participants and the experimenter included the presence of the
latter in the situation, the ongoing need for interaction, and meaningfulness of
the experimenter’s judgement in the experiment. Certainly, future designs
should further improve this by including a truly interactive delivery of the
reward and feedback by the experimenter (whether factual, or pre-deter-
mined; examples of highly controlled interactive designs in my work can be
found elsewhere; Matyjek, Kroczek, et al., 2021; Senderecka et al., 2021). Nev-
ertheless, I argue that the situational context in our studies rendered the
participants socially, cognitively, and affectively engaged with the experi-
menter, which better resembled natural social circumstances.

4.4.3 Estimating the true sizes of effects in social neuropsychology

All analyses reported in this dissertation were conducted within the
framework of null hypothesis significance testing. In this framework, a statis-
tical inference is drawn by testing an experimental factor against a null
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hypothesis, i.e., that there is no effect (Pernet, 2016). A possible outcome of
testing is a negative result: lack of statistically significant effect of a variable of
interest on the dependent variable. For example, in this dissertation, against
the social motivation theory of autism, we observed no statistically significant
interaction effects of group and reward type, and in many cases also no main
effects of group. However, a non-significant result does not imply a true neg-
ative effect. Another reason for such observation is insufficient power to detect
a true small effect. To decide whether a negative result is meaningful and to
calculate the size of a sample sufficient to detect an effect with a given power,
researchers estimate smallest effect size of interest (SESOI). A SESOI is the
smallest difference between groups or conditions that a researcher considers
meaningful enough. However, estimating a SESOI is not a trivial task, espe-
cially in social neuropsychology.

4.4.3.1 Effectsizesin EEG

The idea of a SESOI is to choose the smallest effect size which could be
considered meaningful. For example, when testing whether the average
monthly income is meaningfully different for females and males, a researcher
could decide that the smallest difference they consider meaningful is 100 Euro.
If the difference is smaller than this, the researcher would conclude that there
are no significant differences between the genders. However, choosing
a SESOI is less straightforward for outcome variables like ERP amplitudes. It
is not clear how many uV of a difference should be considered ‘meaningful
enough’.

A researcher could base their SESOI on previous literature, but the maxi-
mum amplitudes vary between ERP components, studies, measurement
devices, and participants, and some published studies do not report the un-
standardised effect sizes or any effect sizes (e.g., Stavropoulos & Carver,
2014b, 2014a). On the other hand, one could rely on standardised effect sizes,
but there is no agreed-upon method of standardising estimates in mixed ef-
fects models (used in all studies in this dissertation) due to the complex
portioning of variance (Rights & Sterba, 2018). Thus, deciding on a SESOI
bears a rather high level of arbitrariness.

4.4.3.2 Publication bias

Another challenge in estimating a SESOI is the presence of a publication
bias which is increasing in time and is especially disconcerting in
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psychological and clinical fields (Joober et al., 2012). The publication bias en-
tails that, due to a number of complex and systematic mechanisms in
academia, positive results are more likely to be published than negative results
(Joober et al., 2012). This leads to artificially increased effect sizes and high
possibility that the published positive effects are in fact false (Ioannidis, 2005).
Thus, a researcher searching for a SESOI in the literature may overestimate it
and report an inconclusive negative effect when the effect indeed exists (but is
smaller).

It is not clear how problematic publication bias is in the case of reward
responsiveness in autism. The only meta-analysis in this topic found no evi-
dence of publication bias, but it included only 13 and only neuroimaging
studies (Clements et al., 2018). However, it is evident that the literature on this
topic is highly mixed, suggesting low replicability, which co-occurs with pub-
lication bias (Joober et al., 2012).

4.4.3.3 Comparability between studies

Finally, due to high complexity of social settings influenced by many sit-
uational and both inter- and intrapersonal factors, effect sizes found in social
psychology are generally small (Richard et al., 2003) and greatly influenced by
a particular study design. For example, while the same paradigm was used in
both Studies 1 and 2 in this dissertation (the cued incentive delay task; Knut-
son et al., 2000), and the magnitudes of social and monetary rewards were
similar (the same smiling person and 5 cents in both tasks), we observed con-
sistently larger reward-related responses to money in the first experiment, and
to the experimenter’s face in the second one. One difference between the ex-
periments was the task the participants performed: In one study participants
were asked to guess a colour of a card later appearing on a screen, and in an-
other they were asked to perform a reaction time task and had a direct
influence on the feedback. Therefore, the task requirements might have sub-
stantially influenced responsiveness to social and non-social rewards in these
two experiments, and thus, the obtained effect sizes.

This suggests that at least a part of the inconsistencies in the literature of
reward processing in autism may be due to a variety of tasks used in these
studies (for example, the cued incentive delay task, Richey et al., 2014; the
go/no-go task, Kohls et al., 2011; passive viewing, Sepeta et al., 2012; matching
tasks, Neuhaus et al., 2015; choice tasks, Watson et al., 2015; etc.). Direct repli-
cations of existing results would thus benefit the field. Future research should
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address this when drawing conclusions from the existing literature and plan-
ning new experiments.

4.4.3.4 Interpreting negative results

To draw conclusions from negative effects (like statistically insignificant
group by condition interactions in Study 2), clear evidence for the lack of an
effect is needed, including adequate statistical power and additional methods
for informing the results. One such method is equivalence testing (e.g., Lakens
et al.,, 2018), in which it is tested whether the obtained effect is at least as large
as a pre-defined SESOI. However, because there was no clear way of choosing
a SESOI in the studies presented in this dissertation, equivalence testing was
not a compelling option.

As an alternative, in Study 2 we calculated Bayes factors to offer relative
evidence in favour of either a model with or a model without the interaction
term as a predictor (Lakens et al., 2020). Not to disregard any explanatory
power of negative results, for the interpretations of the study results we have
also considered the overall descriptive pattern of effects. For example, in
Study 2 higher levels of autistic traits were consistently linked to increased
ERP amplitudes regardless of condition (although this effect reached statistical
significance only in early anticipation). Although this cannot be interpreted as
a true effect (for the lack of statistical power or absence of true effect), the con-
sistency of results pointing in the predicted direction is a valuable source of
information for designing future experiments.

4.4.4 A note on reproducible and open science

The overarching aim of research is to contribute to knowledge. However,
when investigating complex, multifaced phenomena, like responsiveness to
social and non-social rewards, especially in autism, extensive research is re-
quired before conclusions can be made. For this, collaboration of the scientific
community is a necessity. A successful realisation of such collaboration needs
clear and thorough reporting of previous results, access to the work and data
of others, and means to reproduce and replicate previous results. The princi-
ples of open and reproducible science allow for these as a conjunction of the
key elements in the scientific process (Munafd et al., 2017).

Throughout my doctorate training, I have grown to truly appreciate these
principles and to implement many of them in my work. First, all the published
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works in this dissertation are available with open access and Study 4 was ad-
ditionally available as a preprint beforehand. Second, hypotheses, aims,
methods, and analyses for Studies 2 and 3 were pre-registered online prior to
data collection to facilitate transparency in our research. Third, all the empiri-
cal studies presented here have a corresponding online repository including
a reproducible analysis script and, where possible, data (Study 3 and, upon
submission for publication, Study 2).

Finally, I appreciate science outreach as an important form of engaging the
general population in science and working towards inclusiveness of academia.
Especially in the context of working with clinical populations, communication
of scientific research is the first step to inform interested individuals and to
include related stakeholders in future participatory research. For these rea-
sons, in addition to publishing with open access, I have also published lay
summaries of all my research projects on the website of our research group.

While there are always more ways to improve the open and reproducible
practices in one’s work, including the elements described above allowed me
to grow as a scholar and to conduct my research in a responsible, future-ori-
ented way. I hope these efforts will contribute in a meaningful way to the
ongoing scientific work unravelling reward responsiveness, especially in au-
tism.

4.5 Conclusions

Rewards are crucial elements in our lives which motivate us to engage in
actions and reinforce our behaviours. It has been suggested that some symp-
toms of autism may be caused by deficits in reward processing, but the
literature on this topic has so far yielded mixed results. This dissertation in-
vestigated social and non-social reward responsiveness with a particular focus
on autism and autistic traits. I have presented original data using multiple
methodologies (EEG, pupillometry, behavioural measurements) which pro-
vided evidence for atypical, but not diminished, processing of both non-social
and relevant social rewards in autism and in higher levels of autistic traits.
Further, the data presented in this dissertation indicated that familiarity of
persons providing social incentives and the rewarding context (whether a re-
ward is contingent on a behaviour) play important roles in reward processing.
This empirical work was complemented by a broader theoretical analysis of
the multidimensionality of rewards.
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The studies in this dissertation have important contributions for the fields
of autism, reward, and social neuropsychology research. While autism may be
related to atypical processing of rewards, future research should systemati-
cally address methodological differences between studies and examine the
effect using more salient and ecologically valid stimuli to offer a conclusive
interpretation of the available results. The broader field of reward research
could benefit from adopting a common definition of reward to achieve more
comparable operationalisation across studies. Here, I propose a definition of
reward differentiating it from mere positive stimuli, which I based on the em-
pirical and theoretical work conducted in this dissertation. Finally,
experimental work in the field of social neuropsychology faces many chal-
lenges in the endeavour to increase ecological validity of its results. Therefore,
I discussed the ways in which the studies in this dissertation optimised the
ecological validity of the obtained results as well as the ways in which this
could be even further improved in the future studies. Overall, with this dis-
sertation I hope to contribute to the betterment of our understanding of one of
the most fundamental functions of the neurotypical and autistic brain: reward
processing.
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Methods and brain structures:

ANS = autonomic nervous system

ASC = autism spectrum condition

ASD = autism spectrum disorder

AQ = autism spectrum quotient (and the score)
CNV = contingent negativity variation

EEG = electroencephalography

ERP = event-related potential

fMRI = functional magnetic resonance imaging
LC-NE = locus coeruleus — norepinephrine
NAcc = nucleus accumbens

OFC = orbitofrontal cortex

RT = reaction time

SPN = stimulus preceding negativity

VTA = ventral tegmental area

VS = ventral striatum
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Glossary of terminology

Autism

Autistic traits
Feedback

Reward

Reward domains

Reward phases

Reward responsive-
ness

Rewarding context

Social cognition

Social motivation

Social motivation
theory of autism

a neurodevelopmental disorder characterised by social
communication and interaction deficits and restricted,
repetitive patterns of behaviour

milder expressions of autism-like symptoms and behav-
iours

response to or evaluation of another person’s actions

outcome of one’s motivated behaviour, which is desired
and positive, and which is the base for learning and for
reinforcing behaviour

social and non-social

anticipation and reception; these phases relate respec-
tively to ‘wanting’, which is the appetitive motivation
towards the reward, and to ‘liking’, which is the pleas-
ure from receiving the reward

a function of the brain, which defines the degree to
which one experiences positive responses to rewards
(with the potential to modulate behaviour)

differentiates between “active” and “passive’ rewards,
i.e., those received in relation to one’s actions (contin-
gent on behaviour) and those passively received
(regardless of behaviour)

a set of cognitive and affective processes which allow
one to understand others and interact with them

a collection of functions and mechanisms encompassing
social orientation, social reward, social maintaining

a theoretical account proposing that aberrant processing
of rewards is the primary deficit in autism, which un-
derlies the social impairments in this condition
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