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Abstract

Adolescents show a tendency to engage in riskyiées, such as dangerous driving
and unsafe sex. This has led to the suggestiondithaiescents are poor decision-
makers, and are risk-seeking in general. The fust chapters of this thesis describe
studies investigating adolescent decision-makinggugrobabilistic decision-making
tasks. InChapter 2 the tendency to seek risk, and the ability tegrdite probability
and reward information to make an optimal decisias,investigated in child,
adolescent and adult participants. The emotionapo:se to outcomes was also
investigated. INChapter 3 a computational approach is adopted to invesagtite
role of positive and negative performance feedbdekns and losses) in a
probabilistic decision-making task in adolescentsl an adults. The role of social-

emotional factors in decision-making was also itigased.

Adolescence is characterised by social and emotialevelopment, as well as
development in the functional brain correlates aicial-emotional processing.
Therefore,Chapters 4to 6 focus on adolescent social-emotional processiriggus
behavioural and functional neuroimaging methods. Ghapter 4, results are
presented from a study of self-reported social basic emotions across adolescence,
where social emotions (e.g. embarrassment) areee@fas emotions that require an
awareness of others’ mental states (e.g. emotiopisjons, desires). lIChapter §
the neural correlates of social and basic emotiancpssing are investigated in
adolescents and in adults, using functional magnetisonance imaging (fMRI).
Finally, in Chapter 6 these fMRI data are reanalysed using a technkpmwvn as
psycho-physiological interaction (PPI) analysis,léok at age-associated changes in
effective connectivity. Results are discussed endibntext of social cognition and

neuroanatomical development.
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Chapter 1

Introduction

Adolescence: behaviour, cognition and the brain

This chapter will first define adolescence, and|wilen summarise findings in
adolescence research from a range of interconnefiedds: endocrinology, including
the effects of puberty hormones on adolescent alevent; adolescent psychology and
behaviour, including social behaviour, emotionalvel®epment and decision-making;
structural brain development during adolescenceluding histological findings and
the volumetric changes shown in human MRI studiadplescent functional
neuroimaging, with a particular focus on the func@l magnetic resonance imaging
correlates of social cognition and decision-makingnd adolescent cognitive
development, including development within the domadf social cognition and

decision-making. Finally, subsequent experimertalpters will be briefly introduced.

1.1 Adolescence: definition

Adolescence is the period of physical, cognitivel asychosocial maturation between
childhood and adulthood (Lerner & Steinberg, 20&isk & Foster, 2004). The
beginning of adolescence occurs around the onsetilzdérty (mean age 11 in females,
12 in males). Therefore, adolescence is markedrémalic changes in hormone levels
and physical appearance. As a result, and in catibim with environmental factors
and hormonally-independent biological influences,imdividual enters a profoundly
altered social and interpersonal environment. Rinahdolescence is marked by

protracted changes in the structure and functich@brain.
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The end of adolescence is said to occur when awmiduél has attained a stable adult
role (Lerner & Steinberg, 2004). Therefore, wher#des beginning of adolescence is
loosely anchored to the biological events of puhettie endpoint of adolescence is
defined according culturally-variable psychosoenatl economic criteria (Gluckman &
Hanson, 2006). Many use the age of attainmentgafl lmajority as a convenient marker
for the endpoint of adolescence (Spear, 2000).vHisee, it has been argued that in
developed nations and at the present point in tyista stable economic and
psychosocial adult role is not attained until theyeor mid-twenties (Baumrind, 1987).
However in practice, this period of ‘extended’ amence tends to be referred to as
young adulthood or youth (e.g. Gardner & Steinb@@)5; Arnett, 2000). For the
purposes of this thesis, adolescence is defindtieaperiod between the mean age of

puberty onset (11-12 years) and 18 years of age.

1.2 Puberty

Early adolescence is characterised by the trangitimugh puberty, which is defined as
the biological process resulting in the attainmeiteproductive competence (Sisk &
Foster, 2004). Puberty comprises three hormonailyed events: gonadarche,
adrenarche and activation of the growth axis (foreaew, see Dorn et al. 2006).
Gonadarche, or activation of the hypothalamic-fatytgonadal axis, is initiated
between age 8-14 years in females, and 9-15 insmaleesponse to increased release of
gonadotropin-releasing hormone (GnRH) from the fiyplamus, which is detected by
the pituitary gland (Susman & Rogol, 2004; Dornakt 2006; sed-igure 1.1). The
pituitary gland responds with the production of hones that are detected by the
gonads (ovaries, testes; Susman & Rogol, 2004;rSpéa0). The gonads respond by
producing eggs or sperm, as well as gonadal semidsex hormones’. oestrogen in
females, testosterone in males; progesteroneaagsetl by the corpus luteum following
ovulation in females. The sex hormones trigger gkarin the reproductive organs and

stimulate the appearance of secondary sexual deastics (Susman & Rogol, 2004).

Adrenache, or activation of the hypothalamic-pawytadrenal axis, is initiated earlier

than gonadarche, from age 6-9 in females and algt=arin males (Grumbach & Styne,

2003; Dorn et al., 2006). At the onset of adrenaraudrenal androgens (weaker forms
18



of gonadal testosterone) begin to rise, and thidridmtes to changes in pubic hair and
body odour. The mechanism for the initiation ofeadrche is unknown, although there
is evidence for a role of adrenocorticotropic honedWeber et al., 1997). Finally,
activation of the growth axis occurs during pubgresulting in a shift from night-time
to constant 24-hour release of growth hormone ([2ord., 2006). This leads to a linear
growth spurt at around age 12 in girls and agenldoys, as well as changes in body
size and composition (Marshall & Tanner, 1969, 1Réiter & Rosenfeld, 2003).

Figure 1.1 Gonadarche, which is a component of pubty. Gonadotropin-releasing hormone (GnRH)
release from the hypothalamus triggers the stagoofidarche. GnRH is detected by the pituitarydylan
which responds by secreting luteinising hormone)(Hd follicle-stimulating hormone (FSH). LH and
FSH are detected by the gonads (testes or ovawe&)h respond by producing sperm and egg cells and
the gonadal steroid hormones testosterone andogestr which trigger the development of some

secondary sexual characteristics. Figure from walimans.org

hypothalamus

pituitary gland

LH & FSH

feedback feedback
hormones hormones

A - 4
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faclal, pubic & axillary hair publc & axillary hair
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1.2.1 Hormonal effects on brain and behaviour

Sex hormones influence the physical appearanceeobody, but they also affect the
brain and subsequent behaviour. These effects gpethesised to occur via two
mechanisms: organisation and activation (Phoenial.et1959; Sisk & Foster, 2004;
Schulz et al., 2009). Organisational effects oqma- and peri-natally, with waves of
testosterone masculinising and defeminising neairalits in males, and the absence of
testosterone resulting in a female neural phenotyjsivational effects occur at
puberty, with gonadal hormones including testoster@acting on dormant neural
circuits to elicit adult reproductive behavioursciontext. A recent modernisation of this
dichotomy holds that the hormonal events of pubentgrt organisational as well as
activational effects (Schulz et al. 2009). It hasently been proposed that the pubertal
wave of gonadal hormones gives rise to a seconddef structural reorganisation in
the brain (Sisk & Foster, 2004).

Animal studies indicate that gonadal steroid horesoexert three main effects on
behaviour at puberty via specific brain structurBise first effect is the facilitation of

directly reproductive behaviours, which occurs rhaimia the hypothalamus (e.g.

Putnam et al., 2005). The second effect of gonddamones on behaviour is via
reorganisation of sensory and association regidnghe brain, including the visual

cortex (Nunez et al., 2002), amygdala and hippoecaniRomeo & Sisk, 2001; Hebbard
et al., 2003). This is thought to influence behaviby altering sensory associations, e.g.
the smell or sight of an adult female, with consapes for an animal’s response to
potential sexual partners or competitors (Sisk &tEg 2004). The third effect of

gonadal hormones occurs via reward-related braiactsires, such as the nucleus
accumbens and dopaminergic pathways to the prefrardrtex. These effects are
necessary if the animal is to seek out reproduatgortunities. For example, in the
rodent nucleus accumbens, pubertal increasestimstesone remodel neural circuits to
elicit an increase in pleasure-seeking behavimatsiding sexual behaviour (Sato et al.,
2008). Researchers have begun to investigate feetefof puberty hormones on the
human brain and behaviour (e.g. Vermeersch e2@08). This research draws on a
wealth of human psychology research on adolesceviueh will be summarized in the

next section.
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1.3 Behavioural and psychological characteristics o f

adolescence

1.3.1 Social behaviour and self-awareness

The onset of human adolescence marks a changetternsaof social behaviour.

Individuals begin to spend less time with their fiz@s, and spend more time both with
friends and by themselves (Larson & Richards, 198i)ring the time spent with

friends, adolescents share their worries, secmdisaanbitions more than they did as
children (Laible et al., 2004). This intimacy inieindships also has negative
consequences, as it allows for a greater incideara# influence of psychological

bullying, including social exclusion (Parker et £006).

Peer relationships become more complex and higcalctiuring adolescence (Brown,

2004). The transition from adolescence to adulthe®es a continuation in hierarchical
relationships, but a decrease in the amount of sipest with friends and acquaintances
and a resurgence in the amount of time spend waithly (Cartensen, 1992).

The adolescent years mark a change in social dfidvgareness. It has long been held
that the onset of adolescence marks an increaselfitonsciousness, and indeed the
self-conscious emotion embarrassment has beenddbéhe adolescent emotion par

excellence’ (Harré, 1990). There is limited emp@lievidence to corroborate this

notion, at least with regards the frequency anenisity of self-conscious emotioper

se However, social psychology self- and other-rembudies indicate that from early

adolescence, individuals become more aware thafr gghople are making judgments

about them, and they place a higher value on thueiggments (Harter, 1990; Vartanian,

2000). This is particularly true for judgments g8d from peers. Adolescents are more
likely than children to compare themselves witheosh especially peers (Simmons et
al., 1973; Elkind, 1967; Elkind & Bower, 1979; Perlet al., 2006).

It has been suggested that the developmental seiaaocial and self-awareness is due
to developing proficiency in social perspectiventgk (Lapsley, 1993). Others have
suggested that it may be a response to the intenpal realities of adolescent life:

adolescents have been estimated to spend almosirda of their day with peers
21



(Csikszentmihalyi et al., 1977), so peer acceptaand reputation are powerful
determinants of self-esteem and happiness (O’'B&eBierman, 1988; Sebastian et al.,
2009).

1.3.2 Emotional development

Adolescence is said to be a time of emotional teree, or ‘storm and stress’ (Hall,
1904). Empirical studies show some support for tiosion, although the degree of
turbulence appears to be modulated by culturalabbes (Arnett, 1999). Self-report
studies conducted in North America have shown that average emotional state
becomes less positive between late childhood ang adolescence, as well as more
labile; these trajectories stabilise in middle aai® adolescence (Larson & Richards,
1991, 1994; Larson et al., 2002). Elsewhere, it beesn shown that inner turmoil, as
represented by feelings of misery and self-deptieciais frequent in 14-15 year olds
(Rutter et al., 1976). However, these findings rhaynfluenced by self-report bias, and
not all studies report heightened emotional lapiéihd negativity during adolescence
(e.g. Silk et al., 2003).

Adolescence is an important period for the refineimef emotional self-regulation
abilities. Poor emotion self-regulation during aslmlence is associated with increased
risk for depressive symptoms (Silk et al., 2003)d andeed, pathological emotional
turmoil, such as occurs in clinical depressionreases in prevalence from adolescence
onset (Davey et al., 2008). Emotion regulation soaial context in particular becomes
more sophisticated during the adolescent yearstiRelto children, adolescents show a
heightened awareness of the interpersonal consegsi@h expressing certain emotions
to parents and to peers (Zeman & Garber, 1996; Aerhal. 2006).

1.3.3 Risk and decision-making

Another aspect of typical adolescent psychology lagttaviour is the tendency to seek
out and engage in risky activities (e.g. Eaton let2007; Steinberg, 2008; Geier &
Luna, 2009). These activities include dangerouwirmlyj unsafe sex, tobacco and
alcohol use, poor dietary habits and physical imagt The increase in risky activities

between childhood and late adolescence partialppwats for the so-called ‘health

paradox’ of adolescence, whereby a peak in lifetphgsical health is nevertheless
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accompanied by high morbidity and mortality. In tbaited States, morbidity and
mortality rates increase by 200% between mid-cloitdhand late adolescence (Resnick
et al., 1997; Ozer et al., 2004), and a recentegpidiogical survey in the United States
found that 72% of all deaths among 10-24 year-oldse a result of accidents,

homicides and suicides (Eaton et al. 2007).

The high percentage of adolescent harm resultiog frisky activities is of course
partially a result of low illness (e.g. heart diseainfant illness), and also because
adolescence marks an increase in access to ceskynactivities (e.g. driving). This
increased access occurs at an age when risk-estiradiilities may still be immature
(see Boyer, 2006). This may be due to cognitiveettgumental factors, or to
developing expertise and experience. Another dmuting factor may be the increase in
self-reported sensation-seeking that is seen atotteet of adolescence (Steinberg,
Albert et al., 2008). It has been suggested thadaten-seeking is an important trait to
possess in the transition to an adult role, as iit motivate exploration and

independence from parents (Spear, 2000).

Social and emotional factors play a pivotal role adolescent risky decisions.
Heightened emotionality (reviewed in secti@r8.2, in combination with sensation-
seeking and an increase in the importance of ggeration (sectiot.3.1) contribute to

a distinctively social context for adolescent riaking (e.g. Steinberg, 2008). For
example, whereas most adults who commit crimesodal@ne, most adolescent crime
occurs in the presence of peers (Zimring, 1998heOpotentially risky activities, such
as alcohol and substance use and sex, are stromi@jiignced by perceived peer

engagement in these activities (e.g. Chassin,e2@G04).

Engagement in risky activities is a key psycho-bé&haal characteristic of the
adolescent period, as are the social and emotatr@adges which occur during this time.
In the next section, another defining characteristiadolescence will be covered: The

continuing development of the brain.
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1.4 Adolescent structural brain development

In the first year of life, the brain undergoes dhpicreases in volume, and changes in
structure and composition. Until relatively recgnit was widely held that this brain
development only occurred during early childhoodwsdver, a small number of studies
published in the 1960s and 70s uspasgt mortenbrain samples (Yakovlev & Lecours,
1967; Huttenlocher, 1979) suggested that partshef lrain continue to develop
throughout childhood and into adolescence. Moresnttg, the advent of magnetic
resonance imaging (MRI) and techniques such asdgiliffi tensor imaging (DTI) has
supported this notion, by showing continuing depeient of grey and white matter
throughout the second decade of life (and beyohdg following sections will first
describe early histological studies of the deveigpbrain, then evidence from MRI

studies showing continuing development of the bdairing the adolescent years.

1.4.1 Early histological studies of the developinigrain: non-human animal studies
Early histological experiments carried out usingmmman animals (mainly rodents
and primates) showed that early in developmentjnduthe equivalent of human
infancy and early childhood, cortical neurons ugdesubstantial dendritic outgrowth
(seeFigure 1.2) and the formation of new synapses (synaptogenRaisc et al. 1986;
Bourgeois et al. 1994; Petanjek et al., 2008). Thifollowed by a period of synaptic
pruning, in which many of the existing synaptic weations are eliminated. Thus,
synaptic density shortly after birth greatly exceéuat in adulthood (for example, Rakic
et al. (1986) showed a 2:1 ratio of synaptic dgnsityoung child vs. adult rhesus
macques). Another process which has been showodar an the developing brain is
the substantial increase in absolute and propatioryelin content, as axonal fibres
become progressively ensheathed in layers of itisglanyelin (Wells & Dittmer,
1967; Norton & Poduslo, 1973; Waxman, 2004).
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Figure 1.2 Fast dendritic outgrowth shortly after brth , which is accompanied by synaptogenesis. The
drawing below from Conel (1939-1967) shows pyratitzurons and their dendrites, which participate
in synaptic connections, in human frontal corteonfrnewborn to six months old. On the basis of this
dendritic outgrowth, one would expect major syngpteesis to occur postnatally, as indeed has been
demonstrated (Huttenlocher et al., 1979, 1983, 1B8%anjek et al., 2008).

Newborn One month Three months Six months
e Yl

1.4.2 Early histological studies of the developinguman brain

1.4.2.1 Synaptic development

In the 1970s, research @ost mortemhuman samples revealed that some areas of the
brain, in particular the frontal cortex, undergccley of synaptogenesis and pruning
well beyond early childhood. Studies by Huttenlackeal. compared synaptic density
in visual cortex and the middle frontal gyruspiast mortemhuman brains between the
ages of zero to 27 years (Huttenlocher et al. 19983, 1997). Results showed that the
number of synapses in visual cortex peaked at arome year after birth, after which
there was a gradual decline into middle childhodemvsynaptic density stabilised to
adult levels. In contrast, in the frontal cortex)naptic density reached a peak
substantially later, increasing throughout earlyldtitood and up to the age of five.
Furthermore, synaptic density in the frontal lohewsed an extended profile of decline,
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stabilising to adult levels only towards the endadblescence (sdg&gure 1.3. These
observations were interpreted to suggest thatinaggions of the brain, including parts

of the frontal cortex, do not complete their cyolesynaptogenesis and pruning until
well into adolescence.

Figure 1.3 Development of synaptic densityn sensory and frontal brain regions. Graph showsn
synaptic density in the primary auditory cortexd(@rcles), the primary visual cortex (blue cirglesid
the prefrontal cortex (middle frontal gyrus; bluesses) ipost mortenhuman brains. The-axis shows
conceptual age in days, from 200 days post-cormepsi 10,000 days post-conception (approximately 27
years: the period of adolescence is indicated hgrazontal bar). Synaptic density increases irtlatke

regions during early childhood, and is followedéperiod of decreasing synaptic density. This secgie
occurs later in the frontal cortex. From Blakem(2@08).
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1.4.2.2 Axonal myelination

Another significant neurodevelopmental event thetuos in adolescence is axonal

myelination.In uterg the human brain contains a small proportion oélimated fibres.

Within the first year of life, the proportion of rebral myelin increases dramatically,
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which contributes to the rapid increase in totakbeal volume during the first year of
life. It has been demonstrated that axons in certanin regions continue to be
myelinated throughout childhood and adolescendmitaht a slower rate (Yakovlev &
Lecours, 1967; Benes et al., 1989, 1994). Myelomatincreases axonal conduction
speed (Waxman, 2004), which not only ‘speeds uptradeprocessing but also allows

for greater temporal precision in information enogdPaus et al., 1999).

1.4.3 Structural MRI studies of the developing huma brain
Until recently, the structure of the human braimldobe studied only after death. The
advent of non-invasive brain imaging techniques,particular magnetic resonance

imaging (MRI), has enabled investigation of theelepment of the living human brain.

1.4.3.1 Introduction to structural MRI

Structural MRI uses static and radiofrequency magnieelds to visualise different
tissue types in the brain (e.g. grey matter, wimtgter and cerebro-spinal fluid (CSF)),
by measuring differences in proton content. Teahesg such as voxel-based
morphometry (VBM) are then used to quantify and pare the amount of each tissue
type in MR-images from groups of experimental ggpants which differ on a variable
of interest (e.g. age). These structural MRI mearment techniques generally proceed

in the following manner:

First, the MR-images are registered to standankeataxic space, in order to remove
gross differences in brain shape and to superimpasine image a three-dimensional
grid of voxels (Ashburner & Friston, 2000). Nexty automated computer algorithm
segments the MR-images into grey matter, white enatCSF and three other
background tissue types, by classifying each vaxebrding to its predominant tissue
type. The images are then smoothed to reduce thmacimof noise from the

normalisation and tissue classification steps.

At this point, grey and white matter ‘density’ (@@mtration) can be calculated across a
brain region of interest: the whole brain, the eryta particular lobe or a circumscribed
structure (e.g. the amygdala). The density of su@istype in a smoothed MR-image is

its relative proportion in normalised volume (Ashiier & Friston, 2000). Alternatively,
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absolute grey and white matter volumes can be ledéml by multiplying the ‘density’

of each tissue by the relative voxel volume, tisatusing the parameters that describe
how the raw MR-image was deformed into standardesashburner & Friston, 2000;
Paus, 2005). Grey matter thickness can be calcluiata similar manner (Gogtay et al.,
2004). Finally, the density, volume or thicknes$rdin tissues of interest, within brain
structures of interest, can be statistically coragacross participant groups (Friston et
al., 1994a; Ashburner & Friston, 2000).

1.4.3.2 Adolescent structural MRI studies

In the past decade, a number of structural MRIistuthave shown changes across
adolescence in the tissue composition of the bréhese changes, which will be

described in some detail the following sectionsg dwypothesised to reflect the
histological changes described in sectibd.2 In brief, two main age-associated
changes have been described: firstly, cortical gnaster volume and density change in
a non-linear and region-specific manner; and sdgomdite matter volume and density

increase linearly across the brain. Evidence fralditeonal MRI techniques suggests
concurrent changes in white matter macromolecutaucwire and integrity; this

evidence will be briefly described in the final paf this section.

1.4.3.2.1 Adolescent changes in grey matter

Structural MRI studies have shown that grey mattdume changes during childhood
and adolescence in a region-specific and predorijnaon-linear manner. One of the
first studies to provide evidence for this findimgs a partially longitudinal study, in
which a large sample of participants at a rangag#s were scanned on at least two
time-points, approximately two years apart (Gietlhle 1999a; see also Sowell et al.
1999; Gogtay et al. 2004; Shaw et al., 2008). Thawt subsequent structural MRI
studies have shown that grey matter volume andityeasross much of the cortex
follows an inverted U-shaped pattern of developmenitially increasing during
childhood before attaining a peak in volume andsdgr(the age at peak volume and
density differs between brain regions). This pesakoilowed by a gradual decrease in
volume and density, before stabilising to an atkuel. In general, peak volumes are
attained at younger ages in primary sensorimo@ions as well as in polar cortex, and

at older ages in secondary and association cdftexpattern can be seenkigure 1.4
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Figure 1.4 Development of grey matter density acrasthe cortical surface as revealed with MRI.
Figure shows the dynamic sequence of grey matteuratéon across the cortical surface, between the
ages of five (left) and 20 (right). The side badioates grey matter density. It can be seen tlgabme
including temporal and frontal association cortexlergo protracted changes in grey matter density up
the age of 20, whereas regions such as the odgiuita and somatosensory cortex stabilise earlgnmFr
Gogtay et al. (2004).
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The next figure Figure 1.5 illustrates region-specific trajectories of greyatter
change. In the frontal and parietal lobes, greytenadensity follows an inverted-U
shaped trajectory with its peak at around pubenigeb (age 11 in girls and 12 in boys;
Figure 1.5,top). In the temporal lobe, grey matter densitykseat on average 16-17
years of age (Giedd et al., 199%gure 1.5 bottom left). In contrast, grey matter
density in the occipital lobe does not show the esgpmbertal or adolescent peak (see
Figure 1.5, bottom right; note that Shaw et al., (2008) repbnpeak occipital grey

matter at around age eight).

Within each lobe, particular sub-regions have tb&in developmental patterns of grey
matter change. For example in the frontal lobecgm&al grey matter peaks prior to
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adolescence, whereas dorsolateral prefrontal cqidé®PFC) and parts of the medial

prefrontal cortex (MPFC) attain peak grey mattdunee later: at around puberty onset
or later (Gogtay et al., 2004; Shaw et al. 2008thk temporal lobe, middle and inferior
regions attain peak grey matter density relativylier (age 11-12) than superior and
insular temporal cortex (ages 14 and 18 respegtivigthaw et al., 2008). Therefore,

adolescence is characterised by grey matter thgnaanoss much of prefrontal cortex
and parts of the temporal cortex; certain parttheftemporal cortex undergo extended

grey matter thinning during late adolescence atwearly adulthood.

Figure 1.5 Region-specific trajectories of grey magr change. Graphs show regional changes in
cortical grey matter ‘volume’ (relative volume oersity: see sectioh.4.3.) in the frontal, parietal,
temporal and occipital lobes (predicted size wi#®confidence intervals) in 243 MR scans acquired
cross-sectionally and longitudinally from 89 ma(bkie) and 56 females (red) aged 4 to 22 yearawsr

indicate peaks of the curves. From Giedd et alR9a9.
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1.4.3.2.1.1 Implications of adolescent grey matteange

Grey matter is composed of the cell bodies, deesli@nd axons of neurons, as well as
glial cells and capillaries. In light of the histgical findings of Huttenlocher et al.
(described in sectiorl.4.2.), it has been suggested that the inverted-U shaped
developmental trajectory of grey matter volume seeMR scans is due to dendritic
outgrowth and synaptogenesis, followed by syngmtiming (e.g. Giedd et al., 1999a).
This implies that puberty onset is marked by anbexance of synaptic connections in
prefrontal and parietal cortices, and that theqokeof adolescence is characterised by
prefrontal and parietal synaptic pruning, with gaene pattern occurring slightly later in

parts of the temporal lobe.

Therefore, changes in grey matter shown in strattMiR| studies are hypothesised to
reflect cellular changes that impact on neural fiomc It has been suggested that
synaptic proliferation in the prefrontal cortex ano the onset of puberty leads to
‘noisy’ neural processing, and subsequent syngptining results in more finely-tuned

and efficient circuits (Durston et al., 2006).

There is indirect evidence in support of this hyyesis. The time-course of synaptic
pruning in frontal cortex appears to coincide wititcreases, up to age 12, in the
coherence of event-related potentials between dfand posterior brain regions, and
between the frontal lobes (Thatcher, 1992). It hasn suggested that the two are
causally related (Kaiser & Gruzelier, 1996; Bartyak, 2004). A similar argument has

been made for regional changes in the patternradtional metabolic/vascular response,
as measured in functional MRI (‘diffuse-to-focaktgern, cf. Durston et al., 2006; see
Thomason et al., 2005). However, direct evidencagusvasive methods in non-

human animals has not supported the notion thdescknt changes in synaptic density
necessarily lead to altered functionality of neumfcuits. A recent primate

electrophysiology study showed that the pruningxafitatory synapses in dorsolateral
prefrontal cortex during adolescence has littlecfiomal impact, since the synapses
which undergo pruning are functionally immature anake a minimal contribution to

neural circuits (Gonzalez-Burgos et al., 2008). &ogsearch is needed to resolve this

controversial and unresolved issue.
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Recently, it has been argued that the loss of gratfer during adolescence might not
be due to synaptic pruning. Instead, it has beggesied that the apparent grey matter
loss is a result of intracortical myelination (Paetsal., 2008). Since grey matter
contains both myelinated and unmyelinated axorigdaortical myelination could give
rise to a progressive ‘whitening’ of grey mattesstie. Therefore it has been argued that
with increasing age, there will be an increasénenamount of cortical ‘grey’ matter (i.e.
cortical laminae 1-VI) that is classified as whitgatter on MR scans. The following
section will discuss MRI findings showing age-retitincreases in white matter

volume.

1.4.3.2.2 Adolescent changes in white matter

Although the steepest increases in white mattemmael occur shortly after birth, white
matter volume and density continue to increasenduchildhood, adolescence and
indeed into the twenties (Paus et al., 1999; Gieddl., 1999b). In contrast to the
regionally specific, inverted-U shaped trajectortdsgrey matter change, increases in
white matter volume and density are reported taiotinearly across the brain during
childhood and adolescence (e.g. Giedd et al.,, 19B8jure 1.69. For example, a
cross-sectional MRI study in 4-17 year olds shoWweshr age-related increases in white
matter density within corticospinal and thalamoicait tracts, and in the left arcuate
fasciculus, which links frontal and temporal caaticegions involved in speech (Paus et
al., 1999;Figure 1.6b).
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Figure 1.6 Age-related increases in white matter Yome. Graph (a), left, shows linear increase in
white matter density across the whole brain (froled@ et al., 1999ajb) Top right figure shows regions
of the left arcuate fasciculus for which white reattiensity has been shown to increase linearly agth

(graph, bottom right; from Paus et al., 1999).
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1.4.3.2.4 Implications of adolescent white mattearge

White matter is composed of neuronal axons, manwlith are ensheathed in an

insulating layer of myelin. In light of the hist@al findings showing an increase in

axonal myelination across development (see sedtid2.3, it has been suggested that
age-related increases in white matter volume durthgdhood and adolescence

correspond to progressive axonal myelination, andilcreases in axonal calibre

(diameter). These changes would both be expectesbtdt in increases in the speed and

efficiency of neural processing (e.g. Waxman, 2004)

1.4.3.2.2.2 Other MRI measures of white matter gban

Diffusion-tensor imaging (DTI) has been used to psup findings from structural

(volumetric) MRI studies showing age-related depeilent in cortical white matter
during adolescence. In DTI, a commonly-used measufeactional anisotropy (FA),

which is the extent to which the diffusion of wateolecules in the brain is anisotropic
(not equal in all directions). Higher FA values at®ught to reflect increasing

organization of white matter tracts (due to proessacluding myelination), since water
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molecules will tend to diffuse in parallel with theeacts. Increased FA during
adolescence, followed by a levelling-off into atolbd, have been observed within
several white matter tracts, including the bodythef corpus callosum and descending
motor pathways (Giorgio et al., 2008). Higher valug FA in the frontal lobes have

also been observed in older versus younger adaoitss(®arnea-Goraly et al., 2005).

Another technique which has been used is the myeisfer ratio (MTR) in MRI. The

MTR provides information on the macromolecular emnt(e.g. myelin content) of
white matter tissue. Studies that have measureMiffe in structural MR-images have
shown age-related decreases in MTR during childheod adolescence (Paus,
Keshavan & Giedd, 2008). This has been suggestegkftect increases in axonal
calibre, since the larger the calibre, the feweamasxwill fit into the same unit of imaged

volume, resulting in a relative decrease in the amof myelin.

Therefore, while some evidence suggests that dgedeincreases in white matter
volume/density shown in structural MR-images mapresent myelination, other
evidence suggests that these changes are duadasimg axonal calibre. Both changes
would be hypothesised to result in altered funetidy of the neural circuitry, as do the
changes that result in age differences in greyenatilume and density. The following

section will describe evidence for functional brdevelopment during adolescence.

1.5 Adolescent functional brain development

Adolescent neuroanatomical development is hypagkdsito result in altered
functionality of neural circuits, as are some o€ thormonal changes of puberty.
Alterations in behaviour and in the environment iniyr adolescence are also
hypothesised to be linked to changes in brain fanctTherefore in the last decade,
research has been conducted to investigate agedetdhanges in functional brain
activity across adolescence. Techniques that hasen bused include electro-
encephalography and functional MRI (fMRI). The éolling section will focus on fMRI

studies only, in the interests of relevance anditye
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1.5.1 Introduction to functional MRI

FMRI is an MRI technique in which images of theibrare acquired very rapidly (one
volume every 1-4 seconds) while a participant i$goming a series of cognitive tasks.
The impact of local increases in blood flow on theasured proton alignment response
to a radiofrequency magnetic field, known as theoll oxygenation level-dependent
(BOLD) response, is then compared between cogntag&s. Differences in BOLD
response between cognitive tasks are thought ta bensequence of performing the

cognitive tasks.

The BOLD response is thought to be generated gl increases in neuronal activity,
resulting in a local energy demand. This energyateins predominantly met by a local
increase in blood flow (Attwell & ladecola, 2002)hich following an initial dip,
causes a rise in the proportion of oxygenated &sxygenated haemoglobin molecules
present locally. This causes a change in the magretonance of vascular protons,
which is detected as the BOLD signal. Broadly, ididt cognitive tasks are
accompanied by distinct spatial patterns of BOLQnal change. This finding is
interpreted within the theoretical framework of ¢tional specialisation: if a given
cognitive task is accompanied by BOLD signal char(fgeectivation’) within a
circumscribed set of brain regions, this set ofirbnegions is hypothesised to be
causally or coincidentally (neuronally) active dwgrithe cognitive task (for discussion,

see sectiof@.2.5.

1.5.2 Adolescent functional MRI studies

Recent fMRI studies have been conducted compardaescents with adults, and
sometimes younger children. These studies often cagmitive tasks that rely on
anatomically late-maturing brain regions, suchhesgrefrontal and temporal cortex, as
it is hypothesised that neuroanatomical developnvaiitresult in altered neuronal
processing and/or the metabolic/haemodynamic respdsee sectiong.4; 7.2.5.
Similarly, recent adolescent fMRI studies have sigated the fMRI correlates of
cognitive tasks that are relevant to typically ‘Bdcent’ behaviours and traits (e.g.
social behaviours and risk; see sectioB), as altered proficiency or a change in the
cognitive strategy taken to accomplish these taskgpothesised to be accompanied by

changes in neuronal processing (e.g. the set af begions that are recruited; level of
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activity within the same set of brain regions),utédag in changes in regional BOLD
response. In the following sections, findings fr@dolescent fMRI studies will be
described, with a focus on studies that investigaieial cognition and decision-

making, as these are particularly relevant to adolesteftavioural characteristics

(sectionl.3).

1.5.2.1 Social cognition and the social brain

Social cognition refers to the collection of menpabcesses required to interact with
social agents. In humans, these processes inaigaeifying social agents, evaluating
their mental states (e.g. intentions, beliefs aadirds), understanding and predicting
their actions, and engaging with them (Frith & Fri2007). These mental processes are
said to rely on a collection of brain regions knoamthe ‘social brain’ (Brothers, 1990;
Frith, 2007; Frith & Frith, 2007; sdeigure 1.7).
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Figure 1.7 The social brain.Regions that are involved in social cognition imiduthe anterior rostral
medial prefrontal cortex (arMPFC) and temporo-gatigunction (TPJ), which are implicated in mental
state processing; the posterior superior temparalus (pSTS), active during observation of faced an
biological motion; the anterior temporal cortex @) which represents semantic social informatiom a
the amygdala, which attaches value to social stimher regions of the social brain include thieiior
frontal gyrus (IFG), the intraparietal sulcus (IP8)e anterior cingulate cortex (ACC) and the dater
insula (Al). Modified, from Blakemore (2008).

Over the past two decades, research has beguredolight on how these social brain
regions contribute to human social abilities. Byiend according to Frith (2007), the
suggested roles of some of these brain region®dralscognition are as follows (the

review is not exhaustive):

The amygdala is responsible for attaching valussi{pe/negative, approach/avoid) to
objects, and this includes social objects. Thus, dimygdala plays a role in social
cognition by attaching value to facial expressidasy. happy = positive, angry =
negative; Le Doux, 2000), as well as to individeatial agents and classes of social
agents (Winston et al., 2002). Thus, the amygdaldought to play a role in implicit
social prejudices, or automatic social judgmentsn@ton et al., 2002; Frith & Frith,

2007).
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Another component of the social brain is the aotetemporal cortex (ATC) or

temporal poles. This brain region is thought toaenultimodal convergence zone,
where highly processed information about complestaddand non-social) stimuli at the
‘end’” of the ventral visual stream is integratedthwemotional signals from the
orbitofrontal cortex and amygdala (see Olson et 2007). Zahn et al. (2007) have
shown evidence that the ATC is active during theresentation of abstract social
semantic concepts (e.g. brave, stingy), and studi@sdividuals with fronto-temporal

dementia have shown deficits in the knowledge ofad®cripts (e.g. ‘what happens in a
restaurant’). Thus, it has been suggested thafATi@ represents semantic information

relevant to specific social encounters.

The posterior superior temporal sulcus (pSTS) ierofeported to be active in social
tasks. This brain region is generally responsivedmplex movements (Kawawaki et
al., 2006), including biological movements of theeg, face and hands (e.g. Perrett et
al., 1982; Haxby et al., 2000). The pSTS is motevaavhen predictions based on these
movements are in error than when they are corfeetpbirey et al., 2004a, 2004b).
Therefore, this brain region may play a role inatbBiog social gestures and signals, and
using these to form predictions of action or intent

The temporo-parietal junction (TPJ),which is ofetive during the same tasks as the
pSTS, has been shown to respond to spatial pergpectormation (Aichhorn et al.,
2006). This is needed to understanding the epistetaites of social agents based on
what they can and cannot see. This knowledge fanmart of theory of mind, or
‘mentalising’, which is the ability to attribute mi@l states to social agents. There is
some debate over the role of the TPJ in socialstagkhile some have suggested a
central role for the TPJ in representing mentalestai.e. a role that is not limited to
visual perspective information (Saxe & Wexler, 2))0&%hers have suggested that the
TPJ is generally responsive to attentional reoingntwhether this reorienting is

between mental state information, or other nonaaeformation (Mitchell, 2007).

Another region of the social brain is the mediafpntal cortex (MPFC), specifically

the anterior rostral MPFC (arMPFC, Brodmann are®)(B0; also referred to as dorso-
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medial prefrontal cortex). This brain region is ugbt to track and represent mental
states, including the emotional, motivational amisEmic mental states of self and
other (Amodio & Frith, 2006; Gilbert et al., 2006Ylore specifically, it has been

suggested (e.g. Frith, 2007) that the arMPFC igiakun representing the sorts of
mental states that are needed for communicatiezaations, i.e. second-order mental
representations. These are representations of @miotividual’s mental representation
of your mental representation. To clarify using tewamples, second order mental
representations are used when (i) a teacher attetopjudge whether a student has
understood an instruction, or (ii) a liar triesjtolge whether their victim realises they
have been lied to. A number of studies have showickeace for a role of arMPFC in

this function: for example, Hampton et al. (2008parted that activity within arMPFC

tracks the expected actions of an opponent in respto one’s own actions during the
game of ‘work or shirk’. In this game, a participamust decide on each trial whether or
not to ‘shirk’ (a form of cheating) based on theelihood that they will be discovered

by an inspector who inspects infrequently.

Functional MRI studies of social cognition in admlence have shown age group
differences in activity within many of the braingiens noted above. Some of these
studies will now be described, with a focusfane processingmentalising andpeer
influence, as these are domains that have been the foclwesefappmental fMRI studies

conducted to date.

1.5.2.2 Adolescent functional MRI studies of sociaognition

1.5.2.2.1 Face processing

A number of developmental fMRI have investigate@ theural correlates of face
processing, and these have focused on facial emptmcessing. Some of these studies
have shown greater activity in parts of the prefbrcortex during emotional face
processing tasks, in adolescents relative to amidaind/or adults. For example, in a
study conducted by Yurgelun-Todd and Killgore (20@®& which participants aged
eight to 15 years old passively viewed fearful saaewas found that activity within a
number of lateral and superior prefrontal regiobigaterally for girls, right sided for
boys) showed a positive correlation with age. Innkcet al. (2003), children and

adolescents (aged nine to 17 years), but not aghdesd 25-36), activated regions of the
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anterior cingulate cortex (ACC) and left orbitoftahcortex (OFC) during the passive

viewing of fearful relative to neutral faces.

1.5.2.2.2 Mentalising

A number of developmental fMRI studies have ingsted age group differences in the
neural correlates of mentalising. As defined aboventalising is the ability to attribute
mental states to social agents, and a large nuoftsudies in adults have shown that
mentalising relies upon a subset of social bragiores known as the ‘mentalising
network™, or mentalising system, comprising arMPFC, pSTS/aRd ATC (Frith &
Frith, 2003). Recently, several fMRI studies hakieven that functional activity within
the mentalising system differs between adolescemck adulthood (seEigure 1.8).
Specifically, these studies have shown greatewiactin the arMPFC in adolescents
than in adults during social cognition relative dontrol tasks. Conversely, activity
within certain posterior components (e.g. in thegeral cortex) shows the opposite
developmental pattern (Blakemore, 2008).

For example, in Blakemore et al. (2007), adolescémed 12-18) and adults (aged 22-
38) were scanned with fMRI while they read sentenabout causal intentions (e.qg.
“You want to go to the cinema. Do you look in thenspaper?”), relative to sentences
featuring unintentional physical causality everdsgy( “It has been raining all night. Is
the ground warm?”). Results showed that part of RIFI was more active in
adolescents than in adults during intentional Is/sgeal causality Kigure 1.8 blue
dots), whereas the adult group showed more actiigyn did adolescents within a
region of right STS in this comparison. A similageaassociated shift in brain activity
was found in Wang et al. (2006). When children addlescents (aged 9-14) and adults
(aged 23-33) judged whether a series of commupitgatiwvere sincere or ironic
(sarcastic), children and adolescents showed straagivation of the arMPFC than did
adults Figure 1.8 green dots). Adults activated more posteriorrbragions, including

the superior temporal and fusiform gyri, more. Tésults from these and other studies

L A network is defined as a set of brain regions tfeanonstrate functional
integration despite spatial separation. Due tddbk studies to date that have
investigated functional integration (e.g. functiBredfective connectivity) between
arMPFC, pSTS/TPJ and ATC during mentalising taakbdugh se€hapter 5),
they will here be collectively referred to as theentalising system’.
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(which will be described in more detail @hapter 5) suggest that the neural strategy
for mentalising shifts between adolescence andtlaold, with activity moving from
anterior (arMPFC) to posterior (e.g. temporal) oagi with age.

Figure 1.8 Adolescent fMRI studies of mentalisingshow an age-related decrease in activity within
anterior rostral medial prefrontal cortex (arMPFCThe yellow shaded area indicates the anteriorabst
sectionof MPFC that is activated in studies mntalising (Amodio & Frith, 2006). The colouredtslo
indicate voxels in which altered activity is obssshbetween late childhood and adulthood (green:gVan
et al., 2006; blue: Blakemore et al., 2007; yell®feifer et al., 2007; grey: Pfeifer et al. 200&) across
adolescence (red: Moriguchi et al. 2007), duringiagdecognition tasks. Se€hapter 5 for details of

studies.
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1.5.2.2.3 Peer influence

A recent fMRI study investigated the neural cotiedeof resistance to peer influence. In
this study, Grosbras et al. (2007) investigated rtHationship between brain activity
during passive viewing angry facial expressions amgry hand gestures, and a

behavioural measure of the ability to resist pedtuénce (RPI), in ten-year old

41



children. This social psychology measure of RPIgraviously been shown to correlate

with age across childhood and adolescence (Stgréb&tonahan, 2007).

Results from this fMRI study showed that childréra@acterised by low RPI showed
greater activity during observation of angry gessuwithin motor and decision/control-
related brain regions (right dorsal premotor cqrieit dorsolateral prefrontal cortex).

However, children characterised by high RPI shostdnger correlations in activity

(functional connectivity) between brain regions eriging action perception (e.qg.

biological motion regions in STS) and decision magk{e.g. lateral prefrontal cortex,
premotor cortex). Given the reported susceptibtiitypeer influence of adolescents, it
would be interesting if a follow-up fMRI study weoenducted in children older than
10. The authors conducted a structural MRI studyl2r18-year olds, showing that
inter-regional correlations in cortical thicknesghm lateral prefrontal and premotor

cortex increased with RPI independently of age $R#al., 2008).

This review of the developmental fMRI literature encial cognition is clearly not
exhaustive. A tentative generalization based osdlstudies is that across development,
or with increasing proficiency, there is a decreasetask-relevant activity within

prefrontal cortex.

1.5.2.3 Adolescent fMRI studies of decision-makingnd reward

A number of recent developmental fMRI studies hiawestigated brain activity during
tasks in which decisions are made in order to gaieward. These have included tasks
in which decisions result in certain rewards (elglayed-response tasks) and tasks in
which decisions result in uncertain rewards (etgg towa Gambling Task, IGT).
Functional brain activity during these tasks hasnbeported from decision, expectation
and outcome phases of the tasks. Thus, it is declg@ to generalise across studies. All
tasks, however, share a requirement for the intiegraand control of behaviour and
emotion (i.e. reward-based emotions; Rolls, 2086) recruit regions of the prefrontal
cortex (PFC) involved in decision-making, cognitigentrol and emotion, as well as
subcortical reward-responsive structures such asvéntral striatum (including the

nucleus accumbens) and amygdala.
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A commonly-reported finding in these studies ist thdolescents show more ‘diffuse’

activity within task-related regions of PFC than adults (e.g. Galvan et al., 2006;
discussed in Durston et al., 2006). In this usape, term ‘diffuse’ refers to a

qualitatively-judged difference in the pattern aipsathreshold BOLD-signal change,
comprising a larger volume of BOLD-signal changeadolescent groups, but smaller
test statistic values at peak voxels within thevatéd PFC volume. As such, this does
not constitute a statistical description of devetleptal differences in activity and is not

considered to be a valid description in the curtkesis.

Many studies report weaker adolescent relative doltaactivity within task-related
regions of PFC during decision-making tasks (eghdtet al. 2007; van Leijenhorst et
al. 2006; Bjork et al., 2007). However, this fingirs reported in very different regions
of PFC, including orbito-frontal, anterior cingwdaand dorso-lateral PFC, and therefore

is a challenge to interpret.

Elsewhere, it has been reported that adolesceotg wieaker activity within the nucleus
accumbens during decision and anticipation phasesvweard-based decision-making
tasks, and stronger activity in this structuretreéato adults during outcome phases of
the same tasks (e.g. Ernst et al., 2005; for rexvieae Geier & Luna, 2009 and Casey et
al. 2008; although disparate findings are repomteBjork et al., 2004). The amygdala
has been reported to show weaker activity in adel@s relative to adults, during both

anticipation and consummation phases of these {&kisr & Luna, 2009).

In summary, a number of developmental fMRI studieseward-based decision-making
have shown age-related increases in activity wiainous PFC sub-regions. Relative to
adults, adolescents show weaker activity withinrtheleus accumbens during decision-
making and anticipation of risky or certain rewarldst a stronger response to reward
outcome and consummation (Geier & Luna, 2009 #uggested that these changes in
functional brain activity might reflect, or be ressible for, adolescent real-life
engagement in risky activities (e.g. Steinberg,&00asey et al., 2008). This may be
mediated via changes in the cognitive abilitied thaderlie decision-making. The next
section will summarise adolescent cognitive develept, in the domains afecision-

making andsocialcognition.
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1.6 Cognitive development

1.6.1 Social cognitive development during adolesaem

1.6.1.1 Face processing

Some of the earliest empirical studies on adoldsserial cognitive development
focussed on face processing. For example, Caresl. gt1980) showed that, while
performance in a facial identity recognition taskproved steadily during the first
decade of life, this was followed by a brief dipparformance at approximately age 12.
It was later suggested that this decline was dysuterty, rather than ageer se as a
study by Diamond et al. (1983) showed that fematesid-puberty performed worse
those at pre- or post-puberty when the groups wettehed for age.

More recently, evidence for a pubertal dip in fa@motion (rather than identity)
processing was also shown (McGivern et al., 2002}this study, male and female
participants aged 10 to 17 performed a match-tgpganask, in which the task was to
match faces showing emotional expressions to ematiards. An increase in reaction
time of around 10-20% was shown at age 10-11 yademales, and 11-12 in males,
which then declined during adolescence to reactppberty levels only at age 16-17.
Since the age of the male and female performangpecdincides with the sexually
dimorphic age of puberty onset, these results weegpreted to suggest that the dip in
performance was related to puberty. Future stugliesneeded to provide evidence for

this suggestion.

Further studies should also investigate whetheré¢lalts of Carey et al., Diamond et
al. and McGivern et al. are specific to face pregeg or due to a domain-general effect
of adolescent cognitive development. For examplstudy by Itier and Taylor (2004)
showed evidence that continuing development dudadglescence of facial identity
recognition in an N-back task may be due to impdowsrking memory processing
capacity. In this task, faces were presented ségllgnon a computer screen, and
participants were asked to press a button whengheya face that had previously been
shown (either with an intervening face, i.e. 1-hamkwith no intervening face, i.e. O-

back). Faces were presented either in an uprighfigroation (thought to recruit
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specialist neuro-cognitive face-processing systeorsh an inverted or reverse contrast
configuration (thought to recruit domain-generalstsyns for object recognition).

Improvements were seen across the age range (fgem8ato 16) in recognition

accuracy for all face configurations, and not jtmt the upright, true-contrast face
configuration, and therefore this could be expldiriey a general improvement in
working memory processing capacity. Whether simdamain-general explanations
underlie developmental findings on facial emotienagnition, however, remains to be

investigated.

In summary, studies of face processing show comghudevelopment during
adolescence in both facial emotion processing awiklf identity recognition. This
development may be at least in part due to devedppkecutive functions, and some

have suggested a link with puberty.

1.6.1.2 Mentalising

Mentalising, the ability to attribute mental statesagents, is a key social cognitive
ability. The development of mentalising up to aye has been studied extensively and
is well characterised (e.g. Frith & Frith, 2003}t luntil recently, very little was known
about the development of mentalising beyond edriglcood. This can be attributed to
a lack of suitable paradigms: generally, in oraeciteate a mentalising task that does
not elicit ceiling performance in children agedefiand older, the linguistic and
executive demands of the task must be increases. fEhders any age-associated
improvement in performance difficult to attributelely to improved mentalising

ability.

However, based on recent fMRI findings showing difierences across adolescence in
functional brain activity during mentalising taskand in view of the increasing
complexity and importance to the self of sociahtieinships during adolescence, it has
recently been hypothesised that aspects of mantlisvil show continuing
development during adolescence (e.g. Blakemore &u@hury, 2006). Tecent

mentalising studies have supported this hypothesis.
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A study by Choudhury et al. (2006) investigateddbeelopment during adolescence of
emotional perspective-taking, which is the abitiyinfer the feelings of others or ‘step
into their shoes’, and is a component of mentalisim this study, 107 participants,
divided into child (mean age 9 years), adolescerdaf age 13 years) and adult (mean
age 24 years) groups, were tested using an embfpenspective-taking task. In this
task, the participant imagined either how s/hehow a third person, would feel in
various situations, and reaction times were medsufée results showed that the
difference in reaction time for taking one’s ownngmared with another person’s
perspective decreased with age. This was integrate indicating an age-related

increase in the efficiency of emotional perspectaking across adolescence.

More recently, a novel online mentalising task (ayet al., 2003) has been used to
show continuing development during adolescencaefbility to take another person’s
visual perspective (Dumontheil et al., 2009). Iis tudy, 177 female participants aged
seven to 28 years performed a task in which theye westructed to sequentially move
objects between a set of shelves arranged in a gsidnstructed by a ‘Director’ (see
Figure 1.99. The Director could see the contents of only smhéhe shelves (those
which were not occluded on the side nearest to Divector). Therefore, correct
interpretation of the Director’s instructions reaad participants to take into account
what the director could and could not see — higaliperspective. In a control condition,
participants were instructed to ignore objects helges that had a grey background.
Thus this condition was similar to the Director dition in terms of the goal of the task,
except that it relied on following a rule that waast couched in terms of an agent’'s
visual perspective. However, the Director conditadso involves the need to work out
someone else’s intentions (which object the Dineatants the participant to move) and
take their perspective in an online communicatit@asion. Results showed that
performance in both visual perspective and ruleetasials increased throughout
childhood and adolescence. However, there wasmang development between late
adolescence and adulthood only on performancesnaViperspective (Director) trials
(seeFigure 1.9b). These results indicate that the online use oftalestate (visual

perspective) information continues to develop dyiddolescence in femafesVhether

% This result has now been replicated in a largedatf male participants (.
Dumontheil, personal communication).
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this development is due to the development of $ipally social cognitive abilities
requires further investigation; the authors suggestage-associated improvements task
performance are due to a developmental interadigiween improving executive and

social abilities.

Figure 1.9 Adolescent development of online mentaling. Development during adolescence of the use
of visual perspective informatiorfa) In the Director task, participants are instructedmove objects
between shelves. A trial is shown from the Expentak (visual perspective) condition, in which
participants must take into account the visual pec8ve of a Director who cannot see objects in
occluded shelves. In the trial shown here, theembrresponse is to move the blue (target) truck and
ignore the red (distracter) trucgth) Results from the Director task show continuingelepment between
the late adolescent and adult groups in performancdsual perspective trials (light blue), butfuather
developments in performance on rule-based trigdght(lgreen) or in other control trials (dark bllight

green). For more details, see Dumontheil et al9200
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1.6.1.3 Social concepts

Another important aspect of social cognition is timelerstanding of social concepts or
principles, including fairness and reciprocity. Betoural economic studies in children
show an emerging awareness of social principlesngugarly and middle childhood
(Fehr et al., 2008), and during adolescence, angefent in their use in social
interactions. For example, in a recent study byoGur et al. (2009a), child and
adolescent participants played an economic gameikras the Ultimatum Game. This
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game assesses the tendency of participants tonattteoprinciple of fairness (moral
outrage). In this game, participants can make aw@sto forego money, in order to
punish unfair behaviour (low offers of money frohe tother player). Results in Glito

et al. showed that, between the ages of nine angka, there was an increase in the
tendency for fair offers to be strategically modethby the perceived ability of a social
partner to reject the offer. A similarly protractddvelopment in the social context-
dependent tendency to reciprocate (a specific fofrfairness) has been demonstrated
during adolescence in the Trust Game, which asseksedegree to which participants

respond fairly to fair offers of money (Guta et al., 2009b).

Further studies should investigate the role of darganeral abilities in age-associated
development in performance on these tasks. For gheanthe ability to understand
abstract concepts (Inhelder & Piaget, 1958) mayedmdthe ability to act on social
principles of trust and fairness. Development ia #bility to respond to feedback (e.g.
Byrnes et al., 1999; Crone & van der Molen, 200)ether this feedback is social or

non-social, may underlie age-related improvemeangseiformance in economic games.

1.6.1.4 Peer influence

The ability to act in accordance with social prples is important for social
interactions, as is the ability to infer the merdites of others. However, sometimes it
is appropriate to ignore or discount the opiniomd perspectives of others (e.g. Brass &
Heyes, 2005). One aspect of this social abilityd ame that has been studied with
particular interest in the context of adolescentetigpment (see sectidn5.2.2.3 is the
ability to resist peer influence. As described étt®on 1.5.2.2.3 a recent self-report
study showed a linear increase between childhoatl aalolescence in the ability to
resist peer influence in a variety of negative ardtral domains (e.g. peer influence to
commit crime, peer influence on personal tastenBézg & Monahan, 2007). A recent
experimental study was carried out to investigabel@avioural correlate of this change

in social psychological tendency:

In this study, conducted by Gardner and Steinb20§%), the influence of peers on the
number of risks taken in a car driving game wagstigated in 306 participants aged

13-16 (adolescent age group), 18-22 (youth agepyramd 24+ (adult age group).
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Participants played a car driving simulation gameyhich there were opportunities to
act in a cautious or risky manner, for example @gitog vs. continuing at a yellow traffic
light. Crucially, the game was played alone or e fpresence of two silent peers
(friends). The results showed that in the pres@fqeeers, adolescents took many more
risks when driving, compared to when they were al(eeFigure 1.10. In contrast,
levels of risk-taking in adults did not differ beten peer and alone conditions. The
youths showed an intermediate effect. In summays study shows continuing
development of the influence of a social contexegpnce of peers) on risk-taking
during adolescence. Further studies should invastithe mechanism by which peers

influence risk-taking in the task.

Figure 1.10 Adolescent development of the influencef peers on risk-taking. In a car driving
simulation game(a), in which opportunities arise to choose a riskycautious action, for example
stopping or continuing to drive through an ambaeffic light, (b) adolescents but not adults take more
risks in the presence of peers than when alone,yaoths show an intermediate pattern (Gardner &
Steinberg, 2005).
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Although continuing development during adolescelnas been shown in a number of
social cognition tasks, behaviour in these tasksiarecological social contexts relies

on many component processes that are not speblifisacial. These include the
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executive functions, which allow an individual tptimise and regulate their behaviour.
There is evidence that some executive functionstimo® to develop during
adolescence: For example, planning, prospective anerand inhibition (Romine &
Reynolds, 2005; Davidson et al., 2006; Dumonthedll.¢ 2008). Further work is needed
to elucidate developmental interactions betweencuiee functions and social

cognition in adolescence (see Dumontheil et aD920

1.6.2 Adolescent development of reward-based decsimaking

Evidence reviewed above (sectidn3.? suggests that the real-life tendency in
adolescence to engage in risky behaviours is pattifijputable to social factors, such as
peer pressure. Recent studies using laboratorydlmbesmsion-making tasks suggest that,
in addition to these social factors, there is gantig development during adolescence
of a number of non-social cognitive components thatlerlie the ability to make
optimal decisions. These studies will be reviewelbw. In general, it appears to be the
case that sub-optimal decision-making in adoleseescparticularly evident when

decisions are made in an emotional context.

1.6.2.1 Performance in probabilistic decision-maktasks

A number of recent studies have shown continuingeld@ment during adolescence in
performance on laboratory-based decision-makingkstagOften in these tasks,
participants must take into account the rewardsran@rd probabilities associated with
a selection of choices, and then choose so as tonmza their total rewards (e.g.

money, fictitious money, or points).

For example, in the lowa Gambling Task (IGT; Ovennea al., 2004; Crone & van der
Molen, 2004; Hooper et al., 2004; Huizinga et 2007), participants repeatedly select
cards from an array of four decks with unknown nelaistributions. Two of the decks
yield low-magnitude, constant rewards and modesbatdilistic losses, resulting in net
gain across the task. The remaining two decks yati-magnitude, constant rewards
but substantial probabilistic losses, resultinginet loss. Several studies have shown
that the tendency to adopt the advantageous syrategelecting from the former two
decks continues to increase with age during adefresc (between 11 and 18+ years:
Overman et al., 2004; Crone & van der Molen, 208dpper et al., 2004), although
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contradictory findings have been reported. In agtoy van Leijenhorst et al. (2008),
no differences were found between age 8-30 yeatiseirability to make advantageous
selections in a version of the IGT.

In a study by Harbaugh et al., participants agéd Srade a series of decisions between
a certain reward, and a gamble with equivalent etgokevalue (EV: the sum of potential
outcomes weighted by their respective probabilitiéarbaugh et al., 2002). Unlike in
the many versions of the IGT, in this task paracis are explicitly informed about the
reward probabilities associated with each decfsiblowever, children and adolescents
showed evidence of biased decisions in the tatdjve to adults. Specifically, children
and adolescents showed a lesser degree of indifferi@ their choice between the pairs
of options with equivalent EV, relative to adukssimilar study by Levin et al. (2007),
in which children (aged 5-11) and adults made dcehbetween gambles that differed
in EV showed age-related increases in the tendémeyake choices that maximised
EV. The results from these two studies show thagnan relatively simple decision-
making tasks in which participants are providedhwatl the necessary information to
make optimal choices, the tendency to do so coasirta develop up to (Levin et al.)

and during (Harbaugh et al.) adolescence.

Several suggestions have been put forward to atdouthe age-related improvements
in performance on these decision-making tasks. €uggestion is that, with age,
adolescents become better able to take into acquenfibrmance feedback (wins and
losses) and use this to maintain or modify subss&gbehaviour (Byrnes et al., 1999;
Crone & van der Molen, 2004). This might be expedi® impact on performance in
tasks including the IGT, but not in the tasks ubgd_evin et al. and Harbaugh et al.

(see preceding paragraph).

Another suggestion for the age-related improvememtperformance on decision-
making tasks is that the use of behavioural rutestrategies shifts during adolescence.

For example, Huizinga et al. (2007) show eviderareah age-related improvement in

3i.e. in Harbaugh et al., decisions are made urisle(probabilities of reward are
known, but are less than unity), not uncertaintplf@bilities of reward are
unknown).
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the sophistication of strategies employed during KBT. At younger ages (e.g. 6-9
years), participants behaved in a way that was istem with sensitivity to the
frequency of loss and an insensitivity to loss niagie, while up to and during
adolescence (10-15 years), participants were isorgly likely to take into account
both the frequency and magnitude of losses. Thdyswill be discussed in more detail
in Chapter 3. The suggestion that the development of decisiaking proceeds via the
adoption of increasingly sophisticated or unbias#ttegies is in agreement with
Harbaugh et al. (2002), and is also in broad ages¢mvith some influential theories of

the development of decision-making (e.g. BrainerB&yna, 1990).

1.6.2.2 Emotional influences on decision-making

A number of recent studies have investigated ematimfluences on decision-making
in adolescence. Depending on one’s conceptualisaticemotion, it could be argued
that any reward-based decision-making task isctbtyi emotional (in that reward
receipt, omission or termination gives rise to ‘aedrbased emotions’; Rolls, 2005).
However, it is possible to manipulate the levelenfiotional salience or emotional

intensity in decision-making tasks.

In a study by Figner et al. (2009), adolescentigpents aged 13-19 years and adult
participants aged 20+ years played the Columbiad Jask (CCT), in which cards
shown face down are sequentially turned over topuaimts. On a given trial, cards can
be turned over as long as gains are encounterédhdgame terminates as soon as the
participant turns over a loss card and the amqguetiied on the loss card is subtracted
from the total payoff. In this particular study,dwersions of the game were played: an
emotional or ‘hot’ version of the task, and an un&onal or ‘cold’ version of the task.
In the cold version, participants decided at tletsaf each trial how many cards they
would turn over (a single number, e.g. 15). In kimé CCT, this decision was made
incrementally: After each card was turned over,gadicipant made a decision either to
quit with their current payoff, or turn over anatheard. Therefore, the hot CCT
provides reward feedback at each decision poirg. results showed that, regardless of
age, participants turned over a greater numbeaufscin the hot than in the cold CCT.
However, the difference between the number of canaged over in the hot version and

the number of cards turned over in the cold versidnthe task was greater in
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adolescents than in adults. The authors suggesthisaeffect arises due to a greater
tendency for emotional factors to produce risk-segkbehaviour in adolescents,
relative to adults.

In summary, a number of experimental studies hésve evidence that some basic
cognitive components of decision-making continuedéwelop during adolescence. In
addition, the impact of emotion on decision-makim@y be particularly high in
adolescenceChapter 2 of this thesis describes an experiment that wasedaout to
investigate decision-making and emotion acrossesdehce. In the following sections,

this and subsequent experimental chapters willbasarised.

1.7 Summary of experimental chapters

Evidence reviewed in the preceding sections indiahat reward-based decision-
making continues to develop during adolescenchadt been suggested that this may
underlie the developmental peak in real-life rislgcision-making that occurs during
adolescence, the so-called ‘inverted-U shapedct@jg of risk-taking (e.g. Steinberg,
2008; Casey et al., 2008). However, real life risgdghaviour could arise due to a
number of factors. Few studies have shown convinawidence either that (a)
adolescents show a true preference for risk-takpeg se (rather than deficient
probability and outcome judgment), or that (b) adoknts take more risks relative to
both children and adults (cognitive studies coneldicto far have compared adolescents
with adults). In addition, the role of emotion inladescent risk-taking is not well
understood, but it is hypothesised to be impori@hapter 2 describes a study that was
carried out to explore these outstanding issuaghtizthree male participants aged nine
to 35 years old performed a probabilistic decigioaking task in which paired gambles
differed in EV, risk (measured as outcome varian@e) the potential to generate
counterfactual emotions (Camille et al., 2004).tieigants indicated their emotional
responses to the outcome of each gamble usingearlirating scale. A panel logit
regression procedure was used to test the conttbwf EV and risk to participant
behaviour across age, and it was predicted thateskehe former would show a linear
age-related improvement, risk-seeking would peakadlolescence. The emotional
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response to counterfactual outcomes was compatede groups, and developmental

differences were predicted.

Chapter 3 describes a study carried out to investigate said utilitarian influences
on decision-making, in adolescents and in adulgenty-two adolescents (aged 12-13)
and 14 adults (aged 21-43) completed a novel decisiaking task in which happy and
angry face stimuli were stochastically associatéth weward (Averbeck & Duchaine,
2009). Decisions were analysed by first creatingpaputational model of the ‘ideal
observer who optimally integrates outcomes ovéildr Participant decisions were
compared with the decisions of this model on &-byatrial basis, and performance was
compared between age groups. It was hypothesisad atthults would outperform
adolescents. As a next step in the analysis, aridgical observer’ model was created
that more closely emulated participant decisiors, itacontained parameters that
encapsulated distinct behavioural biases thatgyaaits were hypothesised to exhibit.
These included biases arising from the social eatfr the stimuli (the emotion
expressions), and differential sensitivity to pesitand negative performance feedback
(wins and losses). The influence of these behaaldbiases was compared between
adult and adolescent groups. In line with previetiglies (e.g. Huizinga et al., 2007;
Gardner & Steinberg, 2005; Steinberg & Monahan, 720 was hypothesised that the

response to performance feedback and social cuelsl\develop across age.

Adolescence is a time of profound socio-emotioreletopment, and there is evidence
that the hormonal and psycho-social changes ofrpubentribute to changes in social
awareness and emotion processingChapter 4, a study is described that investigated
pubertal changes in self-reported social emotiighty-three female participants aged
9-16 years were divided into three puberty groups tbe basis of a physical
development questionnaire, and completed an enadtioelf-report task. Patterns of
emotional responding were investigated to evaltlage hypothesis that the onset of
puberty marks an increase in the awareness of exmpk ‘mixed,” emotions. The
emotional self-report task consisted of a seriesceharios that were designed to evoke
either predominantly social emotions (embarrassmerguilt) or predominantly basic
emotions (anger or fear), where social emotionsdafed as those which require the

representation of others’ mental states. It wasothgsised that mixed emotion
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responding would develop across puberty, and thé tevelopment would be

particular to social emotion.

In Chapter 5, emotional scenarios from the study descriGedpter 4 were adapted to
investigate the neural processing of social andicbasnotions. Nineteen female
adolescents (aged 10-18) and 10 female adults @2e82) underwent fMRI scanning
while processing social or basic emotion scenaf@asticipants were instructed to read
and imagine each scenario, and to rate their inegigiemotional response. Social
emotions were defined as emotions that require ahstdte processing, and therefore it
was predicted that activity would be observed wittiie mentalising system (arMPFC,
pSTS/TPJ, ATC) during social relative to basic aortconditions. Previous studies
have reported differences in activity within thentaising system between adolescence
and adulthood (specifically, age-related decreasesarMPFC activity), during
mentalising relative to control tasks. Therefore,was predicted that a similar
developmental pattern of activity between age gsodpring social relative to basic

emotion processing would be observed in the custmty.

The mentalising system (arMPFC, pSTS/TPJ, ATC)ftenocollectively referred to as
the mentalising ‘network’. However, a network idided as a set of brain regions that
demonstrate functional integration, and no studyd&te has investigated functional
integration within the mentalising system. Therefan Chapter 6, fMRI data from

Chapter 5 were reanalysed to investigate connectivity betwaeViPFC and other

mentalising system components, using psycho-plogicdl interaction (PPI) analysis.
Connectivity was investigated across age (11-35rsyeaand was then compared
between the adult and adolescent groups. It wasthgpised that regions of the
mentalising system would show evidence of connggtiduring the mentalising

condition (social emotions) relative to the contcohdition (basic emotions), and that

this connectivity would differ between age groups.
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Chapter 2

The development of expected value maximising, risk-
seeking and counterfactual emotion in a probabilist ic

gambling task

Human adolescents are prone to engage in risky Waebhes such as dangerous driving
and unsafe sex. In this chapter, a study is desdrihat was conducted to investigate
adolescent risk-seeking in a behavioural econoas&.tMale participants aged nine to
35 completed a probabilistic gambling task assegsiecision-making under risk, and
the emotional response to decision outcomes (ewnterfactual emotions, relief and
regret). Results show an inverted U-shaped devedogah trajectory for risk-seeking,
but the ability to maximize expected value improgetiually across age. In addition,
there was an increase between childhood and youwweacence in the strength of
counterfactual emotions (relief and regret) repdriter receiving feedback about the

gamble outcome.

2.1 Introduction

2.1.1 Adolescent development of risk-seeking

Adolescents show a tendency to engage in riskywbetis, such as dangerous driving
and unsafe sex (Steinberg, 2008; Eaton et al. 2006has been suggested that
adolescents are risk-taking in general, relativehitddren and adults (Steinberg, 2008;
Casey et al., 2008). However, engagement in righkyabiour in real life is likely to have
a variety of social, emotional and cognitive causesd few empirical studies have
directly compared risk-seeking in children, adoéeds and adults using laboratory-
based behavioural tasks (Harbaugh et al., 2002)eCebal. 2008; van Leijenhorst et al.,

2008; see Boyer, 2006, for review). The currentlgtimvestigated the development of
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risk-seeking between late childhood (age 9) andtlaolod (age 35), using a behavioural
economic task in which gambling decisions were madean emotional context.

Heightened risk-seeking was predicted in adolescegiaitive to adults, in line with

previous empirical data (Eshel et al. 2007; Figeteal. 2009). In line with theoretical

suggestions (Steinberg, 2008; Casey et al., 2008yecent empirical findings (O'Brien
& Steinberg, 2009), adolescents were also hypahdsto show heightened risk-
seeking relative to children.

2.1.2 Adolescent development of emotion

Also of interest in the current study were ageeddhces in the emotional response to
gamble outcomes. When faced with gamble outcomesticjpant choices are
influenced by the rewards that they hope to gaie, économist's “expected value”
(EV), but are also influenced by they think theylvieel afterwards. The emotional
component of decisions is thought to be the reasby, once an individual is
committed to a course of action, s/he may prefeégriore what would have happened if
the alternative decision had been made — espedidhg chosen decision results in an
unfavourable outcome. In this situation, countdrfat comparison betweewhat is
with what might have beeshows that the alternative decision would have lester,
and this can result in the feeling of regret (agimtively-mediated emotion’; Camille et
al. 2004). Alternatively, a better outcome thandhernative may result in the feeling of
relief. These cognitively-mediated emotions infloendecision-making in adults
(Camille et al., 2004; Coricelli et al., 2007).

It has been suggested that ability to think codattwally about the outcomes of
decisions develops during adolescence (Baird & agg 2004). This may impact on
adolescent decision-making. For example, immatawmterfactual emotional responses
during decision-making might contribute to riskycgon-making in adolescents
(Steinberg, 2008). In general, it has been sugddbie adolescents show exaggerated
or more labile emotional responses to outcomesiveléo children and adults (Ernst &
Mueller, 2007; Casey et al. 2008; Ernst et al.,22@xshel et al., 2007), which may also
impact on decision-making. However, no previousdgtuhas investigated the
development of risk-seeking and the experienceoohterfactual emotions within the

same paradigm.
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2.1.3 Probabilistic gambling task

In the current study, participants aged nine to/@ars played a probabilistic gambling
task (Camille et al., 2004; Coricelli et al., 20@%)which paired gambles differed in EV
(the sum of potential outcomes weighted by thedbpbilities) and risk, as well as the
potential to generate counterfactual emotions gfedind regret). On each trial, the
participant chose between two gambles presenteeiform of ‘wheels of fortune’ (see
Figure 2.1). The two possible outcomes of each gamble (winssses of points), and
their probabilities, were indicated on each wh&ghen the participant had indicated
which of the two gambles he wished to play, anvarspuns round on the appropriate
wheel, coming to rest on the number of points woiost on that trial. In this type of
task, a rational decision-maker should choose gesmbith greater EV, since this will
maximise winnings. However, gambles with the sarivec@n differ in their level of
risk, where risk is measured as the outcome vagiaica gamble (Bossaerts & Hsu,
2008; seMethods, 2.3. The contribution to choice of risk (outcome @age) and the
EV of a set of gambles was used to evaluate thecipants’ utility function (Bossaerts
& Hsu, 2008).

2.1.3.1 Predicted development in the ability to iméze expected value

The first goal in using this gambling task wasrweéstigate the impact of EV on choice
across age. It was predicted that, even at theggsirages, participants would tend to
choose gambles with higher EV, since it has beenvshpreviously that children as
young as five years old show a rudimentary seritto EV (Schlottmann, 2001):
When five-year olds view probabilistic events assted with different prizes won by a
puppet, the level of happiness children judge tineppet will feel is proportional to the
value of a prize multiplied by its approximate pabbity. It was expected, however,
that the ability to maximise EV would continue tevelop during childhood and
adolescence. Although probability and value judgmeray be mature by mid-
adolescence (Boyer, 2006), the use of this infammab guide behaviour in emotional
contexts, as in the current paradigm, is still degweag. For example, in a behavioural
economic study by Harbaugh et al. (2002) in whieaktipipants aged five to 64 years
made a series of choices between a certain outemeheé gamble with equivalent EV,

an age-related increase was shown throughout adoles in the tendency towards
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rational (indifferent) decisions. Children and aments showed evidence of a biased
treatment of the probability information relative adults. Indeed, up to the age of 21
years, participants behaved in a way that was stergi with a bias to over-weight the
probability of rewards and under-weight the probgbof losses. A study by Levin et
al. (2007) in which children (aged 5-11) and aduoitde a choice between gambles that
differed in EV also showed age-related increaseational (EV-maximising) decisions.
This evidence suggests that the ability to maxinkis& even when the rewards and
probabilities are known, continues to develop dyadolescence. The current study set
out to fill in this developmental picture, by tesggithe ability of children, adolescents
and adults to maximize EV when choosing betweenspzii gambles that differed in
EV.

2.1.3.2 Predicted development in the influencasif on choice

The second goal of the current study was to ingattiage differences in the impact of
risk on choice. Participants’ preference for risksvevaluated by testing the contribution
of the outcome variance of gambles to behaviourreta risk-seeking participant is
one who shows a tendency to choose gambles with fgyiance. Because the
probabilities and outcomes of gambles were showpatticipants, risk-seeking in the

current study refers to a preference for risk propge contrast, seemingly risky

behaviour in real-life could arise due to a numbeérfactors, including incomplete

knowledge of the range of possible outcomes, oeduged ability to detect their

probabilities. The hypothesis was tested that theoelld be an inverted U-shaped
trajectory of risk-seeking with age between chiloth@and adulthood, with its peak in
adolescence, as has been suggested in a numbeteott Istudies (Figner et al. 2009;
O’Brien & Steinberg, 2009).

For example in Figner et al. (2009), adolescentigpants aged 13-19 years, and adult
participants aged 20 years and older played thertloia Card Task (CCT), in which
cards shown face down are sequentially turned twevin points. On a given trial,
cards can be turned over as long as gains are meteced, but the trial terminates as
soon as the participant turns over a loss cardladmount specified on the loss card is
subtracted from the total payoff. In this particwéudy, two versions of the game were

played: an emotional or ‘hot’ version of the tagkd an unemotional or ‘cold’ version
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of the task. In the cold version of the task, pgrtints decided how many cards they
would turn over at the start of each trial (a sthgumber, e.g. 15). In the hot CCT
version, this decision was made incrementally:raéi@ch card was turned over, the
participant then made a decision either to quihwiteir current payoff, or turn over
another card. Therefore, the hot CCT provides révieedback at each decision point,
presumably encouraging risky decisions becausécipamt feel they are ‘on a roll’, or
because they might ‘miss out’ if they quit. Indedte results showed that across age,
participants turned over a greater number of camdghe hot than in the cold CCT
version. However, the difference between the nunaberards turned over in the hot
version and the number of cards turned over inctie version of the task was greater
in adolescents than in adults. The authors sudbasthis effect arises due to a greater
tendency for emotional factors to produce risk-segkbehaviour in adolescents,

relative to adults.

Similar findings were elicited in a study in whielolescents and adults made risky or
safe decisions in a car driving game: adolescemk more risks than adults in a hot,

social-emotional condition in which their friendsere present relative to a cold

condition in which they played alone (Steinbergd&00’'Brien & Steinberg, 2009).

In light of this previous evidence, adolescentsemeredicted to take more risks than
adults in the emotional decision-making task usethe currenChapter. Few (if any)
empirical studies show increased adolescent reldbvchild risk-taking in emotional
contexts; however, it is said that risk-taking d@wbk an inverted U-shaped
developmental trajectory between childhood andthdold (Figner et al. 2009; O'Brien
& Steinberg, 2009). This pattern was therefore praglicted in the current study.

2.1.3.3 Predicted development of counterfactualtemo

The third goal of the current study was to investggage differences in counterfactual
emotion (relief and regret). During the gamblingkta participants indicated their
emotional to the outcome of each gamble on a lingamg scale. On half of the trials
(gambles in theomplete feedbaatondition), the outcome of the unselected whea wa
revealed alongside the outcome of the selectedIywvbereas on the other half of trials

(partial feedbaclkcondition) only the outcome of the selected wiwed) was revealed.
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Previous work in adults has shown that, in the detedeedback condition, viewing the
outcome of the unselected wheel gives rise to ateolactual comparison between the
outcome of a choice (reality) and the outcome dbragone alternative (what might
have been), and that this comparison modulates ienabtresponses (Camille et al.
2004, Coricelli et al. 2005). In this study as meypous studies, the emotional response
to the outcome of a decision that is better thangfected alternative is defined as relief,
and worse than its alternative as regret. Baseduggestions that the ability to think
counterfactually about the outcomes of decisiomgicaes to develop during childhood
and adolescence, it was hypothesised that therédvibmuage group differences in the
modulation of the emotional response to countewtcbutcomes in the complete
feedback condition, and that this might be relatedsk-taking.

2.2 Methods

2.2.1 Participants

20 pre-adolescent male participants (aged 9 towldre recruited from a selective

primary school in London. 52 adolescent male paditts (aged 12 to 18) were

recruited from a selective secondary school instimme area of London and at which a
proportion of school leavers from the primary sdhewrol each year. 17 adult male
participants (aged 25 to 35) were recruited fromiatabase of former students of the
secondary school. Therefore, child, adolescentahdt participant groups were well

matched for educational background and socio-ecanstatus.

The 89 participants were divided into four Age Gyewf approximately equal size
based on school year group: chid £ 20, age range 9.83-11.83 years: mean £sd)
10.83 (.641)), young adolescent (YAY € 26, aged 12.25-15.83: mean (sd) = 13.77
(1.10)), mid-adolescent (MAN = 26, aged 15.5-18.08: mean (sd) = 16.74 (.881)) a
adult N =17, aged 25.67-35.0: mean (sd) = 30.32 (3.08)).

Participants had no history of psychiatric or néagial disorder, and none had

received a diagnosis of attention-deficit/hyperastidisorder, autism or dyscalculia.
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To reduce variance attributable to developmental diéferences in traits such as
sensation-seeking, which might influence risk prefiees (Steinberg et al. 2008), this
study was restricted to male participants only. Beéection of males rather than
females was related to the particular focus onsesking in the current study: previous
studies have shown higher risk-seeking in males thdemales (e.g. van Leijenhorst et
al., 2008).

Prior to the study, written informed consent wasaoted from adult participants, and
from a parent or guardian of adolescent particjpahhe study was approved by the

local Ethics Committee. Participants were not paid.

2.2.2 Procedure

Each participant completed the probabilistic deciginaking task described in Camille

et al. (2004). On each trial of the task, the pgént is presented with two ‘wheels of

fortune’ on a computer screefigure 2.1). The participant must choose one of the
wheels, with the aim of maximising the number oinp®won. Possible wins and losses
on each wheel are indicated by positive or negatiwabers next to the wheels, and
their associated probabilities are indicated byr#lative size of adjacent sectors on the
wheel. When the participant has pressed a buttdicating his choice, an arrow spins

round on the wheel and comes to rest showing thebeu of points that have been won
or lost on that trial. The participant is then aske indicate how he feels using a linear
rating scale at the bottom of the screen: from (BRtremely negative) to +50

(extremely positive).
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Figure 2.1 The probabilistic gambling task: Partial feedback condition (exampl€n each trial, the
participant is presented with two gamblesréen }. In this example, the participant rejects thenhtrig
hand gamble 2sgreen 3, which would incur a 0.5 chance of winning 50msiand a 0.5 chance of
losing 50 points, and chooses to play left handldarh which incurs a 0.8 chance of winning 200 fmin
and a 0.2 chance of losing 200 points. Probalsliied wins can occur in any combination, with the
exception of combinations that result in identiEM between wheels. Once the participant has chosen,
the arrow spins round on the selected gamble itirtdmes to rest on the obtained outcoserden 3.
Finally, the participant indicates his emotionapense to the outcome on a continuous scale fronl -5

feel very negative) to +50 (I feel very positive).

1. Presentation of gambles 2. Participant makes a decision, arrow spins

+200i -200  +50 -50

3. Outcome is revealed, participant indicates
emotional response

+50 -50

Outcomes {+200, +50, -50, -200}

+200 2200 +50 .50
@ @ Probabilities {0.8, 0.5, 0.2}
-50 0 +50

/3

W m

The game is played under two conditions, lastingr@amately 10 minutes each. Each
condition contains 30 self-paced trials, separhtedn inter-trial interval of 1 sec. In the
partial feedbackcondition Eigure 2.1) which is played first, the participant is shown
the outcome of the chosen wheel, but not the outcofrthe unchosen wheel. In the

subsequentomplete feedbaatondition, the participant is shown the outcome$othn
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wheels, but only gains the number of points indidaby the arrow on the wheel which
he has chosen. The task was run using Cogent seftrumning in Matlab, which
logged behavioural responses. Prior to the decisiaking task, participants completed

a five-trial practice task.

Possible gamble outcomes took the discrete valtie@0, +50, -50 or -200 points.
Outcome probabilities for each wheel could be 02/4r 0.5/0.5. The two gambles
always differed in EV (se&quation 2.2) and in the value of their actual outcomes.
Otherwise, pairs of gambles and the combinatioprobabilities and outcomes on each
gamble were split approximately evenly among pdsssbmbinations. Thus, the EV of
all 120 gambles ranged from -170 to +170, with eamand median close to or at zero
(mean EV = -8, median EV = 0), and a range of tbffiees in EV between the paired
gambles across the 30 trials in each condition frb@b to +195 (pairings of extreme
good EV gambles with extreme bad EV gambles wemdad as this sort of trial is
experienced as an ‘obvious’ choice), with a meath raedian close to zero (mean dEV
= 3, median dEV = 12). The set of pairs of gamlaled the order in which they were
presented was the same in each conditionAppendix 2.1for full parameter structure
of the task).

The task was administered individually to child adblescent participants in a quiet
room in school, and at the home or workplace oftgghrticipants. The total duration of

the experiment was between 15 and 25 mins, depgodiparticipant reaction times.

2.2.3 Data analysis
Data points lying >3 s.d. from the grand mean efdependent variable in each analysis

were considered outliers and were excluded frorhahalysis.

2.2.3.1 Logit regression analysis: the effectsxpieeted value and risk on choice
Decision-making was analysed by conducting regoessinalysis with a panel logit
procedure (Camille et al. 2004; Coricelli et al.08D This procedure treats each
participant as a unit and each subsequent tridinas, and calculates the maximum
likelihood of a model of the data that takes inboaunt decision variables, in this case

the difference in EV and risk (variance) betweempies.
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In the current modek; andy; represent the highest and the lowest outcomerabgal
(g1, the left hand wheel), and andy, represent the highest and the lowest outcome of
gamble 2 ¢, the right hand wheel). The probability>afis p and the probability of;, is
1 — p; the probability ofx; is g and the probability of, is 1 —q. The probability of

choosing gamble 1 is estimated as:

(2.1) Pr@iit) = 1 - Pr@pit) = F[dEV;, dSD]

wherei = individual,t = time and the functioR[ ] denotes the function £1 + e). The

effect on choice of the difference in EV and risktween paired gambles was
investigated, with the variablelcVanddSDdefined as:

(2.2) dEV=EV(g1) - EV(Q2) = [(pxe + (1 -p)y1) - @* + (1 -Q)y2)]
(2.3) dSD= stdev()) - stdev()

where:

(2.4) stdevfn) = [p(x: - EV(@1))? +q(yi — EV(@1))?]

A participant who maximizes EV and risk will chooge if [EV(01) > EV(Q)]
(Equation 2.2), and if [stdew);) > stdev(,)] (Equation 2.3).

To ascertain whether the impacts of EV and riskbehaviour were dependent on
participant age, the two variablefeV and dSD were first orthogonalised (with all
common variance attributed ¢&EV) and then interactions between age and each of the
orthogonalised parametedEV and dSD were modelled. The hypothesis that risk-
seeking would show an inverted U-shaped trajectotly age was tested by modelling
the interaction between a quadratic function of @gg¥) and the impact of riskdSD

on behaviour; a quadratic relationship betweenagkEV was also tested. In order to
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compare directly the models testing for linear apdhdratic effects of age on the

variablesdEV anddSD, a likelihood ratio test was carried out.

The outputs of the logit regressions show the aoeffts of model parameterdRV,
dSD and their associated significance levels. A doefit that is not significantly
different from zero indicates that participant babar is neutral with respect to that
coefficient. For example, participants could be-ngutral, or insensitive to EV. A
coefficient that is significantly different from me indicates that participants tend to
maximise or minimise the decision variable. Thenswf the coefficient indicates
whether the decision variable increases (+) oreabs@s (-) the probability of choice.
For example, a high, positive coefficient for righSD indicates that a more risky
choice (one with higher outcome variance) has &drigorobability of being chosen.
Significance of the variableEV and dSD was tested across participants and within

each Age Group separately, with the thresholdifpriicance set gb < 0.05.

First, a simple model is reported, in which thditytifunction is estimated using the
decision variablesEV anddSD (Table 2.19. Subsequently the age variable is added,
and its interaction witdEV anddSD, and then quadratic effects of the variables are
tested by including interactions between’agel the variabledEV anddSD We tested
whether the addition of each variable improvedrttael, and report a reduced model

including only the variables that significantly é&ip choice Table 2.1b.

2.2.3.2 Proportion of EV and risk-maximising cheity Age Group

To complement results from the logit regression lyam®s, which treat age as a
continuous variable and therefore may be influenbgdhe distribution of age, the
proportion of trials for which each of the four Ag&roups selected the gamble that
maximized EV or risk was calculated. One-way ANOWAs used in each case to test
for Age Group differences, with a threshold forrsiigance atp < 0.05 and Bonferroni
corrections applied tpost hoctests The curve resulting from a regression betweeri age
and the proportion of risky choices was interrodati® locate the point of inflection,
which is the age at which the proportion of riskypices is maximal.

2.2.3.3 Other indices of performance
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Mean winnings closely follow the proportion of EVawimising choices, since a
participant who maximizes EV will win more pointsowever to add detail to the
current pattern of results, the relationship betwparticipant age and mean winnings
was investigated, by conducting linear regressioalysis. Two regressions were
performed, the first across the entire age rangd, the second on the child and
adolescent age range, in order to rule out theilpbgsthat this effect was driven by
two discrete clusters in age, and since it was thgsised that the major changes in

performance would occur during this age range.

To ascertain whether any effects of age and Ageugsron performance (mean
winnings; tendency to maximise EV) were simply doelower learning of the task at
younger ages (Crone & van der Molen, 2007), rathan to stable age differences in
strategy, linear regression was conducted betweenamd the difference in mean
winnings between the first and second 15 out of3Ddrials per condition, as well as
one-way ANOVA on the mean difference in winningsween the first and second half

of both conditions, with Age Group as a betweenextib factor.

2.2.3.4 Strength of counterfactual emotions by Ggeup

It was hypothesised that the modulation of emotemaluations by counterfactual
comparison would differ according to Age Group. fést this hypothesis, trials were
selected for which a counterfactual comparison @¢aither enhance or diminish the
degree of satisfaction a participant would feeldagiven outcome. That is, trials were
selected from the complete feedback condition fbictv the obtained outcome was
either +50 or -50, and the unchosen alternative &itieer +200 or -200. To clarify,

consider the obverse situation in which a partitipgins +200 points. In this case, any
unobtained outcome (+50, -50 or -200) would havenbeorse; the counterfactual
comparison will always be in the downward directeomd will always be confounded
with outcome magnitude. In contrast, a win of -5@ymappear satisfactory if the
unobtained outcome is revealed to be -200, buttisfgetory if the unobtained outcome
is revealed to be +200. Emotion evaluations from Iiter trial types were therefore
used to calculate Age Group differences in thengtie (magnitude) of counterfactual
emotions defined according to the counterfactudlr@ward context in which they were

elicited, which was previously described as thgree effect’ in Coricelli et al. (2005).
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Counterfactual emotions were compared betweendheAge Groups using one-way
ANOVA with a threshold for significance gt < 0.05, and Bonferroni-correctgubst
hoct-tests.

2.2.3.5 Overall emotional response between Age [&ou

Overall differences in emotion intensity betweeneAGroups and conditions were
investigated by conducting mixed model repeatedsomes 2x2x4 ANOVA on emotion
evaluations in response to positive and negativaolate outcomes (within-subjects
factor 1. Valence; two levels: win, loss) and ire tpartial and complete feedback
condition (within-subjects factor 2: Feedback; tleoels: partial feedback, complete
feedback), between age groups (between-subjedtsf&ge Group; four levels: child,
YA, MA, adult). Bonferroni-correcteghost hoct-tests were used to investigate simple
effects. Because order effects (the partial comdlitwas always played first) may
contribute to a main effect of Feedback or intecmst thereof, only those age-
independent effects that replicate previous resaiés reported (Camille et al. 2004;
Coricelli et al. 2005; Bault et al. 2008).

2.3 Results

2.3.1 Performance

2.3.1.1 Behavioural sensitivity to the differencdN between gambles

Logit regression analysis showed that during bdik partial and the complete
conditions, across participants as well as withathe Age Group separately, the
difference in EV (se&quation 2.2 Methods, 2.9 between gambles affected choice.
Overall, participants exhibited a behavioural prefiee for gambles with higher EV.
Since the behaviour of participants with regards w6 similar in the partial and the
complete conditions, and in order to increase power collapsed across conditions.
Thus, for all 89 participants, EV coefficietEV > 0, withp < 0.05 (sedable 2.19 and
for the Child, YA, MA and adult groups separatetifgV > 0, p < 0.05. However,
participant age modulated the extent to which tiierénce in EV between gambles
affected choice (interaction between age dBY¥ coefficient,dEV*Age> 0, p < 0.05;
seeTable 2.1b such that the impact of the difference in EV le#w gambles on choice
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behaviour increased with increasing age. Thatldgrgoarticipants exhibited a stronger
behavioural preference for gambles with higher B&ntdid younger participants. The
interaction between age? ad&V was not significant, and was therefore removethfro

the model.

In order to assess statistically whether the @hatiip between age and the impact of
EV on choice was better described as linear or iqiad a likelihood ratio test was
conducted. This showed that adding a quadratic comt for the interaction between
age andlEV (agezdEV) did not significantly improve the model (Likelibd-ratio test:
LR %1) = 1.47;p = 0.226). Therefore, the effect of age @BV is concluded to be

linear.

2.3.1.2 Proportion of EV-maximising choices by &geup

One-way ANOVA on the proportion of trials for whigarticipants in each of the four
Age Groups chose the gamble with higher EV wassimificant F3 g5 = 2.354,p =
0.078).

2.3.1.3 Correlation between age and mean winnings

Linear regression analysis showed that mean wisnaagjoss the task were positively
correlated with age (mean winnings= 0.280,r*> = 0.078,p < 0.05; two outliers were
excluded: one YA, one MA seeFigure 2.2). This result is consistent with the logit
regression result showing an age-related increaseVi-maximising behaviour. In
order to rule out the possibility that this effeghs driven by two discrete clusters in
age, a second linear regression analysis was daytieon mean winnings against age
for the Child and Adolescent groups only. This shdwhat mean winnings across the
task were also positively correlated with age axriss age range (= 0.340,r% =
0.115,p < 0.05).

* Note that the two lower data points showifrigure 2.2lie within 3 s.d. of the
mean and are therefore not defined as outliefisisnstudy. However, the linear
relationship remains significant when these datatp@re excluded (= 0.265,
r?=0.070,p < 0.05).
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Figure 2.2Mean winnings across the taslshow a positive correlation with age,% 0.280,r = 0.078p

< 0.05). Two outliers >3 s.d. away from the meamnensxcluded.

Mean winnings by age

M ean winnings

- Wins = Age*. 377 + 121

] 10 20 30 40
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2.3.1.4 Effect of age on learning

Linear regression between age and the differencedaan winnings between the first
and second 15 out of the 30 trials per conditiamwall as one-way ANOVA on the
mean difference in winnings between the first aacbad half of both conditions, with
Age Group as a between-subjects factor, revealedsigaificant effect of age
(regressionp = 0.879; no outliers) or Age Groupsss = 0.204,p = 0.894; one YA
excluded due to incomplete partial condition) oe tfifference in mean winnings
between the first and second half of each condifitis suggests that the effects of age
and Age Group on performance are due to stableiffigeences in strategy, and are not

simply due to slower learning of the task at yourages.

2.3.2 Risk-seeking
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2.3.2.1 Behavioural sensitivity to the differenceisk between gambles

Logit regression analysis showed that across Agel&, the difference in risk between
gambles (seeEquation 2.3 Methods, 2.9 affected choice. Overall, participants
exhibited a behavioural preference for more ris&ynples, that is, gambles with higher
outcome variance (risk coefficiedSD> 0; p < 0.05; sed able 2.19. The difference in
risk between gambles also predicted choice in thm&CYA and MA groups alone (risk
coefficient for Child, YA and MA groups separatetfsD> 0, p < 0.05), but not in the
Adult group aloneg > 0.7). That is, children and adolescents showedepence for

more risky gambles, but adult behaviour is inséresio risk.

2.3.2.2 Nonlinear relationship between age anditt@act of risk on behaviour

A significant quadratic interaction between age d&d showed that participant age
modulated the extent to which the difference ik igtween gambles affected choice
(coefficientdSD*Age2> 0,p < 0.05; sedable 2.1, but choice was not predicted by a
linear function of risk*age (coefficierdSD*Age< 1, p = 0.064; se€lable 2.1bH. In
order to directly compare linear vs. quadratic @feofdSD, a likelihood ratio test was
conducted. This showed that adding a quadratic comet for the interaction between
age and the risk coefficiendt$D*Age?) to a model containing the linear component
only (dSD*Age) significantly improved this model (likelihoodtia test: LR (1) =
5.31;p < 0.05). Therefore, it is concluded that thera guadratic relationship between

age and the propensity to seek risk.
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Table 2.1
(a) Participant choice behaviour as a function ofdifeerence in expected valudEV) between gambles and the difference in rid8 between

gambles.

Variable name CoefficienStandard error Z P [95% Conf. Interval]
Difference in expected valudeV 0.02275 0.00061 37.58 <0.001 0.02156 0.02393
Difference in riskdSD 0.00514 0.00051 10.09 <0.001  0.00414  0.00613
Constant 0.17911 0.03833 4.67 <0.001 0.10398 02542

Number of subjects = 89; number of observation2895 Data from all trials.
Log likelihood = -2151.0887, Wald &(8) =1453.61, Prob > chi& 0.000

(b) Participant choice behaviour as a function oftgables listed in column 1.

Variable name Coefficient Standard err Z P [95% Conf. Interval]

Difference in expected valudEV 0.01598 0.00179 8.92 <0.001 0.01247 0.01949
Difference in riskdSD -0.00224 0.00464 -0.48 0.629 -0.01133 0.00685
Interaction between EV and AgeEV*Age  0.00043 0.00011 3.93 <0.001 0.00021 0.00064
Interaction between risk and AgéSD*Age  0.00099 0.00049 2.03 0.042 0.00003 0.00194
Interaction between risk and AgelSD*Agé -0.00003 0.00001 -2.5 0.012 -0.00005 -0.00001
Constant 0.18100 0.03890 4.65 <0.001 0.10475 02572

Number of subjects = 89; number of observation2895 Data from all trials.
Log likelihood = -2127.8668, Wald c&8) =1414.01, Prob > chi& 0.000
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2.3.2.3 Proportion of risk-maximising choices byeAgroup

One-way ANOVA on the proportion of trials for whiglarticipants in each of the
four Age Groups chose the gamble with higher rigls wignificant 3 gs= 3.077,p

< 0.05).Figure 2.3 shows the proportion of risky choices in each Agyeup. For
the purposes of illustration, a quadratic functizas been fit to the group data.
Pairedpost hodBonferroni corrected comparisons showed that tAeghoup made a
significantly greater proportion of risk-maximisictoices than did the Adult group
(p < 0.05; all other comparisomps> 0.2). Interrogation of the curve resulting from a
regression between &gas a continuous variable and the proportion dédyrhoices
revealed that the point of inflection was locatéed 438 years. That is, 14.38 is the

age at which participants made the greatest prigpoof risky choices.

Figure 2.3 Proportion of risky choices made by eaclhge Group. Logit regression revealed an
inverted U-shape relationship between age andnfheeince of risk on choice. The graph is fit with a
quadratic function for the purposes of illustratiamquadratic fit between age as a continuous bigria
and the proportion of risky choices showed thatgbit of inflection was at age 14.38 years, and

logit regression showed a quadratic relationshipvben age and the impact of risk on choice.

Proportion of Risky Choices

Child YA MA Adult

(9-11 years) (12-15 years) {15-18 years) (25-35 years)
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2.3.3 Emotional response to outcomes

2.3.3.1 Strength of counterfactual emotion by Agau@®

One-way ANOVA showed a significant effect of Ageo@p 3 s3= 3.155,p < 0.05;
two outliers were excludépon the strength (magnitude) of counterfactual tsons,
that is the emotional response to wins of +50 wtienunobtained outcome was
+200. Pairedpost hoc Bonferroni-corrected comparisons revealed sigaifity
weaker counterfactual emotion evaluations in th#édGhan in the YA group (mean
difference 6.74p < 0.05), while no other comparisons reached sicamte (all
comparisong > 0.5, except Child vs. MA: mean difference 5.967 0.085; see
Figure 2.4). That is, the strength of counterfactual emotiomsreases between

childhood and early adolescence, and thereaftavsho significant change.

Figure 2.4 Counterfactual emotion. The strength of the emotional response to courtierdih

outcomes is greater in the Young Adolescent thaherChild group.

Strength of counterfactual emetions by Age Group
0.45 T T T T

0.4+ —

o
G

(=1
L

0.25

L=
%]

Magnitude of emotion evaluation
=
o
n
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Child Young Adolescent Mid Adolescent Aduit

® Qutliers were one Child whose data lay +3.21auwhy from the mean, and one
Adult whose data lay +4.31 away from the mean.
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In contrast to the results regarding counterfactumabtions, on investigating overall
differences in emotion intensity between Groups eodditions, no evidence was
found for a generally heightened emotional respoims@dolescence. Repeated
measures 2x2x4 ANOVA showed no two- or three-wdgractions between Age
Group and the within-groups factors: Valence x &Ayeup (ksg3= 0.50,p = 0.68);

Feedback x Age Group {g;= 1.05,p = 0.38); Valence x Feedback x Group &=

0.32,p = 0.81; three Child outliers excluded). This sugdgethat the Age Group
difference in emotion evaluations reported abovepscific to emotions that are

counterfactually-modulated.

However, results from previous studies showingrdluénce of counterfactual and
reward condition on the emotion evaluations wemicated. Specifically, emotion
ratings were influenced by outcome Valence (positis. negative: f53= 400.45,p

< 0.05) and the nature of the Feedback (partiatesiplete: Fgz= 9.84,p < 0.05),
and by an interaction between the factors ValemekFeedback (Fsz= 39.82,p <
0.05). These findings have been described prewianshdults, using the same task
(Coricelli et al. 2005; Bault et al. 2008). The ramt study therefore extends these

observations to children and adolescents.

2.3.3.2 Post hoc tests on counterfactual emotiahraak-seeking

2.3.3.2.1 Relief vs. regret

Post hoct-tests were conducted on Child vs. YA differencescounterfactual
emotion evaluations separately for positive andatieg outcomes, in order to
investigate whether the stronger counterfactualtemavaluations in YA relative
to the Child group was driven by a hyper-responmsigs to positive rather than
negative outcomes, as has previously been rep(@asey et al. 2008; Ernst et al.,
2005; Eshel et al., 2007). Independent samplests revealed higher YA than Child
emotion evaluations on relief (or, ‘lucky escapeigls i3 = -2.22,p < 0.05 p =
0.02 1-tailed)) whereas the same comparison faetdgals was not significantsg

= .73,p = 0.24 1-tailed). Thipost hocresult provides evidence that the YA group
showed an enhanced emotional response to reliefucky escape’ outcomes,

relative to the Child group.

2.3.3.2.2 Relationship between relief and risk-s&pk
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Finally, it was of interest to investigate whethiee developmental enhancement in
the emotional response to relief or ‘lucky escaplls between childhood and
young adolescence predicted risk-taking in theseicgzants. Linear regression
analyses were therefore conducted between the @mabtiesponse on relief trials
and the proportion of risky choices across agewel as within selected Age
Groups. This showed no evidence for a relationbbigveen the emotional response
on relief trials and the proportion of risky chacacross age across the entire age
range participants (= 0.176,r>= 0.031,p = 0.103). However, this relationship was
significant within Child and YA groups together £ 0.305,r> = 0.093,p < 0.05),
and was marginally significant within Child, YA andA groups together (=
0.228,r*= 0.052,p = 0.056), but not in the Adult group alone<{0.067,r?= 0.005,

p = 0.804). These regressions do not survive Boorfércorrection, and thus should

be interpreted with caution.

2.4 Discussion

The current study was conducted to investigatedéhwelopment between childhood
and adulthood of the tendency to maximise expecate (EV) and seek risk, using
a task that assessed decision-making under risk. dfferences in the emotional
response to gamble outcomes were also investigitai@. participants aged nine to
35 years played a probabilistic decision-makingk tas which paired gambles
differed in EV, risk and the potential to generateinterfactual emotions (relief and
regret). Results show that the ability to maximiSé increased linearly with age,
whereas risk-seeking showed a quadratic relatipnelith age. The proportion of
risky choices peaked in mid-adolescence. This esafrthe first behavioural studies
to provide evidence for an inverted-U shaped rehetiip between age and risky
decision-making. In addition, results show an iasee between childhood and
adolescence in the strength of counterfactual emstialthough individual emotion
scores did not predict risky decision-making acrbgsage range. This is the first
study to investigate the development of risk-seglkand counterfactual emotions

between childhood and adulthood using a behaviao@homic task.

2.4.1 Development of rational decision-making: seitwity to EV
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Participants made a series of decisions betweardggambles that differed in EV,
which is the sum of possible outcomes of a gamidghted by their probabilities.
Each of the four age groups showed evidence ohgaKV into account when
making decisions. At all ages, decisions were ptedi by a model in which
gambles with high EV were preferentially chosenrogambles with low EV. This
result concurs with previous studies (see BoyefQ62Gor review), which have
shown that even children as young as five havedanentary sensitivity to EV
(Schlottmann 2001).

While all age groups showed evidence of taking B iaccount when making
decisions, the extent to which participants maxaui&V differed according to age
(see Table 2.1h. With increasing age, participants were more ljikeo make
decisions that maximised EV. Since mean winningsety follow the proportion of
EV-maximising choices (a participant who maximiZ$ will win more points) it
was not surprising that there was also a positoreetation between age and mean
winnings across the task. Therefore, it can beloded that performance on the task
improved across age (sé&gure 2.2). This suggests that the ability rationally to
integrate reward and probability information acrgssnbles in order to maximise

winnings shows continuing improvement between ¢ailhood and adulthood.

This result is in agreement with previous findingsa behavioural economic study
conducted by Harbaugh et al. (2002) in which pgudicts aged five to 64 years
chose between a certain outcome and a gamble witivadent EV, it was shown

that the proportion of rational choices increaséith wge throughout childhood and
adolescence. A study by Levin et al. (2007) showagd-related increases in the
tendency to maximise EV between groups of youndddm (aged 5-7), pre-

adolescents (aged 8-11) and adults in the Cups, Makich involves a choice

between gambles that differ in EV. The current gtedtends this developmental
picture, by showing that the ability to maximize Exhen choosing between two
gambles (rather than a gamble and a sure thingystinear development between

late childhood, adolescence and adulthood.

2.4.2 Developmental profile of risk-taking
In the current gambling task, paired gambles diffiein risk, measured as outcome

variance (Bossaerts & Hsu, 2008). Analysis of be&haal decisions revealed that
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the child group, and both adolescent groups, shoswédence of taking risk into
account when making decisions. In these age gralgeisions were predicted by a
model in which gambles with high risk were preféi@iy chosen over gambles
with low risk. In contrast, the adult group showmsal evidence of taking risk into

account when making decisions; adults were riskragu

The extent to which participants maximized riskfetiéd according to participant
age. There was an inverted U-shaped relationstipeem age and the influence of
risk on choice. Logit regression showed that theaot of the difference in risk

between gambles on choice increased with increasjegat the younger end of the
age range. Towards the middle of the age rangeintitease in the impact of risk
began to decrease with increasing age. By adulththedeffect was reversed. That
is, adolescents showed the strongest tendency lext skigh-risk gambles. In

addition, there was a significant effect of ageugron the proportion of trials for

which participants selected the gamble with highigk. Young adolescents (aged
12-15) made a significantly greater proportionisky choices than did adults, and

the age at which risky choices peaked was 14.3& \sad~igure 2.3).

These results extend those from previous studeshidve shown that the tendency
to make risky decisions in emotional gambling tad&sreases between adolescence
and adulthood (age 11-15 vs. age 21-31, Eshel &08I7; age 13-19 vs. age 20+,
Figner et al. 2009). However, it has been suggesiadthe tendency to make risky
decisions shows an inverted-U shaped relationsikttpage, from childhood through
adolescence and into adulthood. The current stadgne of the first empirical
studies to demonstrate an inverted U-shaped rektip between age and risky
decisions (O'Brien & Steinberg, 2009). This restdimplements much theoretical
and observational work. Epidemiological studiesvslaopeak during adolescence in
‘risky’ activities such as dangerous driving (Eatral. 2006), which has led to the
suggestion of an inverted U-shaped relationshipvéet age and the tendency to
engage in risky behaviours, peaking at adolescésisenberg et al. 2008; Casey et
al., 2008). However, choosing to engage in theaklife activities is likely to have a
variety of underlying causes, and as such doesomdtitute a preference for risk in
a behavioural economic sense. The current studyeshahat risk-taking in an

emotional gambling task peaks during adolescenbes i& an important first step
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towards clarifying the conditions under which adolents are risk-taking, both in

laboratory-based tasks and in naturalistic circamsgts.

2.4.3 Development of counterfactual emotions

In this study, participants rated their emotionesponse to the outcome of each
gamble. On half of the trial€¢gmplete feedbaatondition) participants were shown
the outcome of the unchosen wheel as well as theooe of the chosen wheel.
Previous work in adults has shown that this giv&s to a counterfactual comparison
between the outcome of a choice (reality) andategone alternative (what might
have been), and that this comparison modulatesienabtresponses and behaviour
(Coricelli et al. 2007). The current study inveated age differences in the
emotional response to counterfactual outcomesefrald regret). Results showed
that the strength of counterfactual emotions défeacross age groups, such that
young adolescents (aged 12-15) responded with ggroamotion evaluations on
counterfactual trials than did children (aged 9-That is, the strength of emotional
responses to counterfactual outcomes increaseeéetehildhood and adolescence.
This result is consistent with the suggestion thatability to think counterfactually
about the outcomes of decisions is still develogingng adolescence (Baird and
Fugelsang, 2004).

Post hoctests indicated that the increased strength ohteofactual emotions in
young adolescents relative to children was drivgnabmore strongly positive
response to relief outcomes, or ‘lucky escapes’tii@se trials, participants learned
that they had won a number of points on choosinglay a gamble which could
instead have resulted in a large loss. This réswdompatible with a developmental
picture showing heightened sensation-seeking awdrtesensitivity in adolescents
(aged around 15) relative to children (aged arow@yl (Steinberg et al., 2008).
Further studies are needed to replicate and extkisd developmental finding
showing an increase in the emotional response uckyl escapes’. A tentative
suggestion based on the (uncorrected) correlatetwden child and adolescent
emotional responses on relief or ‘lucky escapealdri is that children and
adolescents may become less cautious in their idesisfter surprisingly lucky
(relieving) wins. However, this conclusion is praihary because the correlations

between risk-taking and emotion did not survive arni correction.
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2.4.4 Relationship between risk and other variables

The current study used an emotional gambling tasksiow that risk-seeking
followed a non-linear relationship with age, peakin adolescence, whereas the
tendency to maximize EV increased linearly with.ageese findings lend weight to
the suggestion that risk-taking in adolescence aasnlely be explained by an
inability to gauge the most advantageous coursactibn, for if this were the case
then children would take more risks than adolescamtthe current task. Results
from the current study are compatible with the owtiwhich has been suggested
elsewhere (Casey et al. 2008, Steinberg 2008) atf@escent risk-taking arises due
to an interaction between two separate developrhemtacesses: a gradual
improvement in outcome judgment, and perhaps cegndontrol-related abilities
(here contributing to improvements in the ability maximize EV), superimposed
upon a non-linear trajectory of sensation-seekimd @her socio-emotional factors.
In the current study, it was found that the inceeasrisk-taking coincided with an
increased strength of counterfactual emotions (@mtiqular, relief). However,
individual emotion scores did not strongly predisk-taking. This may reflect a
lack of power in the current study, or alternatywetither some other measure of
emotional responding, or a cognitive variable @lvan et al. 2007) may be a more
proximal predictor of individual risk-taking. Furirstudies could usefully test the

relationship between risk-taking and the emotioaaponse to a ‘lucky escape’.

2.5 Conclusion

This study was conducted to investigate the dewvedoy between late childhood
(age 9) and adulthood (age 35) of decision-makimdeu risk, and of the emotional
response to the outcomes of decisions. Results #tavthe ability to maximize EV
in order to win points increases linearly with atfecontrast, risk-seeking showed
an inverted U-shaped developmental trajectory. phek age for making risky
decisions was 14.38 years. This is one of the &rapirical studies to provide
evidence for a peak in risky decisions during nmidiascence, and the distinct
developmental trajectories for EV-maximising verstsk-taking suggest that
adolescents did not make risky decisions simplyabse they were unable to

estimate the consequences of their decisions.
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In addition, young adolescents (age 12-15) showeentianced emotional response
to counterfactual outcomes (in particular, reliefa ‘lucky escape’) relative to
children (age 9-11), although they did not diffesrh mid-adolescents (age 15-18)
or adults (age 25-35) on this measure. Furtherietushould investigate whether
child and adolescent relief responses predict rishgices, and should establish
more generally which social-emotional and cognitifectors most strongly

contribute to adolescent risk-taking.

Finally, the current study included only male papants, as we wished to reduce
variance attributable to developmental sex diffeesnin traits such as sensation-
seeking, which might influence risk preferences] amlight of evidence for higher

risk-seeking in males than in females. While a junew version of this task produced
no sex differences in adults (Bault et al., 20@8)mains possible that there might
be developmental sex differences. Therefore, itlavdne interesting to investigate
whether the developmental trajectories of risk igkand counterfactual emotion

found here in males are also seen in females.

2.5.1 The next chapter

In Chapter 3, a study is described that was carried out tostigate in more detail
the influence of socio-emotional factors on adaescdecision-making. In this
study, adult and adolescent participants complategsk in which paired happy and
angry face stimuli were associated with differimghmbilities of reward. Behaviour
was analysed computationally, which enabled ingasittn of the mechanism by
which social-emotional factors influence decisioaking across age. The
computational approach was also used to investiggeegroup differences in the
ability to integrate positive and negative perfonoafeedback (wins and losses), in

order to perform optimally on the task.
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Chapter 3

Development of the integration of social and
utilitarian factors in a probabilistic decision-mak ing

task

Adolescence is characterized by continuing devedopnin aspects of decision-
making. In particular, adolescence is thought tocharacterized by a tendency for
emotional and social factors (e.g. reward feedbagmiesence of peers) to cause
‘risky’ or irrational decisions, and inChapter 2a study was descried in which
adolescents showed a tendency to make risky desigoan emotional gambling
task. Across age, there was a linear improvemetteénability to take into account
probability and reward information, in order to medze expected value. The
current chapter describes a study that was caroatito extend this developmental
picture. Adolescent and adult participants compulet® probabilistic decision-
making task in which rewards were associated wdpgy and angry face stimuli.
The results showed that decisions of both age gravgre influenced both by the
utilitarian feedback (wins and losses), and by redarelevant social-emotional
cues (happy and angry faces). There were age gdiffiprences in performance
such that adults outperformed adolescents, and mpetational analysis of
adolescent and adult behaviour suggests that thierdnce was due to
developmental asymmetry in the response to posing negative performance
feedback.

3.1 Introduction

3.1.1 Developmental studies of decision-making

The development of decision-making during adoleseehas previously been

studied using a number of laboratory-based decisiaking tasks (see
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Introduction, 1.6.2). Often in these tasks, participants must take adcount the
rewards and reward probabilities associated wielaction of choices, and then
make a choice so as to maximize their total rewaFads example, in the lowa
Gambling Task (IGT; Overman et al., 2004; Croneaaver Molen, 2004; Hooper
et al., 2004, Huizinga et al., 2007), participareiseatedly select cards from an array
of four decks with unknown reward distributions. @wf the decks vyield low-
magnitude, constant rewards and modest probabilissises, resulting in net gain
across the task. The remaining two decks yield -higignitude, constant rewards
but substantial probabilistic losses, resultingiinet loss. Several studies using the
IGT have shown that the ability to adopt an advgexdais decision strategy that
takes into account both the magnitude and prollifiwins and losses continues
to develop during adolescence (between 11 and &&fsy Overman et al., 2004;
Crone & van der Molen, 2004; Hooper et al., 200thaugh see van Leijenhorst et
al., 2008).

In a task devised by Harbaugh et al. (2002), gpeids make a series of decisions
between a certain reward, and a gamble with eqemvatxpected value (EV: the
sum of potential outcomes weighted by their respegirobabilities). Unlike in the

IGT, in this task participants are explicitly infoed about the reward probabilities
associated with each decision. When participanésl dgetween five and 64 years
completed the task, children and adolescents sh@wiettnce of biased decisions
relative to adults, that is, children and adoletséailed to show indifferent choices
between the two options with equivalent EV. A sanistudy by Levin et al. (2007),

in which children (aged 5-11) and adults made aicehdbetween gambles that
differed in EV also showed age-related increasesational, or EV-maximising

decisions.

Several suggestions have been put forward to atcdomn the age-related
improvements in decision-making tasks includingséhédne suggestion is that, with
age, adolescents become more proficient at takirig account performance
feedback, i.e. information regarding wins/lossesnfra given trial, in order to
maintain or modify subsequent behaviour (Byrneslet1999; Crone & van der
Molen, 2004). An observation from studies that hased rule switching tasks, such
as the Wisconsin Card Sort Task (WCST), is thatetlie an improvement between
childhood (age 8-9), adolescence (age 11-18) andgyadulthood (age 18-25) in
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the ability to take into account performance feet#tbaAt all ages, individuals
perform better in response to positive vs. negateszlback (i.e. instructions to
maintain vs. switch strategy). Furthermore, therde@f asymmetry in the response
to positive vs. negative feedback is greater ahgeu ages (Crone et al., 2004, 2008;
Huizinga et al., 2006; van Duijenvoorde et al., 00T herefore, the ability to
respond to positive and negative performance feddlia a rule-switching task
continues to develop between childhood and adutthblowever, whether a similar
developmental asymmetry in the response to perfocséeedback is elicited during
probabilistic decision-making tasks such as the,I@T whether this finding is
specific to rule switching tasks, is not known. thee current chapter, age group
differences in the response to positive and negafieedback in a simple
probabilistic decision-making task were analysemhgi® computational modeling

approach.

3.1.2 Developmental changes in strategy

Another explanation that has been put forward fgaRr age-related improvements
in performance on decision-making tasks is that uke of behavioural rules or
strategies shifts with age. By analysing IGT perfance using a multivariate
technique, Huizinga et al. (2007) demonstrated pheitadolescents (aged 6-9 years)
behave in a way that is consistent with sensititatythe frequency of loss and an
insensitivity to loss magnitude, while up to andidg adolescence (10-15 years),
participants were increasingly likely to take irdocount both the frequency and
magnitude of losses. Between mid-adolescence (1y@&bs) and young adulthood
(18-25 years), there were further improvementgriatagy, as seen by an increase in
the tendency to take into account both sourcesfofrnation, as well as increasingly
unbiased choosing between the two equally benéfitdaks (participants did not
persist in choosing from their ‘favourite’ deck).hdse results suggest that
developmentally immature decision-making may berattarized by simplistic
strategies comprising a particular set of biased, facus on a subset of stimulus

attributes. This suggestion was investigated irctireent study.

3.1.3 Influence of social and emotional cues
Across age, a particular source of bias in thesi@eimaking process arises from
social and emotional cues. It has been shown thatsadrink more of a beverage

when it has been subliminally paired with a smilfage (Winkielman et al., 2005).
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Adults are also reported to be more likely to cermape in economic exchange
games with a partner who is smiling or attracti8eharlemann et al., 2001; Wilson
& Eckel, 2006).

Recently, a novel probabilistic Face Decision Tpakadigm in which participant
behaviour is modelled computationally, was usethtestigate the nature of social
influences on decision-making and to characteris& kocial cues are integrated
with utilitarian information to perform the task y&rbeck & Duchaine, 2009). This
study showed that adult participants show a biasetect stimuli that depict happy
vs. angry faces. Bayesian modeling of the data sldaevidence that this social bias
acted on behaviour via two distinct mechanisms:a(pyior expectation that happy
faces will be rewarded (‘prior bias’), (2) fasteatning to associate happy faces with

reward than with non-reward, and vice versa fgrarfaces (‘likelihood bias’).

There is evidence that adolescent decisions am ialuenced by social and
emotional cues. Two studies to date have shownightemed effect of social and
emotional cues on adolescent decision-making @aydner & Steinberg, 2005;
Steinberg, 2008). For example, in Gardner & Staigpl{005)’'s car driving game,
adolescent (age 13-16) decisions to apply the brakeesponse to a stop cue were
modulated by the social presence of peers, whehésmsvas not the case in adults
(age 24+). In a different study, an increase irttiea times to associate faces with
emotional words was shown around puberty onset 1ag&2), relative to both pre-
puberty (age 10-11) and late adolescence/adultifagd 16+; McGivern et al.,
2002). This effect was attributed to a greater rifetence by emotion on the

decision-making process in early adolescence.

It is unknown whether adolescent decisions in samg#cision-making tasks show
influence of bias by social and emotional cues.ré&toee, in the current study, the
Face Decision Task from Averbeck and Duchaine (206% adopted to investigate

social-emotional influences on adolescent decisiatking.

3.1.4 The Face Decision Task

In the current study, groups of adults and adolgscevere tested using the Face
Decision Task (Averbeck & Duchaine, 2009; sEmure 3.1). In this task,
participants made a series of selections betweradddappy and angry face stimuli,
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which were associated with differing probabilitiesreward. A decision to choose
one stimulus over the other either resulted in @ (fictitious gain of 10 p) or a loss

(fictitious gain of 0 p), and participants weretmsted to win as much as possible.

Rewards were stochastically associated with ea@mukts, and the reward
probabilities of the two stimuli were constant axatrials but are not highly
dissimilar (0.6, 0.4). Therefore, it was not ob\saow participants which stimulus
should be selected on each trial. Reward feedbackstochastic, in the sense that
choosing the more highly rewarded face (the facemaich p[win] = 0.6) did not
result in a win on every trial. Therefore, partanips had to keep track of the history
of positive and negative feedback across trials iategrate this to gain a best

estimate of the more highly rewarded stimulus.

Patterns of decision-making in the task were amalysomputationally, in order to
model the effects on behaviour of a biased preterdor happy over angry face
stimuli, and to model separately the contributioh reegative and positive
performance feedback (wins and losses) to behavithis enabled a quantitative
assessment of the extent to which distinct behaaidendencies were responsible

for any age-related improvements in performancehertask.

3.1.4.1 Ideal and ecological observer models

Behaviour in the task was analysed computation&ligst, a model of the ‘ideal
observer’ was created, and participant decisiorre waferenced to the ‘decisions’ of
this model. The ideal observer model did not haseess to the underlying reward
probabilities of the two faces, but optimally intatgd outcomes over all the trials
that had elapsed at a given point in the experirttegain a best estimate of the most
highly rewarded face. This enabled quantificatiérin@ extent to which adult and
adolescent participants acted like the ideal oleenoptimally integrating
performance feedback to make the best choice oivem drial. In line with the
developmental decision-making literature, which Baswn deficits in adolescent
relative to adult decision-making (Overman et 2004; Crone & van der Molen,
2004; Hooper et al., 2004; Huizinga et al., 200@rk4ugh et al., 2002; for review,

see Boyer et al., 2006), it was predicted thatkbkaviour of adolescents would
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deviate from that of the ideal observer to a greatéent than would the behaviour

of adults.

After fitting the ideal observer model, parameteese added to the model that each
encapsulated a distinct behavioural tendency tlaaticppants were expected to
exhibit, and which might contribute to the obserdediations from ideal behaviour.
These parameters encapsulated responsivenessativaegnd positive performance
feedback, and a biased social preference for aedtimulus (happy) over the other
(angry). The parameters were fit to each partidipadataset, and then collated and
statistically tested across groups to assess ignifeffects on behaviour. In line
with findings from rule-switch tasks (Crone et 2004, 2008; Huizinga et al., 2006;
van Duijenvoorde et al., 2008), differential efieon behaviour in the Face Decision
Task of the positive and negative feedback parametere predicted. In addition, it
was predicted that the previously-reported efféch prior bias to select the happy
face, as well as an over-weighting of positive ouates (wins) associated with
happy vs. angry faces, would be elicited in ad(Mgerbeck & Duchaine, 2009). It

was predicted that this finding would be extendeddolescents.

Finally, the behavioural influence of each parametas compared between adult
and adolescent groups. It was predicted that iri@knadult participants would take
into account performance feedback to a greaternextean would adolescents
(Byrnes et al., 1999; Overman et al., 2004; Cronea& der Molen, 2004; Hooper et
al., 2004; Crone et al., 2004, 2008; van Duijendeoet al., 2008). In addition, it
was predicted that a differential response to p@siind negative feedback across
age (Crone et al., 2004, 2008; van Duijenvoords.e2008) might contribute to this
tendency, such that adolescents would exhibit grdaas relative to adults in their

treatment of positive and negative performanceldaekl.

3.2 Methods

3.2.1 Participants

Twenty-two adolescent participants (12 female; agege = 12.83-13.75 years;
mean (s.d.) age = 13.28 (0.31) years) were redruitem a comprehensive
secondary school in Greater London. Fourteen goltticipants (9 female; age

range = 21.33-43.0 years; mean (s.d.) age = 36.88)(years) were recruited from
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the local community, including the UCL Psychologgdartment volunteer database

and an email distributed to all employees of Camztemcil.

Participants had no history of psychiatric or néagal disorder, and none had
received a diagnosis of attention-deficit/hypenagti disorder, autism or

dyscalculia.

Participants’ general ability was assessed by adtening the 2-subtest form of the
Wechsler Abbreviated Scale of Intelligence (WASIlareburt, 1999), after

completion of the experimental task. Adult and adoént groups did not differ in
WASI score (adult: mean (s.d.) WASI score = 1046247); range = 89-112;

adolescent: mean (s.d.) WASI score = 102.3 (5.28)ge = 90-114; independent
sampled-test:tz; = 0.96,p = 0.343).

Information was obtained regarding the educatiomeckground of adult

participants, and the projected educational backgtoof adolescent participants
based on the educational destinations of the puewear’s cohort of school leavers.
This was used to calculate the percentage of egelgeoup for whom the highest
obtained qualification was GCSE (0% adults and 6@olescents), post-16
vocational qualifications such as NVQ (14% aduitd 21% adolescents), A-level or
equivalent (43% adults and 73% adolescents) orieersity degree (43% adults;
data not available for adolescents). Adult and estmnt groups were satisfactorily-
matched for educational background: Although a tgregroportion of the

adolescent group is expected to obtain A-levelss thcrease is in line with

demographic trends (Data Service, 2009).

Prior to the study, written informed consent wasaoied from adult participants,
and from a parent or guardian of adolescent ppdids. The study was approved by
the local Ethics Committee. Adult participants feed a modest financial
compensation for their time. As advised by the sthadolescent participants were

not paid.

3.2.2 Procedure
Participants performed the Face Decision Task, lwisca two-alternative forced-

choice decision-making task, on a laptop computégufe 3.1 Averbeck &
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Duchaine, 2009). Each participant completed foockd of the task, consisting of
26 trials per block. On each trial, the participardde a choice between two faces
presented side by side on the screen. One of tbesfalways had a happy
expression, and the other face always had an aagmession, and the happy and

angry faces appeared pseudo-randomly on the leigturof the screen.

When the participant had selected one of the fabey, were told either that they
had won (a fictitious gain of 10 pence) or thatythad lost (a fictitious a gain of 0
pence). The game was arranged such that withirvendblock, one of the faces
(either happy or angry) won 40% of the time, whiie other won 60% of the time.
Participants were instructed that within a bloc&thbfaces would win some of the
time, but that one face would win more often tham dther. Participants were told to

try and pick the face that won more.

Participants were instructed that the winning faoelld change between blocks.
Across the entire experiment, the happy face hhigfzer probability of winning on
two out of four blocks, as did the angry face; ggraints were not informed of this.
The order of presentation of happy-win and angm-wlocks was randomized
across participants within each age group. Botth#py and the angry face had the
same identity within a block. Two male facial idées were used across the
experiment: identity A was used for two out of fbear blocks (one happy-win and
one angry-win) and identity B was used in the other blocks (one happy-win and

one angry-win). Facial identity alternated betwbttks.

The task was self-paced: participants were givenraonstrained duration to make
a key press response on each trial, and the faseaimed on the screen until a
response was made. After a response had been thad#hosen face was presented
at the centre of the screen along with text indicptvhether the participant had won
(20 p) or not won (O p) that trial. A 5 kHz tonecampanied a win, and a 2.5 kHz

tone accompanied a no-win (loss).
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Figure 3.1 The Face Decision TaslkOn each trial, a happy face and an angry face p&®ented on
the screen. Participants were instructed that toeyd win (10 p) or lose (0 p) by choosing one or
other of the faces, and that within a block, battes would win some of the time, but one face would
win more often than the other. Participants westritted to try and pick the face that won more.
Within a given block, one of the faces (either happ angry) won 40% of the time while the other

won 60% of the time.

Feedback

Faces presented
Choice

(right)

Youwin! 10p
e —

You lose. Op

Em)Low tone

All participants were tested individually. Adult ntaipants completed the
experimental session in a quiet room at their homplace of work, or in a testing
room at the laboratory. Adolescent participants pieted the experimental session
in a quiet room in school. Prior to completing #eerimental task, participants
completed a one-block practice task in which thedi were pictures of fruits
rather than faces, and in order to facilitate pgréint familiarisation with the task,
the practice task was easier than the experiméaskl Each stimulus won 30% or
70% of the time. The total duration of the testsgms (Face Decision Task and

WASI) was approximately 30 minutes per participaefpending on response times.

3.2.3 Data analysis

Data analysis was carried out using Matlab and SR8&8lyses were based on those
described in detail in Averbeck and Duchaine (20@)ecifically, because actual

outcomes (a win of 10p or Op) in the experimenteanstochastic, it was possible for

the face with a lower probability of winning in ardividual block (40%) actually to
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be rewarded more often, especially over a shortofutnials. Therefore in the first
series of analyses, participant decisions werergréed to those of an ‘ideal
observer,” which optimally integrated outcomes asrtiials. In the second series of
analyses, parameters representing hypothesizediibarel tendencies were added
to the ideal observer model, resulting in an ‘egaal observer model,” which more

closely emulated participant behaviour.

3.2.3.1 Ideal observer model
Since the outcome in each trial of the Face DetiSiask was either a win or a loss,
the ideal observer was based upon a binomial matel likelihood that the rewards

were being generated probabilistically by an undiegl probability ; was given by:
(3.1) p(D1g) =g @- g)™"

Here,D is the observed series of outcomess the probability that face(happy or
angry) is rewarded; is the number of times fadewas rewarded, anbl; is the
number of times face was selected. This equation therefore provides the
distributions over reward probabilities for eachdaSpecifically, as participants did
not know the underlying probabilities, they woultfer a distribution of possible
probabilities, given the reward outcomes. For eXaiipone observed 7 heads in 10
coin tosses, it would be possible that the coin faagi.e.p = 0.5), but it would also

be possible that the coin was unfair and had agiitity of heads equal to 0.7.
Equation 3.1 would give the complete distribution over the mbitities for some

set of outcomes.

To make a decision, participants had to decide Wwiace would win more often.
This decision step was operationalised by assumhiaigparticipants would compute

the probability that facewas more often rewarded than facerhis was given by:

ai

(3.2) PG >7)= p(gID) p(g, |D)dgdg;.

The integral is over the posterior. For the idaladerver the prior was flat and, as

such, the posterior is simply the normalized likebd. As a decision rule, this

probability was thresholded at chance. This givesitteal choice’ (f )
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' >0)>05 f =i
p(g >q,)<05 f
For the analyses that compared the decision opé#ngcipant to the ‘choice’ of the

ideal observer, the case pfg >g,) = 05was handled by incrementing both the

happy and the angry choice of the ideal observed.by The extent to which adult
and adolescent groups showed evidence of seleittngorrect face as determined
by the ideal observer was assessed by first acaiimgl contingency tables
comparing the actual choices of adult and adoldéguaricipants to those predicted
by the ideal observer on a trial by trial basigntby conducting one-sampthests
on the percentage correct selections with referaoocehe ideal observer (test
criterion: 50%, i.e. at-chance agreement with tdeal observer model). An
independent sampldgest was used to investigate whether there wasgangroup
difference in percentage correct choices. It wapeeted that adults would
outperform adolescents on the task (Harbaugh g@02; Overman et al., 2004;
Crone & van der Molen, 2004; Hooper et al., 2004).

3.2.3.2 Ecological observer model

The ideal observer gives equal weight to negathee@ositive feedback, and ignores
the emotional expressions displayed in the stimtdliman participants, however,
may be differentially influenced by the valencetloé feedback (Crone et al., 2008;
van Duijenvoorde et al., 2008), and may be infleehdy the socio-emotional
content of the stimuli (Averbeck & Duchaine, 200%herefore, extra parameters
were added to the ideal observer model to accaurthése potential biases, and this
new ‘biased’ model was named the ‘ecological obseryhis model contained four
extra parameters which modelled (1) the impactositpive performance feedback on
choice (seeEquation 3.4, parametera), (2) the impact of negative performance
feedback on choice (sdguation 3.5, parameterb), (3) differential weighting of
feedback based upon the emotional content of tbe tlaat was chosen (likelihood,
or ‘evidence bias’; seEquations 3.4 and 3.5, parametec) and (4) and a prior bias

towards one of the faces (déquation 3.7, 3.8, parameten)..

For rewarded trials (positive performance feedbadkke reward value in the

ecological observer was calculated as:
92



Mappy(t) = 05+ a+c
re (t)=05+a-c

angry

(3.4)

Whereas for unrewarded trials (negative performdeedback) it was calculated as:

Mappy() = 05-b- ¢
ro..(t)=05-b+c

angry

(3.5)

The variables, b,andc were fit as free parameters in the model. The sapete
indicates the reward calculated under the ecolbgiwadel. The parametea
measures the amount that positive rewards are vegighFor the ideal observer,
positive rewards are valued at 1,a&6 0.5. The parametdr measures the amount
that negative feedback is weighted. For the iddxderver, negative feedback is
valued at 0, so agalm= 0.5 for the ideal observer model. Therefore, @slafa and

b below (above) 0.5 measure the amount that feedisaokder (over) weighted, and
values ofa andb near zero indicate that positive or negative fee#hbare ignored.
The variablec controls the bias introduced by the expressioh.c is positive,
positive feedback is given increased weight forlihppy face and decreased weight
for the angry face, and negative feedback is giecreased weight for the happy
face and increased weight for the angry face. Toerepositive values af indicate
that the participant is more willing to pick thepipy face than would be expected

based on the feedback alone.

The total reward in the block under the ecologichserver for face was then

calculated as:

T

(3.6) r=r*t).

|
t=

Thus, the total reward for each face, up to ffiai the current block was the sum of

the biased reward values.

The prior bias was modeled using a Beta distrilmutaomodel the prior disposition

towards each face as:
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(3.7) PG la,b)=qg""1- g)"".

To get a good model fit,, and ; were constrained by reducing them to one degree

of freedom. This was done by estimating a singlemeterd, and then computing

iand ; as:
ahappy =N prior (05+ d)
(3 8) aangry = Nprior (05' d)
. bhappy: Nprior (05- d)
bangry = Nprior (05+ d)

Nprior Was set to 4. Allowing it to float freely resudtéen unrealistic values fat (i.e.
values which were outside +/- 0.5), and a Hesdimh Wwas not invertible, which
indicated that the optimization algorithm was niading the maximum likelihood
estimates. EffectivelyNpior andd were correlated in the model, so one of these was
fixed to eliminate this problem. The specific vahféN,ior had minimal effect on the

likelihood of the model.

The parameters of the model were fit to individpatticipants by maximizing the

likelihood of the parameters, given the data. Tltiues following was calculated

p(D|g.ab,c)p(g |d)

(3.9) P@ID.abed) === be.d)

And then the belief estimate under the ecologibakover was calculated using

1 ai
(310) p(ql >qj) = 0 p(ql |D,a,b,C,d) p(qJ |D,a,b,C,d)dC7ij7i -

0

There were no prior distributions placed over taeameters, in order for these terms
to be completely data driven. The ideal obseraerlme recovered by settiagandb
to 0.5,c to 0 and assuming a flat prior on which could be achieved by setting

Nprior to 0. Next, the likelihood of predicting the indlual participant’s sequence of
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decisions was maximized by adjusting the parametebs candd. The likelihood

was given by:
N
@1 pO labed)=O(p@ >+ @ plg>g)a- 1),

Where | =0 if the participant selected facge.g. the happy face) arld=1 if the
participant selected fagge.g. the angry face). Hem®? is the series of decisions of
the participant, as opposed to the series of outspnvhich is collected iD in the
previous equations. The likelihood was maximizseshgfminsearchin Matlab. The
initial starting point for all parameters was geallgr zero, to minimize the

probability of finding false positives when sigw#ince testing was carried out.

Initially, all four parameters (positive feedbacdigegative feedback, evidence bias,
prior bias) were fit to the data. However, the ewvice bias was not significant in
either age group (one sampeest (test criterion = 0): adultjs = 0.99,p = 0.342;
adolescentity; = 0.302,p = 0.765), so a reduced model containing the three
remaining parameters was subsequently fit. One-&atrtpsts were used to assess
significance within each age group of each of tireé¢ parameters, using a threshold

for significance ap < 0.05.

3.2.3.3 Group differences in ecological observedaeiparameters

Of interest in the current study was the extenwkich adolescent decisions in the
Face Decision Task differed from those of adulte] ahat were the mechanisms
underlying these differences. Therefore, age gralifferences in the three
parameters of the final ecological observer modalenassessed using independent-

sampleg-tests with a significance thresholdmé 0.05.

3.2.3.4 Gender differences
Finally, gender differences were investigated bydeating independent-samples
tests with Bonferroni correction on all parametefsinterest between male and

female patrticipants, irrespective of age group.

® Note that it was not valid to assess the parametithin a single mixed design
ANOVA, as they do not take values along a commatesc
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Statistical thresholds were setpat 0.05, two-tailed unless otherwise specified.

3.3 Results

3.3.1 Performance referenced to the ideal observenodel

Participant decisions were initially referencedhose of a fictitious ideal observer
who optimally integrated outcomes across trialsntibgency tables were created
comparing the actual choices of adult and adoléguanticipants to those predicted
by the ideal observer, on a trial by trial badialfle 3.1). Results show that both age
groups selected the correct face as determinechédydeal observer significantly
above chance (adult group: 63.584est on percentage correct (test criterion 50%):
ti3 = 3.76,p < 0.05; adolescent group: 57.9%test on percentage correct (test
criterion 50%):tx1 = 5.92,p < 0.05). As predicted, there was a significantetéghce
between age groups in the percentage correct choidth adults selecting a higher
percentage of correct choices with reference to itieal observer model

(independent samplégest:ts; = 1.70,p < 0.05, one-tailed)

’ Note that this difference between groups is net uslower learning of the task
in adolescents relative to adults, as the pattepeentage correct across blocks
was similar between age groups. 3@pendix 3.1for graph.
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Table 3.1Contingency table showing the choices made by theladt (left) and adolescent (right)
age groups, referenced to the choices of the idealbserver. The top left cell in each age group
table shows the number of trials on which partiotpapicked the angry face when the model
evidence indicated that the angry face was corfemty which we ascertain p(a,a); top right shows
the number of trials on which participants pickbed aingry face when the model evidence indicated
that the happy face was correct, from which we rdgicep(a,h); and so on for the bottom left and
right cells. These probabilities were used to dakey using Bayes’ rule, the conditional probailaitit
that participants picked the ‘wrong’ face as detagd by the ideal observer model, e.g. p(hja) =
p(a,h)/p(a). Note that in cases where the ideatmies model had accumulated equal evidence for
angry and happy (a tie), a value of 0.5 was addedith cell.

Ideal observer Ideal observer

choice choice

Angry  Happy Angry  Happy
Participant Angry| 431 248 Participant Angry| 580.5 | 444.5
choice: choice:
Adult Happyl 284.5 | 492.5 | Adolescent Happy | 519.5 | 743.5
(N=14) (N =22)

In a previous study using the Face Decision Tdaskas shown that although typical
adults were able to choose the correct face agndieied by the ideal observer
significantly above chance, they also exhibitediakgns from ideal behaviour. A
specific deviation in behaviour shown by adult ggrants was that they were more
likely to select the happy face when the ideal oleseselected the angry face, than
they were to select the angry face when the idbakwver selected the happy face
(that is, p(hja) > p(alh); Averbeck & Duchaine, 200rhe current study replicated
this finding in adults, and extended it to a sampieadolescents: A comparison
between the probability that participants chose hbppy face when they should
have chosen the angry face (adult mean p(h|a)41®. adolescent mean p(hja) =
0.483) and the probability that participants chtse angry face when they should
have chosen the happy face (adult mean p(alh) 200&lolescent mean p(alh) =
0.380) was significant for each age group (patressts, adultt;3=6.22,p < 0.05;
adolescentty; = 3.21,p < 0.05). There was no group difference in mears bia
(independent sampleégest:tz, = 0.104,p = 0.918).

These results indicate that both age groups sh@amMeids towards the happy face,
such that they picked it more often than they sthdalve, given the feedback about
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rewards captured by the ideal observer as the me&dén favor of one face or
another.Figure 3.2 illustrates this information, showing the fractioh times the
adult (broken line) and adolescent (solid line)up® picked the happy vs. angry
face {/-axis), as a function of the evidence given byitleal observer in favor of the
happy vs. angry face-axis). The choice function of both age groupsrseets the
liney = 0.5 at arx-value of less than 0.5, indicating that both agrigs show a bias

towards choosing the happy face.

Figure 3.2 Graph depicting the probabilities that te adult (broken line)and adolescent(solid
line) participants picked the happy vs. angry facdy-axis)as a function of the evidence given by
the ideal observer in favour of each facéx-axis). The choice function of both age groups intersects
the line y = 0.5 at an x-value of less than 0.8jdating that both age groups show a bias towards

choosing the happy face.

3.3.2 Ecological observer model of behaviour

The next analysis was carried out to test hypothesgarding the nature and extent
of specific deviations from ideal behaviour. In @tlwords, this additional analysis

was carried out to investigate the mechanisms dbatributed to the (suboptimal)

choices made by each group. This analysis wasedaont via the following steps:
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For each participant dataset, an ecological obsenaglel was fit that consisted of
the ideal observer model plus parameters repregehtypothesized influences on
behaviour. These comprised (1) the impact of pasiperformance feedback on
choice (seeEquation 3.4, parametera), (2) the impact of negative performance
feedback on choiceEQuation 3.5, parameterb), (3) differential weighting of
feedback based upon the emotional content of the tlzat was chosequations

3.4 and 3.5, parameterc: subsequently dropped from the analysis due to non-
significant effects in both groups; si&tethods, 3.9 and (4) a prior bias to select
one of the facesEHguation 3.7, 3.8, parameterd). After extracting the value of
each parameter for each participant, significaeséing was conducted to evaluate

the effect of each parameter on the behaviour olieadent and adult groups.

Results showed a significant impact of negativallieek on choice, in both the
adult and the adolescent groups (1-samiplest: adult:t;3 = 3.05,p < 0.05;

adolescentty; = 2.99,p < 0.05; sed-igure 3.3. There was no group difference in
the impact of this variabletsy = 1.50,p = 0.144). Therefore, both adults and
adolescents were less likely to select a face d@nead been associated with a non-

reward, and there was no groups difference in xiene of this tendency.

However, the impact of positive feedback on chaldéered between age groups.
The adult group was more sensitive to positive liae# than was the adolescent
group €34 = 2.23,p < 0.05; seeFigure 3.3); that is, the adult group showed a
stronger tendency than did the adolescent grougelect a face once it had been
associated with a reward. One-samiplests showed that the adult group showed a
marginally significant sensitivity to positive fdaeack, but the adolescent group was
insensitive to positive feedback (adult: mean )sd.378 (.682)t13 = 2.07,p =
0.059; adolescent: mean = .028 (.229)= 0.57,p = 0.577).

Contingencytable 3.1indicates that participant choice was biased byetmetion
shown in the face stimuli. Therefore, ecologicalsetver model parameters
encapsulating the effects of facial emotion on caavere evaluated. This indicated
that the adolescent group showed a prior biasleztséhe happy over the angry face
(tz1 = 3.42,p < 0.05), whereas the adult group did ref € 1.50,p = 0.158). There
was no group difference in the strength of therpbias parametettsy = 1.21,p =
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0.236; sed-igure 3.3), and as indicated iMethods section3.2.3.2 there were no
likelihood bias effects. These results indicate tha pattern of behaviour shown in
Table 3.1,whereby adolescents are more likely to selectppyhéace when the ideal
observer selects the angry than vice versa, anmsesrt due to a prior belief that
happy faces will be rewarded and angry faces woll ne rewarded. This result
extends findings from a previous study in adult®igishe Face Decision Task to a
group of adolescent participants (Averbeck & Dunbkai2009). The current study
did not replicate the previous finding that adslt®w a prior bias to select the happy
face (Averbeck & Duchaine, 2009). This issue wdldddressed in tH@iscussion

3.3.3 Gender differences
There was no evidence of gender differences innpeters of the ecological

observer model.
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Figure 3.3 Parameters of the ecological observer el in adults (darkbars)and in adolescents
(pale bars)A parameter that is significantly different fromraecan be said to influence participant
behaviour. The top left graph shows the impact ecision-making behaviour of a prior bias to select
the happy face. Adult behaviour results from a &y to select a face which has previously been
rewarded (top right graph), and a tendency to awifdice that has previously been unrewarded
(bottom left graph). Adolescent behaviour resultsif a biased expectation that happy faces will be
rewarded (top left graph), and a tendency to avYaiks that have previously been unrewarded
(bottom left graph). Adolescents are significaridgs likely than are adults to persist in choosing
face that has resulted in a probabilistic win.

3.4 Discussion

The current study investigated adult and adolesdenision-making using a novel
probabilistic decision-making paradigm in which seds were associated with
paired happy and angry faces. Decisions were agglysmputationally. The results
show that both adult and adolescent decisions sthavedence of bias by social
cues, such that decisions were best describedcashposite of both social (facial

emotion) and utilitarian (win/loss feedback) fastoin adolescents, there was
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evidence that this social bias arose due to a pxpectation that happy faces would
be rewarded, but the model failed to capture thehaweism of social bias in adults.
However, adults outperformed adolescents in thie, tasd the results suggest that
this is because the adolescents showed a relaiivalasolute lack of sensitivity to
probabilistic wins. In the following discussion, ig suggested that the adolescent
pattern of behaviour is consistent with a simplategy of switching choices after

incurring a loss.

3.4.1 Performance referenced to the ideal observenodel

Participant decisions were referenced to those &ttdious ideal observer who
optimally integrated outcomes across trials, ineortb gain a best estimate of the
most highly rewarded (or ‘correct’) stimulus. Thesults of this referencing to the
ideal observer showed that both adult and adolég=aticipants picked the correct
stimulus at a rate significantly above chance. &foee to an extent, both age groups
were able to take into account utilitarian feedbismé@rmation in order to choose the

more highly rewarded face.

Although participants selected the correct faceshis significantly above chance
levels, the percentage of correct selections waganicularly high: adults selected
the correct face stimulus on 63.5% of trials, addl@scents selected the correct face
stimulus on 57.9% of trials. These figures are caraple to that reported in a
previous study with adults using the Face Decidiask (66% correct; Averbeck &
Duchaine, 2009), and indicate that the task waslestging for both adult and
adolescent participants. Indeed, it is the relatificulty of the Face Decision Task
that enables subtle biases in behaviour to exddcthble effects (Averbeck &
Duchaine, 2009).

The percentage of correct choices was significanityer in the adult than in the
adolescent group. This result was predicted, orbdses of evidence from previous
decision-making studies showing that adults showesar performance on

gambling tasks relative to adolescents (Harbaugil.e2002; Overman et al., 2004,
Crone & van der Molen, 2004; Hooper et al., 200Mgny of these previous

developmental studies have used the IGT. Unlikecthieent task, the IGT uses non-
stochastic feedback i.e. win or loss feedback arh daal indicates whether the

participant should maintain or switch strategythie Face Decision Task, feedback
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is stochastic in that choosing the more highly meled stimulus on a given trial may
in fact result in a loss (in fact, it will resulb ia loss on two out of five trials).
Therefore, the current study presents novel evieldhat the ability to integrate
stochastic feedback over multiple trials improvesween adolescence (age 12-13
years) and adulthood (age 21-43). Furthermore, tBatng a model of the
ecological observer, we were able to investigatesipte mechanisms driving this

age group difference in performance (see se@idr later).

3.4.2 Performance referenced to the ideal observenodel: social bias

In the current task, a purely utilitarian or ‘ideabserver should ignore the

expressions shown in the face stimuli and makesd®ts purely on the basis of the
history of wins and losses associated with eaahudtis. However, in the current

study and previously (Averbeck & Duchaine, 2008)s twas not the case. Instead,
in both groups, decisions showed evidence of aabdias, such that participants
were more likely to choose the happy face whendbal observer model specified

that they should choose the angry face, than these io choose the angry face
when the ideal observer model specified that tleyksl choose the happy face. The
current result replicates this previous findingantults, and extends it to a group of

adolescents.

It has been suggested that the social bias ams#ss task arises because the face
stimuli act as primary reinforcers (Averbeck & Dagfe, 2009; Matthews & Wells,
1999). Participants are willing to trade fictitiofisancial rewards in order to view a
happy face, and to avoid viewing an angry face aliernative suggestion is that the
faces act as communicative stimuli: Viewing an gnfice acts as a signal that
behaviour should be suppressed or altered (Aver8e€uchaine, 2009; Blair &
Cipolotti, 2000).

Previous studies have suggested that, under somarstances, adolescents may be
more susceptible than adults to influence by saa emotional factors (McGivern
et al.,, 2002; Gardner & Steinberg, 2005; Steinbe2§08). In the current
probabilistic decision-making task there was ndedénce between adolescents and
adults in the extent of social bias arising frora #motional expressions shown in
the face stimuli. It would be interesting to inugate whether a group difference in
social bias would be observed in the Face DeciSiask if the stimuli depicted
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same-age (adolescent) faces, rather than the madute faces used in the current
study. One hypothesis is that adolescents mighhbee susceptible than are adults
to social influence from same-age individuals (pedluence), but not to social
influence from substantially older or younger indivals (Brown, 2004; Steinberg,
2008).

3.4.3 Performance referenced to the ecological olvsger model: the role of social
cues

By referencing participant decisions to those ofd®al observer, it was shown that
adult and adolescent behaviour was influenced Byethotion in the face stimuli.
However, this result does not tell us anything @abibe nature of this influence.
Therefore, a computational model of participant ssébur was created (the
ecological observer model; s&ethods), containing parameters that encapsulated
two separate mechanisms by which the emotion shiowthe face stimuli could
affect participants’ behaviour. These were: (1) #ferkntial weighting of
performance feedback based upon the emotional mooteéhe face that was chosen
(the evidence or likelihood bias), and (2) a pbas to select one of the faces i.e. a

prior expectancy that a particular face would samted with a reward.

After fitting both parameters to adult and adolescdatasets, the differential
learning (evidence bias) parameter was found tavsheak effects across groups
and was dropped from the analysis. Previously, ghrmmeter was found to exert a
relatively weak effect in adults, so the currerguleis not surprising (Averbeck &
Duchaine, 2009).

The prior bias term was significant in the adolescgroup, that is, adolescent
participants exhibited a behavioural expectancy thwards would be associated
with the happy face. This expectancy resulted gneater frequency of choosing the
happy face when the ideal observer model specthatl the angry face should be
chosen than vice versa. This finding extends tooagof adolescents findings from
an adult study conducted by Averbeck and Duchal@99). The current result
suggests that the greater tendency to choose ayhi@ge when the evidence
indicates that the angry face should be chosen vlwEnversa in adolescents is due
to a prior expectation that happy faces will be asded. This expectation, or bias,

may reflect the operation of over-learned sociascpresent from infancy, or the
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strongly social context of many real-life decisiq@smides & Tooby, 2000; Haley
& Fessler, 2005).

The adult participants did not show a prior biapick the happy face. However,
there was no significant group difference in th@att of the prior bias term, which
renders the adult finding difficult to interpret.n® explanation is that whereas
Averbeck and Duchaine’s previous study, which tkstesimilar number of adult
participants, included mainly university studentBge current study tested an
educationally diverse sample of participants whosterogeneity introduced greater

behavioural variance.

3.4.4 Performance referenced to the ecological olvger model: Developmental
differences in the role of performance feedback

Participant decisions were referenced to thosenatleal observer, and this showed
that both adults and adolescents selected theat@tieulus at a level significantly
above chance. However, adults selected the costiectilus on a greater percentage
of trials than did adolescents, which suggests #uatlts were more sensitive to

utilitarian performance feedback (wins and losseah were adolescents.

It has previously been suggested that the abitityake into account performance
feedback continues to develop during adolescenc&iiftta et al., 2007; Byrnes et
al., 1999; Crone & van der Molen, 2004) and thatparticular, the time-course of
developing sensitivity to performance feedback miffer depending on whether the
feedback is negative or positive (Crone et al.,2@D08; Huizinga et al., 2006; van
Duijenvoorde et al., 2008). The current study iigeded whether the age group
difference in performance was due to a differentésponse to positive (win) and
negative (loss) performance feedback, by creatingomputational model of

participant behaviour (the ecological observer nhodeontaining separate

parameters encapsulating the behavioural influefgm®sitive (‘you win 10 p’) and

negative (‘you lose’) performance feedback on behav

Results of this analysis showed that the adolesmeshtadult groups differed in their
behavioural sensitivity to performance feedbackecHrally, the adult group
showed a stronger tendency than did the adolegeunp to select a face once it had

been associated with a reward. In both age grorgzgiving negative feedback
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(‘you lose’) in response to choosing a face de@@dbe probability that the face
would subsequently be chosen. Thus, adult decigieifscted a composite of both
negative and positive performance feedback wheadatescents showed a bias to

respond to negative feedback only.

In the ecological observer model, the effect offgrenance feedback depended on
the belief level of participants when the feedbaas given (se&lethods). If the
evidence based on previous trials indicated thatigy@ants (as described by the
ecological model) were nearly certain that a paldic face was correct, then
receiving positive feedback in response to theradiive face had very little effect
on belief and subsequent behaviour. The effect effopmance feedback also
depended on current position within each 26-trimick. When participants had
received very little performance feedback, at tkegibning of a block, each new
instance of feedback had a large effect. Latemotihé block, each new instance of
feedback had proportionally less effect (see FiguPeand 5 in Averbeck &
Duchaine, 2009). Therefore, the developmental teshdwing greater sensitivity to
positive performance feedback in the adult thathénadolescent group may reflect a
more mature ability to keep track of and update history of rewards associated

with each stimulus.

3.4.4.1 Adolescent response to positive vs. negdtedback and behavioural
strategies

Results from the current study indicate that admets aged 12-13 exhibit an
unbalanced response to positive vs. negative padice feedback. This finding is
in general agreement with studies using rule-switks, which have shown that
children and adolescents exhibit greater behavi@asgmmetry in their response to
positive and negative performance feedback thaaddits (Crone et al., 2004, 2008;
Huizinga et al., 2006; van Duijenvoorde et al., @00However, data from the
current study indicate that adults are more semasiid positive feedback than are
adolescents and that both age groups are equaikitise to negative feedback,
whereas studies using rule-switch tasks tend tortejhe opposite finding that
children and adolescents respond better to positiga to negative feedback. For
example, while performance in rule-switch tasksamsistently worse following
negative (‘switch’) than positive (‘maintain’) feledck across age, performance is

disproportionately worse following negative feedbacchildren aged 8-9 (Crone et
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al., 2008; van Duijenvoorde et al.,, 2008). Howevilre tasks used are quite
different. In the next paragraph, a possible exgtian will be suggested for the

divergent findings.

It has been suggested that a developmental shtrategy is responsible for the
age-related changes in behaviour during decisiokimgatasks. In a study by
Huizinga et al. (2007), it was shown that, whergasadolescents (aged 6-9 years)
were behaviourally sensitive to the frequency aislonly, adolescents aged 10-15
took into account both the frequency and magnitofldosses. Between mid-
adolescence (13-15 years) and young adulthood %1ypedrs), the tendency to take
into account both the magnitude and frequency s$éds continued to increase, and
in addition there was evidence for an increase éetvadolescence and adulthood in
the adoption of the maximally unbiased strategiyndifferent choosing between two
options that are equally beneficial. Therefore,edlepmentally immature decision-
making may be characterized by a particular sdtiades, and focus on a subset of
stimulus attributes. The pattern of adolescent el in the Face Decision Task,
whereby adolescents take into account negative nmit positive feedback, is
consistent with a simple behavioural strategy oita@ving choices after incurring a
loss. In contrast, adult participants are able ritegrate both wins and losses,
showing an increased tendency to switch choicemwiolg a loss, but also a
tendency to maintain the current choice followingvim. The divergent findings
between studies may be due to a difference in tiia¢egy employed to accomplish
distinct behavioural tasks (context-dependencetrategies). A future study could
investigate the factors that cause adolescentddpta particular strategy in favour
of another, as this could be relevant to adolesdentsion-making in naturalistic
contexts.

3.5 Conclusion

The current study was carried out to investigat@si@en-making in adults (aged 21-
43) and adolescents (aged 12-13) using a prob@bikace Decision Task in which
happy and angry face stimuli were stochasticallgoested with reward. A
computational method of analysis was implementethjclv showed that the

decisions of both adolescents and adults can baciesized as a composite of both
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social and utilitarian factors. Across age, paoaeits showed a similar social bias to
choose the happy face; however, the response litangin performance feedback
differed across age. Whereas adults integrated hmikitive and negative
performance feedback (wins and losses) to eithgustidbr maintain ongoing
selections, adolescents failed to respond to pesi@edback, switching choices after
incurring a loss. This suggests that age-relateghgd in the ability to integrate
positive and negative stochastic feedback may itaré& to the development of

decision-making abilities between adolescence duttlzood.

3.5.1 The next chapter

Adolescence is characterized by changes in deemsiking, including in the ability
to take into account performance feedback. In ¢hepter, effects of facial emotion
cues on the decisions of adults and adolescents stwwn. In general, adolescence
is said to be characterized by changes in emotiod social understanding,
including increased emotional self-awareness articemrsciousness. There is
evidence that that pubertal development rather tblronological ageper se
contributes to increased social awareness anctgeffeious affect (Simmons et al.,
1973; Rosenberg & Simmons, 1975). Furthermoreas been shown that puberty
hormones organise the structure and function ofbit@n, including parts of the
brain involved in emotion and social behaviour (R@N2003; Cahill, 2006; Ahmed
et al., 2008; Schulz et al., 2009; Peper et aD920leufang et al., 2009). Therefore,
in the next chapter, a study is described that stigated pubertally-associated
development in self-reported emotions. Participaged 9-16 years were divided
into groups on the basis of a puberty developmessiijonnaire, and performed an
emotional self-report task. In the task, particigawere asked to imagine their
emotional responses to a variety of social andcbasiotional scenarios. Patterns of
emotional responding were investigated, to evaltlaehypothesis that the onset of

puberty marks an increase in the awareness of @mpt ‘mixed,” emotions.
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Chapter 4

Development of mixed social emotion understanding

across puberty

In the previous chapter, a study was described the¢stigated the influence of
facial emotion cues on decision-making in adolescand in adults. Results showed
that the decisions of both age groups reflectedrefepence for happy vs. angry
faces. However, it has been suggested that develapindifferences in emotion
processing may be related to puberty as well a®mbiogical ageper se The

current chapter describes a study that was carwed to explore the relationship
between puberty stage and a measure of social-ematunderstanding. Adolescent
females aged nine to 16 years, grouped accordingetbreported puberty stage,
completed a task in which emotional responses wiktied in response to a series
of emotional scenarios. The scenarios were desigioectlicit social emotion

(embarrassment and guilt) and basic emotions (anged fear). The relative

complexity or ‘mixedness’ of emotional responses walculated and compared
across puberty groups. This showed evidence thaednemotion understanding
differs across puberty stage, and that this diffieee may be specific to social

emotions.

4.1 Introduction

4.1.1 Development of social emotion processing

Social emotions, such as guilt, embarrassment &ains, are here defined as
emotions that require the representation of angpleeson’s mental states (see also
Olsson & Ochsner, 2008). In order to feel embagdsdor example, you must
believe that other people think your actions fduli$n contrast, basic emotions
constitute immediate affective reactions that dé remuire consideration of the

mental states of others. Studies have indicated ttie understanding of basic
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emotions develops earlier in life than the undeditag of social emotions. For
example, Harris et al. (1987) have shown that fiear old children were able to
think of situations in which a basic emotion woudd felt, but not situations in
which a social emotion would be felt. By the ageseten, children were able to
think of situations that would plausibly elicit sakkcemotions, such as pride, jealousy

and guilt.

The development of social emotion understandingobdymiddle childhood is not

well characterised. However, the period from middiéldhood to adolescence is
thought to be accompanied by an increase in mutiedsional or abstract thinking
about other people, and this includes thinking albloai diverse factors that influence
people’s thoughts and feelings (Wainryb, 2001; ldbeé& Piaget, 1958). Therefore,
this age period is likely to be accompanied by atrdasingly complex

understanding of emotions in self and in othersrtHemmore, evidence from
behavioural and neuroimaging studies suggeststhieainterpersonal, physical and
hormonal changes associated with puberty may dwi&ito changes in the
behavioural and neural correlates of social emogimtessing. This evidence will

now be summarised.

4.1.1.1 Social emotion development during puberty

The period of puberty and adolescence represetitaeaof acute socio-emotional
change. Self-awareness and the self-concept ungecjound development during
the adolescent years (Sebastian et al., 2008) ttagherceived opinions of other
social agents, especially peers, are influentiakhaping the self-concept and in
modulating social behaviour (Brown, 2004). Therev&ence that social-emotional
development may be linked to puberty stage as aslageper se as self-report
studies have shown that young adolescents (patlgugirls) from early to mid-
puberty are more self-conscious than both pre- post-pubescent individuals
(Simmons et al., 1973; Rosenberg & Simmons, 1916n& & Bower, 1979). It has
been suggested that the physical changes of pubentyibute directly to increased
self-consciousness, through a mechanism of heigttervulnerability to
environmental circumstances that threaten or imgingpon the self-image
(Simmons et al., 1973). For example, changes irsiphlyappearance as a result of
puberty (e.g. growth spurt) may result in a changé¢he attitudes expressed by

others when they interact with an adolescent, sl will affect the self-image.
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Normative and pathological (e.g. Michaud et al. @08isruptions in the self-image
at puberty are thought to stabilise into adulthasphysical changes are assimilated
into a new adult self-image. In summary, evidenaoggests that the period of
puberty is an important time for the development @hotions and self-
consciousness, and may represent a time windovaricplar sensitivity to social

emotions such as embarrassment and shame.

Recent brain imaging studies suggest that the hguoaessing of social emotion
changes during puberty and adolescence. StrudiliRdl studies in humans show
that certain prefrontal and temporal brain regisagporting emotion understanding
and self-awareness undergo protracted structukalolgment until late adolescence
and beyond (Giedd et al., 1999; Sowell et al., B¥99Gogtay et al., 2004; Shaw et
al., 2008). In particular, there seems to be agausation of grey matter in the
frontal cortex that occurs at around the onsetulfgpty (Giedd et al. 1999; Shaw et
al. 2008). Grey matter volume in the frontal lobwreases during childhood,
reaching its peak at around puberty onset (appratdiy 11 years in girls and 12
years in boys), and is followed by a reduction neygmatter volume during the
remainder of the pubertal transition. This is hyysised to have functional
consequences.

The majority of human structural MRI studies coneédcto date have not included a
measure of puberty stage. However, much work inmanan animals indicates a
role for puberty in the structural reorganisatioh the brain and in neural

responsiveness to social and emotional stimuli @adpill, 2006; Romeo, 2003). For
example, in male rodents, testosterone is thoughtediate effects on cell survival
and gross size of the amygdala and hypothalamusn¢@p 2003). Effects of

oestrogen on the hippocampus are also documentahblil(C2006). Furthermore,

evidence from a number of human MRI studies thaehaeasured puberty stage
suggests that the onset of puberty may triggecaimcide with, a phase of grey
matter reorganisation in frontal and temporal raegioFor example, Neufang et al.
(2009) showed that grey matter volume in the amlgdaried as a function of

circulating testosterone and oestrogen, as wellaamer Stage of puberty (Tanner,
1971). Perrin et al. (2009) showed evidence thdtreported puberty stage

correlates with white matter volume in males. Peperal. (2008, 2009) report
correlations between white matter volume and uyirmcentrations of luteinising

hormone in both sexes, and between grey mattemmland urinary oestradiol in
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females. This suggests that puberty stage, as agelsimply ageper se is an
important factor in the structural development bé tbrain during adolescence,
including within brain regions implicated in ematjosocial processing and self-

awareness.

In addition to changes in the structure of the rorguberty and adolescence is
accompanied by changes in the functioning of bragions involved in emotion and
social awareness. For example, functional MRI ssidiave shown changes in
activity within the mentalising system across adoénce (Blakemore, 2008; Pfeifer,
2009). Specifically, adolescents show greater agtithan do adults within anterior
rostral medial prefrontal cortex (arMPFC), a breggion involved in representing
mental states (including feelings, beliefs and ms$j during social cognition
relative to control tasks (sdegure 1.8); including social cognition tasks explicitly

assessing self-other-awareness (e.g. how othespse®feifer et al., 2009).

A number of studies show evidence for a relatigmshetween puberty and
functional brain activity during social-emotionasks. For example, fMRI studies
comparing typical children/adolescents and thosth vendocrine disorders (e.g.
precocious puberty) indicate a relationship betweadrenal hormone levels and
amygdala activity during emotional face processmdemales (Ernst et al., 2007),
and between testosterone levels and hippocampabnmeseness during emotional
face processing in males (Mueller et al.,, 2009)e @acent study in hormonally
typical adolescent females has demonstrated a Hbigtkveen puberty stage and
functional activity within the ventrolateral prefr@l cortex and amygdala during an
emotional face processing task (Forbes et al.résg). Thus, evidence from fMRI
studies lends support to the notion that there i®lationship between puberty
hormones and the cognitive and neural processirgpoiil-emotional information,

via effects on the brain.

In summary, there is evidence that puberty stagkiences social-emotional

processing via psychological effects on the selige changes in social-emotional
awareness, and effects on the structure and funofithe brain. However, pubertal
changes in social-emotional awareness are not etetacterised. Therefore, the
current study investigated the development of $am@otion understanding across
puberty. Specifically, and in order to limit theope of this wide subject area, the
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current study focussed on a single aspect of emotimderstanding, the
understanding of mixed emotion. This concept wél éxplained in the following

section.

4.1.2 Development of the understanding of mixed ertion

Mixed emotion understanding is the ability to ackiexige that a number of discrete
emotions may be simultaneously elicited by a simylent. Mixed emotions can be
similar in valence, such as feeling both anger dighppointment at a missed
opportunity. Mixed emotions can also be oppositaienced, such as feeling both

anger and relief upon the safe return of a wayvehildi.

There is a body of research on the understandingnised emotions in early
childhood (Harter & Buddin, 1987; Harris, 1989; an et al., 2007). Studies using
a structured interview technique have shown thédlign around the age of five will
deny that mixed emotions occur, or are even pasgidarter 1977; Harter 1983;
Harter & Buddin 1987; Harris 1983; Larsen et a00?2). For example, Harter and
Buddin (1987) asked children between the agesreétand 11 to describe situations
that would make them feel either opposite valer@pgy, sad) or same valence
(happy, excited) emotions at the same time. Childrged five reported statements
such as “You'd have to be two different people twvértwo feelings at the same
time”. Between the ages of six and eight, childirgtially succeeded in describing
situations in which two emotions would be felt impid succession, and
subsequently, were able to describe situationshitlwtwo same-valence emotions
would be experienced at the same time. Only betwkerages of 10 and 11 were
children able to describe situations in which twapasite-valence emotions would

be felt simultaneously.

A recent study by Larsen and colleagues (2007) siyated mixed emotion

between childhood and the onset adolescence, Idrehiaged five to 12 years.
Children were presented with a video clip from ayfdale (Disney’'s The Little

Mermaid), which culminated in a ‘bittersweet’ scanewhich a father character is
portrayed as having to say farewell to his daugl@éildren were asked: (a) how the
father character would feel, and (b) how the clgde them feel. Children were then
given structured prompts to generate more thaneomation, and if they were able

to do this, were then asked to indicate whetheretnetions would be experienced
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sequentially or simultaneously (mixed emotions)sitis showed a significant linear
effect of age on measures of both the tendencyeport that the father would
experience mixed emotions, and the tendency torrgmpersonally experiencing
mixed emotions. These data indicate that, in aolditto developing a better
conceptual understanding of mixed emotion in otlfgws father), older children also

demonstrate a greater tendency to report mixediensin themselves.

The development of mixed emotion understandingndupuberty has not previously
been studied. However, as described above, thesdnit years mark an increase in
multi-dimensional thinking about other people ahd diverse factors that influence
their thoughts and feelings (Wainryb, 2001). Thiaymead to developments in
mixed emotion understanding across puberty, pdatigufor the understanding of

social or self-conscious emotions.

It should be noted at this point that the concdptualerstanding of one’s own
mixed emotions may be distinct from actually expecing mixed emotions.

Emotional ambivalence, that is, the expression ed#lifig positive and negative
emotions simultaneously, is shown by infants agedrad age one year (Ainsworth
et al., 1978; see also Campos et al., 1983). Tkeroation of a developmental time
lag between displaying versus reporting mixed eomsti has prompted the
suggestion that mixed emotion understanding emeageshildren learn to interpret
the emotional reactions that they already expriggsugh an increasingly mature
appreciation of the complex causal relationshipsveen situations and emotions
(Harris 1989). The current study was primarily cemmed with the understanding of

one’s own mixed emotions, insofar as they can basowed by self-report.

4.1.3 The current investigation: mixed emotion dumg puberty and adolescence

No study to date has investigated the understandingnixed emotion across
puberty. However as indicated above, there is emiddhat pubertal development
may influence emotional awareness via psychologmwathanisms, and via effects
on the brain. Therefore, it is reasonable to hyps#e changes in mixed emotion

understanding across puberty, especially for sesiadtions.

The current study investigated the understandingiigeéd emotions across puberty,

for both social and basic emotions. Eighty-thredigipants aged between 9.5 and
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16.33 years, divided into three Puberty Groupslyearid- and post-puberty), were
tested using an emotional self-report task. Durthg task, participants were
instructed to imagine a series of emotional scesaand to report how strongly they
would feel each of four emotions (anger, fear, emassment and guilt) in response
to the scenarios. Ratings along these four emaicates were used to develop a
measure of mixedness in emotional responding. & Wwgpothesised that mixed

emotion understanding would develop across puberty.

The scenarios were designed to evoke primarilya@notions (embarrassment or
guilt) or primarily basic emotions (anger or fedr).a sense, social emotions are
inherently more mixed than are basic emotions, esisocial emotions require
consideration of the mental states of more thanamgent (self and other) whereas
basic emotions do not. Thus, it was predicted thate highly mixed emotional
responses would be observed for social relativieagic emotion scenarios, overall.
However, given the changes in social-emotional tstdading across puberty, and
given the structural and functional developmentthiwi brain regions involved in
social emotion processing, it was hypothesised mhiaed emotional responses to

social emotion scenarios in particular would comino develop across puberty.

4.2 Methods

4.2.1 Participants

Eighty-three female participants aged 9.5 to 16/@8rs old took part in the study.
Participants were recruited via two comprehensol®als in central Birmingham: a
secondary school and a primary feeder school wisidhcated on a site adjacent to
the secondary school. This ensured similar edutaltidbackground and socio-

economic status across the age range.

Participants were divided into three Puberty Groopsthe basis of a physical
development questionnaire that was a version ofPtéiersen Development Scale
adapted from Carskadon and Acebo (Petersen el@88; Carskadon & Acebo,
1993). The three puberty groups were: Early-pub@ity 23, mean (s.d.) age = 11.7
(1.44), range = 9.5-14.08), Mid-puberty € 40, mean (s.d.) age = 13.0 (1.15), range
= 10.5-15.33) and Post-pubertd € 20, mean (s.d.) age = 15.2 (0.70), range =
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13.67-16.33). One-way ANOVA showed that chronolagicage differed
significantly between Puberty Groupgs 6, = 49.914p < 0.05).

The physical development questionnaire (#gmpendix 4.1), which comprises
questions about menarche and secondary sexualctér@stcs, was completed by
secondary school age participants in a quiet roonschool, and was posted to
parents of primary school age participants for cletiqn by the parent alone, the
parent and child together, or the child alone, etiog to parental preference.
Participants were assigned to the Early-pubertygibthey circled ‘no’ in response
to the question ‘Have you started having perio@s®l also in response to questions
regarding secondary sexual characteristics (grewtht, skin changes and underarm
hair). Participants were assigned to the Post-pulzgoup if they circled ‘yes’ in
response to the question ‘Have you started havarpg@s?’ and also in response to
questions regarding secondary sexual characterigowth spurt, skin changes and
underarm hair). Participants who did not fit eitloéithese criteria were assigned to

the Mid-puberty group.

No information was elicited regarding participantsistory of psychiatric or

neurological disorder, attention-deficit/hyperaitgivdisorder, autism or dyscalculia.

The study was restricted to female participantsy,ofdr the following reasons.

Firstly, the temporal profile of puberty and itsgactt on social behaviour differs
between the sexes (Savin-Williams & Weisfeld, 198&d in Spear 2000; Giedd et
al. 1999; Romeo, 2003), and therefore participavdse restricted to one gender
only, to maximise the power to detect an effech isample size limited by time and
resources. Secondly, it is reported that thereddferences between the sexes in
expressing emotions (Kring & Gordon, 2007), whichuld impact on the self-report

measure. Specifically, females are reported to beeraxpressive of most emotions
relative to males. If this is the case, then antemnal self-report task might be more
engaging for female than in male participants: ierefore selected female rather

than male participants.

Prior to the study, written informed consent wasoted from a parent or guardian
of adolescent participants. The study was apprdmethe local Ethics Committee.

Participants were not paid.
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4.2.2 Procedure

Participants were tested in groups of two to foua iquiet room in school, seated so

they were unable to see each others’ papers oecdpérticipants were each given a

paper-based task containing a series of sententesittached emotion rating scales

(seeFigure 4.1 and Appendix 4.2). The experimenter instructed participants that

they would be reading a number of sentences désgriituations in which they

might feel emotions such as anger, fear, embaressnand guilt. Before

commencing the experiment, the experimenter defeech of the four emotions,

giving examples of situations in which each migbtfblt (seeTable 4.1 second

column).

Table 4.1 Experimenter-defined emotions and examplesk scenariosAt the start of the session,

the experimenter read aloud a definition and exangdl each emotionclumn 2. During the

emotion task, participants read a series of 32 iematcenarios (examples oolumn 3 and rated

their imagined emotional response using four ratiogles. SeAppendix 4.2for the complete set of

emotion stimuli.

a

Emotion Definition and example Example scenarionftbe tas

Anger When you feel mad and annoyed at You saw someone walk by the
someone or something, window. They threw rubbish intg
e.g. You might feel annoyed if the b| your garden
late and you know you are going to
your appointment

Fear When you feel scared You were riding your bike down
e.g. You feel scared when you are | hill. Suddenly your brakes stopp
walking in a dark quiet street working.

Embarrass- | When you feel you lok silly in front of You ate too much cake at a par
ment people You threw up in the living room
e.g. You trip and fall in front of your | front of everyone.

friends
Guilt When you feel that you have done | You were meant to look after yo

something wrong and feel bad abou
e.g. You broke your friend’s mobile
phone.

tlittle brother but you went out.

When you got back he was cryif

ng.

117



During the experiment, participants silently reade tscenarios while the
experimenter read the scenarios aloud. Participaats instructed to imagine how
they would feel in each scenario, and to rate tkeiotional response using four
rating scales: anger, fear, embarrassment and &aiiticipants were told that they
could place a mark anywhere they wished on theognel scale, either by drawing a
circle around 0 (I would feel the emotion not d} at 10 (I would feel the emotion
very strongly), or by placing a mark anywhere betw® and 10 (seEigure 4.1).
Each scenario was designed to evoke primarily ohdoor emotions: anger,
embarrassment, fear or guilt. However, the stinrmdre designed such that some
sentences might reasonably evoke more than ondamadhe task consisted of 32
scenarios in total, of which 16 were primarily Basmotion scenarios (eight anger,
eight fear) and 16 were primarily Social emotiorrsrios (eight embarrassment,
eight guilt; seeTable 4.1 and Appendix 4.2). The order of emotion words in the
rating section for each scenario was counterbathheeveen participants. The order
of emotions in the instruction phase and the omfescenarios in the task were

counterbalanced between the small groups of simedtasly-tested participants.

Figure 4.1 Example of a task scenarioEach scenario was read aloud to participants, wéie
asked to imagine how they would feel if the scembegppened to them, and then to rate how strongly

they would feel each of the four emotions, on desof0 (not at all) to 10 (very strongly).
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4.2.3 Data analysis

Each scenario was rated along four 10 cm emoticlescfor anger, fear,
embarrassment and guilt. In order to investigat&emhiemotional responses, a
measure was developed that encapsulated the ertevitich participants used all
four rating scales for Social and Basic emotionnades. The distance in
centimetres of each emotion ratings along eactheffaur scales for each scenario
was measured. These distances were therefore tegeimvalues ranging from 0 to
10 cm. Next, each scenario was coded accordinfpegantumber of times a rating
>2cm was given. This was an ultimately arbitrary-affi point, but was chosen on
the basis that ratings below 2cm indicate very weglorted feelings of a particular

emotion. Rating response codes were assignedlag/$ol

Rating code 0: none of the four emotions rated >2cm
Rating code 1: one of the four emotions rated >2cm
Rating code 2: two of the four emotions rated >2cm
Rating code 3: three of the four emotions rated»2c

Rating code 4: four out of four emotions rated >2cm

A response assigned a rating code of 4 is maxinmaiked, since all four emotions
are rated >2cm (sefeigure 4.2). A rating code of 1 indicates a minimally mixed
response, since only one of the four emotionstisdra2cm. Responses assigned a
rating code of zero, i.e. in which no emotion waied >2cm, were omitted from the
analysis, since it was considered that this respgrettern indicated a lack of

emotion.
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Figure 4.2 Scoring of responsedach response (32 per participant: 16 Social, 46d} was given a mixedness score that took intowad how many times a
rating >2cm had been given. A maximally mixed e response (e.g. below right) was one in whitfoar emotions were rated >2cm. We compared mean

mixedness scores for social and basic emotion sosrecross puberty groups.
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For each participant, mean mixedness scores wdcalated for Social and Basic
emotion scenarios separately, resulting in a rarfigrossible mean mixedness scores
between 4 (maximum mixedness) and 1 (minimum migedh After checking for
normality and excluding outliers lying >3 s.d. frahe group mean for Social and
Basic scenarios separately (one Basic, Post-pubegdness score excluded),
mixed design repeated measures 3x2 ANOVA was cdaduo test for Puberty
Group differences in mean mixedness scores foraband Basic emotion scenarios.
There was one between-subjects factor with thregelde Puberty Group (Early-
puberty, Mid-puberty and Post-puberty); and onehiwisubjects factor with two
levels: Emotion Type (Social, Basic). A threshodd $ignificance ofp < 0.05 was
used throughout, andost hocBonferroni-corrected-tests were used to explore

paired differences.

4.3 Results

Mean mixedness scores for Social and Basic emaitemarios by Puberty Group
are shown irFigure 4.3 Skew and kurtosis for Social and Basic mixedreesses
were between +2 and -2, indicating that the distrdn of the data was satisfactorily
close to normal. One Post-puberty outlier >3 stdmfthe group mean for Basic
mixedness was excluded. Repeated measures ANOVdalex a main effect of
Emotion Type on mixedness scorés {o = 151.89p < 0.05) such that more highly
mixed emotional responses were given for Sociah flea Basic emotion scenarios
(Social: mean (s.d.) mixedness = 2.21 (0.70); Basiean (s.d.) mixedness = 1.68
(0.61)). Paired sampldgests showed that mixedness for Social Emotion asgen
was significantly higher than mixedness for Basmdion scenarios in all three
Puberty Groups (Earlyt; = 6.82,p < 0.05; Mid: tzg = 7.71,p < 0.05; Postt;g =
7.02,p < 0.05).

There was no main effect of Puberty Grobp4 = 1.901,p = 0.16). However, there
was a significant interaction between Puberty Grand Emotion TypeHR; 79 =
4.614,p < 0.05). The interaction was driven by higher mixesk scores in the Post-
puberty group than in the Early-puberty group foci@l Emotion scenariods{ =
2.89,p < 0.05), but not for Basic Emotion scenaritg € 1.07,p = 0.291). The
Mid-puberty group did not differ from the Early- dPost-puberty groups on

mixedness score for either Social or Basic Emoti@@wecial: Early vs. Midis; =

121



1.40,p = 0.167; Mid vs. Postizg = 1.83,p = 0.072; Basic: Early vs. Mids; = 1.40,
p = 0.184; Mid vs. Posts; = 0.06,p = 0.955).

Figure 4.3 Mean mixed emotion score for Social (l§fand Basic (right) emotion scenarios in
each Puberty Group.The maximum possible mixedness score was 4 (fmgtiens rated >2cm)
and the minimum was 1 (one emotion rated >2cm)rd ks an interaction between Puberty Group
and Emotion driven by higher mixedness scores émias relative to basic emotions in the Post-

puberty group relative to the Early-puberty group.

4.4 Discussion

Previous research has demonstrated that the atoilagknowledge that a number of
discrete emotions may be elicited by a single evanthe understanding of ‘mixed’
emotion, first emerges in middle childhood and ouorgs to develop up to age 12
(Harter, 1983; Harter & Buddin, 1987; Harris et, 41986; Larsen et al. 2007). On
the basis that pubertal development is relatedt¢tabawareness and self-conscious
affect (Simmons et al., 1973; Rosenberg & Simmadl&75), and in view of
evidence that puberty hormones organise the steicnd function of the brain,
including regions of the brain involved in sociahaviour and emotion (Romeo,
2003; Cabhill, 2006; Schulz et al., 2009; Peperlgt2008, 2009; Neufang et al.,
2009), the current study investigated mixed emotiaderstanding across puberty.

Mixed emotion understanding was assessed by takinggasure of the number of
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discrete emotions reported in response to imagieedial or basic emotion

scenarios.

4.4.1 Mixedness in social emotion

The current results revealed two main findingsstiiand as predicted, responses
were significantly more mixed for social emotioman for basic emotions across
puberty groups. Social emotions, such as guilt ambarrassment, require the
representation of another person’s mental statescontrast, no mental state
representation is required to experience basic iemst Thus, social emotions can
be seen as inherently more representationally cexniblan basic emotions. Social
emotions usually involve the consideration of sbe@ms and conventions, as well
as the social or moral implications of one’s owtiats. For example, the feeling of
guilt involves the consideration of one’s mentalte$s and actions resulting perhaps
in anger and shame directed at the self, but &lsddelings of the wronged party
and perhaps the real or imagined opinions of aipgdthird party. In contrast, the
feeling of fear minimally involves an immediate eimoal reaction to a threatening
stimulus. Therefore, it can be concluded that tbheremt result showing greater
mixed emotional responding to social emotion sdesathan to basic emotion
scenarios across all puberty groups reflects theatgr inherent emotional
complexity, and requirement for representing midtipnental states, in social

relative to basic emotions.

4.4.2 Development of mixed emotion understanding

The second result in the current study was theifgignt interaction between

puberty group and emotion condition. Results shothed the degree of mixedness
in the emotional response to social, but not basmption scenarios increased
between early- and post-puberty. This result presiévidence for the continued
development of mixed emotion understanding acrbssperiod of puberty, and

indicates that this development may be specifieottial emotions.

Previous research has shown that the understawndibgsic emotions precedes the
understanding of social emotions developmentallgd &hat mixed emotion

understanding continues to develop during childhaod up to the age of 12 (Harris
et al., 1986; Harter & Buddin, 1987; Larson et a007). The results of the current
study are consistent with, and extend, this dewetrgal picture. This study showed
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no change in mixed emotion reporting for basic eomst after late childhood (early-
puberty), at around 11 years, but a change in memdtion reporting for social
emotions across the puberty range included heckuprio the age of 16. One caveat
in the current study is that puberty stage wasiogmtly related to chronological
age. This issue should be addressed in a subsequeiyt in which groups are
matched for age but differ in puberty stage (eanrier Stage of puberty). Methods
and issues in pubertal measurement will be covamethe Discussion (section
7.2.3.

Another caveat is with the method of assessing iemat mixedness. Previous
studies using structured interviews are consisiatht the current finding, and show
that mixed emotion understanding shows protractedeldpment throughout
childhood (Harter, 1983; Harter & Buddin, 1987; Herl989; Larsen et al., 2007).
Another study has shown age differences during thdatl in mixed emotion,
specifically, in self-reported discomfort in resgento watching adverts that elicit
mixed emotions between young and older adulthoodlims & Aaker, 2002).

Thus, the result from the current chapter showingrerease in the reporting of
mixed social emotions across puberty is consisietiit extant findings. However,
the method by which mixedness was assessed in uhent chapter requires
validation. The current result also needs to bdiaaied using the previously-

employed structured interview technique.

4.4.3 Structural and functional brain development ad puberty

Bearing in mind the abovementioned caveats, theestiresult showing evidence
for the development across puberty of mixed emotémponding for social emotion
scenarios could be a due to a number of factorsnéstioned in sectiod.1.], there
are changes in emotion and self-awareness durimjesmkence that have been
attributed to pubertal development (Simmons et1#73; Rosenberg & Simmons,
1975; Michaud et al. 2006). In addition, developimenthin regions of the brain
implicated in self-awareness, social cognition aechotion occurs during
adolescence, and studies suggest that at least sbthese changes are related to
puberty. For example, Neufang et al. (2009) shothetl grey matter volume in the
amygdala varied as a function of circulating tetsimme and oestrogen, as well as
Tanner Stage of puberty (Tanner, 1971), and Pepal.e2008, 2009) report

correlations between white matter volume and pybé&drmones. Multimodal
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studies are now needed that investigate the sepaaaitributions of puberty and
chronological age to measures of structural brawvetbpment and social-emotional

processing.

Changes in the structure of brain regions involireemotion understanding and
self-awareness are proposed to result in changeeninformation processing
carried out in these regions, and in the resultemgnitive and behavioural
capabilities of the developing individual (Olesenak, 2003; Schmithorst et al.,
2005; Stevens et al., 2007; 2009; Olson et al.9208everal functional imaging
studies have shown a change in patterns of neatiziitg during social cognition
tasks between adolescence and adulthood. In partidhese fMRI studies have
shown that activity in arMPFC decreases betweeteadence and adulthood during
social cognition (including social emotion) tasked Blakemore, 2008, for review;
andFigure 1.8for meta-analysis). It is not known how these cleasnig social brain
activity are related to puberty stage. One receundlys has demonstrated a link
between puberty stage and brain activity duringa@as task (Forbes et al., in press).
An interesting avenue for future research will béook at the relationships between
puberty stage and functional brain activity durgagial emotion and mixed emotion

tasks.

4.4.4 Mixedness and cognitive development

In addition to changes in hormones and neuroanatdingycognitive changes that
occur during puberty and adolescence may pave thefar a more sophisticated
understanding of mixed emotion. Early cognitive-elepmental research suggested
that the period from middle childhood to adoleseens characterised by an
increased capacity for abstract reasoning (InhefdBraget, 1958). This may result
in a more sophisticated conceptual understandingraitions, including mixedness
in emotions. Relatedly, it has been suggested ttietcapacity for counterfactual
reasoning continues to develop during adolescedaid & Fugelsang, 2004). This
could enable development in mixed emotion undedsta, since a single situation
needs to be interpreted in different (e.g. countgufal) ways for it to yield a mixed
emotional evaluation. Finally, there is evidencattthe social cognitive ability to
take into account the perspectives of other scaignts develops throughout the
adolescent years (Dumontheil et al., 2009; Choudhairal., 2006; see section
1.6.1.3. In Dumontheil et al. (2009), continuing developineduring late
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adolescence was reported in a visual perspectsie reequiring the online use of
mental state (visual perspective) information. 8beimotions require one to take
into account another individual’'s emotional pergpec (thinking about how

someone else would feel, or how they would thinkuabyou, as a consequence of
your actions). Therefore, development of perspeetaking ability across puberty
and adolescence might contribute to developmentshén awareness of mixed
feelings in social emotion situations. Further stadshould investigate the
relationship between cognitive development anddineelopment of mixed emotion

understanding, across puberty and age.

4.5 Conclusion

The current chapter presents evidence that mixeatiemunderstanding develops
across puberty in females, and that this developmeay be specific to social
emotion scenarios. As discussed above, this resultl be due to changes in social-
emotional awareness, cognition, and developmenhenstructure and function of
the brain. However, since puberty stage was rel&dedhronological age in the
current study, a follow-up study should be condddtewhich puberty groups are
matched for age. In addition, follow-up studies aeeded to extend these findings

in males and to evaluate the current methodology.

4.5.1 The next chapter

In the next chapter, the emotional scenarios desdrin the current chapter were
adapted to investigate the neural processing oiak@nd basic emotions using
fMRI. In line with the current definition of soci@motions as emotions that require
mental state processing, it was predicted thatgyeaints would show activity during
social vs. basic emotion processing within the mlésihg system, comprising
arMPFC, pSTS/TPJ and ATC. However, an age-relakéid is activity has been
reported within the mentalising system, between lesd@ence and adulthood
(Blakemore, 2008; see sectidrb.2.2.3. Relative to adults, adolescents (aged 10-
18) show stronger activity within arMPFC during rtedising relative to control
conditions. It was of interest to ascertain wheth@omparable developmental shift
would be seen for social vs. basic emotion proogssTherefore, inChapter 5,
adolescent and adult participants were scannedfWiti while processing a set of

social and basic emotion scenarios adapted f@rapter 4, and it was predicted
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that activity within the arMPFC would be stronger adolescents than in adults

during social vs. basic emotion processing.

Unlike in the current chapter, @hapter 5 participants were grouped according to
age rather than puberty. This was because a relatimall number of participants
took part in the fMRI study (19 adolescents andadQlts) and the adolescent group
was not considered large enough for subdivisiommlicg to puberty measures, and
in addition given the age range (from 10 to 18 ge@uberty stage was likely to
correlate strongly with age. In addition, previdRI studies have shown an age-
associated shift in activity within the mentalisisigstem (puberty has not previously
been assessed with regards mentalising), and itofvagerest to conduct a study
whose results could be compared with previous fMRidies of mentalising and

emotion.
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Chapter 5

A functional magnetic resonance imaging study of
social emotion processing in adolescents and in

adults

The previous chapter described a study that ingastd a behavioural measure of
social emotion understanding across puberty. THi®ewed evidence that the
understanding of social emotions continues to agvelcross puberty, which was
related to age in the experimental sample. In tlweremt chapter, a study is
described that investigated developmental diffegsnin the neural processing of
social emotions, using fMRI. Female adolescents addlts underwent fMRI
scanning while processing scenarios in which eithesocial or a basic emotion
would be felt. The results indicate that both ageugs showed activity during
social vs. basic emotion processing within braigioas implicated in mentalising,
including the anterior rostral medial prefrontal dex (arMPFC). However, a
region of arMPFC was activated more strongly by ladoents than by adults for
this contrast, and conversely the left anterior penal cortex (ATC) was activated
more strongly by adults than by adolescents. Thiso$ results provides evidence
that the neural strategy for social vs. basic ewmtprocessing develops between
adolescence and adulthood. In agreement with pusvaevelopmental fMRI studies
of social cognition, activity shifts from frontar(MPFC) to temporal brain regions
with age. Further studies should investigate pdesiblationships between this age
group difference in functional brain activity, andoth cognitive and

neuroanatomical development.
5.1 Introduction

5.1.1 fMRI studies of mentalising in adults
A number of functional imaging and neuropsycholagistudies in adults have

shown that mentalising tasks, i.e. tasks that regprocessing of internal states
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including beliefs, feelings and desires, activateeby upon a circumscribed set of
brain regions known as the mentalising system K{R&tFrith, 2003). This set of
brain regions comprises the anterior rostral mepliafrontal cortex (arMPFC), the
posterior superior temporal sulcus (pSTS) borderorg the temporo-parietal
junction (TPJ) and the anterior temporal cortex GATThe purported role of each of

these brain regions is as follows:

The ATC, or temporal polar cortex, is thought todbmultimodal convergence zone
where information about complex social (as welhas-social) stimuli is integrated
with emotional signals (Olson et al., 2007). Fumgdl imaging and

neuropsychological studies (e.g. in fronto-tempomentia patients) show
evidence that the ATC represents complex semamiisvledge that is needed to
navigate social situations and respond in a sgciafid emotionally appropriate
manner. Thus, it has been suggested that the Api@gents ‘social scripts’, that is,

semantic information relevant to specific sociat@mters (Frith, 2007).

The pSTS is responsive to complex movements, inmuubiological movements of

the eyes, face and hands. This brain region is maiee when predictions based on
these movements are in error, relative to when #rey correct (Pelphrey et al.,
2004a, 2004b). Therefore, the pSTS is thought &y ja role in decoding social

gestures and signals, and using these to form gir@a$ of action or intent (Frith,

2007).

There seems to be overlap in the roles of the p@idthe TPJ. However it has been
suggested that, in contrast to the pSTS which decodomplex (including
biological) movements, the TPJ is more concerneth vépatial perspective
information (Aichhorn et al., 2006; Frith, 2007 )d&ial perspective information is
necessary for understanding the epistemic statesail agents based on what they
can and cannot see. This knowledge forms a partenitalising, which is the ability

to attribute mental states to social agents.

The arMPFC (BA 10) is also thought to play a raleepresenting or using mental
state information. These include the emotional,ivatibnal and epistemic mental
states of self and other (Amodio & Frith, 2006;k@itt et al., 2006). Frith (2007) has
suggested that the more general role of arMPF@pnesenting mental states is to
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enable human communicative interactions. Perspecton the role of arMPFC in

mentalising will be discussed in a later sectivod (1.]).

The mentalising system is of interest with regamtion development, since it has
been suggested that mentalising plays a key roleaiming about emotions (Olsson
& Ochsner, 2008). FMRI studies in which adult papants reflect upon social
emotions have shown activity within components lté tnentalising system (e.g.
arMPFC; Moll, Grafman et al., 2005; Takahashi et 2004, Berthoz et al., 2002,
Moll et al., 2002; Shin et al., 2000). In the currstudy a social emotion task was
employed to investigate age-related changes invigctivithin the mentalising

system.

5.1.2 Developmental fMRI studies of mentalising

Several recent fMRI studies have shown an ageecblshift in activity within the
mentalising system during social cognition tasks thave a mentalising component.
In particular, a number of studies have shown engdefor an age-related decrease
in activity within arMPFC during social cognitionagks with a mentalising
component, between adolescence and adulthood (Blaiecet al. 2007; Pfeifer et
al. 2007; Wang et al. 2006; Pfeifer et al., 20080abetween childhood and
adolescence: Moriguchi et al., 2007). Specificakgtivity within the arMPFC
during mentalising relative to control tasks dese=sabetween adolescence and
adulthood (see Blakemore, 2008 for a meta-analydife current study was
designed to test whether a comparable developmehitilwould be observed for
social emotions, which are defined as emotions lwinkgjuire the consideration of

others’ mental states.

Unlike in the previous chapter, participants in tharent chapter were grouped
according to age (adolescent vs. adult), rather phéberty stage. This was because a
relatively small number of participants took partthe fMRI study (19 adolescents
and 10 adults) and the adolescent group was nosidened large enough for
subdivision according to puberty measures, anddditan given the age range
(from 10 to 18 years) puberty stage was likely torelate strongly with age. In
addition, since previous fMRI studies have showrage-associated shift in activity
within the mentalising system (puberty has not nesly been assessed with

regards mentalising), the aim of the current chaptes to conduct a study whose
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results could be compared with findings from pregidMRI studies. Findings from

these previous studies will now be summarised.

Previous studies have demonstrated remarkably stensidifferences in activity
within the mentalising system between adolescendeaaulthood (se€igure 1.8
Blakemore et al. 2007; Wang et al. 2006; PfeifealeR007; Pfeifer et al., 2009; see
Blakemore, 2008 for a meta-analysis). For examipleBlakemore et al. (2007),
adolescents (aged 12-18) and adults (aged 22-38) seanned with fMRI while
they read sentences about intentions (e.g. “Yout wago to the cinema. Do you
look in the newspaper?”), relative to sentencegufe@ay unintentional physical
events (e.g. “It has been raining all night. Is greund warm?”). Results showed
that part of arMPFC was more active in adolesctas in adults during intentions
vs. physical eventsF{gure 1.8 blue dots), whereas the adult group showed more

activity than did adolescents within a region ghti STS during this comparison.

A similar developmental shift in brain activity wésund using a task based on
decoding communicative intentions (Wang et al.,808Vhen children/adolescents
(aged 9-14 years) and adults (aged 23-33 yearg)jegudvhether a series of
communications were sincere or ironic (sarcasttbg child/adolescent group
showed stronger activity within arMPFC than did legl{Figure 1.8 green dots).

Adults activated more posterior brain regions, udahg the superior temporal and

fusiform gyri, more.

Two studies that focussed on the processing ofreklfed sentences showed a
similar age-related decrease in arMPFC activityPfeifer et al. (2007), children
(aged 9-11 years) and adults (aged 23-32 yeagsjtlsilread phrases such as ‘I like
to read just for fun’. It was shown that the arMP&@ ACC were more active in
children than in adultsHgure 1.8 yellow) when these phrases were applied to the
self, relative to when they were applied to a féamilother (Harry Potter). The
authors suggest that this pattern of activity meffect a greater degree of online,
self-reflective processing (performed by the arMPRC children vs. adults. In
Pfeifer et al. (2009), adolescents (aged 11-14syemmnd adults (aged 23-30 years)
processed self-related sentences from their owransther’'s perspective (parent,
best friend, or class; e.g. ‘My best friend thinkam good at maths’). Age group
differences were observed in arMPHEgire 1.8 grey dot). Activity in the medial
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fronto-parietal network was also enhanced whenesteints took the perspective of
someone more relevant to a given domain (e.g. ‘Myher/my class thinks | am

popular at school’).

Finally, in a study conducted by Moriguchi et a20Q7), child and adolescent
participants watched the Frith-Happé mentalisingnations (Castelli et al., 2000),
in which simple geometric shapes (triangles) maveuch a way as to suggest the
presence of mental states (e.g. a desire to hiake &mother triangle, a desire to play
with another triangle). In control (non-mentalisiranimations, the same geometric
shapes move in a manner that suggests they aréynmeaimate objects operating
under the physical laws of gravity and inertia. Machi et al. showed that, during
mentalising relative to control animations, acyvivithin a ventral portion of
arMPFC decreased with age across childhood an@sciriceRigure 1.8 red dot),
whereas activity within a more dorsal portion oM&FC showed an age-related
increase in activity. This study had no adult corgmn group, but the age-
associated changes in arMFPC activity are congistéin adolescent vs. adult

studies.

Thus, a number of recent studies have consistesitwn that activity within

arMPFC during mentalising or social cognition taskgreater in adolescents than in
adults, whereas activity in certain posterior braggions shows the opposite
developmental pattern. The current study was dedigto test whether this

developmental pattern is also seen during a seoiattion task.

5.1.3 Development of social emotion

As discussed irChapter 4, the understanding of social emotion developsnduri

early to middle childhood. Studies have shown titatround the age of seven, a
child is able to describe situations in which aigbemotion such as pride or

embarrassment will be experienced (Harris et 8B,7). However at around puberty,
individuals become increasingly aware of and camegrwith people’s opinions of

them, which suggests a heightened experience @dlsaootions or perhaps greater
self-relevance of social emotions (Parker et &00& Adams & Berzonsky, 2003;

Elkind, 1967; Elkind & Bower, 1979; Zeman et al00B). The adolescent years are
marked by an increasing dependence of the selfemagon perceived social

reputation (Davey et al., 2008), especially repotatwith peer groups (Brown,
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2004). Finally, a variety of socialization expees with parents and peers mean
that adolescence is a key time for learning abawt Bocial emotions should be

expressed in different social contexts (Zeman &p8tan, 1997).

5.1.4 Predictions

It is unknown whether the neural correlates of @loemotion processing develop
between adolescence and adulthood. To investigestguestion, an fMRI study was
conducted in which 19 adolescents (aged 10-18 years 10 adults (aged 23-32
years) were scanned as they read a series of sest@adapted fror@hapter 4) that
were designed to elicit either a social emotionil{gar embarrassment) or a basic
emotion (disgust or fear). The replacement of amgedisgust was effected because
it was decided that anger has a greater social coent, and therefore a greater

likelihood of eliciting mentalising, than disgust.

In line with previous studies, it was predicted ttlsocial vs. basic emotion
processing would be associated with greater agtithin the mentalising system,
including arMPFC (Moll, de Oliveira-Souza, et &Q05; Moll, Zahn, et al., 2005;
Takahashi et al., 2004; Moll et al., 2002). A set@nediction was that adolescents
would activate arMPFC more strongly than adultsirduisocial relative to basic
emotion processing, in line with previous developtak fMRI studies of
mentalising (Blakemore, 2008).

In the current study, social and basic emotion ages pertained either to the self or
to another person. This additional component watuded because adults show
differences in neural activity within parts of thentalising system when processing
emotions in the first vs. third-person perspect(fiRuby & Decety, 2004), and
because children show differences relative to adalheural activity within parts of
the mentalising system when processing statementhe first vs. third-person
perspective (Pfeifer et al., 2007; 2009). For exi@npfeifer et al. (2007) showed
that attributing statements to self vs. Harry Rott&s associated with greater
activity in arMPFC in children, but greater actyvinh the lateral temporal cortex in
adults. Therefore the current study included batst fand third-person social and
basic emotion processing conditions. It was decithed third-person protagonist
(the ‘other’) in this study would be the participanmother, as this protagonist

would be sufficiently familiar to participants toable the adoption of her emotional
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perspective, but sufficiently distinct from selitlparticipants would not necessarily
use their own perspective as an heuristic for thedther's (cf. Ruby & Decety,
2004). To quantify how similar each participant qeeved herself to be to her
mother, the NEO-V Factor Personality Inventory (ao& McCrae, 1991) was
completed from the self and mother perspective bstigpants (seeMethods,
5.2.2.9.

The study was conducted with female participanty,dor the following reasons.
First, structural differences between the sexese Hamen observed within brain
regions involved in emotion and social cognitiot{®ithorst et al., 2008; Lenroot
et al., 2007). Specifically, there are significae differences in the age at which
grey matter volume peaks in the frontal and pdri=dices (11 years in girls vs. 13
years in boys; Giedd et al., 1999), and sex diffees in trajectories of white matter
development (Schmithorst et al. 2008). Second dsigarences have been observed
in fMRI studies of emotion, in both adolescents amdadults (Yurgelun-Todd &
Killgore, 2006; Hall et al., 2004; Killgore & Yurden-Todd, 2004), as well as in
fMRI studies of specifically social emotion processin adults (Moll, de Oliveira-
Souza, et al., 2005; Moll, Zahn, et al., 2005).r@hthere are differences between
the sexes in expressing emotions (Kring & Gordod07), which could either
impact on, or be a result of, sex-specific neuroddge strategies. This sex
difference in emotion expression becomes accerduaith age, as sex-specific,
culturally-defined rules for the expression of eimotare learned and internalised
during childhood and beyond (see Brody, 1985, foremiew). That is, the
relationship between feeling and expressing emstioot only differs between the
sexes, it also changes with age in a sex-specidig. Wicluding both sexes would

therefore have added unquantifiable variance td#teeen-groups fMRI data.

The choice of females rather than males in theeoturstudy was related to the
documented sex differences in the expression oftiemaSpecifically, females are
reported to be more expressive of emotions tharesn@ring & Gordon, 2007). If

this is indeed the case, a social emotion task Ioeamore engaging for female than

for male participants.
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5.2 Methods

5.2.1 Participants

Nineteen female adolescents (age range = 10.83.t/ lyears; mean age = 14.8
years) and 10 female adults (age range = 22.92.833years; mean age = 26.41
years) took part in the study. Adult participanterev recruited from the local
community via posters and a community website, adl ws from the UCL
Psychology Department participant database angetigonal contacts. Adolescent
participants were recruited from a database ofrésted potential volunteers who
had previously contacted the research group, \aahir contacts in a number of
London schools, and from the local community vigtpos (e.g. in the Institute of

Education common room).

Participants had no history of psychiatric or néagal disorder, and none had
received a diagnosis of attention-deficit/hypenasti disorder, autism or

dyscalculia.

Participants’ general ability was assessed by aditening the 4-subtest form of the
Wechsler Abbreviated Scale of Intelligence (WASIareburt, 1999), prior to or
after the MRI scanning session. Mean (+ s.d.) dodte 1Q (FSIQ) was 115.52 (+
6.63) for the adolescent group and 111.14 (+ 14fb®)the adult group. An
independent-samplettest revealed no significant difference in FSIQwaen
groups {(22) = 1.052p > 0.3). Three adult participants did not compltée WASI,
but since they had completed university-level etlanaat a leading university, their
general ability level was judged to be comparablerthigher than the mean for the
adult group.

Prior to the study, written informed consent wasaoted from adult participants,
and from a parent or guardian of participants yeundpan 18. The study was
approved by the local Ethics Committee. Adult mdpants received a modest
financial compensation for their time and adolesgesrticipants were not paid.
Prior to the experimental session, it was ascezththat all participants had a living,

healthy mother.

5.2.2 Experimental Design
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The fMRI experiment had a 2x2x2 mixed factorialigas There were two within-
subjects factors: Emotion (social emotion vs. basiwtion) and Protagonist (self

vs. other perspective). The between-subjects facasrGroup (adolescent vs. adult).

During functional MR-imaging, participants silenttgad 144 emotional sentences
which described social or basic emotion scenaretaming either to self or mother
(Figure 5.1 see Appendix 5.1 for the emotion scenarios). Participants were
instructed to imagine each scenario. After readiagh scenario, participants rated
how much the protagonist (self/mother) would féel hamed emotion, on a discrete
rating scale from 1 (not at all) to 4 (very muahgjng a button box. The mean (plus
the range) word length and the number of clausebenemotion sentences were
equated between conditions.

5.2.2.1 Emotion factor

Each scenario primarily featured either a sociab®wn or a basic emotion. The
social emotions were embarrassment and guilt, hadasic emotions were disgust
and fear. Emotion sentences fro@hapter 4 were adapted to maximize the
difference in mentalising requirement between dama basic emotion conditions.
Therefore, the basic emotion sentences featurecetdiate and viscerally evocative
situations. Whereas i€@hapter 4, the basic emotions were anger and fear, in the
current chapter the basic emotions were fear asgudt. The replacement of anger
by disgust was effected because it was decided &hgér has a greater social

component, and therefore a greater likelihood ioftelg mentalising, than disgust.

The sentences were chosen from a larger set oérsmsd that was presented in the
form of a questionnaire to 17 female adolescents7afemale adults (se&ppendix

5.2 for pilot questionnaire). Pilot participants, whaere different from the
participants in the fMRI study, rated their emotibresponse to each sentence on a
discrete rating scale from 1 (I would not feel émotion at all) to 4 (I would feel the
emotion a lot). For all sentences in the pilot gesaire, the emotion to be rated
(embarrassment, guilt, disgust or fear) was spetifand the protagonist in each
sentence was the self (‘you’). Any sentence thad gigen a rating of one by any
participant in the pilot study was discarded. THeneach age group, the remaining
sentences were ranked according to group mean @madkings. Sentences that

were rated highly by both age groups were chosenu$e in the fMRI study.
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Sentences rated highly by one group only were digch This was to ensure that

the emotion sentences used in fMRI were similaffigative for both age groups.

Both social and basic emotion scenarios featuredrthin protagonist plus one other
person (e.g. a friend, family member or unnamedak#r). This was to ensure that
the difference between social and basic emotiomlitions was the need take into
accountanother person’s mental state, not the mere pcesehanother person in
the scenario (which is thought to result in acyivith TPJ; Abraham et al. 2008,
Coricelli & Nagel, 2009).

5.2.2.2 Protagonist factor

The protagonist in each scenario was either thécpaant (self, or ‘you’) or the
participant’s mother (other, or ‘your mum’). Thensa emotional scenarios were
used for the self and other conditions, but seemnstruction and vocabulary was

altered to preserve equal word length between tiondi

5.2.2.3 Task structure

Sentences were presented in blocks of three Kgpee 5.1bh). Participants had 9
seconds to read silently, imagine, and rate thesiponse to each emotion sentence.
The experiment was blocked by emotion and proteganich that within a block, all
three scenarios featured the same emotion (disgodtarrassment, fear, or guilt)
and the same protagonist (self or other). This twasmaximise the strength of the
imagined emotions, while minimising carry-over etiebetween sentences featuring
different emotions and protagonists. Sentence kidoa condition orders were fully

randomized.

At the start of each block, a 1 second cue scraéormed participants which
emotion and which protagonist the proceeding tlsergences would feature. This
was to minimise the effect on BOLD response toftfst sentence in each block of

possible age differences in latency to identifyiélevant emotion/protagonist.

Each 12 minute session of the fMRI experiment daeth 24 emotion blocks, and
each block lasted 28 sec (d&gure 5.19. In addition, there were two 28 sec visual
fixation blocks per session, occurring one thirdl &wo thirds of the way through

each of the two sessions. Stimulus presentation pragrammed in Cogent
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(wwwe.vislab.ucl.ac.uk/Cogent/index.html) running Matlab 6.5, which recorded

participant responses.

Prior to scanning, all participants completed acfica session outside the scanner
room. The practice session consisted of four emataenarios (one from each of the
four specific emotions). The sentences used impthetice task did not appear inside

the scanner.

Figure 5.1 Structure of the experiment(a) Participants completed two runs of the task, has#@28

sec per run. During each run, 24 emotion blocks 2fictation blocks were presented. There were

three emotion sentences per bldlok which appeared for 9 sec each; participants therdiad 9 sec

to read and respond to each sentence. Each entbddickiwas preceded by a 1 sec cue screen. Within
a block, all three sentences featured the samei@m@lisgust, embarrassment, fear or guilt) and the

same protagonist (self or mother).
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5.2.2.4 Participants’ perceived similarity to themothers

To quantify any age-related differences in partaaifs’ perceived similarity to their
mothers, which might cause between-group differenice brain activity in the
protagonist condition e.g. within arMPFC (Mitchedt al. 2006), participants’
perceived similarity to their mothers was quantfipy administering after the
scanning session two separate versions of the NE@eMonality questionnaire
(Costa & McCrae, 1991). The two versions of the stjoanaire were identical
except that in one version participants answeretsopality questions about
themselves, and in the other version they answdredame questions about their

mother.

5.2.3 Data Acquisition

A 1.5-T Siemens Sonata head MRI scanner was usextdaire both 3-D T1-

weighted fast-field echo structural images and nuliite T2*-weighted echo-planar
volumes, with blood oxygenation level-dependent [(BY contrast. Each T2

functional volume was composed of thirty-three 3-raxial slices with a 1.5-mm

gap and in-plane resolution of 3x3 mm, angled & ®0cover the whole brain and
minimize signal dropout from the facial sinuses.p&#ion time was 3 sec.

Functional volumes were acquired in two scanningsieas of approximately 12
minutes each, in which a total of 554 volumes wacquired, or 277 scans per
session. The acquisition of a T1-weighted anatohimage occurred after the two
functional scanning sessions for each participéiné total duration of scanning was

approximately 35 minutes for each participant.

5.2.4 Data Analysis

Behavioural and fMRI data were analyzed by collagthe four emotions — disgust,
embarrassment, fear, and guilt — into two emotiemditions, social and basic. This
was because the experimental hypotheses relateiffévential neural effects of

social vs. basic emotion, not to the neural effe€tspecific emotions.

Behavioural data (emotion ratings and NEO-V) wemalged using the SPSS
statistical package. Emotion ratings were analygedhvestigate main effects of
Emotion and Protagonist in both groups, as wellhas and three-way interactions

between Emotion, Protagonist, and Group, using dimedel repeated measures
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ANOVA with within-subjects factors Emotion and Pagbnist and between-subjects
factor Group. NEO-V data were analysed to yieldcpeed self-mother difference
(PSMD) scores, by calculating the square root efshmmed squared self-mother
difference scores for all five dimensions of the Q¥ ‘self and ‘mother
personality questionnaires. A median test of PSMbres vs. age group, and linear
regression between PSMD score and age, were caetb investigate possible

relationships. A significance thresholdmk .05 was used for behavioural data.

Imaging data were analyzed using SPM2 (www.filimhac.uk/spm The first six
functional image volumes from each run were disedrd allow for T1 equilibrium
effects, leaving 542 image volumes per particip&reprocessing included rigid-
body transformation (realignment) and slice timiogcorrect for head movement
and slice acquisition delays. The images were #tereotactically normalized into
the standard space defined by the Montreal Neuicdbdnstitute (MNI) template
using the mean of the functional volumes, and sirexbivith a Gaussian filter of 6
mm full width at half maximum to increase the sigianoise ratio and facilitate
group-level analysis. The time series for eachig@pent were high-pass filtered at

128 sec to remove low-frequency drifts.

The analysis of the functional imaging data enthitbe creation of statistical
parametric maps representing a statistical assessaiehypothesized condition-
specific effects (Friston et al., 1994b), which svestimated with the general linear
model. The effects of interest were the four sdenhlock types (2 emotion x 2
protagonist) and the visual fixation blocks. Thg stalignment parameters were
modelled as effects of no interest, in order tooaot for any group differences in
head movement. Each component of the model servedragressor in a multiple
regression analysis for each participant. The teguparameter estimates for each
regressor at each voxel were then entered intocangelevel analysis, where
‘participant’ served as a random effect in a withubjects ANOVA, enabling

population inferences to be made.

The main effects and interactions between conditiomere specified by
appropriately weighted linear contrasts, and deteeth using thet-statistic on a
voxel-by-voxel basis. Statistical analysis at theand level was performed for each

group separately to first examine the main efféatlloscenarios vs. fixation in order
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to check that the expected brain regions (visualtom reading) were activated in
this contrast. Next, in order to test the main hipees, the three-way interaction
between emotion, protagonist, and group was inyatd. A significant result
permitted the implementation of a series of plantedntrasts to investigate the
main effects of condition for the two groups sepelya as well as two-way
interactions between group and condition. Spedificéor each group separatelty,
tests were carried out to investigate the maincefi& Emotion (social > basic, basic
> social) and Protagonist (self > other, other [§ sateractions between Group and
Emotion, using the contrast [adult (social > basadplescent (social > basic)], and
vice versaand interactions between Group and Protagorssiguhe contrast [adult
(self > other)—adolescent (self > other)] ande versa Finally, we the interaction
between Protagonist and Emotion was investigateshoh Group separately using
the contrasts [adult ([self > other]-[social > lkdgiandvice versaand [adolescent

([self > other]—[social > basic])] andce versa

Statistical contrasts were used to create an SPM{lich was transformed into an
SPM{Z} and thresholded & < .05 (corrected on the basis of the theory otioam
Gaussian fields for multiple comparisons acrosswthele brain volume examined).
Regions are reported that survive correctioR &at.05, as well as activations within
regions for which there was am priori hypothesis: For these regions, a small-
volume correction was applied (SVC; 12 mm radiufesp, unless otherwise
specified) aP < .05.A priori regions of interest were the arMPFC (Blakemoral et
2007; Gilbert et al., 2006, 8 mm), the pSTS/TPEbrn et al. 2006; Frith & Frith,
2003), the ATC (Blakemore et al., 2007; 8 mm), #mel precuneus (Blakemore et
al., 2007) for social > basic emotion; the antenmula (Moll et al., 2002) and the
inferior frontal gyrus (Moll, de Oliveira-Souza, &t, 2005; Moll, Zahn, et al., 2005)
for basic > social emotion; the postcentral gyraisdelf > other (Ruby & Decety,
2004); and the medial fronto-polar gyrus, the &S, the left ATC, the posterior
cingulate gyrus, and the right inferior parietabuée for other > self (Ruby &
Decety, 2004).

5.3 Results

5.3.1 Behavioural Results
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5.3.1.1 Emotion Ratings

Participants rated the extent to which the prota&gaf each scenario (self, mother)
would feel the named emotion on a discrete ratoagesfrom 1 (not at all) to 4 (very
much). Mixed design, repeated measures 2x2x2 ANGNéwed that mean emotion
ratings did not differ between groups; s = 0.60;p > 0.4; seelTable 5.1). There
were no significant two- or three-way interactiobstween age Group and the
factors Emotion and Protagonist (al > 0.2). For both groups, basic emotion
scenarios were given higher ratings than socialtemscenariosH; 26 = 9.44,p <
0.05), and other scenarios were given higher iitematings than self scenarios
(F126 = 4.47,p < 0.05). Therefore, there is no evidence for agg &roup
differences in the intensity of imagined emotions.

Table 5.1 Mean and standard deviation of the emotioratings (from 1 to 4), by Group (adult,
adolescent), Emotion (social, basic), and Protagdsself, other). Ratings for basic emotions were
significantly higher than for social emotions, aatings from the other perspective were signifigant

higher than from the self perspective. There wece significant group differences, and no

interactions.
Emotion Protagonist | Group Mean
Std. Deviati
Social Self Adult 2.98 0.349
Adolescent 2.94 0.397
Other Adult 3.34 0.343
Adolescent 3.07 0.514
Basic Self Adult 3.16 0.283
Adolescent 3.11 0.417
Other Adult 3.29 0.395
Adolescent 3.24 0.427

5.3.1.2 Perceived Self—Mother Difference

Data were not available for one adult participdfdr the remaining participants,
perceived self-mother difference (PSMD) scores veemaputed by calculating the
square root of the summed squared self-mother rdiifee scores for all five
dimensions of the NEO-V ‘self and ‘mother perstitya questionnaires. This
yielded PSMD scores ranging from 5.57 to 37.03 mes&5D = 20.34 £ 9.14). A
median test of the PSMD scores revealed no difteréetween adult and adolescent
participant groupsX? = 0, p > 0.99). Linear regression revealed no relatiqmshi
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between age and PSMD scoré< .009,p > 0.6). There is therefore no evidence for

age group differences in perceived similarity df semother.

However, possible neural effects of perceived sirtil of self to (m)other were of
interest. We therefore used the PSMD scores agrassor in the SPM analysis (see
Appendix 5.3).

5.3.2 Functional Imaging Results

Data from both imaging runs of one adolescent @pent and one run of a second
adolescent participant were excluded due to exoedstad movement (> 5 mm).
After these data were excluded, there were nostital differences in mean head
movement between the two age groups for any obith@limensions of movement
(independent-sampladests {f = 26): allp > 0.15). However for caution’s sake, the
six realignment parameters were modelled as effeictso interest in the general

linear model.

5.3.2.1 Main effect of sentences vs. visual fixatio
In both adult and adolescent groups, the main eféécall scenarios vs. visual
fixation resulted in expected activation of visaald motor areas, as well as areas

involved in reading.

5.3.2.2 Three-way interaction between Emotion, &yohist, and Group

The three-way interaction between Protagonist (seffther), Emotion (social >
basic), and Group (adult > adolescent) yieldedgaitant region of activation in
the left TPJ (MNI coordinates [-42 -68 4Z]= 3.60,p < 0.05 SVC;Figure 5.2 top
left. For illustration purposes, parameter estimadee shown relative to visual
fixation). Activity in this region was driven by main effect of social > basic
emotion in adolescents, and an interaction betwaeation and protagonist in the
adult group Figure 5.2 bottom). The opposite contrast with respect t@upr
(adolescent > adult, social > basic, self > oth#ig not yield any significant

activations.
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Figure 5.2 Three way interaction between Emotion, ftagonist and Group in left TPJ, shown
atP < 0.001 on a sagittal glass brain projection. Patar estimates for each condition are shown for
each group. This region of the left TPJ is mosivacin adult self-social emotions and other-basic

emotions, and in adolescent self- and other-secraltions.

5.3.2.3 Main effect of Emotion in each Group

In the adult group, the main effect of social >ibasnotion resulted in activation of
the arMPFC, the left pSTS/TPJ, and the left ATi@kle 5.2 Figure 5.3. In the
adolescent group, the main effect of social emoti®ocial > basic) resulted in
activation of the arMPFC, the left and right pSTRJT and the precuneu$aple
5.2 Figure 5.3.
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Figure 5.3 Main effect of Emotion (social > basic)n each Group Sagittal and transverse glass
brains showing average group activation for adaittd adolescents. ShownRi< 0.005; minimum
spatial extent = 10 voxels; smoothed with a fisé6mm full width at half-maximum at the second

level.
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5.3.2.4 Interactions between Group and Emotion
To identify group differences in brain activity $ocial > basic emotion, interactions

between Group (adult, adolescent) and Emotion ésdzasic) were investigated.

[Adult (social > basic)—adolescent (social > bagic)

This analysis revealed a cluster in the left ATi@l{le 5.2 Figure 5.4). Inspection
of parameter estimates, as well as inclusive magskivith adult social > basic),
showed that this region was more active duringaddban basic emotions in adults,

and more active to basic than to social emotiorelmiescentsHigure 5.4).

[Adolescent (social > basic)—adult (social > bagic)
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A cluster in left lateral arMPFCT@ble 5.2 Figure 5.5 was active during the
contrast [adolescent (social > basic)—adult (sociabasic)]. Inspection of the
parameter estimates, as well as inclusive maskarii @dolescent social > basic),
showed that this region was more active duringaddbian during basic emotions in
adolescents, and more active during basic thamgusbcial emotions in adults
(Figure 5.5

Figure 5.4 Interaction between Group (adult > adolscent) and Emotion (social > basic)Top
left: activity in left ATC ([-40 -6 -26]) resultindfrom the contrast [adult (social > basic) - adoéed
(social > basic)], shown &t < 0.005 projected onto a sagittal T1 image, witssshair at [-40 8 -30];
top right: graph showing parameter estimates ih A&C for social and basic emotion, in both
groups; bottom panel: positive correlation betwage and adjusted BOLD signal in left ATC ([-40 -
6 -26]) in the contrast [social > basic]z 0.572;p < 0.05).
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Figure 5.5 Interaction between Group (adolescent adult) and Emotion (social > basit Top
left: activity in arMPFC ([-16 42 20]) resultingoim the contrast [adolescent (social > basic) -tadul
(social > basic)], shown g < 0.005 projected onto a sagittal T1 image, witbsshair at [-16 42
20]); top right: graph showing parameter estimafeactivity in arMPFC for basic and social emotion
conditions, in both groups; bottom panel: negatiogelation between age and adjusted BOLD signal
in arMPFC ([-16 42 20]) in the contrast [social askz] ¢ = 0.541;p < 0. 05).

5.3.2.5 Main effect of Protagonist in each Group
In the adult group, the main effect of self (selbther) did not yield any significant
activations. In the adolescent group, the maincefdé self (self > other) resulted in

activation of the left postcentral gyruBaple 5.2. The main effect of other (other >
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self) did not yield any significant activations @ither the adult or the adolescent

group (however, sekppendix 5.3).

5.3.2.6 Interactions between Protagonist and Group

No brain regions showed a significant interactietween Protagonist and Group.

5.3.2.7 Interactions between Emotion and Protagonis
To identify differences in brain activity to soctalbasic emotion which differed as a
function of Protagonist (self, other), interactiowgre between Emotion (social,

basic) and Protagonist (self, other) were assasghih each age group separately.

Adult [(self social > self basic)—(other social #her basic)]

The adult group activated the left TPJ in this castt Table 5.2 Figure 5.2 top
left). At an uncorrected threshold Bf< 0.001, the adult group activated an antero-
dorsal portion of the MPFC for this contradtable 5.2 Figure 5.6 top left).
Inspection of the parameter estimates, as welhalsisive masking (with social >
basic for self only; and basic > social for othatyp, showed that this antero-dorsal
region of MPFC was more active during self-socialodons than in any other
condition Figure 5.6 bottom left). In contrast, the left TPJ was macotive during
self-social emotions and other-basic emotions thahe other conditions (shown in

the graph irFigure 5.6).

Adolescent [(self social > self basic)—(other sbciather basic)]

At an uncorrected threshold & < 0.001, the adolescent group showed activity
within an antero-dorsal region of the MPFC for tbisitrast, at a similar location to
that found in adultsTable 5.2 Figure 5.6 top right). Inspection of the parameter
estimates, as well as inclusive masking (with doeibasic for self only; and basic >
social for other only), showed that this anterosabMPFC region was more active

during self-social emotions than in any other ctindi(Figure 5.6, bottom right).

Adult and adolescent [(other social> other basisglf social > self basic)]

No brain regions were significantly active for thizntrast, in either group.
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Figure 5.6 Interaction between Emotion (social > bgic) and Protagonist (self > other) in each
age Group. Top panel: adult (left) and adolescent (right)iwatst in antero-dorsal MPFC in the
contrast [(self social > self basic) - (other sbeiather basic)], shown gt < 0.005 on sagittal glass
brain projections. The adult interaction in left JTRcontaining the region showing a three-way
interaction, can also be seen. Bottom panel: paenestimates for the interaction between Emotion
and Protagonist in antero-dorsal MPFC in adultf)(lend adolescents (right) are shown. In both
groups, this antero-dorsal region of MPFC is meosita during self-social emotions.
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Table 5.2MNI co-ordinates, Z-values and cluster size (in3nfor regions of activation in the main
effect of Emotion, the interaction between Emotéond Group, the main effect of Protagonist, the

interaction between Protagonist and Group, andhitee-way interaction between all three factors.

Contrast Region of activation MNI co-| Z valué Size in mni atp < 0.001]
ordinates

Emotion: Adults

social>basic | Anterior rostral MPFC -14442 | 382 |96

44818 3.56 | 216

64212 3.28 | (part of above cluster)
Left pSTS/TPJ -56 -62 28| 3.48 | 32

Left anterior temporal cortex -368-30 | 343 |24

Adolescents
Anterior rostral MPFC -1052 18 | 4.13 | 1600

-6 6222 | 4.03 | (partof above cluster)
-45028 | 3.64 | (partof above cluster)
-184216 | 3.65 | 128

-4 52 -8 343 |64

-1648 34 | 3.37 | 40

Precuneus -4-5628 | 4.64 | 1360

14 -56 34 | 3.49 | (part of above cluster)
-4-6240 | 332 |64

Left TPJ -38-66 42| 4.00 | 2032

-48 -62 36| 3.98 | (part of above cluster)
-38-62 32| 3.62 | (part of above cluster)

Right pSTS/TPJ 44-4828 | 3.31 | 40
Interaction [Adult (social>basic) — adolescen
between (social>basic)]
emotion and | Left anterior temporal cortex -40-6-26 | 3.43 | 32

group
[Adolescent (social>basic) — adul
(social>basic)]

Left lateral anterior rostral MPFC| -16 4220 | 3.39 | 32

Protagonist: | Adolescents

self>other Left postcentral gyrus -24-4052| 4.32 | 112
Interaction Adults

between Left TPJ -42 -66 40| 3.83 | 264
emotion and | Antero-dorsal MPFC 144236 | 3.38* | 5
protagonist | Adolescents

[(Self social >| Antero-dorsal MPFC 143844 | 3.29* | 8
self basic) -

(other social >
other basic)]

Interaction (For contrast, see Figure 5.2)

between Left TPJ -42 -68 44| 3.60 | 264
emotion, -52 -58 34| 3.50 40
protagonist an

group

* = active atP < 0.001, uncorrected
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5.4 Discussion

The current fMRI study conducted to investigate iieeiral correlates of social vs.
basic emotion processing in adolescents and insaduilvas predicted that both age
groups would show activity within the mentalisingtwork during social vs. basic
emotion processing, but that adolescents would slypeater activity within
arMPFC for this contrast. The fMRI results uphdigtprediction.

Adults activated a region of left ATC more than didolescents during social vs.
basic emotion, and this result is novel. The sslf ather contrast did not show a

clear pattern of results, either within or betwage groups.

5.4.1 FMRI correlates of social emotion processing both groups

5.4.1.1 Anterior rostral MPFC

Social emotions require a representation of thetahetates of others (mentalising).
That is, social emotions require insight into theo#ions, beliefs and opinions of
other people—whether they are physically presemigined, or perhaps represented
by the concept of societal norms (Moll, de Olivefauza, et al., 2005; Moll, Zahn,
et al., 2005). For example, guilt is experiencegmwhbne believes that one’s actions
warrant disapproval or punishment, or that theyehaaused harm to another
individual. In contrast, basic emotions such asceral’ fear and disgust entail a
lesser degree of mentalising, since they only mequmsight into one’'s own
instantaneous internal state. In line with thistidetion between social and basic
emotions, the current study found that both ageugsoactivated brain regions
involved in mentalising, namely, the arMPFC and pi&'S/TPJ (Amodio & Frith,
2006; Frith & Frith, 2003; Saxe & Kanwisher, 2008)ring social vs. basic emotion
processing. In a recent review paper, Olsson anbs@xr (2008) have drawn
attention to the partial overlap between brain oagiinvolved in social cognition

and in social emotion. The results of the currémdlys concur with this picture.

Parts of the arMPFC, which has been identified hes gortion of MPFC most
consistently active in studies involving mentaltstattribution (MNI y-coordinates
from 30 to 60; z-coordinates from O to 40; AmodioR&ith, 2006; Gilbert et al.,
2006), were active in both groups for social vssibaemotion. This result is
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therefore in agreement with a large body of evigeiore narrowly, this result is in
agreement with studies of social emotion in adulkich have reported activity
within the arMPFC (Takahashi et al., 2004; Bertbbal., 2002; Moll et al., 206)2
This finding is consistent with the notion that @gnitive process, that is, mental
state attribution, is involved in certain emotionatks including imagining social
emotion situations (cf. Olsson & Ochsner, 2008)isTik not surprising, given the
current stimuli were explicitly designed to maximithe difference in mentalising
requirement between social and basic emotion comdit The current pattern of
results in arMPFC does not shed any light on thgnitive components of social
emotional processing (see Poldrack, 2008, re. sevieference). They do, however,
support the notion that arMPFC is associated wi#gnmtalising in an emotional
context, whereas many previous adult and develogahstudies have focussed on
mentalising in an unemotional context (e.g. den&wuek al., 2005, Blakemore et al.,
2007).

The implication of the current finding in arMPFCpeads on what role the arMPFC
plays in mentalising. It has been proposed thatcignitive role of arMPFC in
mentalising is to ‘decouple mental states from ptalgeality’ (Frith, 2007). Recent
evidence from Gilbert et al. (S. Gilbert, persomammunication) supports this
notior’. An alternative, not necessarily incompatible viefsthe role of arMPFC is
that it represents the motivational relevance (IMadd Oliveira-Souza, et al., 2005;
Moll, Zahn, et al., 2005), the value (Rushworthakét 2007) or changing action
values (Matsumoto et al. 2007) of social behavidrdaroader conceptualization of
the role of MPFC in general (not just the antenastral portion), which has just
been put forward in the literature, is that thigg&region of the brain is concerned
with representing ‘fuzzy’, inexact and shifting ligas — including social
information, which is highly context-dependent andtable (Mitchell, 2009). The

8 Although see Moll et al. (2005a), who did not reztivity in arMPFC during
social/moral disgust (indignation) vs. basic vistelisgust
° An fMRI study conducted by S. Gilbert et al. (p®ral communication) used a
multivariate technique to map the representatiogistinct mental states in
arMPFC and other regions of the brain. Patterrecti¥ity corresponding to
distinct mental states could not be identifiedrikBFC (although this region was
generally activated during mentalising conditior$dwever, patterns of activity
corresponding to distinct mental states could keetified in the medial temporal
lobe. One explanation for this finding could betitinee arMPFC enables
mentalising, drawing information on specific mergtte representations from
medial temporal regions of the brain.
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current study was not designed to distinguish betwtbese possibilities. However,
a role for arMPFC in self-relevant social infornostj needed for social actions,

would be consistent with the social vs. basic @sitin the current study.

An alternative explanation for the finding that &MC is more active in social than
basic emotions, is that the social emotion condittomore engaging and evocative
(see Mitchell, 2009). Although we found no evideifige higher emotion ratings in

social than basic emotions (in fact, the opposiés ¥Wound), self-rated emotion is a
notoriously slippery and unreliable measure. Thipl@ation, however, is also
compatible with the notion that arMPFC is representself-relevant social

information, as this information is engaging. Clgafurther work is needed on the
precise role of the arMPFC in social-emotional sagihd implications for models of

social cognitive functioning and emotion processing

Finally, several previous studies have demonstraetivity within child and
adolescent arMPFC during mentalising relative totd conditions (Blakemore et
al., 2007; Moriguchi et al., 2007; Wang et al., @)0These previous studies have
variously investigated mentalising using intentiones. physical causality
statements, animated shapes moving in a mannersthgdest characters with
intentions, and judgments of sincere vs. sarcagitements. The current result
extends this developmental finding to show thatRFRQ is also active in adolescent

participants during mentalising in a strongly erapnél context.

5.4.1.2 Posterior superior temporal sulcus/ temppaietal junction

Adults and adolescents activated the pSTS/TPJdoiakvs. basic emotion, with

activity greater on the left than on the right. Téi TPJ is consistently reported for
its involvement in mentalising tasks, and is thaughplay a role in reasoning about
the beliefs of others (Samson et al., 2004; Fritfrr&h, 2003; Saxe & Kanwisher,

2003). Elsewhere, it has been argued that pSTS@@dsents a prediction error (or
‘pay attention!’) signal for updating social infoation (Hampton et al., 2008;

Kawawaki et al., 2006). This is not in consisteithwhe current result.

The pSTS/TPJ has been reported to be activatedglarentalising in adolescents
(Blakemore et al., 2007; Moriguchi et al., 2007xtiity within this region in the

social relative to basic emotion condition may ékated to the need for representing
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or reasoning about other people’s beliefs when imag social vs. basic emotion

situations.

5.4.2 Group differences in the fMRI correlates of gcial emotion processing
5.4.2.1 Anterior rostral MPFC

Although both age groups activated parts of theramtrostral MPFC for social vs.
basic emotion, a more lateral part of this regi@s\activated for social vs. basic by
the adolescent group, but not by the adult grdeigure 5.5. This region was
contiguous with the region activated by adolescanthie main effect of social vs.
basic emotion. Activity to social vs. basic emotainthis locus was also negatively
correlated with age. This result suggests thatwels as showing greater activity
than adults within parts of arMPFC for social vasioc emotion, adolescents also
activate a greater volume of the arMPFC for soerabtion processing, or activate
additional parts of arMPFC that adults do not. Teisult is consistent with recent
developmental neuroimaging studies looking at otmgwects of social cognition,
such as thinking about how intentions cause belia\{Blakemore et al., 2007) and
understanding the intended meanings of ironic rem@Vang et al., 2006). These
previous studies demonstrated an age-related dscreactivity in social relative to
control conditions in arMPFC, in a similar locatitmthat found in the current study

(see Blakemore, 2008 for meta-analysis).
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Figure 5.7 arMPFC shows greater activity in adolesnts relative to adults during mentalising
tasks. The current study found greater mentalising-relegetivity in a region of arMPFC in the
adolescent than in the adult group, at a similaation (pink star) to that found in previous stisdie
(Blakemore, 2008; Pfeifer et al., 200Mgure 1.8).

5.4.2.2 Anterior temporal cortex

The left ATC demonstrated a significant group bpdition interaction Eigure 5.4)
such that the adult group showed more activatiotiisfregion than did adolescents
for social vs. basic emotion processing. Activibysocial vs. basic emotion in the
left ATC was also positively correlated with ageheTATC is thought to store
semantic social-emotional knowledge, or ‘sociaigst (Frith, 2007; Zahn et al.,
2007; Olsson et al.,, 2007), and it has been suggesbtat activation of the ATC
during mentalising tasks in adults is due to theeasing and use of this stored
knowledge (Frith, 2007).

5.4.2.3 Interpretation of group differences

One interpretation of the difference in activatpattern between age groups is that it
reflects a difference in the cognitive strategydocial vs. basic emotion processing,
and for mentalising or social cognition in generaltegion of MPFC implicated in

mentalising was found to be more active in adoleiscéhan in adults during social
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vs. basic emotion processing. Therefore it coulthieecase that during adolescence,
either a greater degree of mental state attributmna more effortful and less
automatic form of mental state attribution, take in social-emotional situations.
Later, during mature adulthood, the role of mestag in social-emotional situations
is diminished, because accumulated social experiaiows for a greater reliance
on semantic social-emotional knowledge (e.g. represl in anterior temporal
cortex). This is a purely speculative interpretat{see Poldrack, 2008), but it could

be investigated using cognitive-psychological payand.

An alternative explanation for the age group défeze in arMPFC is that in adults,
recruitment of the arMPFC during mentalising is enanetabolically or neurally
efficient (Durston et al., 2006). This explanatiwould make it difficult to explain
the age-related increase in activity within thet I&TC, and further studies are
needed to look at developmental trajectories otftional activity across the brain.
This issue is explored in more detail in the gehBiacussion Chapter 7 (section
7.2.9.

5.4.3 FMRI correlates of self/other processing

In the current study, participants imagined emotsaenarios either from a first-
person (self) or a third person (mother) perspectivhis additional factor was
included because previous studies have shown #atahactivity to emotion (in

adults) and semantic knowledge (in adults vs. atelets) differs between self and
other perspectives (Ruby & Decety, 2004; Pfeifealet2007). In the current study,
thinking about emotion from a first-person vs. dhjrerson perspective resulted in
activation in the right postcentral gyrus in adoksds. Activation of this region is

consistent with previous studies (Ruby & DecetyD£0 and may be related to
imagining the sensory consequences of emotionalasias. A region of the MPFC

showed a significant interaction between protagoaisl emotion in both groups.
This region of the MPFC was similarly located inttbayroups, and was more
anterodorsal than the main foci of activation toiabvs. basic emotion and self vs.
other processing. Inspection of the parameter eséisnfor this region revealed that,
in both groups, the anterodorsal MPFC was most@db social emotion in the

first-person perspective.

156



A region of activation was seen in the left TPJtfor three-way interaction between
emotion, protagonist, and group. Although the T&®J was more active for social
vs. basic emotion in the adolescent group, thetapialp showed highest activation
of this region for basic emotion in the third-persperspective and for social
emotion in the first-person perspective. The rolehis brain region in thinking

about others’ beliefs has been highlighted in adeliroimaging and lesion studies
(Samson et al., 2004; Frith & Frith, 2003). Thefatiéntial recruitment of the left

TPJ in adults and adolescents in the current study indicate that different

cognitive strategies are being used for the attiobuof social and basic emotions to
self and other. For a given emotion, the left TR&nss to differentiate better
between self and other in adults than it does olestents. A possible interpretation
of these data, which has been proposed elsewhevegithi et al., 2007), is that
adolescents rely more heavily on a simulation-basegdtegy when imagining

another person’s emotional response than adulti donotable that this difference
in brain activity occurred despite a lack of gralifference in perceived self-mother

similarity (seeResults,section5.3.1.3.

5.4.4 Role of the arMPFC in social cognitive deveponent

An interesting perspective on the role of the arl@R# social cognition has recently
been raised in the adult lesion and neuroimagiegaliure. Although the arMPFC is
robustly activated by mentalising tasks, and adpitsenting with MPFC lesions
usually show mentalising deficits (Frith & FrithQ@3; see Frith, 2007), there is one
report of an individual who suffered extensive tatal MPFC damage during
adulthood but who was unimpaired on mentalisinggda@®ird et al., 2004). The
arMPFC is not recruited when adults make semaidrichinations among abstract
social concepts, such as ‘brave’ or ‘stingy’ (Zatml., 2007). Rather, this process is
associated with activity within superior ATC. Indatibn, a small number of social
emotion studies in adults fail to find arMPFC aatien, but do find activity within
other regions of the mentalising network such asSmS and the ATC, as well as in
more ventral and/or anterior prefrontal regionshsas the fronto-polar and orbito-
frontal cortex (Moll, de Oliveira-Souza, et al.,@) Moll, Zahn, et al., 2005;
Takahashi et al., 2004). The current study, as agprevious studies, found greater
arMPFC activity in adolescents than in adults foentalising relative to control
tasks (Blakemore et al., 2007; Pfeifer et al.,, 200Wang et al., 2006). One

interpretation of this collection of findings isaththe role of arMPFC in mentalising
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tasks becomes less crucial across age. Studiestigagng mentalising ability in
individuals who have sustained lesions to arMPFfnduchildhood, adolescence or

adulthood would be important in evaluating this diyesis.

Further work is needed on the development duringlesdence of the cognitive
strategies for understanding people. For exampig niot known whether the type of
mentalising needed for social emotion understandimgnges with development. It
may be the case that a more explicit mentalisirargss is needed to learn about
social emotions initially, but that more scriptégburistic, or intuitive strategies are

employed later on (Haidt, 2001).

Another factor which may contribute to a changémrole of the arMPFC with age
is anatomical brain development. Volumetric MRIdi&is show that gray matter
volume in social brain regions such as the MPFC ted TPJ decreases during
adolescence, whereas white matter volume incrg&@eswv et al., 2008; Gogtay et
al., 2004; Giedd et al., 1999; Paus et al., 1998yl et al., 1999). These changes
are thought to be due to synaptic pruning and axosgealination/increases in axonal
calibre (seelntroduction, sectionsl1.4.2 and 1.4.3.2.1.1/.2.2 and may result in

increased coordination between components of thlsorain network and greater

processing efficiency within brain regions medigtgocial cognition.

5.5 Conclusion

This fMRI study showed evidence that the neuralcessing of social emotion
develops between adolescence and adulthood. Althocgmponents of the
mentalising system including the arMPFC were aciivéoth groups, adolescents
activated the lateral rostral MPFC more for sogml basic emotion whereas adults
did not. Adults activated the left ATC more for gdcvs. basic emotion than did
adolescents. These results indicate that the neuwmalessing of social emotion
continues to develop between adolescence and addltilsuch that the predominant
activity moves from anterior (arMPFC) to more paste (temporal) regions with
age. Further work is needed to ascertain how thiselated to neuroanatomical

development within social brain regions, and to sgae changes in cognitive
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strategies. Only female participants were inclugethe current study. It would be

interesting to conduct a study with male particigan

The current study shows evidence that adolescemntsadults use a similar neural
network for social emotion processing, but withatele differences. However, the
functional relevance of this developmental shiftoas adolescence is not clear. The
current experiment did not look for behaviourafeliénces between the age groups.
Indeed, it was important that performance betwesmums was matched because,
had performance differed between groups, it woaldehbeen impossible to interpret
any differences in neural activity, which might kaveen a cause or a consequence
of differences in task performance. Very few engaiti studies have reported
significant behavioural development during adoleseethat is specific to social
cognition and which cannot be explained by genarglrovement in attention,
concentration, memory, and so on. The reasonshisrare probably multifactorial.
One possibility is that, in the lab, adolescents alble to pass complicated social
cognitive tasks, which in everyday life they do metomplish successfully. More

naturalistic paradigms might be useful in addreg$ims issue.

5.5.1 The next chapter

In the current chapter, evidence was presentedthieatMRI correlates of social
emotion differ between adolescent and adult gro&psther studies are needed to
establish the extent to which this age group diffiee is due to a shift in cognitive
strategies, and/or changes in brain activity aseault of neuroanatomical
development. However, an outstanding issue thaildime addressed as a priority is
the extent to which the collection of brain regiae$erred to as the mentalising
system, or “mentalising network” (e.g. Frith & Frjt2003), indeed function as a
network during mentalising tasks relative to cohtasks. A network is defined as a
set of brain regions that demonstrate function@gration despite spatial separation,
but there is currently limited evidence that thecatled mentalising network does

indeed show functional integration.

The study described in the next chapter was coeduitt address this outstanding
issue. InChapter 6, fMRI data from Chapter 5 were reanalysed to investigate
functional integration between brain regions inwahin mentalising. The technique

which was chosen to address this research quessioRnown as psycho-
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physiological interaction (PPI) analysis. This nugtlwas used to test the hypothesis
that there would be greater functional integratian,connectivity, as assessed using
PPI analysis, between the arMPFC and the pSTS/m&@JAAC during mentalising
(social emotion) relative to a control conditioragic emotion). In addition, it was
hypothesised that functional integration within thentalising system would differ
between adult and adolescent age groups, in litie @eviidence from developmental
connectivity studies using non-mentalising taskse &ction 6.1.3, and given the
evidence that white matter tracts connecting slhatiistant brain regions undergo
continuing maturation across adolescence (e.g. &aais 1999; Giedd et al., 1999a;
Giorgio et al., 2008; Barnea-Goraly et al., 2005).
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Chapter 6

Effective connectivity during social emotion

processing in adolescents and in adults

In the previous chapter, results were reported framfMRI study of social and
basic emotion processing in adolescents and intadAlktivity was observed within
parts of the mentalising system including arMPFCbwoth age groups. However,
there were age group differences in activity, stiat adolescents activated a region
of arMPFC more strongly than did adults for sociel. basic emotion, and adults
activated part of the left ATC more strongly thaml @dolescents during this
contrast. The current chapter describes a reanalydithis fMRI dataset that was
implemented to investigate effective connectivitthiv the mentalising system.
Effective connectivity, defined as the influencd tine neuronal system exerts over
another, can be assessed using a statistical tgclenknown as psychophysiological
interaction (PPI) analysis. Using this techniqueyidence is presented that
components of the mentalising system interact iomaily during social emotion
processing, and furthermore that there are age grdifferences in connectivity.
Further studies are needed to replicate and exthede findings, and to investigate
the structural pathways responsible for within-nadising system interactions and

their development.

6.1 Introduction

Many studies have reported co-activation of thesidmt rostral medial prefrontal
cortex (arMPFC), posterior superior temporal sul¢pSTS) bordering on the
temporo-parietal junction (TPJ) and anterior temapocortex (ATC) during

mentalising tasks, and as a consequence this setiof regions is often referred to
as the mentalising ‘network’ (Frith & Frith, 2003jowever, a network is defined as

a set of brain regions that demonstrate functioimégration despite spatial
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separation. It would appear from the mentalisitgrditure that no study to date has
tested whether this set of brain regions indeedathstnate functional integration.
There is evidence that components of the mentglisgstem are connected
anatomically in rhesus macaques (e.g. MPFC recgirgsctions from the temporal
pole and superior temporal gyrus: Bachevalier et 2997; MPFC reciprocally
connected with superior temporal cortex: Barbaslgt1999), and a resting-state
connectivity study in humans has shown correlationactivity between arMPFC
and both ATC and the TPJ during ‘rest’ (i.e. und¢mared task conditions; Kelly et
al., 2009).

It would appear that the only study to date tha lo@ked at connectivity during a
mentalising task is a positron emission tomogragiugly by Castelli et al. (2002).
This study demonstrated task-dependent correlaiiom@stivity between pSTS/TPJ
and an extrastriate region implicated in biologieedtion, during a mentalising task
in which participants attributed mental states toving two-dimensional shapes.
Indeed, surprisingly in view of the wealth of fuioctal imaging data collected
during mentalising tasks (Frith & Frith, 2003; Mitdl, 2009), no study to date has
investigated within-mentalising system connectiulyring mentalising tasks. It is
conceivable that these regions are co-activateshglumentalising tasks, but do not
directly interact. Therefore, the first aim of therrent study was to test whether the
brain regions which comprise the mentalising syssfmow evidence of functional

interactions during a mentalising task.

6.1.1 PPI analysis

The technique which was chosen to address thismgseuestion is known as PPI
analysis, or the analysis of ‘psychophysiologicééractions’ (Friston et al. 1997).
PPI analysis is a way of explaining responses i@ brain region in terms of an
interaction between the influence of another regiand some experimental
parameter (e.g. task; cognitive process). PPl amglwalong with other techniques
for analysing effective connectiviy allow one to make inferences about the
influencethat one neuronal system could be exerting ovethan. This is in contrast
to analyses ofunctional connectivity, in which conclusions may only be wina

about simple correlations in activity between braggions — correlations which

10 E g. structural equation modelling, dynamic camsatlelling
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could be spurious or uninteresting, such as stimaltoked transients, and the

correlations that are measured in resting-statetimmal connectivity studies.

In PPI analysis, hypothesised effective connegtigtpredicated on a model of the
influence that one neuronal system is exerting @reather. The parameters of the
model (the connection strengths) are identifiedh@se which allow the model to
emulate the observed regional activities, or igional correlations. The essential
idea behind PPI analysis (sEmgure 6.1) is this: If one were to regress the activity
of one brain region (call it region B) on the atwof another brain region (region
A), the slope of this regression would reflect thBuence the second region (A)
could be exerting over the first region (B). If shiegression were then repeated
using data acquired in a different experimentalext) the slope might change, and
this change in slope is a PPIl. The degree to whidfvity in region B can be
predicted on the basis of activity in region A esponds to theontribution of
region A to region B, where this contribution cam lelated to effective

connectivity.

Figure 6.1 Graphical depiction of a fictitious psybophysiological interaction (PPI). There is a
PPI between Condition (1 vs. 2) and activity inio®gA that is expressed in region B.

163



For a given PPI there are two statistically equaaalexplanations (which may differ
in physiological plausibility). The first explanati is that the experimental context
(e.g. task, cognitive process) is modulating thetrdoution of activity in region A to
activity in region B (i.e. there is a context-sgiecchange in effective connectivity).
For example, mentalising vs. no-mentalising may i@t the effect that activity in
region A has on activity in region B. The seconglaration is that activity in
region A is modulating the impact of experimentahitext on activity in brain
region B (i.e. effective connectivity modulatesnmatius-specific responses). For
example, the extent of activity in region A may ratade the impact of mentalising
on activity in region B. Therefore the results frohe current PPI analysis will not

distinguish statistically between these possiltiti

6.1.2 Mentalising system connectivity

In the currentChapter, fMRI data fromChapter 5, collected while participants
silently read a series of scenarios designed tieegocial emotions (embarrassment
or guilt) or basic emotions (disgust or fear), weranalysed in order to test whether
effective connectivity within the mentalising systevould be greater during social
than basic emotions. Specifically, PPI analysis wsed to test the prediction that
arMPFC activity would more strongly predict actyvih pSTS/TPJ and ATC during

social than during basic emotidhs

6.1.3 Age group differences in connectivity

The second aim of the current study was to invattigage group differences in
effective connectivity. Recent fMRI studies of sda@ognition in adolescents and in
adults, analysed in the conventional manner to lokean activity levels in social
and non-social conditions (Burnett et al., 200%9K8imore et al. 2007, Wang et al.
2006, Pfeifer et al. 2007; Pfeifer et al., 2009yé demonstrated an apparent shift in
activity between late childhood/adolescence (ad8)9and adulthood (age 22-38).
Specifically, these studies show an age-relatededse in activity within arMPFC,
and an increase in activity in temporal portionshef mentalising system (pSTS/TPJ
or ATC,; for review, see Blakemore, 2008). In therent study, it was hypothesised
that this shift in mean activity would be accomgahby a developmental shift in

effective connectivity.

1 0or, equivalently, that social > basic emotion vebmore strongly predict
activity in pSTS/TPJ and ATC while MPFC was moreless activated
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This hypothesis was prompted by recent evidence finon-social tasks that age-
related changes in mean activity during fMRI arecmpanied by changes in
functional and/or effective connectivity. For exdmpStevens et al. (2007, 2009)
demonstrated adult vs. adolescent group differericeboth mean activity and
effective connectivity, in brain regions engagedinty performance of the go/no-go
task?. Hare et al. (2008) found that the amygdala wasenaative in adolescents
relative to adults while viewing fearful faces, atitat across age, functional
connectivity between ventral prefrontal cortex &éimel amygdala was correlated with
a ‘habituation’ of amygdala activity upon repeatosure to the faces. Finally,
Menon et al. (2005) showed an age-related deciaassivity within the left medial
temporal lobe during memory encoding (in 11-19 yedds) which was
accompanied by increased functional connectivitghwilorsolateral prefrontal
cortex. However, no previous study has investigatesl development between
adolescence and adulthood of effective (or indeedtfonal) connectivity within the
mentalising system, during social cognition taskisis, therefore, was the second

aim of the current PPI investigation.

6.2 Methods

6.2.1 Participants, experimental design and data gaisition

The participants, task and scanning parameters agrdescribed itChapter 5,
sectionsb.2.1-5.2.3Nineteen female adolescents (age range = 10.88.&¥ years;
mean age = 14.8 years) and 10 female adults (aggera 22.92 to 31.83 years;
mean age = 26.41 years) underwent fMRI scanningthey read sentences
describing scenarios in which a social or a basiot®n would be felt. For each
participant, 554 functional volumes were acquire@rotwo consecutive scanning

sessions lasting 12 min each.

12 Brain regions: Correct responses engaged a netveoriprising left lateral
prefrontal cortex, left postcentral gyrus/inferparietal lobule, striatum, and left
cerebellum. A similar network was engaged duringrst but this network was
not integrated with activity in regions believeda® engaged for higher-order
cognitive control. In addition, a medial/dorsolatgorefrontal-parietal network
responded to all no-go stimuli, but with greatetiaiy to errors. ICA analyses
also identified a third error-related circuit consgd of ATL, limbic and
pregenual cingulate cortices, possibly represergtimgffective response to errors.
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In the conventional analysis of the fMRI da@h@pter 5, section5.2.4, mean
signal in adults vs. adolescents was analysed glwaial vs. basic emotion, and
from the perspective of self vs. other, in a 2x2xiXed factorial design. However
for the current PPI analysis, a 2x2 mixed factodakign was employed, with
between-subjects factor age group (adolescentdedt)aand within-subjects factor
emotion (social vs. basic), by collapsing the sé#iiér levels of the protagonist
factor. The reason for collapsing self and othensacios in the current PPl analysis
was because no significant differences were foarattivity within any mentalising

regions for self > other or other > self in eitlge group, and to increase power.

6.2.2 PPI Analysis

PPI analysis assesses the hypothesis that adtivitge or a set of brain regions can
be explained by an interaction between activityamother part of the brain (the
physiological source), and the presence of a cignjirocess (the psychological
context). This is implemented by denoting activity the source region as the
physiological regressor, and psychological coniexhe psychological regressor. A
third regressor in the analysis represents theaot®n between the first and second
regressor, and brain regions are identified for clwhthe interaction regressor

predicts BOLD signal.

6.2.2.1 Definition of physiological source and R&iget regions

In the conventional analysis reported @hapter 5, the arMPFC, pSTS/TPJ and
ATC were active in either or both age groups dursurial relative to basic

emotions. Overlapping portions of arMPFC were a&ctivboth age groups, as were
portions of left pSTS/TPJ; the right pSTS/TPJ wesva in the adolescent group

only, and left ATC was active in the adult groupgyon

In the current PPI analysis, the arMPFC was sale@s the source of the
physiological regressor due to (a) its confirmegbimement in mentalising (Amodio
& Frith, 2006), and (b) because overlapping regioharMPFC were active in both
age groups during social vs. basic emotiofirapter 5, whereas the same was not
true of pSTS/TPJ and ATC. Effective connectivityivioeen the source region and
target regions of interest, during social relatitee basic emotions, was then

investigated. Target regions of interest were p$P3/and ATC.

166



The precise region of arMPFC from which the physjatal regressor (BOLD
signal) was extracted was defined in the followimgnner. First, taking as a
reference the mentalising region of arMPFC (BA @)ineated in Gilbert et al.
(2007), arMPFC was defined as the volume from -88®n the x-axis, from +40 to
+56 on the y-axis and from -12 to +30 on the z-aXleen, in each single-subjetet
contrast map for the emotion contrast (social >id)ashresholded aP < 0.005
uncorrected (minimum voxel extent 4), SPM2 was usebtbcate the nearest local
maximum to the centre of this volume (i.e. the eetsingle-subject peak to the co-
ordinate [0 48 9]). A volume of interest was theeated in the form of a sphere of
radius 8 mm centred on the single-subject peathdife was no significantly active
cluster within arMPFC at this threshold € 7 datasets, of which 6 were from the
adolescent group), the threshold was lowered to 0.05 uncorrected (minimum
voxel extent 4). Two datasets that did not contapeak within the defined arMPFC
volume at this significance level were excludeda¢lblescent, 1 adult), leaving 17
adolescent and nine adult datasets in the PPI sinalyinally, each single-subject
social > basi¢-contrast map was smoothed to facilitate groupllamalysis, and the
BOLD signal time-series was extracted from eachesls 8 mm sphere of interest
in arMPFC.

6.2.2.2 Group level PPI analysis

Voxel-wise PPI analysis was conducted at the coetbigroup level N = 26), in
order to identify target brain regions that showesignificant increase in correlated
activity with the arMPFC volumes of interest (VQ@IJiring social relative to basic
emotion, at an uncorrected thresholdPk 0.01 with minimum voxel extent 4
(Penny et al., 2003). For non-hypothesised targgions, a threshold d® < 0.05
(minimum voxel extent 4) was applied with familys&i error correction. Target
regions were defined as pSTS/TPJ (co-ordinates Agchhorn et al., 2006) plus the
caudal portion of STS that extends into TPJ (a&rith & Frith, 2003; Hein &
Knight, 2008), as well as the ATC (as in Frith &tky 2003; Burnett et al., 2009;
Hein & Knight, 2008).

After the combined group-level analysis, voxel-wBBI analysis was conducted
within each age group (adolesceNht:= 17, aged 11-18, mean (s.d.) age = 14.83
(2.16) years; adultN = 9, aged 22-32, mean (s.d.) age = 26.69 (3.66)syea

separately. To directly compare group differenceseffective connectivity, the
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interaction between PPI (the interaction betwedhR&C VOI activity and emotion)
and group (adolescent vs. adult) was investigdtaully, t-contrasts were used to
investigate, within each group separately, effectoonnectivity during social >

basic emotion within brain regions that showed gicup-by-PPI interaction.

6.3 Results

6.3.1 Psychophysiological interaction across parijgants

At the combined group leveN(= 26 participants, aged 11 to 32), PPI analysis
revealed a significant interaction between emo{smtial > basic) and signal in the
arMPFC volumes of interest (VOI), expressed in ptfegions of the mentalising
system. Specifically, the left TPJ, right pSTS alet ATC showed greater
connectivity with arMPFC during social than duripasic emotion scenario$gble

6.1 Fig. 6.2. No other regions showed significant interactidgth the arMPFC VOI

during social vs. basic emotions.

Table 6.1
PPI results: brain regions expressing an interactii
between activity within arMPFC and emotion
condition (social vs. basic) across participants\ =
= Size in voxels at
P T Z <0.01
R pSTS [48 -42 2] <0.001 4.21 3.63 343
[60 -42 2] 0.001 3.62 3.21 (part of above)
[62 -32 -4] 0.002 3.21 2.91 (part of above)
LTPJ [-44 -48 20] 0.002 3.25 2.94 51
[-42 -46 28] 0.007 2.66 2.48 (part of above)
[-58 -46 28] 0.003 2.96 2.71 10
[-46 -66 38] 0.005 2.76 2.56 8
L anterior temporal
cortex [-46 10 -12] 0.005 2.75 2.55 14
[-46 8 -12] 0.006 2.7 2,51 7
[-66 -4 -22] 0.003 3.08 2.81 50
[-48 22 -18] 0.005 2.77 2.56 6
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Figure 6.2 PPI results across participants:(a) regions of significant interaction between &
(social > basic) and activity in arMPFC, showrPat 0.01 projected onto transverse and sagittal T1
images; (b) graphs showing parameter estimatesrefigions of significant interaction between

emotion (social > basic) and activity in arMPFC.

6.3.2 Psychophysiological interactions within eachge group separately

Within the adult groupN = 9, aged 22 to 32), PPI analysis revealed a fiigni

interaction between emotion (social > basic) anghai in the arMPFC VOlI,
expressed in the ATC bilaterally and in the rigBM$/TPJ Table 6.23. That is, in
the adult group, these regions showed greater teffeconnectivity with arMPFC

during social than during basic emotions.

Within the adolescent groupN(= 17, aged 11 to 18), PPI analysis revealed a
significant interaction between emotion (social asis) and signal in the arMPFC
VOI, expressed in the left pSTS extending into TJ, in left TPJ proper, in right
pSTS and in the left ATCT@able 6.29. That is, in the adolescent group, these
regions showed greater effective connectivity watiMPFC during social than

during basic emotions.

6.3.3 Interaction between the arMPFC-emotion PPI ath age group
In the conventional analysis of the fMRI da@h@pter 5), adolescents were found
to show stronger mean activity within arMPFC dursagial > basic emotion than

did adults, whereas adults showed stronger meawitgatithin left ATC for this
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contrast compared to adolescents. In the currentadBlysis, the aim was to
determine whether effective connectivity betweedRIFC and other regions of the
mentalising system also varied as a function of ggrip. Indeed, PPI analysis
revealed a significant interaction between age graod the PPl between emotion
condition and signal within the arMPFC VOI, expexsvithin a region of left pSTS
extending into TPJTable 6.2y Figure 6.3). In other words, effective connectivity
between left pSTS/TPJ and the arMPFC VOI duringadecbasic emotion differed

between adolescent and adult groups.

In order to investigate the directionality of tleige group differencgost hod-tests
were conducted. These tests revealed greater adatesonnectivity between the
arMPFC VOI and the central portion of left pSTS/TdRWing social relative to basic
emotion (region (iii) inFigure 6.3 [-44 -34 10]; adolescents: paired sampihsst,
t16 = -1.83,P = 0.04; adults: paired sampletest,ts = -0.76,P = 0.24). In a more
peripheral portion of the left pSTS/TPJ region, llshowed the opposite pattern
(region (ii) inFigure 6.3 [-38 -34 20]; adults: paired samplegest,ts = -2.31,P =
0.02; adolescents: paired samptésst, t; = -1.15,P = 0.13). No other regions

showed a significant interaction between age ganupthe emotion-arMPFC PPI.
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Table 6.2
(a)

PPI results: brain regions expressing an interaction betweearMPF(
signal and emotion condition (social vs. basic) witn each age gro
separately

Size in voxels

Adult N =9) P T z P<0.01
R pSTS/TPJ [62 -44 4] 0.002 41293 71
[68 -44 4] 0.002 3.972.87 (part of above)
L anterior temporal cortex [-48 16 -20] 0.002 3.9888 31
R anterior temporal cortex [58 6 -32] 0.003 3.8881 8

AdolescentN = 17)

L pSTS extending into L TPJ [-36 -36 8] 0.001 3.9824 402
[-48 -38 8] 0.001 3.693.09 (part of above)
[-44 -44 0] 0.002 3.472.95 (part of above)
LTPJ [-58 -48 26] 0.006 2.862.53 8
R pSTS/TPJ [60 -30 -4] 0.001 3.68.06 249
[36 -28 18] 0.001 3.623.05 (part of above)
[60 -38 0] 0.003 3.152.74 (part of above)
L anterior temporal cortex [-44 -4 -24] 0.003 31.72 11
(b)

Group-by-PPI interaction: Brain regions expressing an interation between arMPFC activit
emotion condition (social vs. basic) and groufadolescent vs. adult)

Size in voxels at

P T Z <0.01

L pSTS extending into L TPJ [-40 -42 2] <0.003.75 3.29 247
[-44 -34 10] 0.001 3.45 3.08 (partof above
[-38 -34 20] 0.003 2.97 2.72 (partof above
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Figure 6.3 Interaction between group, emotion and @MPFC signal in left pSTS/TPJ (a) Region
showing significant interaction between group (adoént vs. adult), emotion (social vs. basic) and
activity in anterior rostral MPFC, shown at P <DYojected onto a sagittal T1 image. Crosshair is
at peak voxel [-40 -42 2]. Regions in which the@svalso an effect of social vs. basic emotion withi
each group separately are circled; (b) graph shpwarameter estimates for this interaction. Key: (i
peak voxel [-40 -42 2]; (ii) secondary peak voxdH[-34 10]; (iii) secondary peak voxel [-38 -34 20

6.4 Discussion

The current study had two aims. The first aim wasinvestigate effective

connectivity within the mentalising system duringacial emotion task, using PPI
analysis. A previous, conventional analysis of shene fMRI data had shown that
components of the mentalising system, namely pdrtee arMPFC, pSTS/TPJ and
the ATC, were more active during social than durragic emotion processing in
adolescents and/or adultSHapter 5). In the current study, it was additionally found
that pSTS/TPJ and ATC showed greater connectivitih wrMPFC during social

than during basic emotions. It would appear thit iththe first study to demonstrate

effective connectivity within the mentalising syste

The second aim of the current study was to invastigage group differences in
mentalising system connectivity. @hapter 5, it was shown that activity in a region
of arMPFC during social relative to basic emotiovess greater in adolescents than

in adults, whereas activity in left ATC was greaiteradults for this contrast. The
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current PPI analysis adds to this developmentalipgdoy showing greater effective
connectivity between arMPFC and the left pSTS/T&xind social relative to basic
emotion processing in adolescents than in adulidevwATC shows task-dependent

connectivity with arMPFC in both age groups.

6.4.1 Effective connectivity within the mentalisingsystem

Conventional neuroimaging analysis provides infdramabout how some index of

brain activity within a set of brain regions difsebetween groups and conditions.
PPI1 analysis, on the other hand, provides inforomatiegarding correlations in

activity between brain regions, and how these tatices differ between groups and
conditions (Friston et al., 1997). A task-dependemtrelation between two brain

regions is taken to imply that these brain regionteract more during one

experimental condition than during another.

The previous, conventional analysis showed thatpmrmants of the mentalising
system were more active during social than duriagidemotion processing. The
current PPI analysis shows that components of thatatising system also show
effective connectivity. Specifically, bilateral pSATPJ and the left ATC show
stronger connectivity with arMPFC during social atele to basic emotion
processing. This finding adds weight to the nottbat these brain regions may
function as a network during mentalising tasks. idt possible that, at a
neurophysiological level, effective connectivity nsediated by direct anatomical
connections between arMPFC and both pSTS/TPJ ar@l A3 have been identified
in rhesus macaques (Bachevalier et al., 1997; Bagbal., 1999). However, more

evidence is needed.

The current study shows evidence for effective eatinity between arMPFC and
parts of the left ATC in both adult and adolescarmbups. The previous,
conventional analysis indicated that adults actigdeft ATC for social relative to
basic emotion, whereas adolescents did not (evesdated significance threshold).
Because conventional and PPI analyses test diffe@mstructs, these two sets of
results provide complementary information. Inde#ite current finding mirrors
those from other PPI studies reported in the litgea in which effective
connectivity between two brain regions has beenatetnated when conventional

analysis had shown no activity in one or both regioduring a particular
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experimental context. For example, Rao et al. (208f&wed that, whereas no
regions within prefrontal cortex were active durimy executive sensorimotor task

there was nevertheless demonstrable effective ctinitg between parts of lateral
PFC and relevant sensorimotor regions during taskfopmance. Rao et al.
interpreted this result as showing evidence tha PRys a regulatory (rather than
direct) role in the task. Thus, one possibilitythe current study is that during social
relative to basic emotion processing, arMPFC arel MTC are engaged in a
regulatory rather than a direct relationship. Elaethat this means, however, is
unclear. Further studies are needed to investityatelirectionality of this arMPFC-

ATC relationship, and explore in more detail itadtional role.

6.4.2 Adolescent vs. adult effective connectivity

The second aim of this study was to investigate thdreeffective connectivity
within the mentalising system differed between adoént and adult groups. To the
author’s knowledge, no previous fMRI study has e age group differences in
effective connectivity during a mentalising taskeTcurrent study shows evidence
for an age-related decrease in effective connégtibetween arMPFC and left

pSTS/TPJ during social relative to basic emotiarcpssing.

This finding is at odds with the small number ofelepmental studies of functional
and effective connectivity in the literature, whickport age-relatethcreasesin
correlated activity. However, all previous studies/e been restricted to non-social
domains, so it is not clear how comparable theifigsl are. Effective connectivity
has been investigated in adolescents vs. adulisglgio/no-go task performance
(Stevens et al., 2007, 2009) and during memory dingo(Menon et al. 2005). In
these studies, age-related increases in connegctivéire shown between brain
regions instrumental in performing the ta$k©ther studies have investigated the
development of functional connectivity during ‘resor unconstrained task
conditions (Fair et al., 2007, 2008; Kelly et &009). These studies have shown that

some within-network correlations increase, whereasie decrease with age. The

BA puzzling result, given that lesions to this peErPFC interfere with
performance of the task.
1 1n Stevens et al., age-associated increases striegth of within-network
connectivity were accompanied by a decrease ingtineof betweemetwork
connectivity. In the current study, we do not knefether the set of brain regions
we are interested in participates in a single digcnetwork, or a set of interacting
networks.
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current finding that social emotion-dependent arl@RISTS/TPJ connectivity is
greater in adolescents than in adults needs toepkcated, and then tested for

generalisability using other mentalising tasks.

6.4.3 Implications for the development of mentalisig

An interpretation of the age-related decrease mmeotivity between arMPFC and
left pPSTS/TPJ during social relative to basic ewwdiis that, in order to accomplish
this task, adolescents require not only highervagtin arMPFC (as found in
Chapter 5) but also stronger co-activation of the mentafissystem, relative to
adults. This may be because the maturing netwoddoiescents is less efficient in
accomplishing the task. Continuing synaptic elirtiora and axonal myelination
during adolescence (Yakovlev & Lecours, 1967; Hldeher, 1979; Huttenlocher
et al., 1982; Benes et al., 1994; Huttenlocher &bldkar, 1997), and perhaps
developing axonal calibre (Paus et al., 2008) nthyaincrease the efficiency of the
system. Another (not mutually exclusive) possipiig that the shift in functional
connectivity between arMPFC and left pSTS/TPJ gl is related to a change in
the type of mentalising used in social cognitiosktasuch as these. More naturalistic
tests of mentalising, on which adolescents do hotwsceiling performance, are
needed to test this hypothesis. Performance osualperspective-taking task has
recently been shown to develop throughout adolescéDumontheil et al. 2009; see
Introduction ). Follow-up studies should ascertain whether ihiaccompanied by
changes in functional (including connectivity) brameasures. Studies are also
needed that combine measures of functional conngctduring with static
anatomical measures of grey and white matter voJuand white matter integrity
(e.g. voxel-based morphometry and diffusion-tensmaging; Olesen et al., 2003;

seeDiscussion,sections’.2.4and7.2.5.

PPI1 analysis is used for investigating how an expemtal manipulation modulates
functional connectivity between brain regions, beraatively how one brain region
modulates the impact of an experimental maniputato activity within a second
brain region (Friston et al., 1997). In the curretudy, it could be the case that the
social emotion task causes differences in connéctivetween the mentalising
regions, or instead that activity within arMPFC ratades the response of other
mentalising regions to the social emotion task. d@hectionality of the functional

connectivity reported here is unknown; whether aA@Hs influencing activity in
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the rest of the mentalising network, or vice versannot be determined by PPI

analysis.

6.5 Conclusion

Several recent fMRI studies (includir@hapter 5) have shown evidence for the
development during adolescence of activity withine tmentalising system.
However, the development of effective connectiwitighin the mentalising system
has not previously been studied in adolescentsndeed in adults. This study
represents an initial step in this direction, byndestrating that arMPFC shows
task-dependent connectivity with pSTS/TPJ and Adi@ing social relative to basic
emotion processing, in adolescents and in adulisiré studies are needed to extend
this finding, and to replicate the developmentauitethat functional connectivity
between arMPFC and pSTS/TPJ during social reldatvieasic emotions decreases

between adolescence and adulthood.
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Chapter 7

Discussion

This Discussion will summarise, place in context alraw out implications of
findings from each of the preceding chapters. Sy=etly, outstanding issues will

be discussed, with general and specific suggesfanrfsiture investigation.

7.1 Summary of findings

7.1.1 Chapter 2: The development of expected valueaximising, risk-seeking
and counterfactual emotion in a probabilistic gambing task

Adolescents are said to be risk-seeking, and thithought to underlie real-life
adolescent engagement in ‘risky’ activities, treekciting activities which have a
relatively high risk of causing harm (Geier & LurZ09). However, engagement in
such activities, which include experimentation wé#hbstances and unsafe sex, is
likely to occur for a variety of reasons. One pbsisy is that adolescents show a
genuine preference for risk (e.g. Casey et al.8p08owever, another possibility is
that the ability to estimate and weigh up potent@mhsequences is still developing.
The study described inChapter 2 investigated behavioural economic
operationalisations of each of these two hypothdsgsarticipants aged nine to 35.
The propensity to seek risk was investigated bysuiag the tendency to maximise
outcome variance in a gambling task, and the ghititchoose the optimal set of
possible consequences was investigated in the tmskdy measuring the tendency
to maximise expected value (EV). EV is the sumaggible outcomes of a decision

(e.g. a quantity of points or money) weighted bsitiprobabilities.

The results show that both components of decisiaking, the ability to maximise
EV and the tendency to seek risk, continue to agvdliring adolescence. However,
these two components showed distinct developmérsgctories. The tendency to

maximise EV increased linearly between the agesired and 35 years (séggure
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2.2), whereas the tendency to make risky choices sttavaonlinear (inverted-U
shaped) developmental trajectowith its peak in adolescence (age 14.38; see
Figure 2.3). This set of results implies that adolescent gegeent in risky activities

in real life may be partly due to a true underlyimgeference for risk, relative to
children and adults. Furthermore, the distinctetigries for risk and EV imply that
adolescent risk-seeking does not arise due to plsideficit in EV-maximising. The
study inChapter 2 is one of few (or indeed the first) experimentaidsés to show
evidence for the often-cited inverted-U shaped Wgpraental trajectory of risk-
seeking, with its peak in adolescence (Casey €2@0D8; Steinberg, 2008; see Figner
et al. 2009; O’Brien & Steinberg, 2009).

In naturalistic situations, decision-making invavadditional components beyond
the ability to calculate EV and risk. Thus, agdeténces in the tendency to engage
in risky activities may also be due to developmeinthe ability to detect possible
outcomes and estimate their respective probalsilitteg. Crone & van der Molen,
2004), or age differences in the subjective valtieentain decision outcomes. The
latter is of course difficult to compare acrossiwdlals, but the task used in
Chapter 2 assessed one aspect of subjective value, i.ei@mdtfter the outcome
of each gambling decision was revealed, particgpameiported their emotional
response using a linear rating scale, and thespomess were assumed to
approximate participants’ actual emotional respen3ée absence of overall age
differences in emotion evaluations suggests theezewno overall age group
differences in the use of the rating scale, antlat adolescents were not hyper-
emotional in general, as has been suggested elsev@wever, interestingly, there
was an age group difference in the impact of catentual context on the emotion
evaluations. Relative to children (aged 9-11), ywudolescents (aged 12-15)
reported feeling more positive (/negative) in regmto winning (/losing) a small
number of points when the alternative decision @ddwdve resulted in a loss (/gain)
of points (relief/regret), and in particular, youadolescents showed a heightened
evaluative response to relief outcomes, or ‘luclscapes’ relative to children.
Further studies should investigate whether this temal response contributes
directly to adolescent risk-taking. In additionasens for the age-related decline in
risk-taking between adolescence and adulthood dhbal explored (see section
7.2.0.
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7.1.2 Chapter 3: Development of the integration ofocial and utilitarian cues in

a probabilistic decision-making task

A number of studies, including the study describe@hapter 2, have shown that
young adolescents are not yet mature in theirtgidi choose optimally in decision-
making taskslt has been suggested that one reason for thimisrelative to adults,
adolescents are disproportionately influenced lyas@motional factors. However,
this may be expected to operate to a greater exteméal life situations or in
laboratory-based tasks with a strong emotional aormapt, and to a lesser extent in
simple, relatively unemotional decision-making sk the decision-making task
used inChapter 3, adults outperformed young adolescents (aged 12Hi8)this
was not attributable to a heightened influence afia-emotional factors on the
decision-making process. Computational modelling adult and adolescent
behaviour showed that the emotional content ofdheed-choice stimuli (happy and
angry facial expressions) influenced decisionsathtage groups, and there was no
difference in the extent or nature of this influenhis study represents a first step
towards investigating the interaction between doaral non-social influences on
decision-making across development. Further appdics of this approach are

outlined in sectior’.2.2

The study described i@hapter 3 showed no age group differences in the impact of
a social cue on decision-making in a simple forckdice task. Therefore, other
explanations for the age group difference in penfmmce were sought. One
interesting possibility from the literature is thatlolescents approach decision-
making tasks using relatively less cognitively sepbated strategies, compared
with adults. For example, studies including thogeHuizinga et al. (2007) and
Harbaugh et al. (2002) have shown that age-relaipcovements in performance on
decision-making tasks are accompanied by (or dua tiecrease in decision-making
bias, and an increase in the tendency to take antmunt all relevant sources of
utilitarian information (performance feedback). Téfere, the study described in
Chapter 3 adopted a computational modelling approach touatalthis suggestion.
Performance was analysed computationally to showleece that, while both
adolescent and adult groups were able to take aotmunt probabilistic reward
feedback (wins and losses) in order to perform laval above chance, there was a
developmental asymmetry in the response to posisenegative performance

feedback (wins and losses). Whereas adults inegdjaatross both wins and losses in
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order to adjust or maintain ongoing selections,lesi®nts were not significantly
responsive to positive feedback, a pattern that wassistent with a simple

behavioural strategy of switching choices afteumiag a loss.

Further studies are needed to explore this sugyest particular with regards its
generalisability to other decision-making taskswtiuld be interesting to explore
possible relationships between the extent of dgweémntal bias in decision-making,
and executive function development. For example etktent of bias in sensitivity to
sources of performance feedback could be hypotdste be related to the
development of working memory efficiency (Romine Reynolds, 2005) and
perhaps to the ability to shift set (Davidson et 2006; Romine & Reynolds, 2005).
Again, the application of a computational modellaggproach to this problem could

be fruitful (see sectioii.2.9.

7.1.3 Chapter 4: Development of mixed social emotiounderstanding across
puberty

The studies described above were carried out testiyate the development of
decision-making, including the influence of emoti@m decision-making, in
adolescence. However, it has been suggested thaertgustage rather than
chronological age influences aspects of developmaribss adolescence. In
particular, the hormonal and psychosocial chan@gaiberty are thought to interact
with emotional development, including via effects the brain (seéntroduction
and Chapter 4). Therefore inChapter 4, an exploratory study was carried out to
explore the relationship between puberty stage andneasure of emotion
understanding. Adolescent females aged nine toeH#sywere divided into early,
mid- and post-puberty groups on the basis of a gabself-report questionnaire,
and then completed an emotion task. In this taakigipants read and imagined a
series of emotional scenarios that were designedelioit social emotions
(embarrassment and guilt) and basic emotions (aagérfear). Participants were
instructed to imagine each scenario and to rate thmagined emotional response
using four discrete rating scales, one for eactheffour emotions. The ratings were
then analysed using a novel measure that encapdulagé relative complexity or
‘mixedness’ in emotional responses, since previsosk has suggested that the
understanding of mixed emotion shows a protractedeldpmental trajectory
(Harter & Buddin, 1987; Larsen et al., 2007). Tlsults of this analysis showed
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greater mixed emotional responses (use of multgitieg scales) in the post-puberty
than in the early-puberty group. This differencesveeen for the social emotion
scenarios featuring guilt and embarrassment, ahébnthe basic emotion scenarios

featuring anger and fear.

This result is consistent with, and extends, presivork on mixed emotion and on
social vs. basic emotion. For example, a study laysén et al. (2007) used
structured interviews to show continuing developimeetween the ages of seven
and 12 in the tendency to report mixed emotiongpoeses to a bittersweet video
clip. Studies by Harter and colleagues have showat the ability to describe
situations in which a social emotion would be eigrared emerges roughly two
years later than the same for basic emotion (age @ge 5, respectively). The study
described inChapter 4 extends this work, using a different methodology age
range, and by investigating relationships betweemt®nal development and
puberty stage. However, puberty stage was sigmifigaelated to age in the study.
Further studies should investigate mixed emotiodesstanding in groups which

differ in puberty stage but not in age.

The development of mixed social emotion understamdould be related to changes
in self- and social awareness, which have been showccur across age and are
thought to be related to puberty development. Iditamh, cognitive development
during adolescence may also play a role in the Idpugent of mixed emotion
understanding, by facilitating the representatiémmailtiple emotional and mental
states. However, there are a number of outstandsugs with the study conducted
in Chapter 4 and as such the results are tentative. The mathadsessing mixed
emotion understanding needs to be validated, famgse by comparing previous
structured interview methods and the self-repdmgaescale method within the same
study. Another issue is the measurement of pube&gjf-report questionnaires
assessing Tanner stage of puberty are appropatassessing the psychosocial
effects of puberty, as their results reflect thepmdent’'s body image and self-
perceptions (Dorn et al.,, 2006). However they agsslreliable in terms of
identifying and differentiating between stages afb@rty. The issue of puberty
measurement will be explored in sectifi2.3 Further studies are needed to assess

the relationship between pubertal development apdakemotional awareness,
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given evidence for interactions between pubertyrtuores and regions of the brain

important for emotion and social cognition (sedisect.1.1.]).

7.1.4 Chapter 5: A functional magnetic resonance iaging study of social
emotion processing in adolescents and in adults

Chapter 4 described a study that assessed the developmengdauberty of an
understanding of social emotion. I@hapter 5 a study was carried out to
investigate development of the functional neuralrelates of social emotion
processing using fMRI. Note that in order to coneptire results with previously-
published fMRI studies of social cognitioBhapter 5 investigated the relationship
between adolescent age rather than puberty stagbheofMRI pattern of results.
Previous fMRI studies have shown an age-associakeft in activity between
adolescence and adulthood within brain regions cetsnl with mentalising
(representing and processing mental states sudbelsfs, feelings and desires),
during mentalising/social cognition relative to tmh tasks. The study described in
Chapter 5 was carried out to investigate whether a comparédbl/elopmental shift
would be observed during an overtly emotional miesitey task, i.e. social vs. basic
emotion processing. As iBhapter 4, social emotions are defined as emotions that
require representation of others’ mental stated, the social emotions used in the
task were embarrassment and guilt, a€liapter 4. Basic emotions were defined as
emotions that do not require a representation loérst mental states, and the basic
emotions used in the task were fear (a€lapter 4), and disgust (the replacement
for Chapter 4's anger; se€hapter 5section5.2.2.].

The results irChapter 5 provide evidence that both adolescent and adulgamaps

showed activity (BOLD signal change) during soaial basic emotion processing
within mentalising regions of the brain, includirthe anterior rostral medial
prefrontal cortex (arMPFC) and the posterior sugetemporal sulcus (pSTS)
bordering on the temporo-parietal junction (TPJawdver, there were age group
differences in activity during social vs. basic ¢imo. Whereas a region of arMPFC
was activated more strongly by adolescents tharadylts for social vs. basic
emotion Figure 5.5, adults activated the left anterior temporal eertATC) more

strongly than did adolescents during this cont(Bgure 5.4). This set of results is
in agreement with previous developmental fMRI stgdof social cognition (see
Figure 5.7 Wang et al.,, 2006; Blakemore et al.,, 2007; Pfei al., 2007,
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Moriguchi et al., 2007; Pfeifer et al., 2009; selak@more 2008 for review). The
result in ATC is novel, but consistent with the kdoentalising fMRI literature (e.g.
Frith & Frith, 2003; Frith, 2007).

In summaryChapter 5, as well other recent fMRI studies, has showngeiralated

decrease in activity within arMPFC during mentalggsocial cognition relative to
control tasks, whereas activity within more posteriemporal cortex regions shows
the opposite developmental pattern. There are akpessible explanations for this
pattern of results. First, there may be an age prdidference in the cognitive
strategy employed during these tasks, as has bhewnsusing a different

mentalising task (Dumontheil et al., 2009). Secdhi$ change in cognitive strategy
or proficiency might be accompanied by a shift ke trecruitment of specialised
brain regions, and/or may be related to neuroanatdndevelopment. These

possibilities will be discussed in more detail @con7.2.4

7.1.5 Chapter 6: Effective connectivity during so@l emotion processing in
adolescents and in adults

In Chapter 6, fMRI data from the functional imaging study ofcsa and basic
emotion processing in adolescents and in adulGhapter 5 were re-analysed to
investigate effective connectivity within the mdigimg system (arMPFC,
pSTS/TPJ, ATC; Frith & Frith, 2003). Effective cautivity, defined as the
influence that one neuronal system exerts overhanpttan be assessed using a
statistical technique known as psychophysiologicakeraction (PPI) analysis
(Friston et al., 1997). This analysis revealed enad for functional integration
between components of the mentalising system, dusiocial relative to basic
emotion processing, in that task-dependent intenagtwere shown between activity
in the seed volume in arMPFC, and regions withmrilght pSTS, left TPJ and the
left ATC.

This is the first study to show effective conneityiwithin the mentalising system,
which is surprising given the wide availability effective connectivity methods
(available since at least 10 years ago), the latgeber of published fMRI studies
showing activity within this circumscribed set afam regions during mentalising
relative to control tasks (Frith & Frith, 2003), dathe fact that this collection of

brain regions is frequently referred to as a ‘nekid-urther studies should now be
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conducted to replicate the current finding usingrenstandard and well-validated
mentalising tasks (e.g. the Frith-Happé animati@estelli et al., 2000). This could
be done relatively easily using existing fMRI da&tss and could be supplemented

using diffusion tensor imaging (DTI) to infer cormtieg white matter tracts.

Chapter 6 also showed evidence for age group differencesf@ctéve connectivity.

The adolescent group showed stronger task-deperatemtectivity between the
arMPFC seed region and the left pSTS/TPJ, reldtvadults. Further research is
required before this result can be interpreted cuingly (see sectiong.2.4-3. In

particular, the developmental difference @hapter 6 is at odds with a (small)
number of existing developmental connectivity s&sdiwhich show age-related
increases in network correlations (Stevens et28l07, 2009; Menon et al. 2005).
However, these studies investigated non-social dwnaf cognition, and it is not
clear how comparable the findings are. Studies thave investigated the
development of functional connectivity during ‘re@tair et al., 2007, 2008; Kelly
et al., 2009) have shown that some within-netwakralations increase with age,
whereas others show age-related decreases. Thencuesult should be replicated
(e.g. using more standard mentalising tasks) befteepretations can justifiably be

proposed.

Also of interest fromChapter 6 is the finding that the adolescent group showed a
significant PPI between arMPFC and the ATC duringia vs. basic emotion,
despite showing no mean activity within ATC dursagial relative to basic emotion
processing (se€hapter 5). One possible explanation for this finding istthaior to
the ATC becoming functionally mature during develgmt, it is engaged in a
subthreshold or regulatory relationship with arMPRCsimilar interpretation was
suggested in a study by Rao et al. (2008). Inghidy, no regions within PFC were
active during an executive sensorimotor task thoaghely on PFC, but there was
effective connectivity between parts of lateral PB@d relevant sensorimotor
regions, suggesting that PFC plays a regulatotpéraethan direct) role in the task.
However, as stated in the preceding paragraphgwelip studies should extend the
current pattern of developmental findings in ATGngsa variety of social cognition
and mentalising tasks (e.g. Grosbras et al., 20DT). studies should investigate
white matter pathways responsible for purportedctiomal interactions between

spatially distant components of the mentalisingtesys (e.g. Kelly et al., 2009;
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Giorgio et al., 2009), and the development of tleintribution to functional brain

activity across age.

7.2 Outstanding issues and future directions

7.2.1 Reasons behind adolescent risk-taking in degn-making tasks

Further studies should investigate which aspecthetask used i€hapter 2 were
key in producing the non-linear developmental peodif risk-taking. One possibility
is that the emotional aspect of the task playedl@ A previous study by Figner et
al. (2009) has shown elevated adolescent relativadult risk-taking in a ‘hot’,
emotional version of the Columbia Card Task (CCapd not in ‘cold’, less
emotional version of the task. Similarly elevateldlascent vs. adult risk-taking was
reported in a study in which participants madeyrisksafe decisions in a car driving
game: adolescents took more risks than adultshint asocial-emotional condition in
which their friends were present, relative to adcobndition in which they played
alone (Gardner & Steinberg, 2005). Therefor&Chapter 2, adolescent risk-taking

may have arisen due to the emotional aspect datie

However, there is an outstanding issue with thiglanation. InChapter 2, as well
as in Figner et al. (2009), in Gardner and Steiglf2005) and in Eshel et al. (2007),
elevated risk-taking was demonstrated in adolescetative to adults in emotional
tasks, but adolescents also take more risks thddrem. This has been shown in
Chapter 2, in which the logit regression results shown arease in the impact of
risk on decisions increases between childhood aludeacence, and in an as yet
unpublished study by O'Brien and Steinberg (2008ickv showed heightened risk-
taking in adolescents relative to childrenQhapter 2, an increase in counterfactual
emotion was shown between childhood and young adelee, but thus far, neither
this nor any other study has shown evidence to esigipat emotional factors can
explain the increase in risk-taking from childhoomdadolescencegnd its decrease
into adulthood. Similarly, it has been suggested ffensitivity to peer influence may
underlie adolescent risk-taking, but a self-remiudy has shown that children are
indeed more sensitive to peer influence than aoteadents (Steinberg & Monahan,
2007). Therefore neither peer influence, not emmptican solely account for the
increase in risk-taking into adolesceracel for its decrease into adulthood.
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A solution to this issue, and one that has beegesigd elsewhere, is to propose a
dual-process model of the development of risk-tigKiDasey et al., 2008; Steinberg,
2008). In this model, emotional factors such agteined sensation-seeking, and
social factors such as alignment with peers ar@estgd to cause an increase in
risk-taking between childhood and adolescence, doghnitive factors (e.g. better
judgment and control) are thought to contributethte decline of risk-taking into
adulthood. This dual-process model needs to besdebly conducting studies
comparing adolescents with both childrand adults, as inChapter 2. Studies
should take the approach used in Figner et al.qRa0ad compare risk-taking under
emotional and less-emotional task conditions. Eomatily engaging tasks are
needed to more closely emulate the real-life camakt in which adolescents take
risks, as studies including Steinberg’s car driviaxgeriment have shown that under
calm, unemotional circumstances in a laboratorylestents are no more risk-
taking than are adults. Further application of tagigression and other statistical
approaches will be useful in evaluating separatedydistinct factors that contribute
to risky behaviour across agénother fruitful approach could be to adopt a

computational modelling approach, as was implenteim€hapter 3.

7.2.2 Adopting a computational approach to investigte factors influencing
adolescent (social) decision-making

In Chapter 3, behaviour in a simple decision-making task was el
computationally to disentangle and test specifipdtlyeses regarding the influence
of discrete factors that may underlie behaviolinis approach should now be
applied more widely to test hypotheses regardirg dievelopment of decision-
making and social-emotional influences in adoleseernThe approach is more
flexible than many analytic techniques currentlgdigo investigate behaviour, and
can be implemented to test specific hypothesedacw@ssed manner. The usefulness
of the computational approach to understanding\debais particularly apparent in
experimental situations in which several intertwdre®gnitive factors are all thought
to influence a simple behavioural measure (e.g.rBeek & Duchaine, 2009).
Therefore, this approach could now be used to tlestdual-system model of
adolescent risk-taking, in which emotional factstech as heightened sensation-
seeking are suggested to cause an increase inakislg between childhood and

adolescence, but cognitive control factors are ghoto contribute to its decline into
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adulthood (Casey et al., 2008; Steinberg, 2008)otler application could be to
continue to model social influences on behaviouadiolescence as Ghapter 3,
but using for example a version of the taslCimapter 3 in which the face stimuli
depict ‘popular same-age individuals (rather thalder-age Ekman faces). An
interesting extension to this study would be tdude a component in the task that
allows participants to choose to act in a risk-geglor in a risk-averse/neutral
manner. It would be interesting to model computslly the impact of social
factors (e.g. popular/attractive vs. unpopular/traative faces) on the tendency to

take risks in a decision-making task.

7.2.3 The measurement of puberty stage for use indalescent cognitive
development and cognitive neuroscience research

As summarised inChapter 4, studies with non-human and human samples,
including normal and clinical samples (e.g. withrthone abnormalities), have
shown that aspects of adolescent neuroanatomidaiuactional brain development
are related to the physical and hormonal changgsubérty. In addition, certain
aspects of social-emotional development are thotmbe related to puberty. These
are hypothesised to occur via effects on the braind also by altering the body
which impacts on social roles and self-image. Tioeeg it is important to include
puberty measures in adolescent cognitive developraieth cognitive neuroscience
research, for two distinct reasons: 1) to direatlyestigate the effects of puberty,

and 2) to reduce noise and control for possibldaards.

However, puberty is challenging to measure. Fota#,spuberty is neither a brief
event nor a unitary phenomenon. Puberty lasts doeral years, and comprises a
number of distinct, partially independent and inpbetely overlapping processes
(Dorn et al., 2006). These processes include amiveof adrenal and gonadal
hormone systems, as well as physical growth, & shihetabolism, changing social
roles, and neuroanatomical development. The mgstoppate measure of puberty

will therefore depend in part on the specific reskajuestion.

A commonly used measure of puberty is Tanner Stagener staging categorises
individuals along an ordinal puberty scale fromol5t on the basis of breast and
pubic hair development in females, and genital puic hair development in males
(Tanner, 1971; Tanner & Whitehouse, 1976). Tantegisg should be carried out
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by a trained clinician. There are limitations tonhar staging, in that the scale was
developed with reference to a single ethnic grotieeré may be cross-ethnic
differences) and in a relatively small sample o0 2bildren. Overweight girls will
tend to be inaccurately staged, as breast develupwi# be over-estimated. More
fundamentally, Tanner staging only takes into aatothe physical effects of
gonadal hormones, whereas in the early stages loérpuadrenal hormones are
particularly important; therefore, Tanner stagingshlimited usefulness in
distinguishing between the earlier stages of pybevhich may be of most interest
with regards effects upstream or parallel hormaefédcts on the brain. However,
Tanner staging is currently the gold standard fobgity measurement, and is

favoured by clinicians and researchers (Dorn e806).

In light of the above concerns, it might be expddteat Tanner staging by physical
examination could be usefully supplemented by heorh@assays, since this will
measure adrenal and gonadal (or adrenal/gonadasialj) hormones upstream
from their external physical effects. However, whilormone assays may be useful
for measuring puberty stage in the future, at thesgnt time it is unclear how
hormone measurements should be combined with Tatages to give a measure of
puberty stage. The levels of different puberty hmmes fluctuate in monthly,
circadian and even minute-to-minute cycles, andesbormones (e.g. testosterone)
have more than one cycle; therefore, experimerdatrol is difficult to establish
(Cauter, 2001; Dorn et al., 2006). Little reseanels been done comparing hormone
levels in different biological samples (saliva, dudip urine) with clinician-assessed
Tanner stages (see e.g. Dorn et al. 2006), saitégkear how much weight should be
given to hormone levels, e.g. if these conflicthavidinician-assessed Tanner stage.
Therefore more research is needed in this areaghpdesent, hormone assays are

not a valid alternative to clinician-assessed Tasige.

Tanner staging by external physical examinationn® always practical or
appropriate, e.g. when a behavioural study is edrout in school. Unless the
research question is clinically urgent, it is uslik that a school will accept the
inconvenience of setting up a physical examinatmocedure (preparing the
children and parents, establishing the necessdricattand legal procedures).
Therefore in these situations, Tanner stage canassessed by self-report

guestionnaire. A relatively large number of studiesluding the study ilfChapter
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4, have assessed self-rated (or parent-rated) Tastage using the Petersen
Development Scale (PDS; Petersen et al., 19883.i$td questionnaire that includes
items assessing hair growth, skin changes and grepart, with sex-specific items
i.e. menarche and breast development in femalegandal growth and facial hair
in males (seé\ppendix 4.1 for an adaptation of the female version). As suhB,
PDS measures a composite puberty score that irgltide effects of adrenal and
growth hormones, as well as gonadal hormones. atimes with clinician-assessed
Tanner stage are not especially high: one studgdaiorrelations between 0.61 and
0.67 in 11-13 year old girls for the self-report ¥HBrooks-Gunn et al. 1987,
correlations are even lower for parent-report PDH)e extent to which these
relatively low correlations are due to inaccuragH-gating vs. the distinct effects of
adrenal/growth vs. gonadal hormones needs to bkiated. Therefore, the PDS
should be used with caution to estimate Tannerestdten a physical examination is
not possible. However, on a different note, it cobé the case that if the research
question does not concern hormone levels and Tesiage, but instead relates to
self-image, self-consciousness or social awaref@ssin Chapter 4), it can be
argued that the PDS is the most relevant measurat directly assesses self-

perceived puberty stage (see Dorn et al. 2006ismudsion).

In summary, there is much scope for investigatielgtionships between the brain,
cognition, behaviour and pubelly However, methodological research evaluating
and comparing different puberty measures shouldcdreducted alongside this
research. Researchers should consider which aspgeiberty is most relevant to

their research question and select their measupalodrty accordingly.

7.2.5 Age group differences in functional brain advity: what do they mean?

A number of developmental fMRI studies of socia@jcition, including the study
described irChapter 5, have shown greater BOLD signal change within esltént
relative to adult arMPFC, during mentalising relatito control tasks. There are a

15 The candidate is currently involved in a studyeistigating relationships
between functional (fMRI) and structural (VBM) bmaneasures, and puberty
stage (assessed using salivary hormone samplaisjaii-assessed Tanner stage
and self-report PDS), in two groups of females mmeadicfor age but differing in
puberty stage. Inverse relationships are predioctddieen puberty stage and (a)
cortical grey matter, (b) BOLD signal in arMPFCidtpredicted that some of the
variability within the adolescent sample@mapter 5 will be attributable to
pubertal development.
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number of possible (and not mutually exclusive)lawrptions for this developmental

finding.

One possibility is that developmental differenceBOLD response arise due to an
age group difference in the cognitive strategy ey@d during these tasks, which
might be associated with differential recruitmemtfanctionally-specialised brain
regions. For example, in the study@hapter 5, adolescents may employ a more
effortful, on-line mentalising-based strategy toagme social emotion situations,
which may recruit ‘mentalising region” arMPFC mateongly. Adults may employ
a strategy based more heavily on semantic sociavleige, and thus recruit the
ATC, a region that is thought to represent soce&xhantic knowledge. Similar

interpretations could be applied to similar studiesh as Blakemore et al. (2007).

However, this cognitive interpretation of the fMBata is at present mere reasoned
speculation (see Poldrack, 2008) and indeed coelddmstrued as a confound in
published developmental fMRI studies. Thereforemare thorough cognitive
characterisation of how adolescents perform samaghition tasks is now needed.
This endeavour should be approached using apptepsacial cognition tasks,
including those which can be analysed using contiomia models 7.2.2 Chapter

3). For example, in order to evaluate the specifignitive hypothesis proposed in
the preceding paragraph andGhapter 5, behavioural studies could be conducted
testing script usage vs. on-line mentalising inlesigents vs. adults. Computational
models could be developed predicting probable bebavin such a task, given
reliance on scripts vs. reliance on on-line mesitadj. These could subsequently be
extended to test the contributions of region-spediinctional brain activity to
scripts vs. on-line mental state usage (as in Hampt al., 2008; Behrens et al.
2009), in addition to other cognitive componentsnaintalising which are thought to
develop during adolescence (e.g. executive-soaig@ractions, Dumontheil et al.
2009). In adults, a study could be conducted usigscranial magnetic stimulation
to assess disruption of mentalising performancenw$@cial semantic processing
regions are targeted. The research could be supplech where possible with
cognitive profiling of patients who have sustairedions to different parts of the
social brain, e.g. ATC vs. arMPFC, during adoleseesnd adulthood (c.f. Anderson
et al., 1999).
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However, age group differences in BOLD responsendusocial cognition (or
indeed any) tasks could be elicited in the absaicany differences in cognitive
competence or strategy (Kuhn, 2006). Age grouperbfices in electrical or
metabolic responsiveness within task-associateith begions could give rise to age
differences in BOLD response. Given evidence fouroanatomical (including
synaptic) development during adolescence, thiofastlikely at least to contribute
to age group differences in BOLD response, if nairely account for them. For
example, the precise time-course and nature ofomaliwvascular coupling (Peppiatt
et al., 2006) is likely to differ between brain i@gs, and these regional differences
may emerge at different points during developméinthere are indeed region-
specific trajectories of synaptic pruning duringoledcence, as have been
hypothesised, this may lead to increased ‘effigfer@f regional brain activity
(Durston et al., 2006; se#&.4.3.), in terms of increases in both information
processing efficiency (e.g. efficiency to accomiplibe same cognitive task), and
metabolic efficiency (note that the two are likédybe linked; Attwell & Laughlin,
2001). In addition, global increases in myelinatsord axon calibre are hypothesised
to contribute to increased efficiency of networkegration, including increased
precision of temporal encoding (Paus et al., 2@8@8|ntroduction, sectionl.4.3.9.
Further research is needed on developmental changegion-specific metabolic
demands and information processing efficiency, &l vas neuronal-vascular

coupling, in order to interpret developmental fMRIdings.

7.2.6 Future directions using a multimodal approactto study the development
of social cognition and its neural basis: Effectiveconnectivity, structural and
diffusion neuroimaging, behavioural testing

Chapter 6 showed evidence for an age group difference inctiffe connectivity
between components of the mentalising system. fsslt, pending replication, is
one step towards demonstrating that age groupreifées in BOLD signal have
functional relevance — whether this is due to ctigmidevelopment and resultant
changes in the recruitment of functionally spesedi (social) brain regions, or
development in metabolic/information processingcefficy due to neuroanatomical

development in social brain regions, or both.

Studies should now be conducted to investigate deeelopment of effective

connectivity during social cognition tasks, stagtinvith existing social fMRI
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datasets (e.g. Blakemore et al., 2007). Developaheslfationships between regional
BOLD signal and network function should then beeistigated. Subsequently, social
cognition tasks in which performance can be moru@tely quantified than in the
social emotion task used in this thesis should beduin fMRI to investigate
relationships between regional BOLD signal, funutib integration, and task

proficiency.

In addition, it would be interesting to conduct @d@ove studies in combination with
measures of grey and white matter structure aregjiity (e.g. VBM, DTI). Similar
developmental studies have been conducted in noalscognitive domains: for
example, Olson et al. (2009) showed that DTI-agsksghite matter integrity in
tracts serving frontal lobe regions predicted deldigcounting behaviour in
participants aged nine to 23. Liston et al. (2083wed that DTIl-assessed fronto-
striatal white matter integrity was related to aecy in performing a go/no-go task.
It is predicted that proficiency in mentalising kaswill be related to white matter
integrity within tracts connecting regions of themtalising system. Proficiency in
the mentalising task in Dumontheil et al. (2009hiah requires integration of
executive functions and visual perspective infoiomgtis predicted to correlate with
the integrity of white matter tracts connectingiogg of the mentalising system with

executive control regions.

Other studies have shown correlations between BGighal increases during
executive tasks, and white matter integrity in pmeed task-related tracts (e.g.
Olesen et al., 2003). Similar studies should nowcbeducted in the domain of
social cognition. This could be conducted along$idé studies in adults that have
begun to parcellate white matter connectivity ofnamber of brain regions
(Beckmann et al., 2009).

7.3 Wider implications

This section will discuss wider implications of @éwpmental cognitive
neuroscience research and developmental psychakgparch in this thesis and

elsewhere.

7.3.1 Education
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Knowledge of brain development, and how this dgwelent influences cognition
and learning could, and indeed does, have an inggaetlucation (see Blakemore &
Frith, 2005). The understanding of how the braircihamisms that underlie learning
and memory change across age, and how this impagsition, is vital for
optimizing education for individuals of differenges. This applies to the various
stages of adulthood, as well as childhood and adefece. Lifespan considerations
on education, including encouraging and optimiZifeglong learning, have recently
been areas for government policy initiatives (&gyond Current Horizons project,
see Burnett et al. 2009b). Relatedly, it is importeo understand how learning in
individuals of different ages is influenced by adgeof the environment, including

its social and emotional context.

Social-emotional factors have been shown to playinaportant role in shaping
learning and academic performance, as wellias versa It is possible that the
social, potentially emotionally charged contextnedny educational environments
may interfere with the cognitive resources that lbardevoted to academic learning.
For example, a secondary school classroom envirohewuld be overwhelmingly
social for the less socially-competent, and theora recent rising incidence of
face-to-face and cyber-bullying by schoolchildrenlikely to have wide impact.
However, learning to cope with a complex socialimmment is an important part of
development, and must not be neglected. Consteicivenues for future
educational policy could draw on evidence that esicénce is an important period
for learning about emotions and opinions of thé aet others, and therefore might
be a particularly fruitful time for educational gmammes to focus on fostering

empathy and social support.

Another finding that could have impact is the notibat the brain is still developing
substantially during adolescence. Previously, eanydhood was seen as a major
opportunity (a ‘sensitive period’) for teaching,edto the brain development which
was thought to be restricted to this period. Theesfthe finding that parts of the
brain are reorganized during the teenaged yeargestsythat this period might be
seen as part of an extended ‘sensitive periodigaming. Aspects of learning which
may be particularly malleable during adolescenoé, which education could focus
on, are those which rely on parts of the brain thadergo protracted anatomical

development: for example, internal control, mudtsiing and planning — which to
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an extent, secondary education already focuses baot-also self-awareness and
social cognitive skills, such as perspective-takangl understanding complex social

emotions.

Finally, it could be fruitful to include in the edational curriculum for adolescents
some teaching on the changes occurring in the loiaiimg puberty and adolescence.
Adolescents might be interested in, and could beriedm, learning about the

changes that are going on in their own brains.

7.3.2 Psychiatric disorders

A better understanding of adolescent brain devetnand cognition is also vital
for understanding psychiatric disorders, many oiclwhhave their peak age of onset
during adolescence (Paus et al., 2008;Fsgere 7.1). It has been suggested that the
emergence of certain disorders in adolescence isctti linked to brain
development (e.g. schizophrenia, Feinberg, 198@redsion, Davey et al., 2008),
and to the maturation of certain cognitive functiosuch as planning and
counterfactual thinking (e.g. depression and samalety, Davey et al. 2008). Work
presented in this thesis is particularly relevantite emergence of (i) disorders of
incentive processing, and (ii) disorders of sogaicessing. These will briefly be

discussed in the next sections.

Figure 7.1 The onset of many psychiatric disordersccurs during adolescence.Mean age of

onset of a number of psychiatric disorders in t18AUN recent years. Graph from Paus et al. (2008).

7.3.2.1 Disorders of incentive processing

Certain disorders of incentive processing commauilge during adolescence, and
cognitive neuroscience research will inform the ensthnding of these disorders.
This section will focus on addiction as one exampléhough note that others are

relevant, e.g. schizophrenia.
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Heightened risk-seeking during adolescence is Ingsised to underlie the high
incidence of experimentation with addictive subs&n (alchohol, tobacco, illegal
drugs) during adolescence, and in some cases xperimentation develops into
addiction. While it should be noted that individsiavho develop substance use
disorders often show emotional abnormalities ptmradolescence (Maggs et al.,
2008), it has been suggested that certain chaistaterof adolescence predispose
individuals to a risk of developing addiction. Sipieally, a ‘hypo-active’ neural
incentive processing system (e.g. ventral striatisthypothesised to result in a drive
for more immediate, high risk and powerful rewa@pear, 2000), while ‘hyper-
activity’ of the system during reward consummatioiay mean that adolescents
experience these rewards as more intensely plddsutiaan do adults (Geier &
Luna, 2009). In addition, continuing maturation hint prefrontal cortex cognitive
control systems is said to predispose adolescerastton their reward-seeking urges
(Casey et al., 2008). More evidence is needed ppau of these hypotheses, but

they are suggestive.

The transition from incentive-seeking and experitagon to full-blown addiction
may be more rapid and insidious in adolescenceddfnie from a number of non-
human animal studies suggests that adolescentexrpayience drug effects that are
more pleasant or benign than those experiencediblysa(for a review, see Spear,
2000). For example, adolescent rodents have besenad to experience reduced
sensitivity to the motor impairing and sedative seguences of alcohol relative to
adults (Hollstedt et al., 1980; Ernst et al., 1978Jeater biological tolerance to
alcohol in adolescence may engender less unplehaagtovers per unit of alcohol
consumed (York & Chan, 1993). Similar patterns haeen reported with other
addictive substances (Spear, 2000). These factens partially account for the
elevated rate of progression from causal use tetanbe dependence in adolescence
(Spear, 2000). More research is needed on the Inandabiochemical differences
between adolescent and adult brains that mediagethifferential effects, including
the factors that mediate the transition from experitation to addiction, and their

interaction with environmental and social influesce

7.3.2.2 Social anxiety disorder
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A rather different disorder that tends to ariseimyiadolescence is social anxiety
disorder (SAD), which is characterised by a chrarid exaggerated fear of negative
social feedback. SAD has its peak incidence andhmage of onset in adolescence
(with lifetime incidence of 11%; Banerjee, 2008;eBdo et al., 2007), and results in
an array of negative life consequences includingliited economic potential (e.g.
due to poor school attendance) and interferench narmal social development

(e.g. due to poor peer socialisation).

The cognitive-developmental basis of SAD is poanhgerstood. There is evidence
that socially anxious children have specific soctgnitive difficulties with
understanding the links between mental states (B=#e2008). However, mental
state processing ability also shows protracted ldeweent throughout healthy
adolescence (e.g. Dumontheil et al., 2009), anthéamore, a high but sub-clinical
level of social anxiety may be a normative featofe@dolescence (Sebastian et al.,
2009). Research is needed on the cognitive compeileat differentiate normative
adolescent social development from its pathologicainterparts in SAD, in order
for individuals at risk to be identified. Could déscence itself be considered as a
‘risk factor’ for SAD, or is pathological social geessing in SAD fundamentally

different from typical adolescent self-consciousnasd social awareness?

Individuals with SAD, or at risk of developing SABIso show abnormalities within
parts of the brain that undergo protracted strattdevelopment up to or during
adolescence, including brain regions that are icapdid in social cognition such as
the rostral and anterior cingulate cortex (inclgdarMPFC), the amygdala, and
fronto-amygdalar white matter tracts (Phan et a009; Milham et al., 2005;

Blankenstein et al., 2009). The functional releveant these abnormalities in SAD,
and their relationship to typical adolescent nemab@mical development, is a

potentially fruitful avenue for future investigatio

7.4 Overall summary

This thesis combines the new and rapidly expandielgls of social cognitive
neuroscience, and developmental cognitive neunosejeto present novel evidence
for development during adolescence of aspects disid@-making, emotion

understanding and the neural correlates of so@ghition. Much remains to be
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done. Future research could focus on (1) the mésmasnby which social and
emotional factors influence decision-making durigplescence, especially risky
decision-making; (2) possible relationships betwewrrbertal development and
neuroanatomical/cognitive development; (3) the mixte which neuroanatomical
and/or cognitive development underlie changes mttional brain activity during

adolescence; and (4) relationships to the develapofegsychiatric disorders.
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Appendix 2.1: Gambling task parameter structure

x1 and yl1 are the two possible outcomes of lottep(k1) is the probability of
obtaining x1, outcomel is the actual outome oklytt, EV1 is the expected value
of lotteryl and SD1 is the standard deviation futdryl. Similarly q(x2), x2, y2,
outcome2, EV2 and SD2 are the parameters for y&tedEV and dSD are the
differences in expected values and standard dewiaispectively between the two

lotteries.

Trial p(x1) x1 yl outcomel EV1 SD1 q(yl) x2 y2 outcomel EV2 SD2 dEV dSD
1 0.2 -50 -200 -200 -170 60 0.2 50 -50 -50 -30 40 -140 20
0.5 200 -50 -50 75 125 0.5 200 -200 200 0 200 75 -75
0.8 200 -200 200 120 160 0.5 200 50 50 125 75 -5 85
0.2 200 50 50 80 60 05 50 -200 -200 -75 125 155 -65
0.8 50 -200 50 0 100 0.2 50 -50 -50 -30 40 30 60
0.5 200 50 50 125 75 0.5 200 -200 200 0 200 125 -125
0.5 200 -200 -200 0 200 0.8 200 -50 200 150 100 -150 100
0.2 200 -200 200 -120 160 0.5 200 -50 -50 75 125 -195 35
0.2 50 -200 -200 -150 100 0.8 50 -50 50 30 40 -180 60
10 0.2 50 -50 -50 -30 40 0.2 50 -200 -200 -150 100 120 -60
11 0.2 200 -50 200 0 100 0.2 200 50 50 80 60 -80 40
12 0.8 200 -50 -50 150 100 0.5 200 -200 200 0 200 150 -100
13 08 50 -50 50 30 40 0.5 200 -200 -200 0 200 30 -160
14 0.2 -50 -200 -200 -170 60 0.8 -50 -200 -50 -80 60 -90 O
15 05 200 -50 -50 75 125 0.2 200 50 50 80 60 -5 65
16 0.8 200 -200 200 120 160 0.2 200 -50 -50 0 100 120 60

O©CoOo~NOoOUh~WN

17 0.8 50 -200 50 0 100 0.2 200 -200 200 -120 160 120 -60
18 0.8 -50 -200 -50 -80 60 0.8 50 -200 50 0 100 -80 -40
19 0.5 -50 -200 -50 -125 75 0.2 200 -200 -200 -120 160 -5 -85
20 0.2 200 -200 -200 -120 160 0.8 50 -200 50 0 100 -120 60
21 0.2 200 -200 -200 -120 160 0.8 50 -200 50 0 100 -120 60

22 08 200 -50 200 150 100 0.8 200 -200  -200 120 160 30 -60
23 05 200 -50 -50 75 125 0.2 200 -200 200 -120 160 195 -35
24 0.5 200 -200 200 0 200 08 50 -50 50 30 40 -30 160
25 05 50 -200 50 -75 125 0.5 -50 -200 -50 -125 75 50 50
26 0.5 200 50 200 125 75 0.8 200 -50 -50 150 100 -25 -25
27 0.8 -50 -200 -50 -80 60 0.2 50 -200 -200 -150 100 70 -40
28 0.8 200 50 50 170 60 0.8 200 -200 200 120 160 50 -100
29 0.2 -50 -200 -200 -170 60 0.5 -50 -200 -50 -125 75 -45 -15
30 05 50 -200 50 -75 125 0.5 -50 -200 -200 -125 75 50 50
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Appendix _3.1: The pattern across blocks of percent correct cho{eer.t. ideal
observer model) is highly similar between grouphkisTsuggests that age group
differences in performance are due to stable diffees in strategy, not merely due

to slower learning or familiarisation with the taskadolescents relative to adults.

Percent correct by block

0.7 T
0.68 -
0.66 -
0.64
0.62 -

0.6 -
0.58 -
0.56 -
0.54
0.52

0.5

—e— Adolescent

% correct

—a— Adult

Block
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Appendix 4.1: Physical development questionnaire

Responses to this questionnaire were used to agsigitipants to one of three
puberty groups: Pre-puberty, Mid-puberty and Pasdtepty. We assigned
participants to the Pre-puberty group if they ansdeno’ to question 6 and also
circled option ‘a’ in response to questions 3, @ 8nWe assigned participants to the
Post-puberty group if they answered ‘yes’ to quest and also circled options ‘c’
and ‘d’ in response to questions 3, 7 and 8. Rpamnts who did not fit either of

these criteria were assigned to the Mid-pubertygro

This is a standard questionnaire that is useddk & development during childhood

and adolescence.

This questionnaire may be completed by:

*The parent(s)
*The parent(s) and pupil
*The pupil

*Please place a tick against the option chosen.

The questions are about physical changes that figriveppen to young people at
different ages. As we are researching developmemtingl childhood and

adolescence, it is important for us to know at appnately what stage each
child/young person is in terms of physical develepm We would therefore like to

ask you to do your best to answer these questanesutly.
If you do not understand a question or do not ktioevanswer, try to answer as best

as you can or leave it blank. If you don't feel éorable answering a question,

please just leave it blank and move on to the oagt
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Appendix 4.2 Scenarios used in the emotion questionnaire

Anger

1. One day you went to the park. Somebody hadahbetby bird.

2. You saw your brother in your bedroom. He tooknsthing of yourswitho
asking.

3. You asked your friend to hand in your homewd@ke forgot,and you got i
trouble.

4. You were standing in the dinner queue. Someasbked in front of you.

5. You got a new CD for your birthday. You lentatyour brother and he broke

6. You saw someone walk by the window. They threbbish into your garden.

7. You told your friend a secret. He told everyaheut it.

8. You tried really hard on a maths test. Your esichought you had cheated.

Fear

1. You were riding your bike down a stefpll. Suddenly, your brakes stoy

working.

2. You were watching the news on TV. You heard tAapoisonous be&v:

invading Britain.

3. It was a very dark and windy night. Suddenly/ttee lights went out in the hou

4. You felt something on your neck. It was a hugjeer crawling on you.

5. You were climbing a very tall tree. You realizbb@ branch you were standin

was going to break.

6. Your mum was driving you to school. The road wasy icy and the cake
skidding.

7. Your friend was being bullied at school. Thelyptireatened to hurt you too.

8. You were watching TV at night. Suddenly, a lowise made you jump.
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Embarrassment

1. At the dinner table, someone told a funny joWéhile laughing,you burp

loudly.

2. You were eating lunch at school. You realised lyad food stuck in your teett

3. You ate too many sweets at a party. You threwdpont of your friends.

4. You were wearing your school jumper inside &weryone was laughing at y:

5. You dressed as a mouse a fancy dress party. When you got there, ne @

was dressed up.

6. You made a joke about your best friend. Thenngalized she was standingl

behind you.

7. You were nasty about a girl in your class. Youerid said that she was his

girlfriend.

8. While shopping, you broke a cup. You tried tavie quietly, but thenanag

shouted for you to stop.

Guilt

1. You were running down the corridor at schoolu¥umped into your friend

she fell over.

=7

2. You were meant to be looking after your littheother but you went out. W

you got back, he was crying.

3. You told yourfriend you would meet her after school, but yotg@a. She w

waiting in the playground by herself.

4. Your little sister asked you to help tie hereshaces, but you didn't. SHell ov¢

and hurt herself.

5. You took your dog to the park. While you werkkiteg to your friend,your dc

got lost.

6. Your Mum bought you a hamster. You didn’t lodteait properly and it died.

7. You were looking at your Mum'’s jewellery but yewere not careful and

broke it. You knew she would be upset.

8. You were running around the living room. You acci@#gtknocked over

television.
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Appendix 5.1

fMRI study of social emotion: Sentences used in thecanner

Disgust

Self

Someone did a massive sneeze and snot flew infgoear

You saw a big hairy fly laying eggs on your frientlinch.

Your dad told you that the fridge was infested withggots

You saw dried green vomit stuck to the inside afryfsiend's sink.
You were in your friend's garden and you put yoamdhin slimy cat poo.
You saw a pile of rotting guts near the dustbigair friend's house.
A dirty child picked its nose with its fingers andped it on you.

You and your friend saw a dead pig's head in aywaihy.

Someone had left the toilet seat dirty and yowaat by mistake.
You saw your friend's dog eating its own vomitlie garden.

You took a big gulp of your friend's milk but it¢h@one off.

You found a sandwich under your friend's bed wittsa&rawling on it.
You saw flies and stinking fish in your friend'sdkien bin.

You were with your friend and you slipped on sonet dog poo.
Someone on the bus did a big snotty sneeze infgoar

You saw a big hairy fly crawling all over your frid's lunch.

Your friend was vomiting next to you and you cosidell it.

You saw a pile of rotten fish guts by the sink ouyfriend's kitchen.

Other

Snot flew all over your Mum's face when someonezed.

Your Mum saw a big hairy fly laying eggs on heefrd's lunch.

Your Mum'’s friend said that the fridge was infestégth maggots.

Your Mum saw dried green vomit stuck inside heerfd's sink.

Your Mum put her hand in slimy cat poo in her fdé&ngarden.

Your Mum saw a pile of rotting guts near the dusti her friend's house.
A dirty child picked its nose and wiped it on yddum.

Your Mum and her friend saw a dead pig's head ialleyway.

Someone had left the toilet seat dirty and your Maaton it.
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Your Mum saw her friend's dog eating its own vomit.

Your Mum took a big gulp of her friend's milk batiad gone off.

Your Mum found a sandwich under her friend's betthants crawling on it.
Your Mum saw flies and stinking fish in her friesditchen bin.

Your Mum was with a friend and she slipped on weg gdoo.

Someone did a big snotty sneeze in your Mum's face.

Your Mum saw a big hairy fly crawling on her frieadunch.

Your Mum'’s friend was vomiting next to her and sbald smell it.

Your Mum saw some rotten fish guts by the sinkentiend's kitchen.

Fear

Self

A strange man's face appeared at your window imiyfet.

An angry dog was barking and running towards yadiyaur friend.

You suddenly woke up as someone screamed by yaur be

You thought that someone was following you in thekd

A man on a motorbike suddenly swerved and almastdui.

Your dad slammed on the brakes as a lorry hurdegitds you.

You were with your friend and a creature ran upryeck.

A dog was growling and trying to bite you and yéiend.

You and your friend were alone in the dark andeheere funny noises.

You were with your friend and a spider ran acrassryare feet.

Your friend said there was a hairy spider crawlamgyour neck.

You were watching horror movies with your frienddaamloud noise made you jump.
You felt something tickling your neck and your friescreamed that it was a huge
spider.

The old cupboard door slammed and you and youndnigere locked in.

Your friend screamed that there was a wasp insde pimper.

You imagined that a scary face appeared at youdaevinin the night.

You were about to cross the road when a motordysierved in front of you.

You suddenly woke up as a face appeared at youtomin

Other
A face appeared at your Mum's window in the night.
An angry barking dog was running towards your Mumd her friend.
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Your Mum suddenly awoke as someone screamed blydaker

Your Mum thought someone was following her in tlaekd

A man on a motorbike swerved and almost hit youniu

Your Mum slammed on the brakes as a lorry driveraait hit her.

Your Mum was with her friend and a creature rarhepneck.

An angry dog was trying to bite your Mum and héerid.

Your mum and her friend were alone in the dark éwede were funny noises.

Your Mum was with her friend and a spider ran asfosr bare feet.

Your Mum'’s friend said there was a hairy spidehenneck.

Your Mum was watching horror movies with her frieadd a loud noise made her
jump.

Something tickled your Mum's neck and her friendeamed that it was a huge
spider.

The old cupboard door slammed and your Mum andrfesrd were locked in.
Someone screamed that there was a wasp insidéMuguls jumper.

Your Mum imagined a scary face looking into her dow at night.

Your Mum was about to cross the road when a mottistyswerved in front of her.

Your Mum suddenly woke up as a face appeared avimetow.

Embarrassment

Self

You did a squeaky fart in front of a boy you famtie

Your friend said you had a wet patch on your buhthal way home.
You couldn't stop blushing in front of a boy yoked.

Your friend told you that you had really bad breath

You were quietly picking your nose but your friesalv you.

You were eating with your friend and spinach gatktin your teeth.
You sneezed in front of someone and snot flew dybar nose.
You fell asleep on the bus with your head on sorasoshoulder.
Food flew out of your mouth while you were eatinghwyour friend.
You were eating with your friend and you dribblezah your top.
You tripped over in front of a boy you liked.

You were at the cinema with your friend and youlgot hiccups.
You fell asleep on the train and dribbled on thespe next to you.

Your dad started doing rock 'n' roll dances inghpermarket.
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You farted loudly in front of your friend's big bher.
You sneezed on the bus and snot flew onto somettimg $1ext to you.
Your friend said you had baked beans down youmtbgay.

Your dad was singing loudly in a silly voice in tbieeet.

Other

Your Mum did a squeaky fart in front of her boss.

Your Mum'’s friend said she had a wet patch on hen bll the way home.
You Mum couldn't stop blushing in front of her wdrlend.

Your Mum'’s friend told her she had really bad Hreat

Your Mum was quietly picking her nose but her fdesaw.

Your Mum was eating with her friend and spinachgjatk in her teeth.
Your Mum sneezed in front of someone and snot flewm her nose.
Your Mum fell asleep on the bus with her head aneone's shoulder.
Food flew from your Mum's mouth while she was egtivith her friend.
Your Mum dribbled down her top while eating wittr lieend.

Your Mum tripped in front of her boss at work.

Your Mum was at the cinema with her friend andlgat hiccups.

Your Mum fell asleep on the train and dribbled be person next to her.
Your Mum'’s friend started doing a silly dance ie #upermarket.

Your Mum farted loudly in front of her friend's tend.

Your Mum sneezed on the bus and snot flew onto someext to her.
Your Mum'’s friend said she had baked beans dowrtolpeall day.

Your Mum'’s friend was singing loudly in a silly wei in the street.

Guilt

Self

You laughed at a quiet girl you know and it madedaal.

You sent a horrible text message to your friendnwweu were angry.

You laughed when your friend told you she was fegteally upset.

You forgot to feed your friend's cat while she washoliday.

You got really cross one day and swore at a lttliéd.

You joined in when people were laughing at yourt lixésnd.

You completely forgot about your best friend's Hudy and she was upset.

You spread gossip about your best friend and sinedfout.
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You pretended to be sick so you didn’t have to g @sit your gran.

Your gran asked you to post an important letteryjout lost it.

You didn't help your little brother with his workid he was crying with frustration.
You accidentally laughed when your friend trippeioand hurt herself.

You found some money in your friend's house and kdpr yourself.

You forgot to meet your friend and she was waitmthe cold by herself.

You lied to your dad when you wanted to go out wiblr friend.

You kept some money that a little old lady had ghexgbin the street.

You wrote a horrible email to your friend when yware angry.

You joined in when people were gossiping behindrymst friend's back.

Other

Your Mum laughed at a quiet lady at work and it enaér sad.

Your Mum sent a horrible text message to her friwhén she was angry.
Your Mum laughed when her friend said she wastigalipset.

Your Mum forgot to feed her friend's cat while shas away.

Your Mum got cross and swore at her friend's baby.

Your Mum joined in when people laughed at her Ifrésnd.

Your Mum forgot about her best friend's birthday ahe was upset.
Your Mum spread gossip about her best friend aedaiind out.

Your Mum pretended to be sick so that she didrvehta visit her friend.
Your Mum'’s friend gave her an important letter tsfpand she lost it.
Your Mum didn't help your little brother and he waging with frustration.
Your Mum laughed when her friend tripped over and herself.

Your Mum found some money in her friend's house laamt it.

Your Mum forgot to meet her friend and she was ngitn the cold.

Your Mum lied to her friend when she didn't wansee her.

Your Mum kept some money that an old lady had deogp the street.
Your Mum wrote a horrible email to her friend whame was angry.

Your Mum joined in when people were gossiping aldwrtbest friend.

Happy™®
You finished all of your exams and had a party.

1% Happy sentences were shown at the end of the scasession in order to
counteract possible negative emotional carry-offects from the emotion
stimuli.
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You won an iPod in a competition.

You were about to go on a summer holiday.

You won tickets to the cinema for you and yourrids.
You went out for a special meal with your family.

You were looking forward to your birthday celeboasis.
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Appendix 5.2

fMRI study of social emotion: Pilot questionnaire

An example questionnaire which was distributedhibdcpilot participants is shown
overleaf. There were eight different versions @& tluestionnaire, with the order of
the four emotions fully counterbalanced and theeordf the specific sentences

reversed within each emotion.
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Emotion questionnaire 11

In this questionnaire, you will be answering questions about the emotions
you feel in different situations. The emotions you will be asked about are:

Disgust: you might feel disgusted if you smell rotting rubbish in the
street outside your house.

Embarrassment: you might feel embarrassed if you have to go to
school with food stains down your clothes.

Fear: you might feel afraid if there is an angry dog running towards
you in the park.

Guilt : you might feel guilty if you forgot about your friend’'s birthday
and she was sad.

Happiness: you might feel happy if you won a pair of cinema tickets
for you and your friend.

For each sentence you read, you should imagine that the situation described
is happening to you, and circle one of the numbers from 1 to 4 to show how
much of the emotion you would feel.

1 = | would not feel the emotion at all
2 = | would feel the emotion a little bit
3 = | would feel the emotion quite a bit
4 = | would really feel the emotion a lot

Then, circle one of the numbers from 1 to 4 to show how sure you feel about

this.
1 =1am not at all sure
2 = | feel a bit unsure
3 = | am quite sure
4 = | am definitely sure
For example,
D|SGUST How How sure ar¢

DISGUSTED? | you abou
this?

You saw a dustbin spilling its rubbish into the street. | 1 2m 1 2 3ﬁ- )

N/

Thank you!
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How How sure are

DISGUST DISGUSTED? | you about
this?

1. You saw flies and stinking fish in your friend's kitchef 1 2 3 4 |1 2 34

bin.

2. You saw dried green vomit stuck to the insideofyoy 1 2 3 4 |1 2 34

friend's sink.

3. You saw a big hairy fly laying eggs on your friend's |1 2 3 4 |1 2 34

lunch.

4. You were with your friend and you slippedonsome |1 2 3 4 |1 2 34

wet dog poo.

How EMBARR How sure

EMBARRASSMENT How CMBARR) How su
about this?

1. You did a squeaky fart when you were with a boy. 1 2 3 4 )1 2 34

2. Your dad started doing rock 'n’ roll dances in the 1 2 3 4|1 2 34

supermarket.

3. Your friend said you had a wet patch on your bumallf1 2 3 4 |1 2 34

the way home.

4. You couldn't stop blushing in front of aboyinyour |1 2 3 4 |1 2 34

class.

FEAR How AFRAID? How sure arg
you about
this?

1. You were with your friend and something furryran |1 2 3 4 |1 2 34

down your neck.

2. Someone jumped out at you in the dark. 1 2 3 4|1 2 34

3. The old cupboard door slammed and youandyour |1 2 3 4 |1 2 34

friend were locked in.

4. You were with your friend and a furry creatureran |1 2 3 4 |1 2 34

across your bare feet.

How GUILTY? How sure are

GUILT you about
this?

1. Your mum was sad when you completely forgot 1 2 3 4|1 2 34

about Mothers' Day.

2. You spread gossip about your best friendandshe |1 2 3 4 |1 2 34

found out.

3. You laughed when your friend told you she was 1 2 3 4|1 2 34

feeling upset.

4. Your little sister’s rabbit died because you didn'tlook 1 2 3 4 |1 2 34

after it properly.

243



How How sure are
DISGUST DISGUSTED? | you about
this?
5. You opened your brother's lunchbox anditwasfull¢1 2 3 4 |1 2 34
mould
6. Your friend was turning her eyelids inside outonthef 1 2 3 4 |1 2 34
bus.
7. You were in your friend's garden and you putyour |1 2 3 4 |1 2 34
hand in slimy cat poo.
8. You saw a pile of rotting guts near the dustbinatyol 1 2 3 4 |1 2 34
friend's house.
How EMBARR How sure
EMBARRASSMENT How CMBARR) How su
about this?
5. Your friend told you that you had really bad breath. |1 2 3 4 |1 2 34
6. You were quietly picking your nose but your friend 1 2 3 4|1 2 34
saw you.
7. You were eating with your friend and spinach was 1 2 3 4|1 2 34
stuck in your teeth.
8. Your dad was singing loudly in a silly voice in the 1 2 3 4|1 2 34
street.
How AFRAID? How sure are
FEAR you about
this?
5. You thought someone was following you inthedark, 1 2 3 4 |1 2 34
6. A man on a motorbike suddenly swervedandalmos{ 1 2 3 4 |1 2 3 4
hit you.
7. Your friend told you there was a wasp crawlinginsidf1 2 3 4 |1 2 3 4
your jumper.
8. You got stuck in your friend's basement and you 12 3 4|1 2 34
thought you couldn't breathe.
How GUILTY? How sure are
GUILT you about
this?
5. You couldn't be bothered to help your friend withheq 1 2 3 4 |1 2 3 4
work and she failed.
6. You found some money in your friend's houseand |1 2 3 4 |1 2 3 4
kept it for yourself.
7. You were messing around with your friendandyou |1 2 3 4 |1 2 3 4
broke her parents' wedding photos.
8. You kept some money that a little old lady had 1 2 3 4|1 2 34
dropped in the street.
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How How sure are

DISGUST DISGUSTED? | you about
this?

9. A dirty child picked his nose with his fingers and 1 2 3 4 |1 2 34

wiped it on you.

10. You saw your friend's dog eating its own vomitin |1 2 3 4 |1 2 34

the garden.

11. You found an old sandwich under your friend'sbed 1 2 3 4 |1 2 34

with ants crawling on it.

12. Your dad told you to put the bin bags outandthey |1 2 3 4 |1 2 34

were all slimy.

How EMBARR How sure

EMBARRASSMENT How CMBARR) How su
about this?

9. Your friend told you that you snore loudly atsleep- |1 2 3 4 |1 2 34

overs.

10. Your mum made you go and buy loads of loo roll 1 2 3 4|1 2 34

from the corner shop.

11. You sneezed in front of someone and snotflewout|1 2 3 4 |1 2 34

of your nose.

12. You fell asleep on the bus with your head on 1 2 3 4|1 2 34

someone's shoulder.

FEAR How AFRAID? How sure are
you about
this?

9. A dog was growling and trying to biteyouandyour |1 2 3 4 |1 2 34

friend.

10. Your friend said there was a hairy spider crawling |1 2 3 4 |1 2 34

on your neck.

11. You and your friend were alone in the park atnightf 1 2 3 4 |1 2 34

12. There was a huge snake slithering towardsyouan¢1 2 3 4 |1 2 34

your friend on holiday.

How GUILTY? How sure ar

GUILT you about
this?

9. You forgot to meet your friend and she was waitingif1 2 3 4 |1 2 314

the cold by herself.

10. You lied to your mum about where you wentwith |1 2 3 4 |1 2 34

your friends.

11. You wrote a horrible email to your friend whenyou|1 2 3 4 |1 2 314

were angry.

12. You laughed at your friend’s new haircutandshe |1 2 3 4 |1 2 34

started crying.
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How How sure are

DISGUST DISGUSTED? | you about
this?

13. You and your friend saw a dead pig'sheadinan |1 2 3 4 |1 2 34

alleyway.

14. You and your friend walked past a smelly dustbinif 1 2 3 4 |1 2 34

the street.

15. Somebody had left the toilet seat dirtyandyousat|1 2 3 4 |1 2 34

on it by mistake.

16. Somebody did a massive sneeze and snotflewin |1 2 3 4 |1 2 34

your face.

How EMBARR How sure

EMBARRASSMENT How EMBARF How su
about this?

13. Your friend told you your t-shirt had beeninsideout| 1 2 3 4 |1 2 34

all day.

14. Food flew out of your mouth while you wereeating |1 2 3 4 |1 2 34

with your friend.

15. You were eating with your friend and you dribbled |1 2 3 4 |1 2 34

down your top.

16. You had loo roll stuck to your shoe as you leftthe |1 2 3 4 |1 2 34

toilets with your friend.

FEAR How AFRAID? How sure are
you about
this?

13. You and your friend were alone in the dark and 1 2 3 4|1 2 34

there were funny noises.

14. You were in a storm with your friend and therewas|1 2 3 4 |1 2 34

lightning all around.

15. You were watching a horror movie at night withyoy 1 2 3 4 |1 2 34

friend and a loud noise made you jump.

16. You felt something tickling your neck and your frieqf’ 1 2 3 4 |1 2 34

screamed that it was a huge spider.

How GUILTY? How sure are

GUILT you about
this?

13. You told white lies to your mum to getout of doing |1 2 3 4 |1 2 34

the housework.

14. You let people think you did some work thatyour |1 2 3 4 |1 2 34

friend had spent ages on.

15. You pretend to be sick so you don'thavetogoand/1 2 3 4 |1 2 34

visit your gran.

16. Your gran asked you to post an important letterbutf 1 2 3 4 |1 2 34

you lost it.
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How How sure are

DISGUST DISGUSTED? | you about
this?

17. Your friend was vomiting and you could smell it. 1 2 3 4 |1 2 34

18. You and your friend saw a filthy rat with fleas 1 2 3 4 |1 2 34

jumping on it.

19. You put something in your friend's bin and flies 1 2 3 4 |1 2 34

buzzed out in your face.

20. You took a big gulp of your friend's milk butithad {1 2 3 4 |1 2 34

gone off.

How EMBARR How sure

EMBARRASSMENT How CMBARR) How su
about this?

17. You were doing a pop dance in yourroomandyourf 1 2 3 4 |1 2 34

brother was spying on you.

18. You tripped over in front of a boy you liked. 1 2 3 4|1 2 34

19. You were at the cinema with your friend andyougo|1 2 3 4 |1 2 34

loud hiccups.

20. You fell asleep on the train and dribbled on the 1 2 3 4|1 2 34

person next to you.

FEAR How AFRAID? How sure are
you about
this?

17. The lift got stuck and you and your friend were 1 2 3 4|1 2 34

trapped.

18. An angry dog was barking and running towardsyoy 1 2 3 4 |1 2 3 4

and your friend.

19. Your dad slammed on the brakes as a lorry hurtledf 1 2 3 4 |1 2 3 4

towards you.

20. You imagined someone was creeping upbehind |1 2 3 4 |1 2 3 4

you in the dark.

How GUILTY? How sure are

GUILT you about
this?

17. You didn't help your little brother with hisworkand |1 2 3 4 |1 2 3 4

he was crying with frustration.

18. You accidentally laughed when your friend tripped |1 2 3 4 |1 2 3 4

over and hurt herself.

19. Your best friend was upset because you forgotit |1 2 3 4 |1 2 3 4

was her birthday.

20. You forgot to feed your friend's cat while shewaso/ 1 2 3 4 |1 2 3 4

holiday.
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How How sure are

DISGUST DISGUSTED? | you about
this?

21. You and your friend saw some flies buzzing allove| 1 2 3 4 |1 2 34

a dead rat.

22. You bit into your friend's brown rotten apple by 1 2 3 4 |1 2 34

mistake.

23. Your friend said she saw a fly crawling on your 1 2 3 4 |1 2 34

lunch.

24. Your dad told you that the fridge was infestedwith |1 2 3 4 |1 2 34

maggots.

How GUILTY? How sure are

GUILT you about
this?

21. You got really cross and swore at a little child. 1 2 3 4|1 2 3 4

22. You joined in when people were laughingatyour |1 2 3 4 |1 2 3 4

best friend.

23. You made fun of a quiet girl you know anditmade |1 2 3 4 |1 2 3 4

her cry.

24. You sent a horrible text message to your friend 1 2 3 4|1 2 34

when you were angry.

HAPPIN ESS How HAPPY?| How sure arg
you about
this?

1. You won an iPod in a competition. 1 2 3 4|1 2 34

2. You were about to go on your summer holiday. 12 3 4|1 2 34

3. You thought your cat was lost but it came back. 1 2 3 411 2 34

4. You got a beautiful new pair of shoes. 1 2 3 411 2 34

HAPPINESS How HAPPY?| How sure arg
you about
this?

5. You went out for a special meal with your family. 12 3 4|1 2 34

6. You were singing along to your favourite song. 1 2 3 4|1 2 34

7. You were looking forward to your birthday 1 2 3 4|1 2 34

celebrations.

8. You finished all of your exams. 1 2 3 4|1 2 34
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Appendix 5.3

Regression analysis: brain regions for which actity to other > self correlates

with perceived dissimilarity of (m)other to self

Of interest was the effect of perceived self-mottiéerence (PSMD) on the neural
processing of emotion sentences from the (m)otaespective. It was predicted that
participants with high PSMD scores (those who peetk their mother to be

dissimilar to self) would show stronger activitytinnh dorsal MPFC during other >
self, while participants with low PSMD scores (teagho perceived their mother to
be similar to themselves) would show stronger &gtivithin ventral MPFC other >

self (e.g. Mitchell et al. 2006), or perhaps ndatdnce (if subjects were simply

treating self and other as the same).

Linear regression analysis was therefore conduateithe second (group) level in
SPM, using single-subject PSMD scores (from botk ggoups) as a regressor.
Brain regions were identified for which activity other > self correlated with the

degree of perceived dissimilarity of mother to self

Results showed that the dorsal MPFC ([6 42 B6k 0.001 uncorrected; size in
voxels = 26), left TPJ ([-48 -62 20, < 0.001 uncorrected; size in voxels =108) and
right TPJ ([48 -60 16]P < 0.001 uncorrected; size in voxels = 84 with aoseary
peak at [44 -58 24P < 0.001) were more active during other > self intipgants
with high PSMD scores, that is, participants whocpered the other (their mother)

to be more dissimilar to self.

No brain regions showed a negative correlation W8MD scores during other >
self, that is, for subjects who perceived the ofltlegir mother) to be similar to self,

there were no differences in activation betweeha® other sentences.

Figure

PSMD-correlated activation in dorsal anterior rasMPFC [6 42 16] (top), left TPJ

[-48 -62 20] (bottom left and right) and right TRIB -60 16] (bottom right, right

hand activation shown without crosshair) duringeoth self. These brain regions

were more active during other > self for particiggawho perceived the other (their
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mother) to be more dissimilar to self. ShownPat 0.001 uncorrected (minimum

voxel extent = 4).

Reference
Mitchell JP, Macrae CN, Banaji MR (2006). Dissodabmedial prefrontal

contributions to judgments of similar and dissimi¢hers. Neuron, 50(4), 655-63.
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