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Abstract

Adolescence is a ped in life that is characteresl by substantial changes in the social
environment. Compared to childhood, atlonships with peers gain more importance and
adolescents are particularly sensitive to peer influence. Adolescents, but not adults, show
increased levels of ridaking when in the presence of peers relative to when alone.
Experimental studies suggestathheightened levels of ristaking during adolescence might be
specific to affective contexts (e.g. the presence of peers), whiletaiskg in nonraffective
contexts remains stable or decreases.dmapter 2 of this thesis the development of the
impact of two decision variables (risk and valence) on decisiaking in a noraffective
context during adolescence is investigated in a behaviourataldskg task Chapter 3employs

a functional magnetic resonance imaging (fMRI) approadxtmine the develpment of the

neural correlates of social influence during adolescence.

Previous studies have focussed on peer influence oraigkg and little is known about the
neural mechanisms of peer influence. This teeskamines whether heightenelévels of
sersitivity to peer influenceluring adolescencextend to the influence of a peer audience on
tasks with either higHevel (reasoning) or losevel (perceptual) cognitive components
(Chapters 4 and 5). Chapter 4 investigates the effect of the presence of agp audience on
performance ina cognitively challenging tagkelational reasoning)the development of this
effect during adolescence and whether this effesaiependent on the identity of th audience
(peer or nonpeer). Chapter 5 examines the effect fothe presence of a peer audience on
performance in a lowevel perceptual task to test whether peer audience effegtauld also
extendto alow-level cognitive taskChapter6 investigates the modulation of brain activity
during a higHevel cognitive tds (relational reasoningpy an evaluative peer audience in

adolescents and adults.
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CHAPTER 1: INTRODWIN

1.1 Definitions

1.1.1Defining adolescence

Il R2f SAa0Sy 0SS & Sdzyia yf TINBY 2V | IRKdnEes, A SOREstribes the
developmental period between childhoaghd aduthood and is characterggl by substantial

physical, cognitive, social and affective chandeerner & Steinberg, 2004)Different

definitions of adolescence have been usedthe literature. The World Health Organisation

defines adolescentssapeople aged between lahd 19years, so guivalent to the second

decade of lifg2 | h p | SFf 0K F2N (208) IpcditthsRariuchbrddadet S& 0S
definition of adolescence has become widalycepted irthe field ofdevelopmentalcognitive
neuroscience(see reviews byBlakemore & Mills, 2014; Crone & Dahl, 2012; Lerner &
Steinberg, 2004; Somerville, 2018)e start of adolescence characterisedvith the beginning

of puberty and endswhen an individual attains a stablindependent role in society.
Consequentlythe start of adolescence is defined biologically, while the endpoint is defined
sociaculturally. Puberty onset in girls iqusuallybetween 9and 10yearson average and in

boys between 1Gnd 12years(Peper & Dahl, 2013glthough these onsetsan vary up to
4-5years in normalhdeveloping individuals(Parent et al., 2003)As the endpoint is
characterisedsocioculturally, this definition is strongly dependent upon the culture the
adolescent lives in. In industrialized nations,npgoung people are in University education or
vocational trainingand possibly living with their parenisto their mictwentiesor even later

Thus the definition employed by many researchers in the developmental cognitive literature
includes the develbdY Sy G f LISNA2R GSN¥YSR WSYSNHAYy3 | Rd:
Arnett (2000)to define thetime between 18- 25years as an additional developmental period

between adolescece and young adulthood in industrialized societi€be introduction will

17



consequently review literature with developmental research questions wpdanid-twenties.
However, the experimental studiedescribed inthis thess include adolescents between
10and17years, as the majority of developmental studies comparing behaviour or neural
correlates in adolescence and adulthoimdludethis age range. In addition, young people are
legally considered to be adults when they turn 18. Finally, this age maageised to maximise
differenceswith an adult comparison group, which is why adult participantduded in the

studiesin this thesis were at least 3fears and older.

1.1.2Defining pees

Peers derived from theLatinW LJ- N Y S [(Ghambé&rs, B93uesdribes individuals who
are equas for instance in terms of their age, status or skiltsthe adolescent literaturehe

term peersusuallyrefers to individuals in the same life stage, i.e. fellow adolesa@rtsvn &
Larson, 2009)Developmental psychologists have identified three main levels at which peer
interactions occufBrown, 2004; Brown & Larson, 2008} the smallest levedre dyadic peer
relationships, which are predoinantly pairs of friend With the appearance of romantic
relationships during adolescencedyadic relationships also include couple®yadic
relationships exist in childhood long before adolescence and can altesftyind in todders.

At the next levelre smdler peer groups(also callectliqueg, whose membersegularly meet

and interactwith each other and whiclare also existentprior to addescence(Brown, 2004)

At the highest leveare crowds, whichstart to emerge during adolescence aatk often so
large that peers do not necessarily know each other persofBtiywn, 2004; Brown & Larson,
2009; Rubin, Bukowski, & Parker, 2Q0@he major characteristic of crowds is thaey can be
relatively abstract without peers actually interacting with eaather. Peer crowds affiliations

are based onthe joint identificationwith specific attitudesshared valuesr lifestylesas well

as sharedfeatures such as neighbourhood ethnicity (Brown, 2004; Rubin et al., 2007)
Studies on reputatio#based crowds in predominantly White, Ariean adolescents identified
severalreoccurringcrowds for instance OF RSYA OF f £ @ T2 Odza SskRitusONER 4 R

18



crowdso Wt 2 LJdzf  NBEQ 2NJ Wt NBLJAQUS | GKf SGAOdcialf &  F+
ONB gR& oOW. dzNY 2 dzi afQS aOy & A MIRAI @ dz6 y R Yy &2 LIS SN
(Prinstein & La Greca, 2002; Rubin et al., 2087British study foundome overlap between
American and British reputatiebased crowds, although they differad labelling(Thurlow,

2001) Adolescent relationships with their peers are very dynamic, meaning that peer
relationships are not very stable and status within a group also changes friég(Brechwald

& Prinstein, 2011; Brown, 2004)

1.2 Structural brain development

Magnetic resonance imaging (MRI) studies of the developing human brain have demonstrated
significant structural changes throughout childhood and adolescéiocaeviews: Blakemore,
2012b; Mills & Tamnes, 2014)he spatial resolution currently achievedthvtypical MRI
scannesis approximately Inm?, consequently MRI allows &iudythe macroscopic structure

of the brain(Mills & Tamnes, 2014)nsight into thestructural development of the human
brain on a cellular levés currently only available ipostmortem studies Histological studies

have demonstrated that after a period of synaptogenesis, synaptic density in the prefrontal
cortex is significantly highen late childhood than adulthooHuttenlodher, 1979; Petanjek et

al., 2011) Following this peak, synaptic density decessthroughout adolescence and early
adulthood.Postmortem studies have also revealed that myelination continues throughout the

first and second decades of lifBenes, Turtle, Khan, & Farb894; Miller et al., 2012)

In the following twosectionsl will summarize white mattechanges (1.2.1) and grey matter
changes (1.2.2) during adolescendecussing predominantly ofongitudinal studieswhen
available and discuss these macroscopic ebas in light of micrapic evidence from post
mortem studies Finally, the relationship between structural and functional developmental

changes will be discussed (1.2.3).
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1.2.1White matter development

White matter is primarily comprised of myelinatedxons, glialcells and extracellular space
(Mills & Tamnes, 2014) consistent pattern revealed ®everallongitudinal studies descrilse

an increase in white mer volume throughout childhood and adolescence well into the
twenties and even thirtiegfor a review see Mills & Tamnes, 201Epr examplelebel and
Beaulieu(2011) found a significant increase in white matter volume between 3 years,
partly levelling off in the twenties witlabout 50% of participantsbetween 22- 32 yearssitill
demonstrating increases and the oth&®%% showing nachange(see Figre 1.1). Similar results
were found in another longitudinal study: white matter volume increased between
4.5-18.5years, partly levelling off in females in later adolesceffagbertBroche et al., 2013)
This increase in white matter volume follows very similar developmental trajectories in the
frontal, temporal, parietal and occipital lobes; although the g#and timingof increase diffe

somewhat between lobefAubertBroche et al., 2013; Lenroot et al., 2007)
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Figurel.l: Longitudinal changes in white matter volurfféigure taken fronb.ebel & Beaulieu, 2011across the age
range of the study (532years) white matter volume significantly increased throughout adolescence well into the

twenties.
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These structural MRindings,demonstrating white matter increases across adolescehage
been extended by diffusion tensor imaging (DTI) studies, which prvitgght into the
development of white matter microstructures. Dfikasures theextentto which the diffusion
of water molecules is restricted in biological tissiies Bihan & Johansd®erg, 2012)Water
diffusion in the white matter is mainly limited by axonal membraasswell asnyelinand as
such DTI measuresareflective of the white matter microstructure. Th&o most common
DTl measures are mean diffusivity (MD), whildscribesthe overall magnitude of diffusign
and fractional anisotropy (FAWhich indicates the extent of directionality of diffusion, gamgy
from O (unlimited diffusion: isotropyto 1(diffusion limied to one direction: anisotropyMills

& Tamnes, 2014) ongitudinal studies investigating strucal connectivity have shown that
overallFA increases and MD decreases for many white matter tchaifg adolescencéBava
et al., 2010; Lebel & Beaulieu, 201The developmental trajectas of FA and MD changes
differ betweenwhite mattertracts with connections between the frontand temporal lobs
maturing at slower rates than other connectiofiebel & Beaulieu, 2011; Tamnes et al., 2010)
The agerelated changes in white matter volumand microstructureduring childhood and
adolescencénavebeen linked toincreasing axon diameters and continued myelinatiBaus,

2010)

1.2.2 Greymatter development

Grey matter is comprised of neuronal cell bodies, dendrites, glial cells, extracellular space,
capillaries and axongMills & Tamnes, 2014)The first largescale, longitudinal study to
describe changes in grey matter volume was conducted at the National Institute of Mental
Health and included 14participants aged étween 4- 22 years(Giedd et al., 1999)n this
study, grey matter volume in the frontal, parietal and temporal Ietescribed an inverted U
shape, with an increase in grey matter volume during childhood, followed by a peak in late
childhoodloungadolescence and a Bsequent decrease. Developmental trajectories differed
between lobes, withthe parietal lobe peaking first inogpng adolescence, followed by the
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frontal lobe and lastly the temporal lobe in late adolescerMere recent longitudinal studies
employing othersamplesalsoreport a decrease of grey matter volunf@eeFigurel.2a) during
adolescencento early adulthoodAubertBroche et al., 2013; Lebel & Beaulieu, 2011; Tamnes
et al., 2013) however they do nomnecessarilyreplicate the precise peak found in earlier
studies (Giedd etal., 1999; Lenroot et al., 20Q7¢rey matter development shows strong
regional differences in developmental trajectories: another longitudinal studyage range:
4-21yeary Gogtay et al.(2004)found that primary sensory and motocortices matured
earlier relative to latermaturing polymodal association cortices following a postetior
anterior developmental gradientA recent longitudinal study dge range:8 - 22years)also
showed a posterioto-anterior gradient withhigher rates of grey matter decreases at the
youngest age in the parietal and lateral occipital lobes relative to higites of decreases at
older ages in the frontal lobes and anterior temporal lol§ese Figte 1.2b, Tamnes et al.,

2013)
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Figurel.2 Developmental changes in grey matter volume: a) Grey matter volume was shown to decrease
throughout adolescence and the twenties in a longitudinal study design (age rang&2 $ears; Figure taken from
Lebel & Beaulieu, 2011h) Regiorspecific grey matter volume reductions, plotted as annual percentdgelume
change, in a longitudinal study followed a posteitoranterior gradient withage (age range: 822 years Hgure

taken fromTamnes et al., 2013)
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There are two main interpretations of this decrease in grey matter volume duringscknce
and early adulthood Firstly, the increase in white matter volumeuring adolescence;
presumedto reflect continued myelination and expaimg) axonal diameters; might lead to a
shift of tissue boundaries between grey and white matter and thuslaive reduction in grey
matter volume(Blakemore, 2012b; Mills & Tamnes, 2018¢condit has been proposed that
the decrease of grey matter volume during adolescence mightpaely related to the
prolonged period of synaptic pruning duriagolescencgHuttenlocher, 1979; Petanjek et al.,
2011) - although this view ha been challengedPaus, Keshavan, & Giedd, 2008)haptic
boutons only occupy a very small progort of corticalvolume (1.5%in monkeysBourgeos &
Rakic, 1993consequently changes in synaptic densities are unlikehetthesoleexplanation
for the relatively large cortical volume chang@serage grey matter volume lo$s estimated
as 1P6in humans;Mills & Tamnes, 2014hanges in glia celland othercellular structures

including white matteichangesare likely to contribute to changes in grey matter

The majority of studies investigating grey thea maturation have focused on the development

of cortical volume. On a macroscopic scale, cortical volume can also be described as a product
of cortical thickness and surface area. Due to the development of subf@eed cortical
reconstructiontools (saich as Freesurfer), recent studies have started to conduct more fine
grained analyses of grey matter maturation by tracing the development of cortical thickness,
surface area and gyrificatiofAlemanGoémez et al., 2013; Raznahan et al., 2011; Wierenga,
Langen, Oranje, & Durston, 2014urface area can be quantified as the total area of the
cortical surface, and cortical thickness is measured as the distance between the white
matter/grey matter boundary and the grey matter/pia mater bounddiMills & Tamnes,
2014) Cortical thickness has been found to decrease during adolescence with one study
describing a linear decrease (age range23years,Wierenga et al., 2014nd another study
describing a cubic trajectory with a peak in cortical volume in late childhood followed by the

decrease (age range:-30years,Raznahan et al., 20L.1Surface area also showed a cubic
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trajectory with age, showing a peak in late childhood/early adolescence and a decrease during
adolescence and into the early twenti@Raznahan et al., 2011; Wierenga et al., 20T4e
degree to which changes in surface area and cortical thickness contributed to changes in
cortical volume was found to differ by age and gendgaznahan et al., 20L1Finally, surface

area itself is oamprised of the area exposed on the cortical surface and the area buried in the
sulci and, consequently, studies have also investigated changes in cortical gyrification. The
gyrification index (i.e. the ratio between exposed cortical surface and totahcirbrea)
showed decreases throughout childhood and adolescence into the early twenties, while the
area exposed on the cortical surface increased between late childhood and early adolescence
(Raznahan et al.,, 2011 A similar decrease in the gyrificationdex was described in
adolescents aged 11 to 17 years in another longitudinal s{@édgmanGoémez et al., 2013)

This study further showed an overall flattening of the cortex, due to an increase in sulcal width
in all lobes and additionally a decrease in sulcal depth in the frontal and occipital cortex. This
increase in sulcal width was associated with a decrease in cortical thickness. In line with the
theory that a decrease in cortical grey matter volume might be related to a shift of tissue
boundaries as a result of an increase in white matter volume, thelystalso found that
increases in gyral white matter thickness in the parietal, temporal and occipital lobes were
associated with decreases in cortical thickness. Consequently, these studies suggest that
macroscopic changes in grey matter maturation areesult of partly interrelated changes in

cortical thickness, surface area, cortical folding and white matter thickness.

1.2.3 Relating structural brain development to developmental changes in functional

activation

Developmental changes in functional actiea are often explained in terms of structural
changes during development. However, as with the underlying cellular changes of macroscopic
structural changes, it is currently only possible to speculate about the cellular changes

underlying changes in futional activation (Blakemore, 2012b)Synaptic pruning reduces
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excess synapses. This has been proposed to improve the-gigmaiseratio and this the
WSTFAOASY O& Q 2Bndyhighizbel réflectedNi? idBaved peffarmance. As such
synaptic pruning might lead to decreased functional activation as fewer, but more efficient
synapses are involved in the neural signalliBgakemore, 2012b; Durston et al., 2006; Luna,

t I RYFYlFoKFYZ 9. Hogbves lit Ndist bernatednthiat the interpretation of
deaeases in functional activation as increased efficiency has been criticised, as this link makes
several assumptions thatemain to betested (for example that the underlying cognitive
processes are the same or that changes in synaptic density are direftdigted in functional
activation; for reviews se8lakemore, 2008; Pdack, 2015) Synaptic pruning may also lead

to a specialisation of regions in the processing of specific tasks, particularly in complex
cognitive processes. Consequently, increases in activation with increasing age may reflect
greater specificity of a iggon as a result of synaptic pruning. Increased -Hstcific
recruitment of regions is also thought to be supported by strongerH@mge connections as a
result of myelinationDumontheil, 2014; Luna et al., 201Q)is currently not possible to study
whether these supposed cellular changes underlie the observed changes in functional
activation. However, a few studies have directly tested to what extent developmental changes
in functional activation are related to macroscopic structural char{@eten Kadosh, Johnson,
Dick, Cohen Kadosh, & Blakemore, 2013; Dumontheil, Houlton, Christoff, & Blakemore, 2010;
[ dz SG It ®S HnndT Gy RSy .23 / NRYSS 3 DNNERE
Bunge, 2011)In general, these studies found that some but not all developmental changes in
functional activation can be accounted for by structural changes.eikample, ageelated
increases in functional activation in the left frontal gyrus and right inferior temporal gyrus
during a face processing task were associated with-ralgged increases in white matter
volume in these regions and a quadratic relatioipswith grey matter volume in the frontal
gyrus (participants aged ¢37 years; Cohen Kadosh et al., 2013owever, the ageelated
increase in functional activation in the left supramarginal gyrus during a different face

processing task was not associated with structural changes. In another study, decreases in
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functional activation between adolescence and adulthood in the rostrolateral prefrontal cortex
(RLPFC) and pseipplementary motor area (presMA), but not in the anterior insula, during a
relational reasoning task were accounted for by local structural changes (and partly by
performance,Dumontheil, Houlton, et al., 2010Consequently, future studies are required to
further disentangle the relationship between functional and structural clesngluring

adolescence.

1.3Rewardrelated and riskydecision making in adolescence

Adolescence is oftercharacterisedas a period of heightened ridgkking (Boyer, 2006;
Steinberg, 2008)ncreased riskaking is likely to aid adolescents in theiopess of becoming
independentby facilitating theapproachof novel situations o social environments. However,
the type of risktaking that receives the majority of public &ntion is the engagement in
actions with potential negative outcomes such as risky driving, dhuge andaggressiveas
well asviolent behaviarr. These risltaking behaviours arthought to contribute tothe high
number of deaths in amlescents caused by transport injuriee(pentage of deaths among
10- 24-yearold Americas: 30%), other unintentional injuries (1% of deathg and homicide

(16%o0f deaths;Eaton et al., 2010)

A prominentmodel in developmentalcognitive neurosciencein recent years proposedto
explain heightened risktaking and sensatioseeking during adolescends the secalled dual
systemsor mismatchmodel (Casey, Jones, & Hare, 2008; Somerville, Jones, & Casey, 2010;
Steinberg, 2008)According to this model, the is a developmental mismatdiseeFigurel.3)
between theearlier maturation of subcortical regionsugh as the ventral striatum/nucleus
accumbens\{SNAcc) andhe amygdala, involved in rewaehd emotionprocessing, anthe
protracted maturation ofprefrontal regions involved in cognitive controThis mismatch was
suggested to bgreatest during adolescengSomerville et al., 2010)ccording to this model,

in the face of salienincentives, signallingf the more mature subcortical regionis not
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sufficiently controlled by the less mature prefrontal systemsecent analysis folongitudinal
structural imaging data investigated th#evelopmentaltrajectory of subcortical (NAcc and
amygdala) relative to prefrontal maturation within individu@hills, Lalonde, Clasen, Giedd, &
Blakemore2014) In most of the participants there was evidence for an earlier maturation of
the NAcc and/or amygdala in relation to thmefrontal cortex PFQ, although there were
significant interindividual differences in the developmental trajectories of thesgions. The
study did not support a relationship betweethe presence of a mismatch and rislking
behaviours durig adolescence in retrospectiveelfreports (possibly due to theelatively

smallsample sizén =33)and the fact that selfeports wee retrospective.

Subcortical regions

Prefrontal regions

Development

—‘ Increased risk

Age

Adolescence

Figure 1.3: Dualsystems model (or developmental mismatch model; Figure taken 8omerville et al., 2010Y his
model proposes that affectivdriven behaviours during adolescenaee elevated due to an early maturation of

subcortical egions (amygdala and VS) in relation to a prolonged maturation of the PFC.

Despite its popularity, the dualystems model has been criticised as being too simplistic.
Recent findings from functional imaging studies do not all match the predicted patfeheo
dualsystems model and few studies have directly compared subcortical responses to rewards
or emotions and prefrontal regulatory activiffCrone & Dahl, 2012; Pfeifer & Allen, 2012)
Furthermore, there is also a lack of studgeparticularly longitudinal studiesdemonstrating

that structural and/or functional changes in brain development are linked to-weald

behaviours (Pfeifer & lken, 2012). A recent metanalysis of functional imaging studies
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investigating the development of cognitive control did not support the simple picture of
prefrontal immaturity: while many studies report an increase in prefrontal activation in
cognitive catrol tasks during childhood and adolescence, other studies report a decrease or a
peak in activation (Crone & Dahl, 2012). Consequently, the authors suggested that the
cognitive control systems do not just become increasingly more engaged during adakescen
(as suggested by the dusystems model), but instead that they are more flexibly recruited in
dependence on the motivational salience of a context. The Crone and Dahl model of brain
development proposes that this flexible recruitment is a result of thieraction of the
gradually developing cognitive control processes and developmental changes in affective and
social processing in subcortical regions, with a maximal influence of-affeielive processes
during midadolescence. These soeé#dfective changes are thought to contribute to greater
novelty, as well as sensatiegeeking, and also to increase the motivational salience of social,
particularly peer, contexts. Thus the recruitment of cognitive control processes is proposed to
be dependent on th presence of peers, specific task instructions or the subjective value of
performing or learning a task (Crone & Dahl, 20Mile this model of flexible cognitive
control, may lead to increased engagements in hedkking and sensaticeeeking activies

in some contexts, it also enables flexible and quick learning and adaptation to new, particularly
social, contexts during adolescence. Another recent review by Pfeifer and Allen (2012)
criticized the view of the duaystens model that greater subcortal activation is generally
thought to be linked to vulnerabilities or engagement in activities with potential negative
outcomes, while greater prefrontal activation is generally considered to be protective. For
example, activation in the VS does not oelclusively respond to rewards nor is it solely
associated with maladaptive behaviour (Pfeifer & Allen, 2012). Consequently, while the dual
systens model has provided an initial, compelling model of brain development, more recent
reviews of adolescent deMepment suggest that the dualystens model may be too

simplistic.
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The literature on rewardased decisiomakingin adult participantss extensiveand there has
also been dargeincrease in developmental studi@s this areain adolescene over the last
tenyears.The following sectionsvill comprise a norexhaustive review ostudiesthat are
relevant to the research questignnvestigated inChaptes 2 and 3. The first section will
discuss behavioural evidence that heightened-takng in adolescenceelative to childhood

and adulthoodis predominantly found when choices are made in affeetcontexts (1.3.1).
Next, evidence from functional imaging studies supporting a heightened, adolescent reward
sensitivitywill be reviewed(1.3.2 and finally thampact of valence on decisiemakingwill be

discussed (1.3.3).

1.3.1 Decision making in affectiveersus non-affective contexts

Only some of the xgperimental studieshat haveinvestigaed risk-takingbehaviourhavefound
evidence for an adolescent peakrisktaking inlaboratory settingslt was suggested that the
developmental pattern of riskaking might be dependent on whether risky choices are made
in a nonaffective 6 W O driaR diféctived W K @iite@t) i.e. when emotions are at stake or
peers are present(for the latter see section 1.6.7) (Blakemore & Robbins, 2012Both
affective and noraffective decisiormaking tasks tht were employed to investigate
developmental changes in riglking involved making choices about potential gains and/or
losses. The terms affective versus raffective here refer to the context that decisions were
made in. Context is either manipulated an integral part of choice, i.e. in the way that choices
were made (e.g. dynamically increasing riSigner, Mackinlay, Wilkening, & \ver, 2009a,
2009b) and/or feedback was given (e.g. feedback inducing relief or regetnett, Bault,
Coricell, & Blakemore, 2010)r externally (e.g. the presence of peg@ardner & Steinberg,

2005)(for a review seéigner & Weber, 2011)

In affective catexts, there is evidence that rigkking peaks in middolescence. A peak in

reward-sensitivityin mid- to late adolescence (1421 yearg was found on a modified version

29



of the lowa Gambling Taskre of the most widely used tasks to assess affectieeislon
making(IGT;Cauffman et al., 2010Participants in the IGT choose among four packs of cards,
each associated with different profiles of monetary gain and (Bechara, Damasio, Damasio,

& Anderson, 1994)Two packs are apparently lucrative but eventually resultgniicant loss
(disadvantageouslpO1 a0 @ ¢ KS 2 G KSNJ (¢ 2with dmaliwes hartlyevew a (i S I
penalised by even smaller losses (advantageous packs). Adults tend to sample the
disadvantageous packs initially but then settle on the advantageuptions. Cauffman and
colleagues (2010) designed a modified version of the IGT in which gambling decisions were
made about a particular deck on each trial, which enabled assessment of deviaking in
response to gains or losses. There appeared toabknear, ageelated increase in the
tendency to avoid the disadvantageous packs over the course of the task. However, compared
with younger adolescents and adults, mid late adolescents learned more quickly to play

from the advantageous packs, sugdegtthat this age group shows a heightened sensitivity to

approaching rewardgCauffman et al., 2010)

In a study employing a gambling task designed to induce relief or réBuenett et al., 201Q)

a quadratic relationship emerged between age 8% years) andrisk-taking, which peaked in
mid-adolescence (around adel). In a further study, adolescents (ag#4-19year9 and
adults (agd 20+) played a card game in which cards could be turned over as long as gains
were encountered, but as soon as participargseived a loss the trial terminate@Figuer et

al., 2009a) Compared with adts, adolescents exhibited saptimal decisiormaking, failing

to consider value and probability information when making decisions in an affective but not a
non-affective version of the task. In a follewp expeiment, 10-yearolds peformed at a level
similar to adults, suggesting that riskking in affective contexts peaks in adolescence but does

not change in a noraffective contex{Figner et al., 2009b)

In other gambling tasksvhere feedback is given but the context is raffective, therewasno
evidence of a miédolescent peak in ristaking; instead these tasks shed a gradual
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decrease in riskaking or no developmental chandPaulsen, Platt, Huettel, & Brannon, 2011,
Rakow & Rahim, 2010; Van Leijenhorst, Moor, et al., 20003 nonaffective task in which
participants aged 818 chose between a sure outcome and a gamble option (either loigh
low-risk), risktaking decreased across adolescence. Older adolescents thwsisk gambles
more frequently than highisk gambles, and this difference was smaller in younger
participants(Crone, Bullens, Van Der Plas, Kijkuit, & Zelazo, 2088%e studies suggest that
risk-taking peaks in middolescence in an affective context, while fiaking remains stable or
decreases in a neaffective context. However, it must be noted ththe distinction between
affective versus nomffective contexts is not always straightforward, which could lead to
inconsistencies in the literature, especially because different studies employ different

paradigms, age ranges, sample sizes, and meas@iresdctaking.

1.3.2 Increased responsiveness of rewardlated regions during adolescence

Evidence fom functional neuroimaging studidmsindicated that activation inreward-related

brain regions describea nonlinear developmental pattern during atescence(for reviews

see Blakemore & Robbins, 2012; Galvan, 20Many studies have demonstrated that
adolescents show heightened VS activation in the response to reward compareddi@rch

and adults(Ernst et al., 2005; Galvan, Hare, Voss, Glover, & Casey, 2006; Geier, Terwilliger,
Teslovich, Velanova, & Luna, 2010; Padmanabhan, Geier, Ordaz, Teslovich, & Luna, 2011; Van
Leijenhorst, Moor, et al.,, 2010; Van LeijenstorZanolie, et al., 2010For instance, in one
study, participants (aged 826 years) had to make chomdetween high and lowrisk
gambles(Van Leijenhorst, Moor, et al., 201a)he neural response ithe VS, when winning
relative to not winning a monetary rewaralescribed an inverted dhape withage with
adolescents having the greategSresponseo the delivery of rewardsGenerally the majority

of evidence poirg towards heightenedrewardrelated VS activation during adolescence,
however there is some evidence that adolescents activate thde¥$s than adults during
reward anticipation(Bjork etal., 2004; Bjork, Smith, Chen, & Hommer, 2040) reward
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assessmen{Geier et al., 2010and some studies have found no differenceM8 activation
between adolescents and adults during reward anticipatiGalvan & McGlennen, 2013; Van
Leijenhorst, Zanolie, et al., 201@nhd reward outcome (Bjork et al., 2004, ®10). These
inconsistencies in the literatummight be due tadifferences in the developmental comparison
groups, different experimental paradigms or trial phases analysed (reward anticipegisns

reward outcome)Crone & Dahl, 2012)

Many studiesdemonstrating an adolescent hypersensitivity to rewardave employed
monetary rewards. From a neuroeconomical perspectikie use ofreal monetaryincentives

is crucial to allow extrapolation of experimental finding 2 W N3X I|-choicegb2edioRr Q
(Glimcher & Fehr, 2013; V. Smith, 19#)wever, in the developmetal literature the use of
monetary rewards has beeariticised, as the subjective value of money is likely difer
between age groupgBarkleyLevenson & Galvan, 2014; Galvan & McGlennen, 20183
issue has &en addressed in a recent stutlyat demonstrated that adolescerfaged13- 17
years)choice behaviour was more stronghfluenced ly expected valueR\, i.e.the average
value of potential outcomes weighted by their probabilijigsa mixedgain/loss)gamblethan

adult choice behavioufBarkleyLevenson & Galvan, 20149rucially, this developmental effect
remainedg KSy LI NI A OA LJ y i aQ .Adgl€seemSalsd shawap@ateyrighl2 t f S R
VS activation to increasy EV relative to adults, even when adolescent and adult performance
was matched with respect to sjdztive valuation (i.e. thenumber of accepted trials)in
another task using primary rewards instead of monetary rewards adolescents also
demonstrated heightened bilateral VS activation when receiving an appetitive relative to a
neutral stimulus(sugar vater versuswater) than adults, although this was only at a statistical
trend level(Galvan & McGlennen, 2013yonsequently, these two studies either controlling
for subjectivevalue in a monetary gamble or employing primary rewards replicate the finding

of increased reward sensitivity in adolescence.
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It wassuggested that the exaggerated sensitivity of adolescents to rewards magtly stem

from a heightened striatateward prediction error to positive outcomeg). R. Cohen et al.,
2010) Reward prediction erra@signalthe difference between the expected value of an action
and the actual outcome of the actioand have been found to be encoded midbrain
dopaminegic neurons (Rescorla & Wagner, 1972; Schultz, Dayan, & Montague, 1BB&)
learning paradigm, which separatatyodelled the neural signals of the decision value and of
the prediction error, participants improved in both accuracy aedponsetime (RT)with
training (J. R. Cohen et al., 201Mlowever, only adolescents responded maajuickly to
stimuli predicting high reward relative to low reward. The neural positive prediction error
signal in the striatum followed a quadratic age trend, indicating that adolescents showed

heightened neural responses to unexpected reward relativehitdren and adults
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Figurel.4: Heightened sensitivity to social appetitive cues during adolescence in a-go/mask (Figures taken
from Somerville et al., 2011%x) Behavioural performance difference in response to haggpguscalm faces (axis)
plotted as the proportion of correct hits (i.e. correct-trals per total getrials) andthe proportion of false alarms
(i.e. incorrect nego trials per total nego trials). The teenage group (aged-1¥ years)committed significantly
more false alarms in trials with happy relative to calm faces in comparison to children (ag@g@ars)and adults.
b) and c) Activation in th&Sin response to happy faces (collapsed acrosgym@nd go trials) relative to rest:

adolescent activation was significantly greater than activation in adults and children.

Heightened sensitivity to rewards in aldscence has also been demonstrated for social
rewards in a developmental study investigating neural correlates of a social -go/task in

adolescencéSomerville, Hare, & Casey, 201Ih)this study, go and ngo stimuli were paired
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with happy (appetitive social stimuli) or calm (neutral social stimuli) faces Rgpeel.4).
Whereas performance in trials with neutral faces improved linearly with age, adolescents
relative to both children and adults were particularly batdinhibiting responses to happy
faces. Adolescents also showed the greatest neural response in the W&ppy faces in

comparison to both children and adults.

To sum up, the majority of functional imaging studies have found evidence for heightened
reward-sensitivity in the VSduring adolescence, which might, at least partly, underlie the
observed pattern ofincreased riskaking in adolescencan affective contextgseel.3.1) In
addition, heightened sensitivity to social rewards mitpetrelated to increasegensitivity to

social approval by peers (s&e.3) and developmental differences in social infee(seel.7).

1.3.3 Influence of valence oadolescentdecisionmaking

As reviewed abee (.3.1and1.3.2, the majority of studieshave focussed on adolescent
sensitivity to rewards, however less known about adolescent sensitivity to l@ssor the
relative impact of gains or losses on decisimaking.Valenceg whether potential outcomes
entail rewards (e.g. monetary gains) or punishment (e.g. financial losses or painful electric
shocks)¢ is known to impact on adultlecisionmaking (De Martino, Kumaran, Seymour, &
Dolan, 2006; Kahneman & Tversky, 1979; Tom, Fox, Trepel, & Poldrack, R®0Biudies
have investjated the development ahe effect of valence on decisiemaking.In a key study,

this was tested by examining responses to unexpected rewards and punishments in a
probabilistic reversal learningask (van der Schaaf, Warmerdam, Crone, & Cools, 2011)
Reversal learning performance in young adolescents (aged 1@ears) was better fitowing

an unexpected punishment than following an unexpected reward. This effect of valence on
reversal learning was found to decrease with increasing age during adolescence (frorh710
years).This study suggests that the effect of valence on decisiaking might decrease during

adolescence.
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Since the conception of the experimental study describe@hapter2, new studies have been
published that have investigated the effect of valencedatisionmakingin adolescence and
development& changes indss aversionA recent study, using a mixed gamblgh monetary
rewards and lossesfound that both adolescent(aged 13-17years) and adult choice
behaviour was more strongly influenced by increasing losses than by increasing gains and that
both age grops displayed a similar degree of behavioural loss ave(BarkleylLevenson, Van
Leijenhorst, & Galvan, 281 While belavioural loss aversion did not differ between the two
age groups adolescents activated the left caudate and bilateral frontal pole more strongly
than adultswhen rejecting a mixed gamble relative to a baselimanother studywhich
employed primaryreinforcersin the form of appetitive (sugar water) or aversive liquids (salt
water), adolescentgaged 13 17 years)rated both the appetitive stimuli as more appetitive
and the aversive stimuli as more aversif@alvan & McGlennen, 2013)\dolescents also
showed increased striatal activation relative to adults during the delivery of the appetitive
stimulus relative to water (bilateral VS) and during the delivery hef &aversive stimuls
relative to water left caudate).Consequentlythere is mixed evidence for a developmental
change inbehavioural loss aversiobetween adolescentand adults; however adolescents
showed heightened striatal activation in response to mshment suggesting thabeural

mechanisms processing punishment are changing between adolesardeglulthood.

1.4 Changes in social environment and social processing during adolescence

1.4.1Changes in social environment

Experiencesampling studies ine USAhave found that theamount of timeadolescentspent
with the family decreased®y about a halfbetween early and late adolescenc@arson &
Richards, 1991; Larson, Richards, Moneta, Holmbeck, & Duckett, Pe@b@scent girls spent
more of this time with their friends and alone; while adolescent boys reported spgmaore

time alone withincreasingage (Larson & Richards, 1991Including class timeAmerican
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adolescentqaged 14 18years)spendthe majority of their waking time ithe compary of
peers (529, while they only spesh about a fifth of their waking time with the family

(Csikszentmihalyi & Larson, 1934)

Not onlydoesthe quantity of interaction with peers change during adolescence, but also the
quality of peer interactiors. It has been suggested thain the process of écoming
emotionally autonomous from their parents, adolescents become more reliant on their peers
(Steinberg & Silverberg, 1988)hile parents are perceived #ise greatest source of suppor

in late childhood (mean agey@ars), both samsex friends as well as parents are described as
equally supportie inyoungadolescence (mean age $2ars) and by middolescence (mean
age 15years) samesex friends become the greatest source of supgBrirman & Buhrmester,

1992)

Relationships with peers becomecreasingly complex andierarchicalduring adolescence
(Brown, 2004) In late childhood, peer groups are still predominantly defined by shared
activities or similar social behaviour (e.g. acting tougs) Fh Q. NASY 3 .. ASNX I y.
contrast, adolescentmainly characterize peer groups with respect to shared attitudes, similar
appearances and more abstract group aspects such as st&ossequently, between
childhood and adolescence, basic features of rpeelationships changeFurthermore
adolescence is characterised by the appearance of ardiff type of peer relationshipAs
describedin 11.2, peer crowds emerge as a third level of peer relationships during
adolescence, imaddition to dyadic relatinships and peer groups, which alreadyist in
childhood (Brown, 2004) Peer relationships also become more hierarchighiring
adolescenceHierarchies carevolve within peer groupsfor example one member might
become a leader of the groupbut also between peer groupsith some peer groupdaving

higherstatussthan others(Brown & Larson, 2009; Horn, 2006)
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1.4.2 Changes in social processing and development of the social braring

adolescence

The period of adolescence @haracterisedby significantdevelopment of the social brain
(Blakemore, 2008; Burnett & Blakemore, 2Q0Bhe social brain refers to a network of brain

regions, including the medial prefrontal cortex (mMPFC), temypandetal junction (TPJ),

superior temporal sulcus (STS), the anterior cingulate cortex (ACC), amygdala, anterior insula

and inferior frontal gyrus (IFG)hat are associated with social cognition. Social cognition
processes support interactigwith others, such as the oegnition of others via faces or body
movements, communication with individuals, and making inferences about the mental states

of others(mentalising (Frith & Frith, 2007)

With new challengegacingadolescents in their social life, such as increasing complexity and

hierarchical structures of peer relationshifBrown, 20043 G KS oAt A e (2 Ay

states becomes more important, in order to correctly predict and interpret the behaviour of
peers. Until recently, reseancon the development of mentalising has focussed on early
childhood(Frith & Frith, 2007)This is probably due to the fact that children have been found
to master relatively complex mentalising tasks by {etddhood. However, there has also
beenalack d paradigms to investigate mentalising beyond rofldldhood, as performance in

many paradigms shows ceiling effe(@akemore, 2012a; Blakemore & Mills, 2014)

One of he first developmental studies to demonstrate behavioural changes in social cognitive
LINEOSaaAy3d Ay FR2fSa0Sy0S aK2gSR GKIFG GKS
complete an executive task correctly is still developing from-addlescence it early
adulthood (Dumontheil, Apperly, & Blakemore, 2010h a computerized task, participants
(aged7 - 27 years)viewedsome objects in a set of shelves, in which some of the shelves were
hRRSY FTNRBY I RA NB Qadrrachypeiford theStaskb(mave a spadilit $a4d taia?

RAFFSNBY(d at200z LINIHAOALIYy(Ga KFEIR G2 020K
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I 002dzy i (GKS RANBOG2NDAa LISNA KYIO dok idBabe beyridt S |
mid-adolescence, performance in the director condition improved until early adulthood,
suggesting thathe 6 Af Ade& G2 O2yaARSNI Fy20KSN) LISNA2Y Q:

action is still developingfter mid-adolescence.

As reviewedn 1.2, profound anatomical changeare taking place during adolescence, which
include regions thatare part of the social brain network. A recent study specifically
investigated grey matter development the mPFQmedial Brodmann are#0), TPJ, posterior
STS (pSTHnd anterior temporal cortex ATQ, the regions (Figurel.5 associated with
mentalising(Mills et al., 2014)Grey matter volume in the mPFC, TPJ and p8&kedat late
childhood, while grey matter volume in the Ap€akedin youngadolescence.nl all of these
four regions grey mater volume subsequently decreaséldroughout adolescence into the
early to mid-twenties. Thissuggests thatregions known to be involved in mentalising are

structurally maturing throughout adolescence into early adudttio

Grey Matter Volume (mm?3) Grey Matter Volume (mm?3)
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Figurel.5: Fitted modelsof grey matter volumedevelopmentin four regions (medial Brodmann ar&8 (mBALO),

TPJ, pSTS and ATC) of the mesmalinetwork (Figure taken fromlills et al., 2014)Lighter lines are fitted models

for female participants and darker lines are fitted models for male participants (solid lines show significant model
fits, while dashed lines are haignificant). Grey matter volume in the mPFC (MBA TPJ and pSTS peaked in late
childhood and then decreased throughout adolescence into the early twenties, while grey matter volume in the ATC

increased untiyoungadolescence and then decreased inte tmidtwenties.
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Several functional magnetic resonance imaging (fMREudies have also demonstrated
developmental changes in activation patterns ithe regions of the social brain during
adolescence. For examplae, dne study, adult and adolescefatiged10 - 18 year9 participants

were askedi 2 YI 1S 2dzRaASYSyida |o62dzi WolaAaAoQ o6So3aod
embarrassmentemotional scenarioghe latter requiringli  { Ay 3 Ay G2 | 002 dzy i
mental states and emotior®s 2 KSyt QWaxR2@SA\yFF NA2a ¢6SNB O2y G NI &
the adolescent group showed higher mPFC activation relative to a@utsett et al., 2009)
Thisdecrease imPFC activatiotbetween young adolescence and adulthood in line with

several other fMRI studiethat have employed a variety of differentisks for example
requiring participants to distinguish ironic from sincere statemefW&ang, Lee, Sigman, &
Dapretto, 2006) to think about the consequences of their own intentio(@akemore, den

Ouden, Choudhury, & Frith, 20039 to understand emotions of cartoon characté&ebastian

et al., 2012) While adolescents showed increased activation in the mPFC retatigdults,

some studies havalsofound elevated activation in more posterior regions of the mentalising
network, such as the pSTS and AifGadults relative adolescen(sight pSTS in Blakemore et

al., 2007;left ATC in Burnett et al., 20Q9)hisanterior to posterior shiftin neural activation

pattern within the mentalising netark might indicate achangein neural strategy for

mentalising between adolescence and adulthdBthkemore, 2012a)

It is likely that mentalising abilds have an effect on individual ldgeof sensitivity to peer
influenceE & AYLINR@GSYSyGa Ay GKS FoAftAlde G2 Ay
adolescents more aware that peers may be judging them. Thus, adolescents might be
especially sensitive to peer evaluation as a consequendbkeofibovedescribed behavioural

and neural changes in mentalising.
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1.5Heightened gnsitivity to peercontextsduring adolescence

1.5.1. Heightened salience of social evaluative contexts during adolescence

The idea that adolescents are particularly camesl about what others think about them has
beena topic of interestin developmentalpsychology for a long timé€Somerville, 2013)t has
beensuggested that adolescents belietreey areconstantlybeingobserved and evaluated by
others a phenomenon termedhe Wnaginary audienc®Elkind, 1967)In a study employing
hypothetical social scenarioadolescentsvisiting the & gradeof an American school (mean
age 13.8year9 were more likely to choose an option thatl@ved them to avoid facing a
potential evaluation by an audiencéhan did younger 6" grade; mean age 11.§ears) or

older adolescents1?" grade; mean age 17.years Elkind &Bowen, 1979) Thesefindings

were interpreted as dolescents perceivinthemselvesto be in the constantT 2 Odza 2 F 2 ( K

attention, i.e. having animaginary audiencé 6 SAy 3 2@3SNI & 02y OSNYy SR
think about them) although note that some studies cast doubt on the existence tife
imaginary audiencephenomenon (Vartanian, 1999) Public selconsciousness, i.e. the
awareness of aspects of the self that agparent to others, was also found to be elevaiad
youngerrelative toolder adolescets (agedl13- 18years) and to be higher in girls relative to
boys (Rankin, Lane, Gibbons, & Gerrard, 20@@9nsequently, there is some evidence from
questionnairebased studies to suppothe notionthat adolescence, particulgriyoungto mid-

adolescence, is period of heightened smhsciousness.

In a recentstudy, Somerville et al(2013)demonstrated that adolescents show heightened
sensitivity to alleged peer observation in a minimal experimental peer presence manipulation.
Under the pretece of testingnew camera equipment, participants were asked to obséhes
status of a cameréattachedto the head coiin the fMRI scanng on a screefin an otherwise
passive task. Participanfaged 8 22years)were told that a simér-aged, samesex peer was

observing the videstream and would see their face when the camera was on. Adolescents
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reported to feel more embarrassed when being watched by the peer thédren. Activation

in the mPFQa key regpn of the mentalisingnetwork seel.4.2) when being observed relative

to being alonewas also elevated in adolescence relative to late childhood and partly levelling
off in adulthood. Finally, autonomic arousal, measured by skin conductance, was increased
relative to both childrenand adults(Somerville et al., 2013)These findings indicate that
minimal peer evaluative contextg evenin the absence of interdion and feedback from

peers- might be particularly salient durirgdolescence

1.5.2 Sensitivity to social exclusion

During adolescence, peers become prie not the most important part of the social
environment (seel.4). Consequentlyadolescentsnaturally worry about being excluded by
their peersfor certain behaviars or attitudes or being rejected from a peer grolgvidence
for this was found ira questionnairebased study, which demonstrated thawhile fear of
LJdzy A & K Y S @diiting qoénistidb by $hy fath€Being called on by the teachprwas
decreasing fromlate childhood 8- 11years)to adolescence (1218years), fear of social
evaluation (e.g¥aving to wear clothes different form oth&€#ooking foolisp was elevated
in mid- to late adolescence(15- 18years) relative tdate childhoodand youngadolescene
(8 - 14years Westenberg, Drewes, Goedhart, Siebelink, & Treffers, 20Qdgstionnaire
based studies have also suggested that adolescent girls are more dfreedative evaluation
by their peers tharare boys(La Greca & Lopez, 1998; La Greca & Stone, 1993; Rudolph &

Conley, 2005)

Socialexclusion in laboratory settiggs oftenstudiedusinga paradigmcalled'€yberballsee
Figurel.6a), anonline ball playing game, in which participants plgtchQwith two other
allega players over thelnternet (Williams, Cheung, & Choi, 2000he actions of the two
other players are prgprogrammed to either include or exclude the participaht.this task,

adult participants who have been excluded from the ball playing game in the experiment,
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reported higher negative affeclower selfesteemand feelings of belonginghan partigpants

that have been includedqWilliams et al., 2000)Similarly, adolscents experiencing social
exclusion in the Cyberball game also showed negative affective responses (for a review see
Platt, Kadosh, & Lau, 2013here is soméehaviourakvidence thatadolescentsnay bemore
senstive to social exclusion than children or adulésrams, Weick, ThomasplBe, & Franklin,

2011; Sebastian et al., 2011; Sebastian, Viding, Williams, & Blakemore,. Z0te0)
experimentally induced social exclusjeadolescent®(aged 11- 15 years) moodwas lower

than adult€) Y ZSeHastian et al., 2010Young adolescents (aged 113years)- but not
mid-adolescentgaged 14 15years)or adults- also reportedgreater anxiety after exclusion
relative to inclusionSocial exclusion evoked greater social distress in adoles¢agésl 14 16
years)than adults(Sebastian et al., 2018ndK+F R I AGNRBY3ISNI AYLI OG 2y

(aged 13 14years)of belonging than on childréa(aged 8 9 years Abrams et al., 2011)

Ly Fy2GKSN) a0dzRe s dza A(seeFigured.6b) perfichants ivdre askddRA Y Sy (i
anticipate whether unfamiliar peers would like them or not on the basis of their pfidtmor,

van Leijenhorst, Rombouts, Crone, & Van der Molen, 20¥@ung adolescents (aged
12-14years) expected fewer positive peer evaluations than adults, whidercadolescent

ratings (aged 1617years) did not differ from adulratings. Adolescent sensitivity to peer
FSSRol Ol KIFa Ffaz2 0SSy Ay oShgukl®h:bs &firshwsit (0 KS
participants viewed photos of unfamiliar peers and rated how interested they were in chatting

to them (Guyer et al., 2008; Guyer, McCldrene, Shiffrin, Pine, & Nelson, 200Barticipants

also had their photo taken for thpeers toallegedlyevaluate them in turn. On the second

visit, participants received feedbaabout whether the peers who wereclassified as high

interest or lowA Yy 1 SNBSaid 2y GKS oFraia 2F GKSwed NIAO
interested in chatting with them afterwards. When receiving rejection feedback from a high

interest peer, participants reportelower mood than after acceptance feedback, while mood
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a) b)

Do you think this person liked you?

@ﬁ: r\\} Cue

>
Zara Decision of the subject displayed on the left
Delay of the face
=
Participant’'s name
Feedback (random) displayed on the right
Feedback os of the face
Cyberball Task Social Judgment Task

c) d)

Phase 1: Choice
Participant rates their
interestin peers
Triall
Colleen, who would yourather
Trial 2 s- talkto about...
HOW INTERESTED ARE YOU IN A Movies?
INTERACTING WITH THIS PERSON?
0 100
NotInterested  Very Interested
Feedback
Phase 2:
Peer feedback
Colleen, who would yourather
g 5 talk to about...
Interested g Movies?
Chatroom Task Chatroom Interact Task

Figurel.6: Paradigms employed to investigate adolescent sensitivity to social exclusion and peer evaluation. a) The
Cyberball task: The participant (represented by the hand on the bottom of dtees) plays an online ball game
with two other alleged players, who are represented by two cartoons. In the inclusion condition the participant
receives the ball equally often as the other two players. In the ostracism condition the other two players stop
throwing to the participant (Figure taken fro®ebastiaret al., 2010) b) The Social Judgment Task: In an alleged
study on first impressions the participant is asked to predict whether the,mwn on the photpwould like or
dislike them on the basis of their photo. Afterwards the participant receivedbiaek whether the peer liked or did

not like them (Figure adapted frofdloor et al., 2010)c) The Chatroom Task: In the first phase, participants rate
how interested theyare in interacting with peers on the basis of their photographs. In the second phase,
participants receive feedback on whether these pearsinterested in chatting to them after the experimenn

the basis of the participa&@ photograph(Figue adapted from Guyer et al., 2009). d) The Chatroom Interact Task:
The participant allegedly playan online chat game with two peefpeer A and Band receives feedbackbout
whether one of the other peerge.g. peer Aprefers or does not prefer themto the other peer(peer B)to chat

about a specific topic (Figure adapted from Silk et al., 2012).
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was not differentially affected by feedback type from lavterest peergGuyer, Choate, Pine,

& Nelson, 2012; Lau et al., 2012)

In the K€hatroom Interact tasRseeFigurel.6d), participants received feedback whethen a
allegedchat partnerpreferred them (i.e. acceptance feedback) or another peer (i.e. rejection
feedbad) to talk about specific topics, e §vho would you rather talk to about movieqSilk

et al., 2012)Responses to peer feedbaekere studied with pupillary responses, which are an
index for emotional arousal. Chikh and adolescent participants (A7 years) demonstrated
greater pupillary responses when the chat partner chose the other peer over them and this
pupillary response to rgative peer feedback increased with age. Tdtisdy suggests that
being rejected by a peeis more salientin older adolescentgSilk et al.,, 2012), whicls
consistent with the idea that sensitivity to social rejecti@changingduring adolescence.
However, it is not clear whether sensitivity to peer rejection might be greater in early or later
adolescencewith the behaviouralevidence from Sebastian et g010) suggesting early

adolescencavas themost sensitiveperiodand Silk et a2012)suggesting late adolescence.

Evidence from fMRI studies is also indicating that the neural processing of rejection feedback is
changing during adolescencin an fMRI study of the Cyberball Taskftbadolescents and

adults shoved greater activation inventral anterior cingulate cortex (VACC), mPFC and
ventrolateral PFQVIFPC)during exclusion relative to inclusio(Sebastian et al.,, 2011)
However, adolescents showegbduced right vIPFCactivation during exclusion relative to
inclusioncomparedto adultsp LG ¢l & &dzZ33Sa0GSR GKIG I RBf SAa0S
might derive from a protracted maturation of the neural regulatory response to negative social

feedback

To sum up thisection growing evidence from behavioural and imaging studies characterizes

adolescence as a period of hypersensitivity to socialusion Fear of social rejection is likely
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to impact on adolescent behaviour in the presence of their pgesmulting inadolescents

engagng in behaviourghat their peers will approve of.

1.5.3 Sensitivity to social approval

While heightened sensitity to social exclusion might influence adolescent behaviauthe
presence of peersit is equally likely that adolescenmight adapt their attitudes and
behaviours in order to gain social approval by their peExddence from questionnaideased

studies suggests that adolescent girls are most worried aboirtgbaccepted by the peers at

15/16 years while these waties decline in later adolescenéiéloep, 1999)Being accepted by
2ySQa LISSNBA 06S02YSa A y-EcheBnbetiveéd kté chidhood2andi | v
adolescence (aged d7years)and the importance of peer approval for sefteemis

greateringirlsthaninboys{ ® C® hQ. NASY 3 . ASNXIYZ mMdpyy?oL

The behavioural resuls of anticipating and receiving peer feedbackfMRI studieswhich
employedii KS W/ KFGNRB2Y ¢l alQ I vy Ravaibkédreviejedi®thé f  Wdzl
previouws section (seé.5.2 and Figuré.6; Guyer et al., 2009; Moor et al., 2010)he fMRI
results of these studies are informative with respect to theural correlates of anticipating
and receiving positive peer feedback (approval) and will be described in the folloviieg. T
W/ KIYO N®I23 1 Q T 3¢y 1Ryearsk shaweddgkebt&r BOLD activity in the dNaad
insulag regions that have been implicated in reward and emotion processwith age when
predicting whether higkinterestversuslow-interest peers would li& to chat b them, whereas
activation in boys either did not change (NAcc) or decreased (insula) witiCager et al.,
2009) TKS W{ 2O0A I f \WxaRiBed W& gelrahdtivatioh @hen anticipating to be
liked or disliked by unfamiliar peers adring peer feedbackMoor et al., 2010) With age
(between 8- 25years) participants showed greater activity in thentromedial PFQvmPFE

and striatum (among other regions) when expecting to be liked by peers, whereas wken thi

positive anticipation was followed by positive feedback, vmPFC and striatal activation was
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similar across age. This suggests that neural response patterns to positive social feedback
might mature relatively early on, whereas neural correlates in antimpaof positive social

feedbackmight stillbe developng during adolescence

A different set of studiegJankowski, Moore, Merchant, Kahn, & Pfeifer, 2014; Pfeifer et al.,
2013)investigatedthe development of the neural correlates of selfaluations particularly

about social features such as populaty. In the longitudinal study of Pfeifer et al(2013)
participants made judgements about either themselves olighlia familiar fictionalcharacter

(Harry Potter). The study found an increase in vmPFC activation between late childhood (mean
age 10.lyears) and/oungadolescence (mean age 13:dars)when participants were making
seltjudgemens6 S®Id WL WLY gMAKIAZL I KRR Y2NB FTNASYRaQU
character Activation in this vmPFC cluster was positively cdated with pubertal
development,but only when judgements were made about social characteristics and not for
academic judgementsln another study,adolescents(aged 11- 14years) but not aduf,

showed an interaction betweethe domain of evaluation (academichysical or social) and

0KS LISNBLISOGAGS 2F S@lLfdzZ GA2Y 0 aSvieWsn ted KS NJ
bilateral VS (Jankowski et al.,®4) When adolescents were thinking about how their best
friend would evaluate thenon a socialtrait they activated the VS more relative to when

thinking about an academic or physical characteristic.

Consequently, bothselfreported sensitivity to peeracceptance and neural correlates of
positive peer evaluatiorhave been found tancreaseduring adolescence with some evidence
for seltreported sensitivity topeer acceptance to decrease in late adolescence. Stodidke
anticipation of peer evaluationeveal activatios of brain regionsthat are typically associated

with rewardrelated and emotional processing.
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1.6 Peeilnfluence

1.6.1 Peerinfluence

Adolescents tend to associate with peers who share sinfiklraviours,preferences and
attitudes including academic aspirationmusic taste, political opinion, fashion style or
preferred leisure activitie¢Brechwald & Prinstein, 2011)his homophily in adolescence has
beenattributed to two processes: adolescents initially choose peers with similar attitudes and
preferences (selection effects), but also become more similar to their peers over time
(socialization effectskKandel, 1978)Until recently the majority of studies on the effects of
peer influence were observimnal or based on questionnaimeasures (Brechwald &
Prinstein, 2011; Brown, 2004 order to study an effect of peer influence on measures such
as alcohol use or deviant behaviour, studieenfcontrolled for baseline leveknd selection
effects However, due to the correlational nature of this datawdsnot possible to establish
causal relationships between peer influence @whaviouralchanges in these studies. In the
last decade studes have started to investigate effects of peer influence on behaslour
measures of riskaking, risk attitudesand associated brain activatiors in controlled
experimental condition® / KSAYy X !t 0SNIX hQ. NASy> | O]l SNI =

Prinstein, 2006; Gardner & Steinberg, 2005)

It has been suggested that adolescents might adopt attitudes or engage in behaviours that
they perceiveto be endorsed by popular pee(Brechwald & Prinstein, 2011Ywo different
constructsof popularity have emerged in the literatur€Cillessen & Rose, 2005; Parkhurst &
Hopmeyer,1998) Sociometric popularity is measured on the basis of peer nominations as

being liked or disliked as a frienBerceivegopularity is assessed based on how adolescents
LISNDSAGS GKSANI 246y 2NJ 20 KSNE populddty degbskneit dfe & | -
all students in the 11 grade of an American school (aged -1§ year9, the effect of

popularity on peer influence was investigated inchatroom paradigm (this task will be
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NBE F SNNE R (i Zhatrooin ParaglighSty @void confusion withhe Chatroom Task
describedin 1.5;G. L. Cohen & Prinstein, 2006) this task,averagdy popular participants
interacted with three anonymised allegedpeers from their schoglwhose popularity was
experimentallymanipulated. Participants and the alleged peengere asked tandicate how
they would behave in hypotheticadcenarios, whichnvolved aggressive or heaitisking
actions with the participant always resporiag last. Adolescent boys (aged 187 year9 were
more likely to choose aggressive or risky behaviours wiagular peers had endorsethose

behaviours compare to whampopularpeers had endorsed them

1.6.2 Domainsof peer influence

1.6.2.1 Peer influence on anfiocial andisk-taking behavious

The following two sections willeview peer influenceeffects on antisocial and risktaking
behaviours. The first section will focus onobservational questionnairebased or
epidemiological studies investigatimger influence on attitudes towards and eagement in
healthrisking and antsocialbehavious. Thissection only intends to give a shaverview of

this verylargeliterature (for reviewsBrechwald & Prinstein, 2011; Dishion & Tipsord, 20Ii)
addition, this section will include some more recent studieshat have investigated peer
influence effects on risk perception and attitudes in experimental manipulations. The second
section will concentrate on peer influence effects on experimental measuneskyfas well as

reward-related decisionmaking

1.6.21.1 Observational, questionnaiieased and epidemiological measures of pedudénfce

on antisocial and healtlisking behavioursand riskperception

The majority of observational and questionnabased studds have focussed on peer
influence effects on healthisking and antsocial behaviours. Thestudies consistentlyind

peer influenceeffectson alcohol and tobacco consumption, asticial, aggressive and criminal
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behavious, but alsoon internalizing lehaviours(for reviews Brechwald & Prinstein, 2011,

Dishion & Tipsord, 2011)

An exhaustive review of peer influence effects on healtkingand antisocial behaviours
would be beyond the scope of thistroduction; indead these effects will bdlustrated with
examples of peer influence effects oattitudes towards and engagement ialcohol
consumption, which have been very well research&decent longitudinal studinvestigated

the role of selection and socializatiqprocessesn alcohol usen young adolescents (aged
11-12years) over the course of four school years (froth- 8"grade American school
Osgood et al., 2013 his study found strong evidence for a role of socialization processes
alcohol use in young adolescence; adolescents adjusted their behaviourt¢h thair alcohol

use to that of their friends.In addition, adolescents chose friends with similar alcohol
consumptionpatterns (selection processes). Both selection and socialization effects have also
been found for smoking; adolescent smokers chosenfltiewho were smokarand non
smokers who were befriended by smokers were more likely to start smoking than those

without smoking friend¢Kobus, 2003; Simosdorton & Farhat, 2010)

Peer influence on alcohol consumptiattitudes hasalsobeendemonstrated in experimental
paradigms.Adolescets (aged 13 15year§ who had viewed alleged Facebook profiles of
older peers consuming alcohol and thus perceived alcohol use as nornfsgiwealso 1.7 )2
reported more positive attitudes towards alcohol consumers ahé consequences of
consumptionas well as a higher ppensity to drink alcoholthan adolescents who viewed
Facebook profiles in which alcohol use was not normafivie & Stock, 2011)n a version of

| 2 K S yia@agom Paradigm(seel.6.1 G. L. Cohen & Prinstein, 20p&}lolescent boys (aged
14-15year9 reported their willingness to consume alcohol in hypothetical scenarios after
viewing the responses of three alleged peestho were déther more or less willing to drink

alcohol than the average student from their schébkunissen et al., 2012n both conditions,
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adolescents conformetb their peer<attitudes towardsalcohol;in addition,they were more

influenced by supposedly popular relative to unpopular peers.

A recent study agssed whether peer influence effects on alcobohsumptioncould also be
found in mice (Logue, CheinGould, Holliday, & Steinberg, 201#eer effects on alcohol
consumption were tested in the C57BL/6J mouse strain that voluntarily drinks ethanol
solutions Juveile mice (postnatal day (P)2#®30), which were raised in sarsex triads,
consumed more laohol in a novel environment in the presence of their catptes than when
alone, while drinkingpehaviourwas not affected by the presence of the capates in adult
mice (P84- P86).However, this study did not employ a control to test whether theserpee
effects in mice were actually specific to alcohol or could alstobed for instancefor water.
Thus, the presence of cageates might just increase foraging behaviours, even though the
experimental seup aimed to minimize&ompetition However, if thipeer effectwas specific

to alcohol, this would suggest that evemice show peer influence effects on drug
consumption, indicating that at least some peer influence processes might be mediated by

lower-level arousaéffects

Observational studies that nstly control for selection effects afor initial levels of
aggression, have found that adolescents with peers who engage irs@aisl or criminal
behavious are more likely to also engage in aaticial or criminal act¢Dishion & Tipsord,
2011) For instance, adolescentshose friends with similar levels of relatanaggression
(manipulating social relationships or status, for exampléullying)and being befriended with
relationally aggressivpeers led toan increase in relationally aggressive behaviower the
period of a year(Sijtsema et al., 2009A recentlongitudinal study ina sample of highisk
male studentsgged 12 15years,7" - 9" gradeAmerican schocét the firsttime point) from
low socieeconomic status schools found thia¢ingbefriendedby peerswho carriedweapons
was related toa greater likelihood of carrpig a weapon over the course of a yeeontrolling
for selection effect¢Dijkstra et al., 2010)The authors suggested that carrying a weapon might
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be a status symbah this sample Supporting this hypothesis, the study demonstrated that
carrying a weapon was associated with a highemmbar of friendship nominations
Observational studies have described that one way peers exert negative influence is via

WRSGPALIyO& GNIXAYAYy3IQ RdZNAYy3I 6KAOK RSGAdviAlG | 4
positive feedback such as laughter and stories of past deviant behafishion & Tipsord,

2011)

Peers do not only influence the current attitudes and behaviours in adolesceuatcalsohave
longlasting effects into adulthood.A recent longitudinal questionnairbased study
demonstrated that being more resistato peer influence in adolescence (across the ages of

13- 15years) was associated with lower levels of alcohol asewvell as fewer alcohol and
substanceabuse related problems in adulthoo@1-23yearsf O2y G NRf f Ay 3 F2N
YR LIS dlEs®in daddledc@nddllen, Chango, & Szwedo, 201Bging resistant to peer
influence in adolescence was also predictiwéower levels of criminabehaviourin adulthood

controlling for externalizingpehaviousin adolescencéAllen et al., 2014)

1.6.2.1.2 Peer influencen experimental measures akkyand rewardrelated decisiomrmaking

One of the first studies to examine peer influence effeots risktaking behaviourin a
controlled experimental setting, employed a computerised, -ad@ving simulation (see
Figurel.7a) in adolescents in the presence of twsamesex peers (Gardner & Steinberg,
2005) Participants droveup a car to a traffic ligh which turned from green to amber, and
consequently had to decide whether to stop or to move further. Moving further would win
points, but at the same time, it risked crashing into a wall and losing all points if the light
turned red. The two peers werénstructedto call out advice to the participant whether to
continue moving the car or to stopVhen adolescents (aged 136yearg played the game in

the presence of two peers, they took more risks than when they played on their own, whereas
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adult (24 ars and older) riskaking behaviour did not differ when alone or with peers

(Gardner & Steinberg, 2005)
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(Chicken Task) to assess behavioural-t@ling in a cadriving simulation: Participants are asked to make choices at

amber traffic lights whether to stop the car (and securing already gained points) or to move further (and gaining

more points, but also sking toloseall points if the light turned red). Here, the traffic light has turned red, resulting

in a crash and the loss of the points (Figure taken from Gardner & Steinberg, 2088)Rbyersion of th@ { (i 2 L)t A 3K
¢ I eingoyed to assess neural acttion when making decisierat the amber traffic light (Figure taken from

Peake et al., 2013). ¢) Regions (VS and OFC) showing éadagscents (Adol.: 1418 years), young adults (YA:

19- 22 yearspand adults (24 29 years)x social context (peearersus alone) interaction in the decisiperiod of the

Stoplight Task (Figure adapted from Chein et al., 2011).

In the decisiorperiod of an fMRI version of this task (sEeurel.7b), adolescents (aged
14-18years) showed increased activation in th&S and orbitofrontal cortex (OFC; see
Figurel.79 in the peerpresent relative to the alone condition (peers were observing but not
interacting during the taskChein et al., 2011)n contrast, actiation patterns in young adults
(aged 19 22years) in these regions were not significantly affected by peer presence. Risk

taking behaviour in adolescents was associated with greater activity in the VS and OFC during
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Go versus Stop trials. These findingslicate that the presence of peers might render

adolescents more sensitive to potential rewards.

In the study of Gardner and Steinberg (2Q0@miliar peers wereinstructed to advise the
participant during the riskaking task. A recent study found thadolescents (aged
15-17year9 also showed increased levels of fiaking ina wheelof-fortune type gamble
when being told that an unfamiliar, sansex peer was observing thewia a camera to make
predictions about their performance without having m#étem (A. R. Smith, Chein, &
Steinberg, 2014)In another recent study employing a wheeaif-fortune task, adolescents
(aged 11- 18 years}took more riskgdhan adultsin highrisk gamblesvhen being told that their
choices were observed by three alleged, unfamiliar, samepeers, while ristaking did not
differ between adolescents and adultwhen choices were made unobservgtiaddad,
Harrison, Norman, & Lau, 2014)hen peers advised participants to choose the risky option,
both adolegents and adults took more risks than when making choices unobserved, however
adults took on thisrisky advice more than adolescents in this conditidgnother study
investigated peer influence effects the balloon analogueisk task (BART tasK;ejuez et al.,
2002) in whichparticipants decide whether to inflate a balloon to accumulate more money, at
the risk of the burstinghe balloon, or to stop inflating andbank the money (Reynolds,
MacPherson, Schwartz, Fox, & Lejuez, 2003} study also reported peer influence effects on
risk-taking behaviouiin 18- 20-yearolds. An increase in ristaking was however only found
when peers had been instructed to encage risktaking and their payment depended on the
LIJ- NI A OA LJ- yskitakiag (thiisSrdt&iétion2v@s ulkhown to thparticipan). There was

no difference inrisk-taking inthe peerrelative to thealone condition if peers did not receive
this instrudgion. Consequently, more studies and replications are needed to determine
whether explicit encouragement by peers is required or whethermere presencef peersis
sufficient to elicit heightened ristaking in adolescerc Furthermore, it remains to be

determined what rolefamiliarity and physicgbresence of peers play in peer influence effects.
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Thisis particularly important in light of the differentasksand age groups employed by the

studies that have reportethesedifferent results.

Increased leels of risktaking inadolescence in the presence of pedi@ve been linked t@a
modulation of reward sensitivitipy peers(Chein et al., 2011gnd evidence from studies using
delay-discounting paragjmshave beersupporting this hypothesis [ ® h Q. NASyYy X | f 0 ¢
Steinberg, 2011; Weigard, Chein, Albert, Smith, & Steinberg, 2B&dexamplewhen in the

presence of peers relative to wh alone 18- 20-yearolds demonstrated greater preferences

for immediate rewards (such as6®0 immediately rather than $000 inoneyeaf ® h Q. NA S
et al.,, 2011) Similar results were found when 122-yearolds were simply told that an
unfamiliar peer was observing them from an adjacent rofMveigard et al., 2014)rhis and

other studies suggest that physical presence is not necessary to produce peer influence effects
(see also e.gGuyer et al., 2009; Haddad et al., 2014; Moor et al., 2010; Silk et al.,. 2012)

recent developmentattudy investigatedpeerinduced modulation of activationin a reward
processing task that did not involve risky decisi¢as R. Smith, Steinberg, Strang, & Chein,

2014) This study providegreliminaryevidence that adolescent@ged 14 19yearg relative

to adults show heightened activatioturing the receipt ofrewardsin the NAcc when peers

were observing them, while theravas no developmental differeno&hen participantswere

alone These studies suggest thdhe presence of peers influences adalent choice

behaviour in rewareelated decisiosand neural activation in rewartelatedregions.

Recent studies havalsoprovided experimental evidenctat fear of social exclusion might
play a role in peer influene effects. Adolescents (aged 147 years) playeda cardriving
simulation twice (see Figurd.7b), while allegedly being observed by two peers over the
Internet (Peake, Dishion, Stormshak, Moore, & Pfeifer, 20H)wever, prior to the second
round of the cardriving simulationthe participant was ostracised by the two peers in the
Cyberball task sgel.5.2). Following social exclusion participants showed a tréord
heightened riskaking and this increase in ris&king was greater in adolescenso reported
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lower resistance to peer influence in a questionnaifetivation in the right TPJ (a region
implicated in mentalisingseel.4.2), when making risky chaoés, mediated the relationship
between resistance to peer influencacores and elevated rigkking. In another study,
participants played the Cyberball gamee week prior to the cadriving simulation(Falk et al.,
2014) Activation during exclusion relative to inclusion in a network of regions previously
implicatedin social exclusion (subgenual ACC and anténsula) and a network of regions
assodated with mentalising (dorsomedial PFC (dmPFC), TiBlitangosterior cingulate cortex
(PCC}eel.4.2) was extracted to predict peer influence effects on-tidding. Both activatios

in the social exclusiorand the mentalising networkwere positively associated with the
difference in riskaking between the peepresent and the alone condition. These two studies
suggest that in addition to a modulation of activen in rewardrelated regions, peer influence

is aseciated with activation of regions in the mentalising network and areas typically activated

during social exclusion.

1.6.2.2 Beneficial peer influence

Interactions with peers are important for adolescents to learn how to navigatifferent

social envionments and adapt their interaction patterns depending on the social group they

are with. With the increasingemergence of peer groups and crowds during adolescence
(Brown, 2004 | R2f SaO0Syda OFy LINI OGAOS G2 Wlael &8 RA
present.A longitudinal questionnairbasedand observational study demonstrated that being

liked and accepted by peers in adolescence (across theddes 15years) was predictive of

greater competence in young adulthood to have positive relationships with close friends and
romantic partnes (Allen et al., 2014)In contrast, higher levels of resistance to peer influence

were associated with lower levels of competence to have Hfuglttioning relationships with

close friendgAllen et al., 2014)

55



The majority of research revealing beneficial peer influence effects has been observational or
questiomaire-based. Ryan (2001) demonstrated in a questionnairebased approach that

during the course ba school yearyoung adolescentsaagjed12- 13years, ¥ grade American

school) who spentime with motivated and academically high achieving peers were more

likely to show improvemerstin their academic performance and enhanced motivation than
studentswho spen time with unmotivated peers. In addition to academic performance, peers

also positively influence prosocial behaviour (showing interest in the welfare of others and
voluntary engagement in actions with the aim to benefit othelssenberg and Sheffield

Morris 2004) Being befriended by a peewho initially had a higher level of prosokia
behaviour than the adolescenaged11 - 12 years, & grade American schoohad a beneficial

impact onthe I R 2 f Ssipfooefal iizhaviour over a period of two school ye@hgentzel

et al.,2004) A followup study further found that friendship quality moderat¢he effect of a
TNASYRQA LINRPAa2OAL fsninationdd atgzdsocRlly(BarmR& WedtaekO Sy i Q
2006) In another study, Walker et a[2000)demonstrated differential impacts of parents or

friends on adatscent moral development in ayear longitudinal studyn 10- 15-year-olds.

For instance, in discussions about moral dilemmas (both hypothetical andifeeabnflicts),
KFE@Ay3 | FNASYR OKIFftSy3aS | LI NIAOALIYyGQa Y:
Y2 NI € RS@St 2LIrSyi 6FraasSaasRr gt (lkterview: 2 Kf 0 S
ColbyandKohlbergl987) whereas parents challenging reasoning led to slower maturation of

moral reasoning.

In addition to positive peer influence effects on prosobiahaviour, academic motivation and
moral developmentpeerswere also found to have the potential texert beneficial influence

on healthrisking behaviou(Pfeffer & Hunter, 2012)Transportinjuriesare the most frequent

cause ofdeath in adolescent§seel.3, Eaton et al., 2010)In the light of this, a r@ent study
investigatedg KSG KSNJ LISSNAE Ay Tt dzS yl8ye®y evauationSoh oy G & Q

crossingsafetyfrom a pedestrian perspective ideo-clips(Pfeffer & Hunter, 2012)/Vhen in
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the presence of peers who had beendfed to encourage safe road crossing behaviour, more
crossings were correctly identified as dangerous relative to when peersexerting negative

influence or no peers were present.

Health advertising campaigns have also recognized the powerful icBuehpeersand many
peer-led prevention and intervention programmes have been developed to reduce adolescent
smoking,to educak on sexual health oto prevent drug abuséCuijpers, 2002; C. R. Kim &
Free, 2008; Parkin & McKegan 2000; Stephenson et al., 200&pr example, e ASSIST
intervention (A Stop Smoking in Schools Trial) is a sdiamald peefed intervention
programne, targeted at students aged t23years(Campbell et al., 2008)nfluential peers

are identified on the basis of pe@ominations and thertrained to be peer gpporters to
intervene in everyday situations and discourage smoking. This interventionoled22%

decrease in the odds of being a regular smoker relative to control schools.

1.6.3 Heightened sensitivity to peer influence during adolescence

Questionnaie-based studies that have investigated developmental changes in sensitivity to
peer influence usuallgmployhypothetical scenarios in which the participant needs to choose
betweenan option that a peer suggests and an option that the participant woeldonally
prefer to do(Berndt, 1979; Steinberg & Monahan, 2007; Steinberg & Bidvgr 1986)Earlier
studies found a peak in sensitivity to peer influemtgingadolescence (around 1415 years);
however this peak was only religifiound for situations in which peers suggested asucial
behaviours (for examplestealing, cheatingor trespassing;Berndt, 1979; Steinberg &
Silverberg, 1986)A more ecent questionnaireneasure, called resistance to peer influence
(RPI)doesnot focus on antisocial behaviours analvoids socially desirable answe(Steinberg

& Monahan, 2007) Employing this measure, a linear increasetlir resistance to peer
influence was found during adolescencElowever this increase was most profound in

adolescents aged 1418years, while there was nasignificant change duringyoung
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adolescence gged 10- 14years), thussupporting the notion that young adolescences a

period of heightened sensitivity to peer influes

As described i1.6.2.1.2, therels some experimental evidence for heightened sensitivity to
peer influence in adlescence relative to adulthoodyith adolescents taking more rislkand
showing increased activation in rewarélated regions when in thpresence of peers relative

to when alone while this was not found for adult&Chein et al., 2011; Gardner & Steinberg,
2005; A. R. Smith, Steinberg, et al., 20Btudies investigating carashesin the USAound

that death rates inadolescents (aged 167 year§ were elevated when they were
transporting passengersparticularly when transportingassengers aged 129 years- while

death ratesin adult drivers (aged 30569 yearg were decrease when transporting passengers
(Chen, Baker, Braver, & Li, 200Bpidemiological studies have also founddence for a role

of peers on thdikelihood of committingcriminal acts in adolescen¢Erickson & Jensen, 1977;
Zimring, 1998)These studies showed that adolescents mostly perpetrate crimes such as drug
abuse, vandalism, burglary, robbery or homicide when they are in company of one or more

peers,whereas adults tend to be alone when committing a crime.

1.7 Social Influence

1.7.1 Social influence andonformity

A phenomenon that demonstrates the powerful impact of thecial environment on
AYRA @A Rdz fiQsbcialbirlkehcd M2laigihtial psyclology literature in adultshas
reported the effects of social influence and conformity, demonstrating that individuals adjust
their attitudes and/or behaviours in order toconform with those of others (see
Cialdiniand Goldstein2004 for a review). Oneof the bestknown studies to measure
conformty assessed this in an alleged visual discrimination {ask Figurel.8), in which
participantshadto match a target line with one of three differently long linafter a group of

confederates had respondeg@dsch, 1956)Conformity was measured by the number of times
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participants chose a wrong answer because the confederates unanimously had chosen it.
Partiagpants were influenced in their choices by wrong answers of the confederates showing
on average 3% incorrect responses, whereas the control group (no social influence)

responded wrong on%of trials only.

I ‘
5" 5" 4" ek
m
8" 6Ve 8" 6%
STANDARD COMPARISON

Figurel.8Y | a0OKQa f Ay S LI adourah @nformity? Paiicphnis daNig/edacStéke part in a visual
RAAONRYAYIlIGA2Yy (F&12Z $6KAOK NBIddZANBR GKSY (2 YFGOK I i
When participants responded after having been exposed to the unanimodswaong response of a group of
confederates, participants made more incorrect responses relative to a control condition (Figure taken from Asch,
1956).

The social psychology literature differentiates between two types of social influence:
normative influence and informational influencéDeutsch & Gerard, 1955)n the caseof

normative influenceA Y RA @A Rdzl f 4 Q Y2 ( A @ ltdider®e/fromd thed@@ty LI & A
obtain social approvaknd/or avoid social rejection (.ethe Y2 G A @F GA2Yy )G2 08
Individuals will adjust their behaviour in order to meet the expé&otss ofothers, thus publicly
complying; however their private preferences might not be affectédialdini & Goldstein,

2004; Deutsch & Gerard, 1955jor ingance, when eating out witha group of vegetaan

friends an individual might ordea vegetarian dish, despite craving forseak in order to

avoid disapproal from the friends. Williams et al(2000)demonstrated that participantsvho

had been ostracised in the Cyberball t4ske sectionl.5.2), subsequently conformed more
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frequently when making visual judgements than participasit® were includedThis increase
in conformityafter the experiene of social exclusion suggests that conformity might be partly

driven by the avoidance of social exclusion.

In contrast,informational influence describes the phenomenon th& G KSNE Q | G 4 A ( d:
behaviourscanserveas a source of information about the environment to guide behayiour

which individuals mighprivately acceptand thus adjust their own preferencg€ialdini &
Goldstein, 2004; Deutsch & Gerard, 195B6dr informational influence, te motivation to
conformis thought to stem from the goal to be accurate (i.e. the motivatdn t6 S WNAXA I K
Informational influenceoften occurs when individualgrre uncertain about a choicand

greater conformity was found when stimuli were ambiguoR. Bond & Smith, 1996fror

example wherchoosinga restauranton holiday,an individual might benore likely to pick the

restaurant that is filled witlguestsover an empty restaurant.

Informational and normative influence can both contribute to a change in behaviour and
public complianceto opinions might be followed by private acceptance. It is difficult to
disentangle he two types of influence in experimental settings as babultsin conforming
behaviour. Deutsch and Gerardl1955) suggested thatthe level of normative influenceis
dependent on whether participan@choices can be seen hye group and found that
participants conformed less when making anonymous judgements in Aséihe paradigm
(Asch, 1951)han when feeling observed by the rest of the grqafthoughnote thata meta
Fylrfeara 27T a lizRakaBigmdidziotfiidda sigrifiérk dfference between

public versugrivate judgementsR. Bond & Smith, 1996)

The followingsectionswill first review studies odevelopmental changes abnformity (1.7.2),
then briefly describe the similarity of social and msotial reward and punishment processing
(2.7.3) and finally review functional imaging studies investigating soonffdence in adults

(1.7.4) anchdolescentg1.7.5).
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1.7.2 Development of scial influence and conformity

A number of recent developmental studigmve A y @S a i A 3 (i &ded40agdaisR NBy Q
sensitivity to social influencéHaun & Tomasello, 2011; Over & Carpenter, 2009 child-

friendly ved A 2y 2 F | & OK Qyeardlds goSforrhdetd\theRihaginMas but wrong

judgment of a majority of peerand crucially showed stronger conformity when responding
publicly (verbal response) comparéal privately (pointing responseédaun & Tomasello, 2011)

Studies in young childhood have alagestigatedimitation and have found thathildren over

imitate a mode] i.e. imitate unnecessary actions to complete a tasksome social contexts

(Over & Carpenter, 2013For insance, afterchildren(aged 4 6 years)observedan animation

of shapes being ostracised, they subsequentijtated the actims of an adult model more

faithfully thandid children who had watched a control animati¢@ver & Carpenter, 2009)

As reviewedin 1.6.3 conformityto peers in hypothetical scenarios was found to follow an
inverted Ushape during adolescendpeaking around 1415years) when peers suggested
anti-social behaviours, while aformity wasfound to decreasdinearly between 14 18 years

when the hypothetical scenarios did not focus on &ucial behaviourgBerndt, 1979;
Steinberg & Monahan, 2007; Steinberg & Silverberg, 1986w studies have investigated

the development ofconforming behaviourA y | 3 0OKQ&a €Ay S LI NI RAIY
Costanzo etal. (1966) found that young adolescentsaged 11- 13years) showd greater
conforming behavioud y | @F NA | yi 2 F (emglo@ifigaimbigiiohsysSmul)dr NI R
relative to children §ged7 - 9 years) older adolescentsagedl17 - 19 years)and young adults.

In contrast, Walker and Andrad€1996) described a decrease inowformity between

3-178 S NB Ay | @QifeNdradigny usidgFuambiguous Stianuli. However, there

were only two critical trials, in which participants were confronted with a wrong unanimous
majority judgement of samaged peers acting as confederatds addition, the ability of
3-yearolds to act as confederates is @gtionable and difficult to compareith the effects of

adolescent confederatedifferencesin developmental trajectoriesnight also be due to the
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differencesin the ambiguity of the stimulsimilar to what has beeshownin adulis (R. Bond &
Smith, 1996) studies in children anddolescents have also found greater conformity if the

stimuli areambiguougHaun, van Leeuwen, & Edelson, 2013; M. B. Walker & Andrade,. 1996)

In an experimatal study, adolescents aged 127 years listened to short music clips from
Myspace andated how much they likd the songBerns, Capra, Moore, & Noussair, 2018)

a second round of ratingsfter participants had viewethe overall popularity of the song on
aal) OSsT LINIAOALIYGAQ NIdGAy3Ia O2yF2NX¥SR (2
conformed more strongly thadid older adolescents. To summarize, there is evidence from
quegionnaire-based and experimental studies thtae tendency to confornto others changs

during adolescence, however some findings suppopeak inconformity duringyoung to

mid-adolescence while othsisuggest a decrease of conformity during adolescence

Adolescents, but noadults, shovwed increasedrisk-taking in a cadriving simulation in the
presence of peers relativehenalone (for detailsee 1.6.2.1.2Gardner & Steinberg, 2005
recent studysuggesteahis effectis dependent on whether a confederate, who posedaas
peer, was perceived tendorserisk-avoidantor riskseeking normgrior to the cardriving
simulation (SimonsMorton et al., 2014)Male adolescents aged 167 yearstook more risks
during driving when with aupposedly rislseeking peer relative to when alone/hile risk
taking in the presence of a supposedly f@sloidant peewas not elevatedthe participant and
the peer were not allowed to interacthis suggests thatonformity to social norms might

contribute to peerinfluence effects on riskaking in driving situations adolescence

Recently studies investigating adescent conformity to peers aimed to disentangiablic
compliance from privatecceptanceAs described il.6.1, Cohen and Prinsteif2006)found
that adolescent boys were more likely to publicly comiplya Chatroom paradigno high
status han lowstatus peers whoendorsed aggressiveand healthrisking behaviois.

Participants also responded to the same hypothetical scenarios in the absence of the alleged
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peers. In this private session, adolescent boys also showed higher private accepfance o
aggressive or healthisking attitudes after interacting with the higdtatus pees compared to

the low-status peersThese findingsuggest that adolescents do not only complith their

LISSNBR Ay Llzof AOzZ odzi | am afallgwiup Siydyid dddleScendi K S A N
boys(aged 14 15years) described inl.6.2.1.1 participantshad also privately adjusted their
willingness to drink alcohol after being exposed to responses of peers who were less willing to
consume alcohol; however thigfect was not found when they viewed attitudes of peers with

a greater willingness to consume alcolidkunissen et al., 2012)hese studies indicate that

I R2f SAa0Syida 02y T2 NXThéreis alsdisSmeNdidddeSshigisting thag NI a

adolescentgrivately accept those norms

1.7.3 Social reward ad punishment

As reviewedn 1.7.1,conforming behaviour is in part motivated by the prospect of afitag
social approval by othemnd the desirgo affiliate (Cialdini & Goldstein, 2004y he rewarding
value of social approval might reinforce behaviour that is consistent with social néiatls
Way, & Jasinska, 2014 large number of @uroimaging studies in adultsavedescribed the
role ofthe VSandthe OFC in the processing pfimary (e.g. food and water) and secondary
(monetary) rewardgHaber & Knutson, 2010; Montague, kiGigsas, & Cohen, 2006; Rangel,
Camerer, & Montague, 2008Recent studieslemonstrated that these regions are also
involved in the processing of social rewal@hanji & Delgado, 2014; Davey, Allen, Harrison,
Dwyer, & Ycel, 2010; Fareri & Delgado, 2014; Lieberman & Eisenberger, R@08%xample,
being described by others with positive relative to ralttrait adjectives activated similar
regions in the striatum as receiving monetary rewar@suma, Saito, & Sadato, 2008)
Anticipation of positive ®cial feedback (happy face expressionayl anonetary gains both
activated rewardrelated regions including the VS/NAcc, with greater activity for cues
predicting greater social or monetary rewar(lademacher et al., 2010; Spreckelmeyer et al.,
2009) indicating that similar brain areas are involved in processihgionetary and social
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rewards.Engaging in social interactions abctivatesreward-related regions: perving that
another participant was controlling a virtual agent in a ghased interaction paradigm
activated the VS and OFC relative perceivedcomputercontrolled agents(Pfeiffer et al.,

2014)

In addition to the pursuit of social approval, normative social influence is thought to be
motivated by the avoidance of social exclusion, i.e. individuals will adjest behaviour to
match social normsi 2 LINB @Syl 06S02YAy3d GKS (QiddwB& i
Goldstein, 2004)Neuroimaging studies in adults have suggested tthataffectivecomponent

of physical pain andhe PainQ 2 F 0 SAy 3 aie2both prdcesBd itnitarb&iR
regions including the ACC and insuleieberman & Eisenberger, 2009; Rotge et al., 2014;
Shackman et al., 2011)he first fMRI study to assess the neural correlatesosfracism,
contrastingsocal exclusion relative to the inclusion condit®af the Cyberball tasksee 1.5.2

for details about the taskyevealed greater activation in thdorsal ACCAACG and anterior
insula(Eiseberger, Lieberman, & Williams, 2003lf-reported distress during exclusion was
positively correlated with activation in the dACC during exclusion relative to inclusion.
Activation in the dACCwhen viewing disapproving facial emotions relative to tfom
correlated positively with individual sensitivity to rejectiofBurklund, Eisenberger, &
Lieberman, 2007)Addtionally two recent metaanalyses showedthat both socialexclusion

and physical pain activate the anterior part of the dARGtge et al., 2014; Shackmanal.,
2011; althoudy seel.7.4for a discussion of a role of the dAf@@nonitoring response conflict

Both pain and social exclusion can act as negative feedback to reinforce behaviour and
functional imaging studies in adults indicate tithe same brain regions might press the

affective componerd of physical pain and social exclusion

A recent study in adults provided further insight in the way that peer feediaigkt affect
behaviour via social reinforcemelgarning(Jones et al., 2011Jhe study employed a learning
task in which participants responded to cues of three alleged peetwo differed in their
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likelihood of giving positive feedback (i.e. their frequency of providing nthtes displayed
interest in personal information that participants recorded on video before the experiment).
Participants became quicker over the course of the experiment in responding to peers who
were more likely to provide positive feedback relative to those who gavss I@ositive
feedback, and also rated those peers who interacted more frequently with them as more
likeable. Similarities between social and nawocial reinforcement learning suggest that
positive and negative social feedback might reinforce behaviourithabnsistent with social
norms. Activity in the vACC, VS, anterior insula and OFC correlated positively with the
prediction error signal. These areas are also known to be involved in reinforcement learning of

non-social primary or secondary reinforcddontague et al., 2006)

To summarizewith normative influence being mediated by the pursuit of social approval and
the avoidance of social exclusiatevelopmentaldifferences in thesensitivity to social rewards

and/or social exclusion might be relateddbanges in the susceptibilitg social influence.

1.7.4 Neural correlates of social influence

As reviewedn 1.7.1, thereasonswhy individuals conformto oth&rQ I G G A G dzZRS & 2 NJ
are thought to betwofold: an aim to be accurate, i.edzd A y 3 2 (i KsSadld €durc2 biA y A 2
information (informational influenceg andan aim to obtain social approval from others and to

avoid social exclusiomormative influence> A ®Sd® O2y F2NXAyYy 3 G2n YSS
the recent yeas, functional imagingstudiesin adults have aimed tainravel the neural

mechanisms of social conformity.

Supporting the idea that social rewards activate similar regions asacial ewards, studies
have demonstrated that agreeing with others activates typical rewalated regions.
Agreeing withtwo musicexperts on song choice activated similar areas in the VS as reciving
token for the favoured son(gee Figurd.9; CampbelMeiklejohn, Bach, Roepstorff, Dolan, &

Frith, 2010) Similarly, activation in the NAcc was greater when agreegtagive to disagremg
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with the ratings of a group on the attractiveness fates (Klucharev, Hytonen, Rijpkema,
Smidts, & Fernandez, 2009)herefore,regions associated with the processing of primary or
monetary rewards also seem to be activated wheratching preferences with others
However,this effectappearsto be only true when agreeing with a liked grquip the case of a
disliked group activation in the &as elevated when disagreeing relative to agreeing with

them (Izuma & Adolphs, 2013)

Object reward Agreement Disagreement (> agreement) x Social influence on
(> alternative) (> disagreement) behavioural sensitivity to social influence value signal

Figurel.9: Neural activation in a social influence task (Figures adapted from Carddi#tlejohn et al., 2010).
Green maps shows activation at reduced cluster defining threshold (orarm@:3Z green: 22.0). a) Agreeing
(versus disagreeing) with music experts on song choice activated similar regions in the VS as receiving a token for
the preferred song (versus the alternative song). b) Activation in the anterior insula/frontal operculum and dACC
when dsagreeing with the musiexperts relative to when agreeing correlated positively with the behavioural
tendency to conform to the music experts. c) Social influence on the value signal when receiving a token for the
music song.

When conforming to othe@ pirdons individuals will maintain theiopinionsif they match
those of othersandin the case whetthey do not match,individualswill adjust theiropinions
towards the2 (i K $pWioss(Berns et al., 2010; Campb#leiklejohn et al., 2010; Cialdini &
Goldstein, 2004; Klucharev et al., 2009; Zaki, Schirmer, & Mitchell, .2Bl1ihe study of
CampbeHlMeiklejohnet al. (2010)the behavioural metric  was employed as a measure of
sensitivity to social influence indicatifgpw much participants adjusted their song ratings at
the second time of judging towards the opin&af the musicexperts Higher By values(i.e.

greater sensitivity to social infence)were associated witlgreater activation in the dACC and

anterior insulawhen disagreeing relative agreeing with the music expéste Figurd.%,
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CampbeHlMeiklejohn et al., 2010)Similarly Klucharev et al(2009)found increased activation

Ay GKS R!'// YR Ayad#Z | ¢ é&Sndtingsitisadrdedviith dheyiodpQ T I
norms. Activation in the dACC and insula are also typically falurthg social exclusionThe

dACChas however also been implicated inthe detection of response conflictand errors
(Ridderinkhof, Ullsperger, Crone, & Nieuwenhuis, 2084jecent metaanalysis of functional

imaging studies demonstrated that physical pain, negative affect and cognitive control activate

an overlapping areanithe anterior region of the dAC{Shackman et al., 2011This meta

analysis integrated these finajs in the adaptive control hypothesis, which suggests a role of

the dACC in processing information about punishment across domains to control aversively
motivated actions. The activation pattern during disagreement relatite agreement
descibed by Kluchrev et al. (2009)i.e. increased activation in the dACC and decreased
activation in the striatum is similar to the neural prediction error signal found in
reinforcement learning and also predicted the level of behavioural conformity. This activation
pattern might thus signal the need RS ONBS I aS (KS O2yFtA0G o6SiGsS:
preferences. Speculatively social norms might reinforce behaviour simijato non-social

rewards or punishmentgdowever, note that it is not possible iafer the inwlvement of a

specific cognitive process on the basis of the activaticaagfrtainbrainregion (see/.23 for a

discussion of reverse inference).

In the case oinformationalinfluence, individuals do not only comply in public, but also change
their own values and opiniongCialdini & Goldstein, 2004l has beernsuggestedhat private
acceptance of social norms mighe reflected in a change of the value sigafin object or
stimulus (Zaki et al., 2011)n one experiment studying social influence on perceived facial
attractiveness, participants showed greater VS and OFC activation at the second time of rating,
when peers hadudged the faces initially as more attractive relative to faces judged as less
attractive (Zaki et al., 2011) ikewisewhen participants received a token for a song, the value

signal for thetokenin the VS was affected gusicS E LIS NIi & Q indeferdénbdomne S a
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behavioural magnitude of preference changege Figte 1.9c, CampbeHlMeiklejohn et al.,
2010) This suggests thathanges in behavioural preferences in response to deviating
judgements of others aralso reflected in an adjustment of the nel value signal of this

object.

To summarize, agreeing with ot Q LINS FSNBy OSa  Lrenied @dionsys (& LY
and OFQ) ¢KAES RAAFIANBSAYy3I 6A0GK 2 insuBaNRAQJATCONS F S N
typically found during social exclusion. There is also evidence that social nogimsmadiate
conformity similarto neural mechanisms of reinforcement learnifgnally, he value signal of

an objectis modulatedby social influence.

1.7.5 Developmental changes diie neural correlates of social influence

Adolescence is a period of heightened reward serigjtias well as heightened sensitivity to
social exclusionsgel.3 andl.52). Adult findingsshow activatiors in reward-related regions
gKSY 3aANBSAyYy3A gAlK agiatiossiNigond pBalfSuNRiyridgSaciall v R
exclusion (dACC anddirdzf F 0 @ KSyYy RA&I INBSAy.3Congefuerikly 2 G KS
developmentalchanges in the neural correlates of sensitivity to social reward or exclusion
during adolescence might be associated with developmental changesoal influence
Studiesexamiringthe development othe neural correlates of social influenege scarce. One
study investigating adolescent conformityf music preferences to popularity ratings
(seel.7.2) found thatindividual differences in conformity were positively correlated kit
activity in the dACC and anterior insw@athe second time of ratingvhen participantgaged
12-17years)had viewed popularity ratings after their first ratin@erns et al., 2010)Thus,
similar to what has been reported in adult social influence stydiesflicts between2 y S Q &
26y |y R prefaieiicBsNik &lolescence elieittivity in areas also associated wihcial

exclusionEisenberger et al., 2003; Masten et al., 2009; Sebastiah,&1011)
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{GdzRASAE 2y LISSNJ Ay Tt dzSyOS KI @S RSY2takiagiisll G SR
elevated in the presence of peers relative to when algi@&ardner & Steinberg, 2005,
seel.6.2.1.2 for details)Howeve, risky decisionmaking in adolescence seems to be adaptive
depending on the acial context in which the choices are made. When making choices
between a sure gain and a lottery, Hakerseadvice by an adult economiexpert affected

I R2f Sa0Syila&SioNES ROK2 A OS ZhoieyBdgelninfnl Mooré, Rajwf, (i & Q
& Berns, 2012)In young adolescents (aged 1P4 years) this behavioural effect seeméa be
mediated bya greater positive correlation between activationn the dorsolateral prefrontal

cortex (DLPF@nd the magnitude of the sure option in the presence of advice relative when

no advice was givenThe authors suggested that the presence of an adult expert might
modulate the activation of regions typicallysagiated with cognitive control (DLPFThis

study cannot determindnow adolescents would adjust their choice behaviour to-dskking

advice of an adult or risverse advicdy a peerbecause these conditions were not included

1.8 Social facilitatiorand the audience effect

1.8.1 What is social facilitation?

There has been a long history of research on social facilitati@aults (Triplett, 1898) which
describes the phenomenof co-actor effects (individuak performing the same task as the
participant) oraudience effect®n task performance The term social facilitatiostemmed
from ealy studies(Guerin, 1993%howing that participantsvere fasterin a competitive motor
task(Triplett, 1898)and generatednore words in avord association tasfAllport, 1920when
performing along ceactors compared to when alone. Performance improvements were also
found in the presence of an audience; for exampieasks testing motor coordinatiofT ravis,
1925)or vigilance(Bergum & Lehr, 1963 contrast, Pessi(i1933)showed that participants
required more trials to learn a list of nonsem syllables in the presence of an audience

compared to when learning on their owhbwever, when recalling these syllables after several
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days, performance was better in the presence of an audieZ@onc (1965) put these
apparently inconsistent findingsnto a theoretical frameworkproposing that mproved
performance in the presence of others is usually found for simple or-lealhed tasks,
whereas an impairment of performance is reported for complex or learning .tesien though
both improvements andmpairments of performance have been reported, tsemewhat

misleadingerm social facilitatiorcontinues to baused(Aiello &Douthitt, 2001; Guerin, 1993)

A metaanalysis of 241 cactor and audienceeffect studies(C. F. Bond & Titus, 1983)
ISYSNI ffe &dzLIJJ2 Nlparticigant® gesfotnguickdr BT YrSesonsk Mte) in
simple tasks and slower in complex taskhen in the presence of othersSimilarly, the
presence of others leads ta decreasein accuracy in complex tasks and an increase in
accuracy in simple tasks. However, the mean effect size of this improvemewcturacy is
fairly small (mean &0.11) which might be a result of ceiling effects or a publication bias

towards findings that & consistent with the framework.

Due to the variety of taskthat have been used to study social facilitati@ F. Bond & Titus,
1983; Guerin, 1993; Zajonc, 1968)ischallengng to generate a comprehensive classification
systemas to what constitutes a simple taskersusa complex taskAn example of this
challenge can be seen in the Bond & Titus (1983) ramtdysis, which, instead of classifying
tasks used in different studéeas simple or complex based on a consistent rule, labelled tasks
according to their classifications in the original papdrkis lack of a consistent classification
system might have also contributed to the small effect size of the improvement in acaaracy
simple task: while 6% of the effects insimple tasksvere an improvement in accuracy with

an audience 40% were impairmentsin accuracysuggesting that some of these tasks might
actuallybe complexor the theory is wrongln addition, only about aisth of the studies in the

Bond & Titus metanalysig1983)manipulated task difficulty within asingke experiment.
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Only a few studies have considered how individual differences might contribute to the
direction of social facilitation effects. A task that is simple for one participant might be
complex foranotherand consequently indiglual differences migt play arole as towhethera
participani@ performance improves or decreases in the presence of oth&rsecent meta
analysis on individual differencébziel, 2007)showed that personalityalso modulates the
effect of the presence of others on task performance. This raetaysis showed thafor the
small number of social facilitation studies (@tdidies) that collected psonality variables,
positively oriented individuals performed better and negatively oriented individuals performed

worse in the presence of others.

Experimental peer influence studi@sadolescenthave so far mostly focused on the effect of
the presene of peers on risky or rewanetlated decisiormaking (sed.6.2.1). Few
developmental studies have investigated the effect of the presenacetladrs ¢ in particular
peers- on task performance. While peers might play a special role in both audiencesedisat
co-actor effecs during adolescence, it is difficult to disentangle effects of competition or
rivalry from other ceactor effects; consequently | will now narrow the review to audience
effects. The nexsection(1.8.2)will summarize the most relevatheoriesof audience effects

and link theseto the special role of peers during adolescence. Subsequently, developmental
studies on audienceffects (1.8.3)and neural correlates of audienaffects (1.8.4) wilbe

reviewed.

1.8.2 Theoriedor the audience effect

In addition to providing a framework to explain the directionality aafdience effects in
dependence on task difficulty or mastery, Zajonc also developedétine theory(xo explain
the framework. According to his theory, thmere presence ofothers increases drivéevels
(arousal) which enhances the production of dominant respandde asserted that in simpler

well-learnt tasks thedominantQ(habitual) response would be a correct response, while in
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complexor learningtasks it would be imrrect and consequently leading to performance
improvements in simple tasks and performance impairments in complex {Zsfsnc, 1965;
Zajonc & Sales, 1966)n the following decadesthe drive theory of mere presence was
challenged and many new theories evolved; in fact by 18898nteendifferent theories had
beendeveloped(Guerin, 1993)I will now briefly summarizéhe three most relevant theories

in light of potential peer audience effects in adolescence.

First in the evaluation apprehension thegnCottrell (1972) assertedthat the presence of
others would only result in audience effects if individualsre concerned about how dters
evaluate their performance Cottrell suggested that increased arousal in the presence of
others results from the anticipation of positive or negative evaluations of their performance.
For example, while the presce of an evaluative audience affectpdrformance in recalling
well-practiced relative to rarebpracticed norsense syllablesthere was no difference
between the alone condibn and a blindfolded audiencgCottrell, Wack, Sekerak, & Rittle,
1968) As reviewed in 1.5adolescents are particularly concerned about and sensitive to peer
evaluation (Kloep, 1999; Moor et al., 201&ebastian et al., 2011, 2010; Westenberg et al.,
2004)and also showetieightened autonomic arousal when being observed by a peer relative
to both children and adultéSomerville et al., 2013Yhus adolescentsnight excessively worry
about their performance in the presence of peers ad@gmonstrate greatempeer audience

effects than adults.

Second Duval and Wicklund proposed in theobjecive selfawareness theory(Duval &
Wicklund, 1972)hat the presenceof an audience leads to increases in ssifarenesscausing
individuals to think about how others evali¢ their performance. As a consequence,
individuals are thought to become more aware of potential discrepancies between their
present and perfect performance, whidk an aversive state that motivatesdividuals to
reduce this discrepancyln simple task this increased effort to do well would lead to
performance improvements, while in complex tasks excessive effort would cause performance
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impairments (Duval & Wicklund, 1972)Similarlyto the evaluation apprehension theory,
heightened concerns abolieing judged bypeersmightlead to greater audiencefiectsin the

presence of peerduring adolescencde Y 2NRSNJ (2 | @2AR f221Ay3 WYz
adolescents might try particularly hard to perform well when being observed by a peer. In
simple tasks this is likely to be successful, however ircdifftaskscognitiveresources taken

up by excessive task monitorimgight lead to performance impairmentsThe idea of limited

cognitive resources was also discussed in tiied theory, the distractionconflict theory
implicatingattentional conflicts letweenan audienceand the task in performance differences

in the presence of an audien¢Baron, 1986)

1.8.3 Developmentahaudience effect studies

Fewdevelopmental studies have investigated the effect of the presence of dielace on task
performance. In a young sample, it was fouhdt children aged 45 years perforred more
quicklyon a simple motor task in the presence of a visible experimenter relative to an invisible
one (Meddock, Parsons, & Hill, 1978nother developmental study compared performance in
the assenbly of a jigsaw puzzle children aged 5, 8 and 11 yegidewman, Dickstein, &
Gargan, 1978)Only the oldest group showed performance impairments in the presence of a
passiveobserver (sameged participant waiting for the experimenter in the same room)
relative to beingalone. This suggestthat as children get older their performandeecomes
more sensitiveto the presence of geer.In another study poorer performance in thaligit-
span task was found wherdalescents (aged 13l4years, 8 grade American schopWere
observed by two unfamiliar teachers relative to whieeingunobserved(Quarter & Marcus,
1971) A decrease in performance on a relational reasoning ek also found in a sample of

9 -14-yearolds with behavioural problem&hen solving relational reasoning problems in the
presence of a classmai@evington & Wishart, 1999glthough it is difficult to disentangle

peer audience effects from distractions by disruptive behaviour in tngde.
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To summarize, these developmental studies halemonstrated firstly the presence of
audience effets in children and adolesctn secondly that performancés enhanced in a
motor task and impaired in more cognitively challenging tasks and thirdlyttiere is limited
evidence for increasingensitivityto peer audience effects childrenbetween5 and 1lyears

of age However,developmentalstudies have not yet investigated whether sensitivity to peer
audience effects changes during adolescencavbether it differs between adolescents and
adults. In addition, existing studies have not addressed whether adolescents might be

particularly sensitive to the presence of pe@arcomparison to the presence of nqeers.

1.8.4Neural correlates of the auignce effect

Studies investigating the neural correlates of the audience effect are very limited. In a
developmental electroencephalography (EEG) study, peer audience effects oredated
negativity (ERN; a negative deflection in the evestated potential occurring shortly after an

error has been committed) in a go/rgo task were investigated in-A1-yearold children(E.

Y. Kim, lwaki, Uno, & Fuijita, 200%his study found no difference in performance when being
observed by the friendelative to when alone, possibly due to the relatively small sample size.
However,in the presence of the friend the ERN amplitude was increased relative to when
alone, suggesting that error signal processing is modulated by the presence of peers in

7 - 11-yearold children

In a neasinfrared spectroscopy study (NIRMB) adult participants, autonomic arousal and
prefrontal activation during arN-back working memorytask were comparedwhen being
observed and evaluated by two experimergén a competitivescenario relative to an alone
condition (Ito et al., 2011) Autonomic arousal (measured witbkin temperature and blood
volume pulse) was increased for #itee task difficulty levels ¢back, 2back and @ack) in
the presence of the audience relative to when alone. In contrde, error rate was only

significantly affected by an audience in the most difficutb&@k) working memory condition.
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Activationin bilateralPFGvhen performing the working memory task relative to a control task
was also only elevated in the presencetloé audience relative to being alone in theback
condition. Thidncrease in activation in the left PFC was associated withnitrease in error
rate in the 3back condition while there was no correlation between arousal and error rates
This data suggests that changes in arousal in the presence of an audiggideat least not
directly mediateperformance changes. Increased Rf@vation in the complex conditiomay

be related toincreased cognitive load in the presence of an audiemgethe two simple
conditions (Iback and zback) accuracywhen alonewas at a very high level §5%),
consequently participants might hawead sufficient cognitive resources to excel in the task
even when being in the presencé an audience exerting pressune. contrast, inthe 3-back

condition performance might have suffered from additional cognitive load by an audience.

1.9 Summaryof expermental chapters

While epidemiological studies describe adolescence as a period of heightened engagement in
risky behaviours such as dangerous driving, consuming drugs, or risky sexual befBoyeur
2006; Eaton et al., 2010; Steinberg, 20@Xperimental studies have found mixed evidence for
a peak in riskaking during adolescence. When assessed in an affective context, the
developmental trajectory of riskaking appears to describe a peak during adolescence, while
in nonaffective contexts riskaking decreases or is stable across adolescéBt@kemore &
Robbins, 2012)The developmental mismatch theory proposed that increased levels of risk
taking might be linked to a hypeesponsiveness of the reward system during adolescence
(Casey et al., 2008; Somerville et al., 2010; Steinberg, 2088 is thought to result from a
prolonged maturation of the prefrontal contrbsystem in relation to earlier maturation of
subcortical rewareelated regions; although this model has recently been criticised as being

too simplistic(Crone & Dahl, 2012; Pfeifer & Allen, 2012)
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In light of this developmental literaturé&Chaptes 2 and3 examine two distinct aspects of the
development of riskaking andthe neural correlates of rewargrocessing in adolescence.
Chapter2 describes a study that examined the developmental changes of the impacts of risk
and valence on decisiemaking in a noraffective context duringgoungto mid-adolescence.

This behavioural study employed a nafiective gambling task to assess the developtakn
patterns of the impacts of risk and valence. With recent evidence in adults suggesting that risk
and valence independently influence decisimaking, it was hypothesized that they might
also follow different developmental pattern&hapter3 examine the development of the
neural basis of social influence on music song valuation. This chegrepares the neural
correlates of agreeing with simil@ged musiexperts on song choice and the modulation of
valuerelated signals by social influence fiemale mid-adolescens and adults. Similarly to
receiving nomsocial rewards, it was predicted that matching preferences with others would
elicit rewardNBf I G SR T OQUA QI GA2Yy YR GKI G 2dela®NBEQ LI
activation in the VS. On the haf studies suggesting increased responsiveness of reward
related regions during adolescendgéor reviews see Blakemore & Robbins, 2012; Galvan,
2013) it was hypothesisedthat there migh be developmentalchangesin these neural

correlates.

Adolescence is a period of profound changes in the social environment. The opinions and
judgments of peers become especially important during adolescence and adolescents are
particularly sensitive tgeer influence. Previous experimental studies have demonstrated that
the presence of peers affects risky and reweethted decisiormaking in adolescents and
modulates activation in rewarcelated regionsChaptes 4 to 6 examinewhether sensitivity to

peer influence in adolescence extends to peer audience effectashs with either highevel
(reasoning) or lowevel (perceptual) cognitive components aadross different levels of task
difficulty. Chapter4 investigates the effect of an audience operformance in a relational

reasoning task and whether this audience effect is dependent on the idenftitye audience
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(peer versus no-peer). Participants performed a relational reasoning task while being
observed and evaluated by a friend (pedny an exgrimenter (nonpeer) or while being
alone. The development of this peer audience effect on relational reasoning performance was
compared in a group of young adolescent, raiblescent and adult female participants. It
gl a KeLRGKSaAl SRatidnil redsoningRpfolrar@sSmnighttb@ mokRénsitive
G2 LISSNJ I dZRASYOS 20aSNBIFGA2y GKIFYy | RdZ Ga&aQ
examined between theyoung and mieadolescents Chapter5 investigates whether
adolescent sensitivity to peer audiee observation is specific to a hitglvel cognitive task or
whetherthesepeer audienceeffects also extend to the performance inavHevel perceptual

task. FinallyChapter6 examines peer audience effects on the neural correlates of relational
reasoring in a group of female middolescents and adults. This study employed a minimal,
virtual peer observation manipulatiorSpmerville et al., 2013p examine the modulation of
activation in the fronteparietal relational reasoning network. Developmenthhnges in the
effect of peer audience observation on the recruitment of the froptarietal network were

assessed.

This thesis will investigate these research questions exclusively in female participants. This
approach was chosen to reduce noise in thmpke due to potential sex differences. Previous
questionnairebased studies have indicated that there are gender differences in resistance to
peer influence(Berndt, 1979; Steinberg & Silverberg, 198&Jlolescent girls also reported
higher levels of public setionsciousnes¢Rankin et al., 2004)greater importance of peer
approval for selesteemd { @ C® h Q. NR 88) and greatkr Sy of yidgative o
evaluation by peergLa Greca & Lopez, 1998; La Greca & Stone, 1993; Rudolph & Conley,
2005) than boys. Furthermore, adolescent boys and girls show differences in their peer
relationships (for a review Rose & Rudolph, 2008fMRI studies have also suggested
developmental differences in functional activation patterns during the anticipation of peer

evaluation in female and male adolescen{see 1.5.3; Guyer et al.,, 2009Finally,
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developmental trajectories in structural brain development have also shown sex differences
(Herting, Maxwell, Irvine, & Nagel, 2012; Mills et al., 2014; Raznahan et al.,.2011)
Consequently, in order to reduce noise in the sample due to potential sex differences, this
thesis will only include female participants to maximise sample homogeneity. This approach

means that the results obtained in this thesis are specific to females only.

Most of the adolescent participants recruited for the studies in this thesis attended
academically selective secondary schools. In order to ensure that adolescent and adult
participants were matched in terms of educational background, the majority of adult
participants were university students or graduates, resulting in relatively high niples.
While this recruitment approach limits the generalizability of the findings to a population with
a wider range of general cognitive abilities, it maximises sample homogeneity and thus the

ability to detect developmental changes

The majority of deviepmental studies in adolescence have defined adolescent groups by
chronological age and not by puberty status. This approach was also chosen for the studies in
this thesis due to several reasordrstly; this approach allowed an easier comparison of the
results of this thesis to the literatur&secondage can be easily and reliably quantified with a
high validity, allowing a simple comparison across different studies. In contrast, puberty can be
measured by different, often categorical measures, suchamer staging, hormonal assays or
selfreport questionnaires, which are more difficult to validg@lakemore, Burnett, & Dahl,
2010) Third apart fromChapte 2, the studies in this thesis aimed to compare adolescents to
an adult group of participants. While puberty defines the stafrtadolescence, the end of
adolescence in the developmental cognitive neuroscience literature is defined as the state
when an mndividual attains a stable, independent role in socié®jakemore & Mills, 2014;
Crone & Dahl, 2012; Lerner & Steinberg, 2004; Somerville, Z0Ai3)definition of adulthood
includes developmental changes that are occurring after the end of pubertyhwebigld not

be investigated using puberty as the main developmental measure. While it would be
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interesting to disentangle the effects of puberty from the effects of chronological age, this
approach requires large numbers of participants and was not thesfa¢ this thesisFourth
particularly in educational contexts, peers are more likely to be grouped by age than by
pubertal status. Consequently, pairs of simiaged peers rather than peers of similar pubertal
status were invited to the studies invesdiing peer audience effects in this theszh@pters 4

and 5.

The experimental chapters (i.eChapters2to 6) investigated developmental changes in
behavioural or functional correlates during adolescence. In general, assessing developmental
changes withage as a continuous variable provides a more sensitive measurement of age and
allows tracing both linear and ndimear changes with age. Furthermore, this avoids having to
make arbitrary age groupings, particularly as no consistent classification ajragping in
adolescence exists in the literature. Thus, developmental changes during adolescence would
ideally have been studied with age as a continuous variable. In order to use age as a
continuous variable the sample needs to be sufficiently large &odld not have gaps in the

age sampling. In addition, the properties of the experimental design can limit the use of
continuous age analyses. Firstly, simple experimental designs (i.e. few experimental factors
and levels) work best for a continuous age lges. This is because the interpretation of
interaction effects in complex experimental designs is not straightforward in a continuous age
analysis. Second, if the experimental design requires counterbalancing of critical experimental
factors, individualvalues might be less meaningful than average group values. Due to these
restrictions, most of the chapters of this thesi€h@pters3to 6), with the exception of
Chapter2, employed age groups to investigate developmental changes. In addition to these
study-imposed restrictions, the analysis of age as age groups or as a continuous variable was
also motivated by the type of age analysis in key previous studies, in order to allow better

comparisons between the results of the studies in this thesis and previndings.
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CHAPTER 2: DEVELORWEL CHANGES IN EFFE OF RISK AND

VALENCE

Recent research on risky decisimaking in adults has shown that both the risk in potential
outcomes and their valence (i.e. whether those outcomes involve gains or losses) exe
dissociable influences on decisiofgevious developmental studies have shown different
dewelopmental trajectories during adolescence for affective (i.e. when choices are made in the
presence of peers or when emotions are at stake) andafffeative tasks.The currentchapter
investigates the development ofthe influences of these two decision variabledsk and
valence- on decisiormakingin a nonaffective contextduring adolescencesixtyone female
adolescentsaged 11- 16years completed aisktaking paradigm which provides precise
metrics for the impacts of risk and valence on decisi@ezisiormaking was influenced by

both risk and valence, and the impacts of risk and valence on decisions were independent of
each other. The influences adkiand valence followed different developmental patterns during
adolescence: the impact of valence detisionsshowed a reduction with age, while there was

an absence of developmental change in the impact of risk overall.

2.1 Introduction

Valuebased deisionrmaking involves an agent choosing from several alternatives based on
the subjective values of available options. Two powerful influences on derikionsare risk

in potential outcomeqHarrison & Rutstroem, 2008; Kacelnik & Bateson, 188@)whether
those outcomes involve gains or losses i.e. thralence(Dayan & Seymour, 2008; Kahneman

& Tversky, 1979)Riskin the Neuroeconomics literature islefined as a state in which the
decisionmaker lacks precise knowledge about which outcome will follow from a deatsion
there is uncertainty.Individuals may be risaverse (preferring lower risk options when
comparing optionswith identical expected value (BYYiskneutral or riskseeking (preferring
higher to lower risk options). Valence is defined as whether the potential outcomes under

80



corsideration entail either punishment (e.g. financial losses or painful electric shocks) or
rewards (e.g. financial gains or tasty foods). The aim ofptesentstudy was to investigate
the development of responses to these two crucial decision variaiEsand valence; from

youngto mid-adolescence (aged T16years).

2.1.1The effect of valence on decisions in adolescence

Of patrticular interest in this study was tlievelopment of the impact of valence on decision
making, prompted in part by a recestudy that investigated valene#gependent reversal
learning in response to unexpected reward and punishment in adolesdg@aneder Schaaf et

al., 2011) Younger adolescents (agid0- 11year9 displayed better reversal learning scores
following a punishment than following a reward, and this difference in performance decreased
with age acros adolescence (from 10 17years). The current studyinvestigated whether
there is a similar development in the effect of valence on risky deemsigking inyoungto

mid-adolescence.

2.1.2 Development of riskaking in adolescence

Previous studies have suggested that different aspettisky decisioamaking show different
developmental patterngBlakemore & Robbins, 2012pevelopmental trajectories of risk
taking bénaviour differ depending on whether decisions are made in an affectiviHaif
experimental context (e.g., when emotions are involved or peers are present) or & non
affective or@old(rontext. As reviewed in detai 1.3.1,evidence is suggesting thask-taking
peaks in mieadolescence, when decisions are made in an affective conféis peak in
reward-sensitivity in mid to late adolescence afed 14-21years) was for instance
demonstrated in a modified version of thewa Gambling TaskCauffman et al., 2010)
Similarly, riskaking in a gambling task, designed to evoke relief or regret, peakeddn m

adolescence (arounti4) (Burnett et al., 2010)
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In studies with a nosaffective context, the developmental pattern of rikking does not
describe an inveed U-curve in adolescence, but instedldere isa gradual decrease in risk
taking or no developmental chang€rone et al., 2008; Paulsen et al., 2011; Rakow & Rahim,
2010; Van Leijenhorst, Moor, et al., 2018judies manipulating the affective context of a tisk
taking task demonstrated that adolescents make more suboptimal idesigelative to both
children and adults when playing an affective version of a card game but not when playing a
non-affective version of the taslFigner etal., 2009a, 2009b)While the affective context of
decisionmaking tasks has been modulated in previous developmental studies, one aspect of
decisionmaking that has not yet been examined is the differential impact of valence and risk.
The current studyused a nonaffective task to isolate the effects of risk and valence on
decisions (and developmental change in those effects), without studying how they interact

with emotion.

2.1.3 Independent effects of valence and risk on decisimaking in adults

The poposal that the impacts of risk and valence might have different developmental patterns
is predicated on recent research in adults that suggests that risk and valence have independent
effects on decisioimaking (Wright et al., 2012) The prevailing iew in psychology and
economics has been that risk and valence are related in a specific fashion, witlveision

for gains and rislkseeking for losses, given medium to high probabilities for gain and loss
outcomes(Kahneman & Tversky, 1978 alternative hypothesis is that valence and risk exert
independent influences odecisionsin gambling taskgWright et al., 2012)This alternative
hypothesis wa motivated by evidence that multiple, interacting neural valuation systems
influence decisions(Dayan, 2008)with the processing of risk and valence by distinct neural
systems being consistent with independent, rather than linked, behavioural effects.
Behaviaral and neurobiological evidence for a dissociation between the influences of risk and
valence ondecisionshas been derived from studies that employed a financial gambling task

that separately manipulated risk and valer(®®right et al., 2012)
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