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Neural correlates of pragmatic processing in adolescents

Christoffer Forbes Schieche

Abstract

Understanding indirect speech, i.e., when an utterance does not match the intended meaning, is
one of many pragmatic abilities at play in conversation. While the development of pragmatic
abilities starts early, they continually develop throughout adolescence although this period is un-
derstudied. Recent fMRI-results in adults suggest that pragmatic processing is segregable from
other skills, such as core language, theory of mind (ToM), and cognitive control functions. In
this thesis, pragmatic processing was investigated in adolescents contrasting indirect and direct
speech. Brain activity was measured using fMRI in adolescents listening to short conversations
and existing data from adults was used to investigate age-related effects. The bilateral occipital
gyri and the cuneus showed stronger activation in adolescents when listening to indirect speech.
The cuneus has previously been implicated in ToM-tasks and socio-emotional processing. The
results support earlier accounts of differing neural signatures of ToM with age and heightened
social sensitivity in adolescence, and couldmean that pragmatics drawsmore on ToM at younger
ages. Additional results showed an interaction while listening to parts of the conversations not
manipulated by the main contrast: greater activation in adults could in part reflect differences
in attention or engagement.
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Neurala korrelat för pragmatisk bearbetning i tonåren

Christoffer Forbes Schieche

Sammanfattning

Att förstå indirekt tal, det vill säga när ett yttrande inte matchar den bakomliggande meningen,
är en av många pragmatiska förmågor som används under konversation. Utveckling av prag-
matiska förmågor börjar tidigt i livet och fortsätter att utvecklas under tonåren, dock är den
perioden understuderad. fMRI-resultat hos vuxna föreslår att pragmatisk bearbetning går att
skilja från andra förmågor, såsom språk, mentalisering och kognitiv kontroll. I den här uppsat-
sen undersöktes pragmatisk bearbetning hos ungdomar genom att kontrastera indirekt och direkt
tal. Hjärnaktivitet mättes med fMRI hos ungdomar när de lyssnade på korta konversationer och
tidigare insamlad data från vuxna användes för att undersöka åldersrelaterade effekter. Starkare
aktivering hittades hos ungdomar i bilaterala occipitalloben och vänster cuneus när de lyssnade
på indirekt tal. Dessa områden har kopplats till mentalisering och socio-emotionell bearbetning.
Detta stämmer överens med tidigare resultat där ToM-aktivering ändras med åldern och att ung-
domsåren är extra socialt känsliga och skulle kunna innebära att pragmatik använder sig mer
av ToM tidigare i livet. Ytterligare resultat visade interaktion under språklig bearbetning av tal
som inte var del av den huvudsakliga manipulation. Starkare aktivering hos vuxna skulle delvis
kunna indikera skillnader i uppmärksamhet och engagemang.

Nyckelord

fMRI, kognitiv kontroll, mentalisering, pragmatik, tonåringar
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1 Introduction

For efficient conversational interaction to take place, interlocutors need to make use of skills
beyond knowledge of vocabulary and the grammar of a language. This set of pragmatic skills
includes (but is not exhaustive to) turn-taking, fine-tuning utterances to specific recipients (i.e.,
audience design), interpreting utterances beyond literal meaning, etc. The development of such
skills starts early in life (Bara et al. 1999) and is thought to continue throughout childhood, ado-
lescence, and into adulthood. During adolescence the social situations and kinds of interactions
one partakes in change, where interaction with others outside the family unit grows in impor-
tance (Blakemore and Mills 2014) and pragmatic skill may be useful for peer-acceptance (Place
and Becker 1991). Alongside this are neuroanatomical changes as the brain matures towards
adult structure and function (Konrad et al. 2013). However, descriptions of pragmatics and its
developmental trajectory during adolescence is especially under-studied, as compared to early
childhood and investigations of pragmatic behavior in adult populations.

Furthermore, the neural basis of pragmatics (or “neuropragmatics”) is in its nascent stages
(Tomasello 2023), as the technical capabilities of such inquiries have only started to develop in
the past few decades. With the help of neuroimaging techniques such as functional magnetic
resonance imaging (fMRI), the capabilities of investigating the neural basis of linguistic and
pragmatic phenomena have become possible. Additionally, it may shed light on how pragmat-
ics relate to other cognitive skills or functions which it is often discussed in relation to (core
language, theory of mind, and cognitive control functions, Matthews et al. 2018). Recent fMRI-
studies on adults suggest that pragmatics can be, at least in part, segregated from these other cog-
nitive functions on a neural basis (Bendtz et al. 2022). Using the fMRI-paradigm from Bendtz
et al. (2022), this thesis aims to investigate the neural basis of pragmatic processing in adoles-
cents and how it relates to functional brain networks belonging to other cognitive functions, as
well as developmental aspects in comparing adolescents and young adults.
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2 Background

This background section will have the following structure: First, the pragmatic phenomenon of
indirect speech acts, or particularized implicatures, is described, which is the operationalized
phenomenon for this thesis. Second, I present other skills often associated with pragmatics in
the literature, namely core language, theory of mind, and cognitive control functions, as well as a
description of their respective associated functional brain networks. Last, pragmatic skill devel-
opment will be addressed, as well as neurobiological and functional changes during childhood
and adolescence that may subserve the development of pragmatics and other social skills.

2.1 Indirect speech acts and particularized implicature

s In conversation, the literal meaning of utterances is not always the intended meaning that
speakers actually wish to convey. Despite such mismatches of linguistic form and meaning,
we most often manage to understand each other efficiently. For example, depending on con-
text, the response in the bottom of Table 1 may be interpreted in different ways. In the case of
it being preceded by question a), the response is providing the requested information, i.e., the
reason for why they did not receive a raise. In b), the posed question expects a yes/no-answer
(with potential expansion), which is not provided. Rather the response makes a statement about
the company on a formal level, though most (adult) speakers would understand this as another
way of saying “no, I did not get a raise today (because …)”. In pragmatic theory, this mis-
match between form and intended meaning results in the phenomenon called indirect speech act
(henceforth ISA, Searle 1975) or particularized implicature (PI, Grice 1975).

How do we manage to come to understanding meanings not explicitly stated in utterances,
i.e., ISAs? Grice’s (1975) Cooperative Principle suggests that for efficient conversation, speak-
ers should observe four maxims: quantity, quality, relation, and manner. Of most importance
here is the maxim of relation which postulates that speakers’ contributions should be relevant
and pertinent to the discussion/conversation. In the example below, the reply to b) does not
follow this maxim as it is not explicitly answering the question. It could also be argued that the
answer does not completely follow the maxim of quantity: the expected response would be a
“yes” or “no”, but instead a whole sentence is provided. To make sense of the answer, and why

Table 1: Example of how an utterance (here the response to a question) can fulfill different kinds
of speech acts depending on the context within which it appears.

a) Direct speech act b) Indirect speech act

Question Why didn’t you receive a raise today? Did you receive a raise today?

Response The company has spent a lot of money on new business lately...
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one’s interlocutor may have disregarded one (or more) of the maxims, the listener must infer
from the context what the implicit meaning is, i.e., make an indirect reading of the utterance.

The presented example bases the direct/indirect readings of the replies based on an imme-
diate (linguistic) context that must be considered to understand the intended meaning of the
speaker. But this is not the only kind of implicature or the only kind of ISA. Searle (1975, pp.
64) also describes indirect speech acts which are more or less conventionalized, mainly in the
domain of requests and orders. If a table partner asks you, “Can you pass me the salt?”, a literal
interpretation of this as a question about the interlocutor’s physical capabilities would seem very
peculiar except in rare cases. Searle (1975) claimed that constructions like “can/could you…”
are not idioms, though nonetheless idiomatic, which differs from the example in Table 1, where
context would be necessary for successful inference. While both are indirect, through frequent
exposure requests of the “can/could you...”-form may make them different in regard to how
we come to the understanding of the intended meaning, and such idiomatic ISAs may not at
all require inferential processes. For this thesis on the other hand, the operationalized ISA are
non-conventionalized ISAs, assumed to require further pragmatic processing.

There may be various motivations for performing ISAs, one of which to avoid so called
face threatening acts (FTAs). Face (Goffman 1955) can be thought of as one’s self-image that
is established in relation to others in interaction. Politeness theory (Brown and Levinson 1987)
stipulates that we make use of various strategies to save or maintain our own and others’ face
during interaction, i.e., avoiding actions and utterances that may reflect negatively on oneself
or others. For example, criticism, disagreement, and admissions of guilt or failure have the
potential to be FTAs (where either the speaker’s and/or hearer’s face may be threatened). One
of the strategies for avoiding it can be to revert to indirect speech, as in example b) in Table 1,
thus performing a face-saving act (FSA) .

2.2 Pragmatic-related skills

The following section describes abilities or skills often related in the literature to pragmatic skill
and pragmatic development, namely core (or formal/structural) language skills, theory of mind,
and cognitive control functions (or executive functions) (Matthews et al. 2018). I also discuss
these skills’ relation to pragmatics as well as their proposed neural bases.

2.2.1 Core language

Broadly defined, core language skill can be considered to include the capabilities which con-
stitute processing of language on multiple linguistic levels (phonological, morphological, syn-
tactic, semantic). Since pragmatics involves the use of language, for the sake of demarcation,
pragmatics can be seen as the use of language and inferential processes in interaction, rather
than a more straightforward en- or decoding of a linguistic message, which would be part of
core language. Several studies have found medium to large correlations with language skill and
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pragmatics in children’s development (Matthews et al. 2018). While Bendtz et al. (2022) found
correlations between pragmatic skill and two out of three language tests in young adults, based
on the results of their fMRI-study, they suggest that core language and pragmatics are segregable
processes (see section2.3 Neural basis for pragmatics)

The brain regions involved in core language processes are found in the perisylvian cortex,
including regions in the inferior frontal cortex, the temporal cortex, and angular gyrus in the
parietal cortex (Hagoort 2013). Activation during language processing can be found bilaterally
though often with a left hemispheric dominance. Specific functions of different parts of the core
language network will not be further discussed here, but as this thesis deals with a linguistic-
pragmatic task, activation in the core language network is expected.

2.2.2 Theory of mind

Theory of mind (ToM) or mentalizing refers to the ability to assign, or construct representations
of, mental states (beliefs, thoughts, wishes, intentions) to oneself as well as others, and that men-
tal states of others may differ from one’s own (Rakoczy 2022). While it has sometimes been
treated as a single ability, or have been poorly demarcated from related skills, such a view has
been criticized both for practical and conceptual reasons in that there seems to be a possibility (or
need) to deconstruct ToM into subcomponents (e.g., Schaafsma et al. 2015), and that different
behavioral tasks may target different aspects of ToM. Also, from a developmental viewpoint,
different ToM skills arise at different times. As early as the turn of the first year some basic
understanding of intentional actions of others arrives, and around age four children have a start-
ing grasp of that the desires, beliefs, and knowledge of oneself may differ from that of others
(see Rakoczy 2022, for a review). During adolescence, ToM skills are further refined (Bosco,
Gabbatore, et al. 2014) and some aspects of online usage of ToM, e.g., perspective-taking, seem
to continuously improve into early adulthood (Dumontheil et al. 2010).

In addition to the sometimes inconsistent definition of ToM, the line between pragmatics
and ToM may also get conflated, as what are proposed as ToM-tasks often could be considered
pragmatic tasks, wholly or in addition to ToM (Bosco, Tirassa, et al. 2018). Bosco, Tirassa,
et al. (2018) argue that while the two may work in conjunction, they are not the same. Addi-
tionally, in clinical populations, deficits in ToM does not necessarily entail deficits in pragmatic
competence (e.g., Bosco, Capozzi, et al. 2014), and vice-versa (Bambini et al. 2016; Parola et
al. 2018). However, relationships between pragmatics and ToM have been reported in children
(Matthews et al. 2018), though in Bendtz et al.’s (2022) battery of behavioral tests in young
adults, there was no correlation between tests measuring pragmatic ability (in both production
and comprehension) and a test measuring non-verbal ToM.

While there is not a clear consensus on the exact description or nature of ToM, imaging
results may give some indications of a “core” ToM neural architecture. A meta-analysis by
Schurz et al. (2014) compared activation from six different kinds of ToM-tasks, targeting differ-
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ent aspects of ToM. All tasks showed activation in the medial prefrontal cortex (mPFC) and the
temporo-parietal junction (TPJ, although there were variations in location within the regions, see
Schurz et al. 2014). Depending on the task there were additional activations in the precuneus,
the temporal lobes/anterior temporal lobes (ATL), and the inferior frontal gyrus (IFG). The pre-
cuneus showed activation during tasks relating to “mental imaging”, i.e., making representations
of others’ perspectives (see e.g., Cavanna and Trimble 2006, for a review of further proposed
behavioral correlates of the precuneus). The ATL showed more activation during tasks involved
with social concepts or social scripts; Ross and Olson (2010) have previously suggested that ac-
tivation in the ATL could be linked to reasoning about others’ intentions, especially when it
requires access to social conceptual knowledge.

2.2.3 Cognitive control functions

Cognitive control functions (CCF, sometimes referred to as executive functions (EF)) refers to
a group of cognitive processes or skills facilitating individuals’ ability to behave in flexible,
controlled, and goal-directed ways (Matthews et al. 2018). While the range of possible abilities
linked to CCF is wide, three “core” abilities often cited are inhibition, working memory and cog-
nitive flexibility (Diamond 2013), especially in relation to pragmatic development (Matthews
et al. 2018). Respectively, these skills allow for control of (or suppression of) behavior and
attention, holding and continuously updating information, and flexible perspective changing,
i.e., task shifting. While aspects of CCF seem to arrive during the first years (Garon and Smith
2008), it continuously develops through adolescence (Anderson et al. 2001), with some aspects
still going through improvement during (early) adulthood (Ferguson et al. 2021).

Though often cited, the association between pragmatic skill and CCF is not completely un-
derstood, with correlations between pragmatics and CCF showing mixed results over studies in
children and often lacking control for core language skill (Matthews et al. 2018). Arvidsson et al.
(2022) tested pragmatic referent production skill and CCF in younger and older adolescents; the
increased pragmatic performance over age could not be correlated by the parallel development
of CCF. Bendtz et al. (2022) showed a correlation between CCF and pragmatic comprehension,
but not production, in young adults.

The neural basis of CCF is usually functionally linked to the so-called Multiple Demand
(MD) network, a bilateral frontoparietal network covering regions such as the anterior insula,
inferior frontal junction, middle frontal gyrus, intraparietal sulcus, and the anterior cingulate and
presupplementarymotor area in themedial frontal cortex (Duncan 2010; Müller et al. 2015). The
activity in the network increases with task difficulty or demand (Wen et al. 2018) and has also
shown activation with linguistic stimuli (MacGregor et al. 2022), though it has been argued that
the network is not activated because of language comprehension per se, but due to additional
task demands (Diacheck et al. 2020).
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2.3 Neural basis of pragmatics

As described in the previous section, pragmatics is often linked to other skills in the literature,
such as core language, ToM, and CCF, although the associations are not always clear and that
different skills may be important for pragmatics only at certain stages of development. By turn-
ing to brain imaging techniques, such as fMRI, it may be possible to discern the neural basis of
pragmatics and its potential associations (or lack thereof) to other cognitive skills.

While the field of neuropragmatics is fairly young (Tomasello 2023), a number of studies
have used paradigms contrasting indirect and direct speech, shedding light on neural activity
that may be derived from pragmatic processing (Asaridou et al. 2019; Bašnáková, Weber, et al.
2014; Bendtz et al. 2022; van Ackeren et al. 2016). Though the paradigms differ as to what kind
of indirect speech is used (e.g., indirect requests or replies) and the stimuli used, these studies
show some common activity differences where indirect speech induce more activity than direct
speech. Some of these regions are commonly included in the core language network or the ToM
network (such as the medial prefrontal cortex), which would indicate that processing indirect
speech (i.e., making inferences) implicates a higher cognitive load on language processing as
well as utilizing ToM or mentalizing skills. But, as ToM and pragmatics are dissociable behav-
iorally (as deficits in them are not always comorbid, see Bosco, Tirassa, et al. 2018), possibly
they could also be neurally dissociable.

One of the latest instances of this paradigm (Bendtz et al. 2022) further investigated this
by dividing their participants based on results from two behavioral tests measuring pragmatic
skill (production and comprehension), resulting in a high-skilled group and a low-skilled group.
All participants were matched on their performance on a test measuring working memory (part
of CCF). While the separate groups’ results in part overlapped with the previous studies on
indirect speech, an interaction effect between the groups showed more activation for the high-
skilled group in two clusters: in the bilateral dorsal precuneus and another in the left lateral
parietal cortex and intraparietal sulcus. The clusters do not share overlap with the core lan-
guage network, though the precuneus is sometimes activated in ToM-tasks on mental imaging
(Schurz et al. 2014), but Bendtz et al. saw very little overlap (1%) with a NeuroSynth associ-
ation mask (Yarkoni et al. 2011) based on ToM. However, the parietal cluster showed a large
(82%) overlap with a uniformity mask based on cognitive control (CCF). Based on these results,
the authors suggest that pragmatics should not be seen as just a combination of skills related to
core language, ToM, and CCF, but an independent segregable skill (although the others may be
implicated on some level). The paradigm from Bendtz et al. (2022) was used for this thesis and
will be described in detail in section 3.2 Experiment.

2.4 Pragmatics during adolescence

The development of pragmatic skills (both comprehension and production) begins early in life
(Bara et al. 1999) and seems to continuously develop throughout adolescence (e.g., Arvidsson et
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al. 2022) with individual variation in skill level still present in young adults (Bendtz et al. 2022).
While most research on linguistic and pragmatic development has been done on young children,
less is known of the developmental trajectory during the adolescent years. One issue with testing
for pragmatic skill during adolescence is that they in many ways may resemble adults and thus
exhibit ceiling effects. Individual variation in the adult population may similarly be missed, due
to tests not being fine-grained enough. Some tests that have shown to catch significant variation
in adults were included in Bendtz et al. (2022), measuring both comprehension and production,
and have been used as a basis in studies on adolescents (Arvidsson et al. 2022; Schneider and
Borg 2019).

Schneider and Borg (2019) utilized a test measuring comprehension of pragmatic prosody,
where formally identical sentences were played with different prosodic contours, indicating the
utterance to be a statement or a request for feedback, and the participants’ task was to identify
them as such (see Schneider and Borg (2019) or Bendtz et al. (2022) for a more detailed de-
scription). Testing adolescents between the ages 11–18, adult level performance (based on the
average of young adults in Bendtz et al. 2022) was reached at age 15–16, indicating that the
comprehension of pragmatic prosody is still in development during early adolescence.

Regarding pragmatic production, Arvidsson et al. (2022) showed that pre-adolescents (ages
11–12) to a lesser extent than middle adolescents (ages 15–16) catered their referring description
of target characters based on the demographic of a proposed interlocutor (i.e., a four-year-old
and an 80-year-old). Interestingly, both age groups answered similarly post-experiment whether
they thought that the proposed interlocutors had knowledge of the different target characters, i.e.,
using a ToM skill to create a representation of the interlocutor’s world knowledge. This kind of
mentalizing regarding others’ knowledge states thus seems to be in place, but the (pragmatic)
online usage is continuously developing through adolescence.

2.5 Neuroanatomical changes and functional development during adoles-
cence

Adolescence is a time of great changes, not only pertaining to physical and hormonal changes
with the onset of puberty, but in the social world and interaction and goals of adolescents’ sur-
roundings. Typically (in a Western context), entering adolescence includes a greater importance
of extra-familial social relationships, wherein the development of pragmatics and general social
skills is vital for effective peer acceptance (Place and Becker 1991). This development of one’s
socio-communicative situation is paralleled with continuous structural changes and functional
development in the brain.

While the brain is usually fully grown early on, as it pertains to volume, structural matu-
ration continues throughout adolescence (Konrad et al. 2013). The amount of grey matter in-
creases throughout childhood into adolescence, to then decrease towards and throughout adult-
hood (Konrad et al. 2013; Sowell et al. 2003). This process of maturation follows different
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trajectories depending on brain region: the peak of grey matter volume occurs at an earlier age
in sensory and motor regions, whereas regions in the frontal, parietal, and temporal lobes, such
as the (medial) prefrontal cortex, and superior temporal gyrus being among the last to reach
maturity (Konrad et al. 2013; Shaw et al. 2008). According to Gogtay et al. (2004), the order
of maturation can be explained through that lower-order sensory regions need to be further in
their maturation as higher-order regions (e.g., regions for language, ToM, and CCF) draw from
their functioning. Alongside the increase and subsequent decrease of grey matter volume, white
matter volume has been shown to linearly increase with age from childhood into adulthood (~30
years, Giedd et al. 1999; Paus et al. 2008). This increase reflects partly the progressive myelina-
tion of the axonal parts of neurons (Fields 2010), allowing for faster neuronal transmission, and
more efficient processing and integration of information (Luna 2009). Though the white matter
development seems to show less location-specific trajectories generally than gray matter devel-
opment (Giedd et al. 1999), results from Grydeland et al. (2019) suggest that there are “waves”
of myelination peaks of growth, (as well as stability/plateauing and decline), where higher-order
regions see more growth in adolescence and early adulthood.

The structural changes of the brain build towards a more adult-like brain, which can also
be reflected in the brain’s functional development towards adulthood. Especially interesting
are those regions seen to be among the later to reach maturation, which are commonly linked
to higher-order processes, as these are implicated in the more socially focused situations that
adolescents eventually find themselves in where pragmatic skills are also at play.

As for adolescents’ increasing extra-familial social focus, Abrams et al. (2022) showed dif-
ferences in activation in young children compared to adolescents when listening to familial
(mothers’) voices rather than non-familial ones. Adolescents showed more activation in re-
sponse to the non-familial voices in the ventromedial prefrontal cortex (vmPFC) and nucleus
accumbens (the reverse was true for the younger children). Both regions are associated with
reward (de la Vega et al. 2016; Haber and Knutson 2010) and the former have also been linked
to valuation processes and affective ToM (de la Vega et al. 2016). This heightened sensitivity
to non-familial voices may indicate that the adolescent period is one of increased sensitivity
to social signals (Blakemore and Mills 2014). The vmPFC was also activated in adolescents
listening to potentially face-threatening indirect speech acts compared to non-face-threatening
indirect speech acts (Asaridou et al. 2019), possibly linked to such sensitivities – in similar
paradigms with adults, the vmPFC was not activated (Bašnáková, Weber, et al. 2014).

In studies on social cognition, different kinds of ToM, and perspective taking comparing
adolescents and adults, some patterns have consistently been shown. Generally, activation is
higher for adolescents in the dorsomedial prefrontal cortex (dmPFC) (e.g., Dumontheil 2015),
whereas posterior regions also implicated in such tasks show increased activation in adults (e.g.,
TPJ/posterior superior parietal sulcus, Blakemore, Choudhury, et al. (2007), anterior temporal
cortex/temporal poles, Burnett et al. (2009)). While these differences have been consistently
shown, the reason why this development takes place is not entirely clear though may possibly
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be attributed to the structural changes the brain goes through during this period, or that the
increased activation in more posterior regions, such as the ATL, is used to retrieve social scripts
based on previous experience (Blakemore 2008; Fuhrmann et al. 2015; Ross and Olson 2010).

2.6 Aim and research questions

This thesis aims to investigate the neural correlates of pragmatic inference processing in ado-
lescents. Additionally, it will explore the development/differences of this processing in older
adolescents by comparing it to the neural signature of adults with different levels of pragmatics
skill.

1. What is the neural basis of pragmatic inference processing in adolescents?

(a) How does the activation in adolescents compare to adults with different pragmatic
skill levels taking part in a similar paradigm?

2. Howdo activated regions in adolescents doing a pragmatic inference processing task relate
to regions/networks associated with core language, theory of mind and cognitive control
functions?

(a) If there is a difference between the age groups, does this correspond to age re-
lated changes in neural activity associated with theory of mind and cognitive control
tasks?
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3 Method

3.1 Participants

Recruitment of participants was done through contact with high schools, youth groups, and
libraries in the greater Stockholm area. 16 participants between ages 16–18 took part in the
experiment (M = 17;8 years, 13 females). All participants reported Swedish as their first lan-
guage or that they had acquired fluency before age seven. Two participants were bi- or multi-
lingual in other languages not acquired through school or media only, though this will not be
explored further in this study. No participant reported any diagnosed neurological impairments,
ADHD/ADD, ASD/Asperger, or had a history of language impairment. All participants were
right-handed, though this was not a criterion for participation. All participants signed informed
consent and received gift cards valued 300 SEK. The experiment was approved by the Swedish
Regional Ethical Review Authority (Dnr 2021-06554-01) prior to work on this thesis started and
my involvement in the project.

Additional data of 57 young adults (ages 18–36, 29 females) were taken from Bendtz et al.
(2022). Similar criteria for participation applied as for the current study. These participants
were selected from a larger set of 199 participants (100 females) who were further subdivided
into two sets based on two behavioral tasks, testing pragmatic comprehension and production,
respectively (see Bendtz et al. 2022, for further description of the tasks). Those with the lowest
and highest scores on both tests combined were then invited to partake in the fMRI-experiment.
This resulted in a low-scoring (LS) group (N = 29, 16 females) and a high-scoring (HS) group
(N = 28, 13 females); these participants were matched based on their performance in a CCF test.

3.1.1 Excluded data

One participant was fully excluded due to their interruption of the paradigm at an early stage.
An additional two participants were excluded from further analysis due to a high total error
rate in compliance questions asked during the experiment (< 83.33% correct, i.e., no more than
two questions in total could be answered erroneously). If two errors appeared in the same run,
that run was excluded from analysis: this was the case for one participant who answered all
other questions correctly. Some additional individual runs were also excluded: one where a
participant alerted the control room towards the end of the first run that they had a hard time
hearing the conversations and another where a participant fell asleep during their second run.

3.2 Experiment

A slightly modified version of the paradigm and stimuli used by Bendtz et al. (2022) was used
for this experiment. The experimental trials from Bendtz et al. (2022) were in part developed
from earlier studies (Asaridou et al. 2019; Bašnáková, Weber, et al. 2014; van Ackeren et al.
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2016). Alterations of the paradigm will be included in the following description of the stimuli
and paradigm.

3.2.1 Stimuli

Themain experimental stimuli were made up of 78 trials of recorded “every-day conversations”.
Each trial consisted of an initial context, describing a situation with some participants, followed
by a question posed by one interlocutor and a reply by the other. Each of the trials had a direct
and an indirect version; these versions’ final reply had the same linguistic form but by changing
the question posed, the reply was rendered a direct or indirect speech act. In some cases, the
context was slightly altered to better facilitate the changed question. In addition, the indirect
replies were all face-saving speech acts (Brown and Levinson 1987), this based on behavioral
studies that have shown that interpreting an indirect speech act as such is most obvious in a
face-saving situation (Holtgraves 1998) and that previous fMRI results show that the response
to face-saving (“affective”) indirect speech acts were the strongest, as compared to direct speech
acts and indirect speech in non-face-saving situations (Asaridou et al. 2019).

Alongside the experimental stimuli, the paradigm included 14 filler trials, and 12 compliance
questions. The filler trials were fashioned in a similar way to the main trials with an initial con-
text, question, and answer; the answer in these cases were direct yes/no replies to the question.
The compliance questions were paired to specific experimental trials, whether in their direct
or indirect versions, and asked a yes/no question to the participant regarding the trial they just
listened to. The participants answered the question with a button box inside the scanner. For
this iteration of the paradigm, I decided to make changes to half of the compliance questions,
and all were re-recorded. The changes were made to make some of the questions more detailed
rather than general, which would prompt the participants to pay more attention to the trials.
For example, one trial mentioned cars multiple times and the original compliance question was
“Was there someone speaking about cars?”. This was changed to “Was there someone who had
bought a car?”, as this was mentioned once in the context (“X had just bought a new car…”). An
additional reason was to better balance where in the trial the answer to the compliance question
was contained. This was to prevent participants to rely on a general pattern of where the infor-
mation that may be needed to respond to the compliance question appears. The new recordings
were made in an anechoic chamber at the Department of Linguistics at Stockholm University.

Examples of the different trial types can be seen in Table 2.

3.2.2 The paradigm

Over three runs, each participant listened to the 78main trials, evenly split between the direct and
indirect condition, as well as all filler trials and compliance questions. All trials were presented
to the participant, though only in one of its versions. Any participant heard one of eight different
versions of the paradigm, four of these were from the original study and an additional four were
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Table 2: The different trial types in the paradigm, translated from Swedish.

Trial type Context Question Reply

Direct Niklas and Kajsa are inviting
friends for a baptism. There is a
lot to prepare before the baptism.
Kajsa asks Niklas:

Why do we have to
make a wishlist for
the baptism?

It is hard to find a
gift to someone
else’s baby.Indirect Niklas and Kajsa are friends and

have been to a baptism. Niklas has
just spoken to Matilda, who had
invited them to the baptism. Ka-
jsa asks Niklas:

DidMatilda like my
baptism gift?

Compliance
question

Did someone talk about confirma-
tion gifts?

Expected response from participant

NO

Filler Céline and Madeleine have just
moved into their new house. Cé-
line asks Madeleine:

Is it just me
or is there a
strange smell in the
kitchen?

Yes, it’s probably
the pickles I made
today.

generated for this thesis. Each run contained 26 experimental trials, 4–5 filler questions, and 3–
5 compliance questions, and was roughly 10–12 minutes in duration. Inter trial intervals (ITI)
were inserted after each trial, except between an experimental trial and their assigned compliance
question. The durations of the ITIs were taken from a flat distribution between 2 and 4 s with a
bin size of 0.1 s. In total, the duration of the experimental task was about 40 minutes (including
breaks between runs). Throughout the experiment, a fixation cross was displayed on a screen
in view of the participant. Whenever a compliance question was played, the screen instead
showed ‘YES’ and ‘NO’; whatever the participant selected with the button box was highlighted
for feedback.

3.2.3 Data acquisition

Scanningwas performed at SUBIC (StockholmUniversity Brain ImagingCenter) with a Siemens
3T Magneton Prisma MRI-scanner and a 20-channel surface coil. Acquisition of the functional
scans used a repetition time (TR) of 2.1 s and echo time (TE) of 30 ms. Each acquired volume
consisted of 70 slices, 2.0 mm thick with a 1 mm slice gap. The voxel size was 2.2 x 2.2 x 2.2
mm3 and the field of view (FOV) was 210 mm. The flip angle was 70°. Structural, T1-weighted,
images were acquired after the experimental runs with a TR of 2.3 s and TE of 2.88 ms, with
176 slices each 1.2 mm thick and a field of view of 239 mm. The duration for the structural
image was 2 m 32 s. To limit the time participants needed to lay in the scanner, the settings for
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the structural image were altered from Bendtz et al. (2022), rendering this step slightly shorter
in duration; see Bendtz et al. (2022) for original settings.

3.3 Data analysis

Preprocessing and first level analysis of the collected data utilized code from the analysis pipeline
from Bendtz et al. (2022). All analysis was made with the software SPM12 (Penny et al. 2011)
in MATLAB (The MathWorks Inc. 2022).

3.3.1 Preprocessing

As a first step, motion correction (realignment) was performed using the translation and rotation
movement parameters. Following realignment, head movements in the x, y, and z dimensions
were checked independently. No participant showed head movement > 4.5 mm. The functional
images were then coregistered to each participant’s T1 structural image. Normalization used an
affine regularization, and all voxels were resampled to 2 x 2 x 2 mm3 using a 4th degree B-spline
interpolation. During normalization, white and grey matter segmentation and bias correction
were carried out. Smoothing of the functional data used a Gaussian smoothing kernel of full
width at half-maximum (FWHM) of 8 mm. Additionally, a high-pass filter (cycle cut-off at 128
s) was applied to account for various low-frequency effects.

3.3.2 First level analysis

The blood-oxygen-level-dependent (BOLD) signal measured in the functional data was mod-
eled for nine conditions separately and the six motion parameters from the realignment step
using a general linear model (GLM). Regressors were modeled separately for the direct and
indirect conditions, leading to six condition regressors: (i) direct context, (ii) indirect context,
(iii) direct question, (iv) indirect question, (v) direct answer, and (vi) indirect answer. The an-
swers included pauses after the question before onset of the spoken answer. Filler trials and
compliance questions were modeled together. Responses to the compliance questions and ITIs
were modeled separately. The regressors were convolved with a canonical HRF. The follow-
ing contrasts were used for further analysis: indirect answer vs. direct answer and context vs.
ITI. While the first contrast aimed to answer the research questions (see section 2.6 Aim and
research questions), the second contrast was used as a sanity check to ensure that the analysis
was performed correctly as increased brain activity would be expected when listening to speech
(context) versus silence (ITI).

3.3.3 Second level analysis

The second level analysis was performed on the contrasts from the first level. Differences be-
tween adolescents and either LS or HS was performed by performing a two-sample t-test with
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unequal error for each contrast. In further analysis, the two adult groups (LS + HS) were com-
bined. In the case of the context vs. ITI contrast, Bendtz et al. (2022) found no significant group
differences between the LS and HS groups: therefore, these were combined into one adult group
right away. In addition, one-sample t-tests were performed on each group separately, per con-
trast. A cluster-forming threshold was applied at puncorrected = .005. Family wise error (FWE)
correction was used on both cluster and peak level as implemented by SPM12, to correct for
multiple comparisons. In this thesis, only clusters with pFWE < .05 at cluster level are reported.
For each cluster, the test-statistic (t) of its highest peak (voxel) is reported. Any additional voxels
in clusters pFWE > .05 are not reported, even if pFWE < .05 at voxel level.

Calculating overlapping voxels between adolescents and adults of either group was done by
first combining all significant clusters from the LS and HS groups into a single image. This was
used as an inclusive mask over the significant clusters in the adolescent group, i.e., any voxels
not activated in either LS or HS were removed from the adolescents’ results.

3.3.4 Visualization and anatomical localization

The results were visualized through SPM12 and the ConnectomeWorkbench visualization soft-
ware (Marcus et al. 2011) with clusters projected onto a mid-thickness surface. Only clusters
reaching significance pFWE < .05 were visualized. Anatomical localization of activation was
done automatically with the automated anatomical labeling atlas AAL3 (Rolls et al. 2020) as
implemented in SPM12. This was complemented by visual inspection with the Harvard-Oxford
Cortical Structural Atlas 1 in MRIcron (Rorden et al. 2007).

1https://neurovault.org/collections/262/
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4 Results

4.1 fMRI-results

4.1.1 Indirect vs. direct contrast

Results from the indirect vs. direct contrast are reported in Table 3, with interactions between
groups and individual groups’ results. No significant activity was found comparing adolescents
and HS in either direction. More activation in the adolescent than LS group was found in the
right superior and middle occipital gyrus. A cluster of similar size and location was significant
when treating LS and HS as one group in a follow-up analysis, with an analogous additional
cluster in the left hemisphere, extending into the cuneus. The two clusters are shown in Figure
1.

Figure 2 shows the activation of the indirect vs. direct contrast per group. The adolescents’
activation shared similar cortical areas as the adult groups bilaterally in the medial parts of the
superior frontal gyrus/dorsomedial prefrontal cortex, inferior frontal gyrus, middle and superior
temporal gyrus, left supramarginal gyrus, and angular gyrus, though overall less extensive with
about 75% shared voxels in total. Table 4 reports the ratio of shared voxels per adolescent cluster.
The region with the least overlap was the left temporal lobe, activation in this area is shown in
Figure 3 separated per group. Both adult groups showed further activation bilaterally in the
frontal orbital cortex. Additionally, the HS group’s activation in the bilateral superior frontal
gyrus extended into the paracingulate gyrus and the group showed activation in the bilateral
precuneus, posterior cingulate gyrus, and the left cerebellum. Note that the size and number of
clusters for the LS and HS groups reported here differ from those in Bendtz et al. (2022) where
the cluster-forming threshold was p < .001 instead of p < .005.

Table 3: Overlap of adolescents’ significant clusters with adults (either LS or HS or both). See
section 3.3.3 Second level analysis for a description of the calculation.

Adolescent cluster Original cluster size Masked cluster size Percentage

Bilateral SFG 1181 1075 92%
R. STG/MTG 1137 821 72%
L. STG/MTG/SMG/AG 752 418 56%
L. IFG 539 354 66%
R. IFG/insula 585 461 79 %
TOTAL 4184 3129 75%
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Figure 1: Interaction between adolescents and adults (adolescents > adults, LS and HS treated as
one group) for the indirect vs. direct contrast. The figure shows clusters with a cluster-forming
threshold of puncorrected < .005. Family wise error correction was used at cluster and peak level
as a multiple comparison correction method. Only clusters with a pFWE < .05 are reported. All
clusters are projected onto a mid-thickness surface.

Figure 2: Brain activation for the indirect vs. direct contrast for each group separately. Acti-
vation for LS is shown in green, HS in blue (note that these are however largely similar, such
that all clusters exist in both LS and HS, except the midline posterior cingulate clusters in blue).
Adolescents’ activations are displayed in yellow – both HS and LS generally had activation in
the voxels activated by the adolescents (75% overlap). The settings for visualization can be
found in the caption of figure 1.

Figure 3: Brain activation for the indirect vs. direct contrast per group in the left temporal lobe.
a – adolescents, b – LS, c – HS. The settings for visualization can be found in the caption of
Figure 1.
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Table 4: Activations for the indirect vs. direct contrasts for per group and interactions.

Anatomical region MNI Cluster Voxel
local maxima

x y z Size pFWE t value pfwe
Adolescents > LS
R. SOG/MOG 32 -68 34 401 .039 n.s.
Adolescents < LS

No significant clusters or voxels
Adolescents > HS

No significant clusters or voxels
Adolescents < HS

No significant clusters or voxels
Adolescents > LS + HS
L. SOG/MOG/cuneus -16 -84 26 515 .021 n.s.
R. SOG/MOG 22 -84 28 503 .023 n.s.
Adolescents
Bilateral SFG -2 56 36 1171 <.001 n.s.
R. STG/MTG 60 -14 -4 1137 <.001 n.s.
L. STG/MTG/SMG/AG -62 -24 8 752 <.001 n.s.
L. IFG -46 24 8 539 .004 n.s.
R. IFG/insula 40 20 -2 585 .002 n.s.
LS adults
R. STG/MTG/TP/IFG/FOC/AG/
SMG 48 26 -8 4462 <.001 t(27)=8.69 <.001
Bilateral SFG -6 54 24 2856 <.001 t(27)=7.37 .004
L. STG/MTG/TP/IFG/FOC/AG -50 26 -6 3311 <.001 t(27)=7.00 .009
HS adults
R. MTG/STG/TP/IFG/AG/
SMG/IFG 54 -24 12 5511 <.001 t(28)=7.94 .001
Bilateral SFG/ParaCG 6 62 24 4467 <.001 t(28)=7.65 .002
L. MTG/STG/AG/SMG -62 -54 28 2091 <.001 t(28)=6.85 .008
L. IFG/insula/FOC/TP -28 14 -18 1558 <.001 t(28)=6.07 .05
Bilateral precuneus/posterior
cingulate 0 -26 24 1817 <.001 n.s.
L. cerebellum (crus I, II, lobule VI) -32 -86 -34 786 .002 n.s.
L. MTG/ITG/TP -54 6 -28 501 .025 n.s.
L. cerebellum (lobule IX)/vermis 9 -6 -52 -42 461 .036 n.s.

Note: See section 3.3.2 First level analysis for detailed explanations of the contrasts. The cluster-forming
threshold was p <.005.. Coordinates are given in MNI-space; n.s. stands for nonsignificant. L and R
stand for left and right respectively. Further abbreviations: AG – angular gyrus, FOC – frontal orbital
cortex, IFG – inferior frontal gyrus, ITG – inferior temporal gyrus, MOG – middle occipital gyrus, MTG
– middle temporal gyrus, ParaCG – paracingulate gyrus, SMG – supramarginal gyrus, SFG –superior
frontal gyrus, TP – temporal pole.
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4.1.2 Context vs. ITI contrast

Table 4 reports the results from the context vs. ITI contrast. For this contrast, the LS and HS
groups were treated as one group due to the lack of interaction between them as reported in
Bendtz et al. (2022). Testing for interaction showed more activation in adults than adolescents
in three significant clusters, shown in Figure 4. A large bilateral cluster covered the post- and
precentral gyrus, the occipital cortex, superior parietal lobule, cuneus, precuneus, posterior cin-
gulate gyrus, fusiform cortex, cerebellum, insula, Heschl’s gyrus, and opercular cortex. The
other two clusters were found in the left caudate nucleus and insula, and the right middle and
superior frontal gyrus, anterior parts of the paracingulate gyrus and caudate nucleus.

The adolescent and adult groups both showed activation in the bilateral temporal lobes. For
the adolescents, this extended to the opercular cortex and Heschl’s gyrus, while among the adults
these clusters included the angular gyrus and supramarginal gyrus in the parietal lobe as well as
the frontal orbital cortex and inferior frontal gyrus. Additional clusters were found in the left
cerebellum and bilateral precuneus and paracingulate gyrus.

Figure 4: Adults activated the above clusters significantly more than adolescents, in the context
vs. ITI contrast (LS and HS treated as one group). See figure 1 for a description of the settings
for visualization.

Figure 5: Brain activation for the context vs. ITI contrast for adolescents and adults (LS and
HS treated as one group). Activation for adults is shown in blue, adolescents in yellow, and
the overlap between groups in red. The settings for visualization can be found in the caption of
Figure 1.
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Table 5: Activations for the context vs. ITI contrast per group and interactions.

Anatomical region MNI Cluster Voxel
local maxima

x y z Size pFWE t value pfwe
Adolescents > adults

No significant clusters or voxels
Adolescents < adults
Bilateral PostCG/PreCG/SPL/
posterior cingulate/precuneus/
cuneus/OcC/HES/OpC/cerebellum/
insula -44 -60 -14 36,614 <.001 t(67)=7.44 <.001
L. caudate nucleus/insula -28 34 6 561 .035 n.s.
R. MFG/SFG/ParaCG/caudate
nucleus 32 34 10 1,305 <.001 n.s.
Adolescents
L. STG/MTG/OpC/HES -56 -20 4 1,683 <.001 t(11)=14.53 .001
R. STG/OpC/HES 62 -10 4 1,338 <.001 t(11)=11.17 .023
Adults
R. STG/MTG/TP/AG/SMG/
FOC/insula/IFG 50 28 -4 6,733 <.001 t(56)=9.38 <.001
Bilateral SFG/ParaCG 8 50 40 4,882 <.001 t(56)=8.93 <.001
Left cerebellum -26 -82 -36 597 .009 t(56)=6.90 <.001
L. STG/MTG/TP/AG/SMG/
FOC/insula/IFG -60 -50 26 5,890 <.001 t(56)=6.88 <.001
Bilateral precuneus/posterior
cingulate 6 -54 36 699 .003 n.s.

Note: See section 3.3.2 First level analysis for detailed explanations of the contrasts. The cluster-forming
threshold was p < .005. Coordinates are given in MNI-space; n.s. stands for nonsignificant. L and R
stand for left and right respectively. Further abbreviations: AG – angular gyrus, FG – frontal gyri, FOC
– frontal orbital cortex, HES – Heschl’s gyrus, IFG – inferior frontal gyrus, MFG – middle frontal gyrus,
OcC – occipital cortex, OpC – opercular cortex, ParaCG – paracingulate gyrus, PostCG – post-central
gyrus, PreCG – pre-central gyrus, SMG – supramarginal gyrus, SFG – superior frontal gyrus, SMA –
supplementary motor area, SPL – superior parietal lobe, STG – superior temporal gyrus, TP – temporal
pole.
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5 Discussion

This thesis aimed to investigate the neural basis of pragmatic inference processing in adoles-
cents, how this may differ from adults performing a similar experimental task as well as how
it relates to functional brain networks often associated with pragmatics. The indirect vs. direct
contrast showed activation for the adolescents in the bilateral inferior frontal gyrus, medial su-
perior frontal gyrus (or dorsomedial prefrontal cortex), posterior superior temporal lobes which
in the left hemisphere extended into the supramarginal gyrus and angular gyrus. These areas
are also present in both adult groups, though their clusters of activation were larger in number,
and more extensive. An interaction was found with increased activity in the adolescent group
in two clusters in the bilateral superior and middle occipital gyri and left cuneus. Interestingly,
these regions are not commonly associated with networks for (auditory) language processing,
core ToM, or CCF, and do not overlap with the clusters seen in Bendtz et al. (2022), either
for the adult groups separately nor in interaction. Rather, the region usually relates to visual
processing and is part of the visual dorsal stream, responsible for spatial analysis (Zavitz et al.
2017). Another interaction between age groups was found in the context vs. ITI contrast, with
increased activity in the adult group in extensive clusters, covering areas bilaterally in all lobes,
but mainly in the parietal and occipital lobes.

5.1 The indirect vs. direct contrast in adolescents and adults

The paradigm used in this thesis and others like it have consistently shown certain patterns of
activation as a result of the indirect vs. direct contrast (Asaridou et al. 2019; Bašnáková, Weber,
et al. 2014; Bendtz et al. 2022). Part of this pattern was replicated here with adolescents. This
mainly includes areas belonging to the core language network (inferior frontal gyrus, temporal
lobes, and angular gyrus) and the ToM network (medial superior frontal gyrus or the dorsome-
dial prefrontal cortex, and angular gyrus). The superior frontal gyrus and the angular gyrus (as
part of the temporo-parietal junction) region are part of the “core” regions for ToM (see Schurz
et al. 2014) but, as have been argued (e.g., Bosco, Tirassa, et al. 2018), this is not to say that
pragmatics equates to ToM (combined with language regions). However, making pragmatic in-
ferences of others’ (communicative) intentions may in part draw on facets of ToM, in order to
create representations of other peoples mental states and therefore intended meaning. Missing
in the adolescent group compared to the adults was significant activation in the anterior tem-
poral lobes, a region also part of the ToM network, suggested to deal with social conceptual
knowledge or social scripts (Ross and Olson 2010). This could at first sight be seen to follow
developmental accounts of a change in the site of functional activation with age from more an-
terior parts (medial prefrontal cortex) to posterior parts (anterior temporal lobes) when dealing
with social cognition/pragmatic-like tasks, but such an effect could not be seen in the interaction
analysis. Furthermore, Asaridou et al. (2019) reported activation in bilateral anterior temporal
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lobes in adolescents aged 14–17, though it should be noted that their sample size was double to
that of this study in addition to some differences in the paradigm (their study did not have an
introductory context).

Regarding the MD network, the adolescents’ activation in the bilateral inferior frontal gyri
extended into the opercular parts, especially in the left hemisphere, to a greater extent than
adults. While the inferior frontal gyrus is included in the core language network, activity in its
opercular region has been reported to increase with task difficulty in various CCF-related tasks,
such as workingmemory and inhibition (Fedorenko et al. 2013). Potentially, the task of inferring
the meaning behind indirect replies did increase the cognitive demand for the adolescents in
ways that imply CCF, though it should be noted that other regions of the MD network did not
show significant activation. It could thus be possible that the activation is rather a reflection of
increased activity in the language network.

5.2 Interaction between adolescents and adults in the indirect vs. direct
contrast

While studies in social cognition have shown differences in functional activation between chil-
dren/adolescents and adults, with a pattern of decreased anterior activity and increased posterior
activity (Dumontheil 2015), such an interaction was not found between the age groups. Neither
did the interaction found in this study implicate regions seen in Bendtz et al. (2022) from the
interaction between low-skilled and high-skilled individuals. That the regions are situated in
the occipital lobe and visual dorsal stream could seem odd, as there was no visual difference
for the particpants between conditions (the same fixation cross was shown throughout every
conversation).

Nonetheless, there are accounts of the occipital regions found in this interaction, superior
occipital gyrus and cuneus, possibly having some link to language and being related to ToM and
social interaction, even though they may not be part of either “core” network often cited in the
literature.

Neuroanatomical variation in parts of the occipital cortex have been seen in some groups
with autism spectrum disorder (ASD) (Pretzsch et al. 2023), a population prone to show deficits
in language, pragmatics, ToM, and CCF (Eigsti et al. 2011; Rosello et al. 2020; Solomon et
al. 2008), as well as in populations with variants of a certain gene that have been linked to
various type of language deficits (Uddén et al. 2017). In a longitudinal study, Pretzsch et al.
(2023) observed a decrease in cortical thickness in bilateral cuneus and further occipital cortex
between structuralMRI scans (1–2 years in between) in a subgroup of their sample of individuals
with ASD compared to neurotypicals. The left superior occipital gyrus was also seen in Uddén
et al. (2017) who found decreased grey matter volume associated with a variation in the gene
CNTNAP2. It is not straightforward though if the variation in structure can be directly linked to
language or general socio-communicative performance; structural variation among individuals
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with ASD include several other regions (Pretzsch et al. 2023) and there were no behavioral
measures alongside the structural data in Uddén et al. (2017).

While not part of the core ToM network, activation in the cuneus has been reported in some
ToM-tasks in both adults (Völlm et al. 2006) and children (Sabbagh et al. 2009). Kobayashi
et al. (2006) also showed more activation in the cuneus for children/young adolescents (8–12
years old) during ToM tasks than adults. They suggest two explanations – either this is because
of greater effort comprehending the task, or it is due to developmental differences where dif-
ferent regions are used for ToM at different stages of development, similar to the suggestion
of anterior-to-posterior areas with age (e.g., Blakemore, Choudhury, et al. 2007; Burnett et al.
2009; Dumontheil 2015). That the cuneus is not as frequent in the ToM-literature could indicate
that it is connected to specific kinds of ToM (implicated in certain kinds of pragmatic processing)
and possibly less central than other regions. It may also be that it is employed to a greater extent
during childhood/adolescence. One suggestion as to why from Sabbagh et al. (2009) is that the
cuneus is more activated in children in tasks that require mental imaging, as a way to further
assist recalling earlier events. While mental imaging may relate more to a visual perspective, a
possible link to the indirect speech acts used here may be the need to reason about the intention
in relation to the preceding question. Following Bendtz et al. (2022) suggestion that pragmatics
can be seen as a segregable ability (that may in part work in conjunction with other cognitive
skills), the result from the interaction could indicate that during adolescence pragmatics draws
more on some aspect of ToM.

Additionally, the cuneus has also been linked to socio-emotional processing such as social
rejection (e.g., Beyer et al. 2014; Sebastian et al. 2011). As all the indirect conversations used
in the experiment were face-saving speech acts (i.e., they avoided potential face-threat such as
criticism or disagreement), the adolescent group’s greater activation in this area could be due
to them being more sensitive to social signals (Blakemore and Mills 2014). The activation in
the ventromedial prefrontal cortex in adolescents seen in Asaridou et al. (2019) when listen-
ing to face-saving versus indirect speech acts where there was no potential face-threat was not
replicated here, but the suggestion of the activation was similar to that adolescence is a more
sensitive time.

5.3 Interaction between ages in context vs. ITI

Unlike in Bendtz et al. (2022), an interaction effect was seen in the context vs. ITI contrast,
with increased activation in the combined adult group. Overall, the interaction lies outside core
language regions, covering mainly the parietal and occipital lobes. As a suggestion, this could
in part reflect differences in attention or engagement between the groups in the task. The in-
structions for the participants, both adolescents and adults, were to “listen attentively and try to
understand what they mean with what they say”: possibly this instruction was taken to heart to
different extents between the age groups. The activation covers some parts of the MD network
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in the parietal lobe and the middle frontal gyrus. This is not to say that the adults found the task
more demanding, but could suggest that the adults were generally more focused on the task of
trying to understand what was meant. Another frontoparietal network, the dorsal attention net-
work (DAN) is similarly linked to greater activation during goal-directed or focused attention
(Corbetta et al. 2008). While most studies relate it to visual-spatial attention, there are sugges-
tions that it also activates during focusing on auditory stimuli (e.g., Braga et al. 2016), although
its exact nature in this modality is less understood.

5.4 Ethical statement

This study was performed in the context of an ongoing larger research project. The study was
approved by the Swedish Ethical Review Authority (Dnr 2021-06554-01); however, this was
prior to my involvement in the project and work on this thesis started. All participants were
given written information about the experiment, its procedure, and the fMRI-method to read
before consenting to participate. This included the exclusion and inclusion criteria (e.g., no
ADHD/ADD or ASD/Asperger diagnosis, metal in the body). Prior to consent all participants
were asked if they had any questions regarding the experiment. Before beginning the experi-
ment, participants were instructed how to signal the control room if they needed to get in contact
during the experiment. This could be to highlight technical issues or if they wanted to withdraw
from the experiment which they were told they could do at any time, without further questions
from the experiment leader.

5.5 Possible limitations and future directions

The continuation of the larger research project will both increase the sample size of the age group
recruited here as well as include younger adolescents, aged 13–15, as a separate group. Some
of the limitations of this study – as well as interesting future directions – pertain to participants.
Difficulties in recruitment of the specific age groupmade the sample smaller than desired and the
eventual total exclusion of two participants and some individual runs (see section 3.1.1 Excluded
data) shrunk it further: compare the included 12 adolescent participants to 28 and 29 participants
in the LS and HS groups respectively. To what extent this affected the individual group result, or
the interaction is hard to say, but as an interaction was found between the adolescents and adults
in the indirect vs. direct contrast, it will be interesting to see whether this interaction holds with
a larger sample size and expanded age range, or whether other patterns will emerge . Given the
interaction found in this study and that it differed from Bendtz et al. (2022), it would have been
of interest to define and perform ROI-analyses in place of whole brain analyses in these regions
for greater sensitivity, though this was outside the scope of this thesis but could possibly be part
of future analyses.

The majority of participants who took part in the experiment were female: out of 12 par-
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ticipants included in final analysis, only 3 were male. It is of course hard to tell whether this
imbalance may have affected the outcome, but some fMRI studies in pragmatics or ToM have
shown indications of sex differences in adults (Frank et al. 2014; Powell et al. 2019). It would be
desirable to have a more balanced sample in the continuation of the project for generalizability.
As indicated by the process of recruitment for this thesis though, females tended to show more
interest in receiving information regarding the experiment, whether they ended up participating
or not.

Admittedly, the suggestion that the interaction effect from the context versus ITI contrast
stems from different levels of attention or engagement are somewhat speculative, as there could
be more to the interaction and there were additional regions implicated than the ones addressed
in the discussion, which could have been further explored. As the brain continues maturation
in adolescence towards adulthood (Giedd et al. 1999; Konrad et al. 2013), it could rather be a
reflection of developmental differences, rather than performance – or a combination of both.

Pragmatics (and language in general) is usually encountered in interaction with others, thus
future studies should attempt to look more at pragmatics in action rather than observing. Some
studies that have started to look at the neural basis of interactive conversation (Rauchbauer
et al. 2019) and associated pragmatic behaviors such as turn-taking (Arvidsson 2022), where
participants in the scanner have conversations with someone outside the scanner. Bašnáková,
van Berkum, et al. (2015) compared being the addressee or overhearer of indirect speech acts
in scripted conversation and reported differences in activation. An application of a similar
paradigmwith adolescents would be interesting based on the suggestions of the results of height-
ened social sensitivity in andwhether this increases or diminishes the differences seen in Bašnáková,
van Berkum, et al. (2015).
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6 Conclusions

The aim of this thesis was to investigate the neural correlates of pragmatic processing in ado-
lescents and how they relate to networks pertaining to other cognitive functions often linked to
pragmatics: core language, theory of mind, and cognitive control functions. Additionally, this
thesis took a developmental perspective by comparing adolescents’ activation to adults taking
part in a similar paradigm.

When listening to indirect speech acts as compared to direct speech acts, the adolescents
showed activation in regions within the core language and theory of mind networks, and pos-
sibly one part of the multiple demand network. This suggests that among adolescents, making
pragmatic inferences of other people’s intended meanings in part employs linguistic and theory
of mind processes, but cognitive control functions seem to be of less importance.

The activation signatures of adolescents overlapped with adults, though less extensive and
missing significant activation in for instance the anterior temporal lobe, which has previously
been reported to interact with age on theory of mind tasks. However, an interaction analysis
showed stronger activation among the adolescents in bilateral superior/middle occipital gyri
and the left cuneus. While the function of this region is usually more attributed to the visual
domain, there are possibilities that it is employed for certain kinds of theory of mind and socio-
emotional processing, potentially more so in children. A suggestion for the interaction is that
adolescents rely more on theory of mind than adults in pragmatics and may be more socially
sensitive to potential face-threat, such as critique.

An additional finding in the context versus ITI contrast showed more activation in the adult
group. A partial, speculative, explanation is that this may be due to differences in attention
and engagement with the experimental task, possibly implicating parts of the multiple demand
network and the dorsal attention network.
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