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Abstract

Theory of Mind refers to the cognitive ability of reasoning over others’ points of

views, goals, desires, and, ultimately, understanding and inferring their mental states.

Recent research in neuropsychology challenged the assumption that Theory of
Mind develops only after the fourth year of age, supporting the alternative claim that
positive performance in younger population is possible, but it is concealed due to the
high cognitive requirements caused by classic paradigms. It is hence necessary to
reconsider and revisit traditional Theory of Mind tasks by application of suitable

methodologies that can reduce cognitive load.

The primary aim of this project is to confirm the robustness of this claim and to
accordingly develop novel paradigms with reduced working memory load and inhibitory
control demands, in order to tackle two cognitive mechanisms connected to the
development of Theory of Mind: understanding of false belief and comprehension of

mental states language.

To achieve this goal, three experimental studies have been implemented here. In
the first study, a replication of a behavioural explicit false belief task with a larger sample
of 33-month-old children was performed. The replication of this explicit task,
characterised by low inhibitory requirements, served as theoretical basis for the
development of the following paradigms. We successfully replicated the original findings,

showing significant high performance in explicit false belief in 3-year-old children when



xii Abstract

inhibitory demands are reduced.

Secondly, implicit false belief understanding was investigated in an adult sample
with a novel EEG paradigm with reduced processing demands. Neural ERP correlates of
implicit false belief discrimination were evoked at distinct latencies. This indicates the
novel task effectiveness in detecting false belief reasoning, even when belief-related
inferential demands are removed.

Thirdly, an eye-tracking task to explore spontaneous correlates of early
comprehension of mental states verbs was developed and validated with a representative
sample of 27-month-old children. Analysis of proportional looking time indicated an early
sensitivity to epistemic language discrimination already in 2.5-year-old children, with a
stunning preference for the novel verb think vs. the familiar verb know.

Taken all together, this project supports the conceptual continuity hypothesis,
which states that false belief discrimination capacities are already present before the
fourth year of age, but are obscured by competing executive demands. Furthermore, the
development towards a full-fledged Theory of Mind could be facilitated by early mental
states comprehension already in the third year of life. This opens the path to future
investigations, which can apply these paradigms in longitudinal studies to explore
developmental patterns. As a final point, this works confirms the necessity of
cross-disciplinary methodologies to be employed synergistically in infant research to
investigate effectively the mechanisms behind the emergence of Theory of Mind.

Keywords: Theory of Mind, false belief, ERP, mental states language,

eye-tracking, cognitive processing, executive functions, inhibitory control, replication



Chapter 1

Main Introduction

1.1 Conceptual Foundation

1.1.1 Theory of Mind: a Universal Ability

On April 8, 1300, during his divine journey through the underworld, Dante
descends into the fifth circle of hell. There he is moved by the tragic story of Paolo and

Francesca, violently killed for their forbidden love:

... And I began: “Thine agonies, Francesca,

Sad and compassionate to weeping make me.

But tell me, at the time of those sweet sighs,

By what and in what manner Love conceded,

That you should know your dubious desires?”
And she to me: “There is no greater sorrow

Than to be mindful of the happy time

In misery, and that thy Teacher knows.

Dante, Inferno, V
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Great literature speaks to our soul about the most intimate processes of human
experience. To understand how Francesca fell into sin, Dante asks her to express when
she became aware of her own wishes. In return she states her suffering in recalling past
emotions during her eternal punishment. In order to demonstrate the deep compassion
that Dante feels for Francesca, he makes us aware of her perspective, emotions, goals, and
desires by conveying her mental states. Thinking of another in terms of thoughts,

imagining, wanting, and knowing is one of the most fundamental aspects of human life
(Wellman, 2014).

As social beings, this mentalising processing can often happen even without verbal
communication with fellow humans. Consider the following scenario: you are waiting for
the next bus at the stop, together with a stranger. They frantically tap their foot on the
ground, a frown on their face, often checking the time on a wristwatch. All of a sudden,
they take their phone out of the pocket and - after what seems to be a short but very
intense browsing moment - they walk away. What would you do in this situation? Would

you just wait for the bus, or would you check the timetable?

It seems clear that the stranger is at the stop to take a bus (as you are), and their
behaviour suggests that something is wrong, most probably (we can speculate) that the
bus is late. However, this seemingly trivial deduction involves a very non-trivial process:

inferring the aims and the beliefs of a complete stranger from their actions.

This cognitive mechanism is the main focus of Theory of Mind. This psychological
concept refers to our ability to attribute independent mental states (such as beliefs,
desires, goals, wishes, and intentions) to ourselves and others in order to predict and
explain their behaviour. Since mental states are not directly observable, the complex
system of inferences needed to understand others’ behaviours and make predictions about

their future actions is referred to as a theory (Premack & Woodruff, 1978).

As illustrated in the two examples above, Theory of Mind allows us to infer
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information about the world based on others’ behaviours and mental states. Theory of
Mind is employed in every task involving human interaction, such as cooperative
behaviours and social actions, which address directly or indirectly other people (see
Azarian, 2010 for a review on social dynamics). It is worth mentioning that Theory of
Mind focusses on the mentalising processes of cognitive mental states, relevant when
judging, analysing, and inferring others’ actions, as well as inferring emotions and
emotional experiences of another (so called cognitive empathy, see Jolliffe & Farrington,
2004), rather than actually experiencing emotional states of others (so called emotional

empathy).

We can confidently say that possessing a functional Theory of Mind is crucial for
our success in all human social interactions. Many psychological and behavioural
disorders have in fact been characterized by concurrent deficits in Theory of Mind, such
as autism (Baron-Cohen, 2000 for a review; Frith, 1994), attention deficit hyperactivity
disorder (Maoz et al., 2019; Pineda-Alhucema et al., 2018), and schizophrenia (Briine,
2005; Sprong et al., 2007). More controversial is the impairment of Theory of Mind within
the realm of personality disorders, with positive evidence from studies on borderline
(Németh et al., 2018) and dark triad personality constructs (Ali & Chamorro-Premuzic,

2010), but negative for clinical psychopathy (Blair et al., 1996; Dolan & Fullam, 2004).

Many factors showed to contribute to the ability of one person to exhibit Theory
of Mind, among which especially age, cognitive delays, and language acquisition are of
particular interest for neuropsychological research. In fact, Theory of Mind develops in
childhood in parallel with empathy, linguistic skills, executive functions, and other higher
order cognitive abilities (Carlson et al., 2002; Carlson et al., 2004; Hughes & Ensor, 2007;
Levine, 2009).

It is not surprising then that our current understanding of the discovery and

development of Theory of Mind comes mainly from developmental psychology research on
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infants. How Theory of Mind develops is not yet fully understood, but studying the
emergence of Theory of Mind at its early stages is an exciting challenge, with high
potential to provide us with the necessary evidence to one day unravel the mystery

behind an essential social ability.

1.1.2 The Emergence of Theory of Mind

Until recently, the fourth year of age was considered a milestone in the infant to
preschooler development of a full-fledged Theory of Mind (Gémez, 2009; Wimmer &
Perner, 1983). At this stage, children are consistently successful in solving classic
paradigms aiming to tackle the understanding of others’ false beliefs, such as the change
of content and the change of location task, where they show competence in predicting the
behaviour of others based on their belief (see Wellman et al., 2001, for a meta-analysis).
This finding has been attributed to a conceptual change in the way children process and
represent mental states and are able to disregard the true (or their own) state of reality
in favour of others’ possibly flawed representations (see Sabbagh et al., 2010; Wellman,
2011; Wellman & Cross, 2001).

Despite this, in the last fifteen years growing evidence has been brought in favour
of Theory of Mind competences developing earlier on in life, when less traditional
paradigms are used to test children appreciation of mental states.

One of the first pivotal studies in this regard comes from Clements & Perner
(1994), which developed an anticipatory looking paradigm for false belief understanding.
In this study, the authors showed how children that are 2 years and 11 months old were
consistently able to look in anticipation at agents aiming to the location where they
thought their desired object would be versus the place where the object really was. With
the same paradigm, Southgate et al. (2007) showed correct anticipation of actions of an

agent holding a false belief already in 25-month-old infants recorded with an eye-tracker.
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In addition, indication of predictive actions based on an adult’s previous beliefs
was found in as early as 18-month-old infants with an anticipatory intervening paradigm
(Knudsen & Liszkowski, 2012) and with active helping behavioural tasks (Buttelmann et
al., 2009).

Lastly, a much discussed outcome was brought to the public by Onishi &
Baillargeon (2005), who developed a non-verbal violation of expectation task, where the
agents looked for an object in a location they would not have known it would be versus a
scene where the agents looked in a location they have seen the object previously being
hidden into. In their task, which made use of eye-tracking technology, looking time
showed evidence of predictive behaviour towards the location the agents’ false belief
pointed to already in 15-month-old infants.

Overall, these controversial findings at very early age sparked considerable
discussion in the scientific community on the timeline of development and emergence of a

reduced versus full-fledged Theory of Mind mechanism in the infant’s mind.

1.1.3 Neural and Cognitive Basis of Theory of Mind

It follows that an enormous research interest has spurred in the last decades for
investigating the social and biological processing mechanisms underlying the development
of this essential ability during childhood (Harris, 2006; Mahy et al., 2014; Wellman,
2002). Nevertheless, while the fourth year of age has been considered the turning point in
Theory of Mind maturation, little is known about the neural mechanisms supporting this
critical step and how to detangle its developing stages from concurrent cognitive abilities,
which are also affected by the development of affected neural regions.

Several cognitive processes are necessary for Theory of Mind reasoning, from
building a representation of others” mental states to decoupling between mental states

and reality, and inhibiting one’s own knowledge to successfully solve the task from the
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perspective of another agent (Flavell et al., 1990). Neuroimaging studies in adults suggest
that the Theory of Mind network involves a number of bilateral regions, including
amygdala, anterior cingulate cortex and anterior insula, inferior frontal gyrus,
intraparietal and posterior superior temporal sulci (Frith & Frith, 2007; Mar, 2011; van
Overwalle, 2009).

An overarching role in reasoning about others’ minds has been specifically
attributed to the medial prefrontal cortex (mPFC), representing socially relevant
information about another person, such as thoughts and beliefs, but also subjective
feelings (Saxe & Powell, 2006) and mental adjectives (Mitchell et al., 2006). It is
interesting to highlight that variations of Theory of Mind paradigms led to activation of
differential networks (Schurz et al., 2014, for a meta-analysis) and, in particular, of the
temporoparietal junction (TPJ), a subregion located at the supramarginal gyrus,
consistently recruited in false belief understanding tasks. Because of its involvement in
the updating of mental states (Aichhorn et al., 2006; Saxe & Kanwisher, 2003; Vogeley et
al., 2001), the right TPJ has been considered a candidate cortical area involved in
integrating sensory events of contextual relevance for reorienting our representation of the
world, creating perspective differences necessary for the decoupling mechanism between

mentality and reality at the basis of Theory of Mind processing (Sommer et al., 2007).

Paralleling neuroimaging findings, Electro-Encephalography (EEG) studies in
adults supported a possible role of the right TPJ during reasoning about others’ mental
states, reflected in a right posterior activation during false belief tasks (Geangu et
al.,2012; Liu et al., 2009a; Meinhardt et al., 2011). In particular, the last decade saw a
rise for studies demonstrating that distinct Event-Related Potentials (ERP) correlates
reflect false belief reasoning in our brain. Judgments about another person perspective
have been repeatedly connected with the emergence of a late slow wave (LSW) at

anterior regions in tasks comparing belief-based and non-mental written representations
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(Sabbagh & Taylor, 2000), verbally narrated stories about reasoning about beliefs versus
reality (Liu et al., 2004), written characters’ attribution stories comparing desires versus
beliefs (Liu et al., 2009a), and non-verbal false versus true belief photographic stories
(Geangu et al., 2012).

Further studies suggested that it is possible to discriminate an earlier component
represented by the late positive complex (LPC), a waveform with similar characteristics
of the attention-related P3a component (Polich, 2007). The LPC has been associated
with the initial state of identification of another’s perspective and mental states
categorization (Jiang et al., 2016), and it could be the neural marker of bottom-up
cognitive processes antecedent to mental states reasoning, such as reorientation from
external to internal mental representations, e.g. when attention from an agent’s
behaviour shifts to one’s own internal knowledge about the agent’s beliefs (Meinhardt et
al., 2011). Other interpretations support a role of LPC as a correlate of the mental states
processing effort required in tasks with high cognitive demands for the integration of
information for reasoning (Cao et al., 2012), as well as for inhibitory control of reality or
one’s own perspective in order to infer another’s beliefs (Zhang et al., 2009).

From these sparse and not always consistent findings, it follows that we are still
lacking a clear understanding of what is the spatial and temporal neural dimensions of

Theory of Mind processing, and particularly of false belief reasoning.

1.1.4 Development of Neural and Cognitive Processes of

Theory of Mind

It is therefore little wonder that the literature on the neurophysiological markers
of false belief understanding is still scarce and little is known about the development of

the neural processes during the emergence of Theory of Mind in early childhood. A
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pivotal false belief study using Track-Density Imaging methodology recently showed that
only after sufficient white matter structure maturation of temporo-parietal and medial
frontal areas, such as the connection between TPJ and anterior areas via the arcuate
fasciculus, children show a mature explicit representation of mental states resembling the
one of the adult population (Grosse Wiesmann et al., 2017). Modulation of TPJ activity
was also seen in neuroimaging studies where 8- to 12-year-old children solved verbal and
nonverbal second-order false belief tasks (Kobayashi et al., 2007), while 10- to 12-year-old
children did not selectively recruited the right TPJ during an unexpected transfer false
belief paradigm, in contrast to adults (Sommer et al., 2010).

This age-related maturation regards core areas of the adult Theory of Mind
network, such as TPJ and mPFC, which show communalities with recent results coming
from developmental EEG studies on false belief reasoning. Resting alpha activity
localized in the right TPJ was positively associated with 4-year-olds’ performance in
representational Theory of Mind tasks (Sabbagh et al., 2009). In ERP research, a diffuse
frontal negative LSW was found in 4- to 6-year-old children who were competent in a
think judgment task when contrasting false and true belief reasoning with reality
judgements, similar to adults (Liu et al., 2009b). Using an EEG-suitable version of the
traditional unexpected transfer task for testing 6- to 8-year-old children, Meinhardt et al.
(2011) found that false belief reasoning elicited both an early LPC component,
interpreted as neural marker of the cognitive processes required for updating the mental
model of the environment, and a positive LSW, associated with the conceptual load due
to decoupling between false belief and reality. A fronto-central distributed LSW specific
to false belief understanding was also found in a more recent study on pretense versus
false belief reasoning in 6- to 8-year-old children (Kiithn-Popp et al., 2013).

All these studies considered, there are still many questions and little answers

regarding what are the early neural correlates evoked by Theory of Mind scenarios, what
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they truly represent in terms of cognitive processes, and which neurobiological changes
are necessary for the development of adult-like competences in false belief tasks. In this
regard, one of the main goal of this dissertation is to provide further insights on the

neural correlates of implicit false belief in adults.

1.2 Problem Statement and Previous Research

It is not surprising that behavioural and neurophysiological early age positive
findings about false belief reasoning sparked heated debate (see Scott & Baillargeon,
2014, for an overview). Ultimately, evidence of false belief understanding before the age
of four gave voice to supporters of an early-developing Theory of Mind hypothesis, which
suggests the presence of a specialized neurocognitive mechanism already mature in the
second year of life (Leslie, 2005), in open contrast to the developmental Theory of Mind
change view (Ruffman & Perner, 2005; Saxe et al., 2004).

In order to explain the positive results obtained before four years of age,
traditional supporters of the developmental Theory of Mind change view suggested that
these tasks are flawed in their main intent, as children do not necessarily need to
attribute belief to others and their task performance could be attributed to the surprising
presence of unfamiliar actions (Perner & Ruffman, 2005).

A more optimistic, comprehensive hypothesis instead supports a conceptual
continuity view (Baillargeon et al., 2010) between early and late findings, though
affirming that young children already possess a concept of belief, which guides their
expectations of others’ actions. In this view, it is primarily due to excessive language
requirements, computational demands, working memory constraints, and lack of
inhibitory control that children competences are masked in traditional false belief tasks,

where open response is required (Rubio-Ferndndez & Geurts, 2013). In particular,
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traditional false belief tasks like the Sally-Anne Scenario (see Chapter 3 for a detailed
explanation) require attentional (it is after all an intricate narrative involving two agents)
and linguistic resources (such as appreciation of subtle semantic differences, i.e. Where
will Sally look versus Where should she look) which are too hard to process for infants
(Bloom & German, 2000).

In support of this hypothesis, there is evidence that 3-year-olds are able to
successfully pass simpler variants of the classic false belief task. Infants showed high
performance in paradigms where a memory aid for the false belief content was given
(German & Leslie, 2000), where the saliency of the change of location event was lowered
(Wellman & Bartsch, 1988), or where children were asked to actively choose (instead of
predict) the correct location based on the agents’ belief, and the desired object was
removed from the scene, hence eliminating its saliency (Carpenter et al., 2002).

Taken all together, it seems reasonable to assume that children’s performance in
false belief tasks is sensitive to what seems minor changes in extraneous tasks demands
due to inefficient processing capacities (German & Leslie, 2000). Therefore, classic
methodologies to detect and quantitatively estimate early Theory of Mind abilities show
limitations whose true explanatory impact we started to appreciate only recently. New
paradigms should take advantage of the combined expertise from different disciplines to
disentangle the tight relation between higher order cognitive development, Theory of
Mind emergence, and language acquisition. These combined multidisciplinary approaches
can be valid in tackling Theory of Mind questions in early childhood without the
technical pitfalls of traditional paradigms.

In this dissertation, we aimed to validate current low-demand approaches and
foster new approaches, which are suitable to test children younger than three years of
age, merging methods from developmental psychology with expertise coming from

neuroscience and linguistics research. In particular, we decided to focus on two of the
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most important cognitive resources involved in the development of a full-fledged Theory
of Mind: explicit and implicit false belief reasoning and language comprehension of

mental states.

1.2.1 Explicit False Belief Reasoning

In the previous section, we mentioned how false belief understanding is
traditionally considered the litmus paper of Theory of Mind abilities. Explicit false belief
refers to the ability of children to give overt, elicited response about their understanding
of others’ false beliefs during a task involving their active participation (Grosse
Wiesmann et al., 2017).

After all, the inability for children younger than four years of age to pass explicit
false belief task could be due to their inadequacy in representational resources to pass
this task. As previously proposed, an alternative explanation is that methodological
problems are behind the capacity of younger children to show their true understanding of
false belief.

Firstly, classic explicit task have intrinsic limitations due to cognitive demands
and memory requirements (Carpenter et al., 2002). Although behavioural false belief
studies are best developed, results have been often confounded by the presence of
paradigms features that can be considered disadvantages (e.g. the necessity to elicit
verbal response) and do not clearly allow detangling the domain-specificity of the
cognitive effect under examination.

A second methodological problem regarding classic false belief studies concerns
the replicability of previous findings. These failed replications have been explained in
terms of procedural differences between original and replication studies, as well as by
attention and motivation differences (Baillargeon et al., 2018), which led to massive

exclusion of subjects following original study criteria (Schuwerk et al., 2018).
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We are well aware that these fragile experimental studies are at the basis of all
theoretical conceptualization of false belief reasoning in childhood. In the spirit of the
contemporary replication efforts in psychology (Simmons et al., 2016), we decided to
perform a replication attempt focussing on the striking difference in performance of
children younger than four years of age between traditional and simpler, low-demands
false belief tasks. Following the main drive to investigate the applicability and robustness
of explicit false belief tasks with different cognitive demands, we developed a behavioural
replication of an explicit false belief task with low inhibitory demands (Setoh et al., 2016)
within a large scale sample of 33-month-old children. Furthermore, we aimed to compare
children behavioural performance in this paradigm with a second yet traditional
representational change false belief task, which has previously showed competence in
children younger than 3 years of age (Hughes & Ensor, 2007).

We selected this recent study by Setoh et al. (2016) because of its peculiarity and
yet simplicity in addressing the issue of high inhibitory control demands of the traditional
false belief task. In this paradigm, two main variations from the traditional false belief
task are implemented: firstly, the desired object was removed from the scene. The
rationale behind this choice is that inappropriate response due to the current state of
knowledge of the child should be in such way suppressed. Secondly, to further reduce
cognitive demands, the task included two practice questions that helped the child to get
familiar with the goal of the game and know what to expect next. We targeted our
replication effort on a sample of 33-month-old children, in order to investigate whether
we can find evidence of false belief understanding even at such an early age, when
concurrent inhibitory and response generation demands are addressed to reduce cognitive

processing requirements.
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1.2.2 Implicit False Belief Reasoning

Behavioural developmental research found multiple evidence of early sensitivity
for mental states related to Theory of Mind in children before four years of age. Already
in their second year of life, infants can track agent’s perspective and encode agent-event
relations relevant to false belief reasoning (Rakoczy, 2012; Sodian, 2011), as well as show
behaviours that require attribution of mental sates to others, such as imitate intended
actions (Carpenter et al., 1998) or adapting their behaviour based on the knowledge of
the state of the world of their parents (O’Neill, 1996).

Hence, we have evidence of infants primordial skills in mentalising others’ actions,
a view in agreement with the emergence of early implicit false belief reasoning: children
spontaneous understanding of others’ (false) mental states (Baillargeon et al., 2010),
elicited by implicit performance markers that can be quantitatively measured, such as
anticipatory and preferential looking times or neurophysiological activation patterns. As
presented in the previous sections, spontaneous response tasks showed positive results
earlier than the four years of age threshold, with an exception for verbal tasks, which
often require significant linguistic skills, too demanding for toddlers and comparable to
the ones of explicit false belief tasks. Recently though, evidence has been brought that
even 2.5-year-olds can pass verbal tasks when not asked to elicit a direct response, thus
supporting the continuity view of early false belief understanding (Scott et al., 2012).

At this point, addressing the elephant in the room is essential: the debate around
the presence of an early implicit false belief reasoning mechanism has been possible
thanks to the employment of techniques that do not require elicited answer from the
participant. Powerful tools for investigating the implicit understanding of Theory of
Mind at its emergence have been Eye-Tracking (see studies on the above-mentioned claim
that false belief reasoning can be elicited in preverbal infants if cognitive demands are

reduced, e.g. Baillargeon et al., 2010; Southgate et al., 2007) as well as
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Electro-Encephalography (EEG), functional Near-Infrared Spectroscopy (fNIRS), and

functional Magnetic Resonance Imaging (fMRI).

In the last two decades, there has been a considerable rise in studies
demonstrating that distinct Event-Related Potentials (ERPs) can be identified as neural
marker of Theory of Mind abilities. ERP studies in the Theory of Mind domain focus on
temporal aspects of the decoding, processing, and integration of mental states such as
desires, emotions, and especially beliefs. In particular, specific ERPs have been correlated
to false belief reasoning, often via the employment of EEG-adapted versions of traditional
behavioural false belief tasks. As presented in the previous section on the neural and
cognitive basis of Theory of Mind, these studies have brought new heat to the early
sensitivity debate, offering meaningful insights into the early cognitive processing of

mental states.

To date, we have no knowledge of ERP studies tackling the cognitive development
of false belief understanding below the age of four, at the emergence of Theory of Mind
ability. Although the potential of these methods is clear, this could be due to the several
challenges rising from employing neurophysiological techniques on young children. On
one side, even though EEG is a completely non-invasive and not-interfering method for
gathering neurophysiological information, the relative discomfort of the cap and cables
needed for recording and the high number of trial repetitions is a challenge for the
motivation and attention span of infants, ultimately leading to low signal-to-noise ratio
due to high movement artefacts. On the other side, these studies often suffer from similar
drawbacks of the traditional explicit false belief tasks, such as requiring high memory
workload due to long story formats. It follows that a difficulty in studying the
neurophysiological basis of Theory of Mind in childhood is to disentangle genuine
neurocognitive components of Theory of Mind reasoning from other rather general

neurocognitive processes, which are also required for solving the task.
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Among these processes a special role is played by executive functions, i.e. the
complex set of mechanisms which allows to focus on information and shift attention
effectively (e.g. working memory and selective attention), inhibit impulsive responses (i.e.
inhibitory control), generate strategic decision-making, flexible problem solving, and
goal-direct behaviour (Diamond, 2013). A conclusion derived from spontaneous response
tasks is that children younger than four years of age already have an understanding of
false beliefs, but not yet sufficiently developed inhibitory control, which hinders correct
overt responses (Scott & Baillargeon, 2009; for an alternative explanation see Perner &
Ruffman, 2005). Further support to this hypothesis comes from recent behavioural
research, showing that when reducing executive functions load, children as young as 33
months are able to pass a traditional Theory of Mind task (Setoh et al., 2016, supported
by Study A in this dissertation).

Therefore, our goal as researchers should be to consider prior findings from
behavioural, facilitated false belief studies focussing on lower cognitive requirements and
combine these with previous research on the neural correlates of false belief. Hence, here
we aim to develop a new false belief task with reduced processing demands, where the
spontaneous response, as measured by the ERP event, is time-locked to the agent
eliciting its own mental states in agreement (true) or disagreement with reality (false
belief). The study includes the developing of a full new paradigm based on a
neurophysiologically compatible, digital version of a behavioural task by Wellman &
Bartsch (1988): to test its validity in eliciting neural correlates, a sample of thirty

neurotypical adults has been included in this pivotal phase of the paradigm.

1.2.3 Language Abilities and Theory of Mind

The emergence of a full-fledged Theory of Mind seems to be the supported by

several developmental factors, such as the evolution of social competences, the refinement
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of executive functioning skills, and especially the acquisition of language abilities.
Correlations between proficiency in language skills and Theory of Mind has been found in
3- to 6-year-old children (Harris et al., 2005), to the point of suggesting that language
could be a necessary precursor to successful development of a Theory of Mind (Astington
& Jenkins, 1999; Ruffman et al., 2002). In particular, it has been argued that earlier
general language abilities drives later explicit false belief performance, based on a
longitudinal meta-analysis (Milligan et al., 2007). More controversially, false belief
understanding has been also proposed to be dependent on the mastery of syntactic
complement structures (De Villiers & De Villiers, 2000), with evidence of predictive
directionality between complement usage and false belief performance already in 3- to
4-year-old children (De Villiers & Pyers, 2002).

These results are by some means in agreement with the hypothesis that the third
year of life plays an important role for the transition from implicit to explicit
understanding of verbal Theory of Mind (Diessel & Tomasello, 2001). Despite this, little
evidence has been found to correlate implicit false belief understanding with language
(Low, 2010; Grosse Wiesmann et al., 2017). One of the reason for this could be the
challenge to test language comprehension concurrently with implicit false belief reasoning

before four years of age.

Mental States Comprehension

Of particular interest for us is the less contentious hypothesis that it is the
acquisition of a verbal system of mental states representation (e.g. epistemic states,
desires, and perceptions) to be essential for fostering children’s conceptual understanding
of false belief (Harris et al., 2005). In principle, it is known that at 2- to 3-year-old
children produce their first mental verbs and verbs of communication (Diessel &

Tomasello, 2001). This is in line with the results from a longitudinal study from Brook &
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Meltzoff (2015), where they found evidence of the bridging role of language and
non-social attention in the development of infants’ social cognition first and Theory of
Mind later. In particular, children with higher gaze-following behaviour at 10.5 months
showed higher performance in mental states words production at 2.5 years of age, and the
same held true for mental states words production at 2.5 years of age and higher success
in standard explicit Theory of Mind tasks at 4.5 years of age. This predictive relationship
was specific for mental states representations, in agreement with a new study showing
that children’s mental states language are concurrently related with Theory of Mind
independently of general language abilities, and only training with mental states language
promotes acquisition of understanding of knowledge and ignorance already at 33 months
of age (Kaltefleiter et al., 2022). Nevertheless, although initial production of mental
states starts early in infancy, full mastery of the semantics of mental states terms only
occurs around 4 to 5 years of age (Moore et al., 1989), leading to theorize that the
acquisition of mental states language could be the true precursor to a full-fledged Theory

of Mind (Kristen-Antonow et al., 2019).

However, verbal production does not necessarily mean that implicit understanding
has to develop simultaneously. A first discrimination in implicit mental states language
before the age of four would be meaningful, in light of recent studies showing that
2-year-olds already show epistemic state production in spontaneous speech, although

hardly talking about third parties (Harris et al., 2017).

To date, early comprehension of mental states language in children below three
years of age has not been systematically investigated. One of the main challenges is yet a
methodological one, since the sparse evidence brought from behavioural paradigms for
testing mental states language comprehension show poor performance in children below
four years of age (Moore et al., 1989). So far, mental states language competence has

been mainly assessed by parent report questionnaires and analysis of spontaneous speech
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samples (such as from the CHILDES database, see MacWhinney, 2000). As a
consequence, this is a limiting factor for investigating how early mental states skills link
to implicit false belief understanding.

To ultimately reach this goal, it is necessary first to develop a more sensitive task
to tackle mental states comprehension early on, without relying on elicited production
from children. For this purpose, we developed an eye-tracking study in close
collaboration with Prof. Nivedita Mani (Department of Psychology of Language,
Georg-August-Universitat Gottingen) to test spontaneous responses, as elicited by a
proportional looking paradigm, in discriminating between the semantics of the mental
states verbs know and think in 27-month-old children. If successful, such task has the
potential to be employed as part of a language battery to investigate the relation between
implicit false belief understanding and early access to mental states semantics before the

fourth year of age.

1.3 Main Objective and Research Questions

Leitmotif of this work is the necessity for methodological improvements of
traditional tasks, which are at the basis of theoretical conceptualization of, and multiple
debates on, Theory of Mind mechanisms in early childhood. Treasuring the experience
acquired from traditional false belief tasks, we built the foundations for a theory that sees
the fourth year of age as a milestone for the development of Theory of Mind. Yet, recent
experimental research continuously brings us surprising insights on the child’s mind
before this magical year has been reached. Here, we want to combine teachings from the
limitations of classic tasks and the subsequent criticism that led to innovative and yet
debated paradigms, to remedy flaws and improve the robustness of our current

understanding.
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Our goal is to test and develop novel study paradigms combining traditional
expertise from developmental psychology with spontaneous-response approaches used in
neurophysiological studies and linguistic research, to ultimately shed further light onto
two of the most important cognitive resources necessary for the development of Theory of
Mind in infancy: the understanding of false belief and the comprehension of mental states
language.

The following research questions have been tackled in this work, divided in three
experimental studies:

A) Can we replicate with a larger sample the positive findings from an explicit
false belief behavioural task in children below the age of four, when cognitive demands
are reduced?

To answer this question, in Study A we replicated with a statistically sounded
sample size a behavioural explicit false belief study that uses a paradigm with reduced
information processing demands (Setoh et al., 2016). This study hypotheses are that 1.
Children as early as 33-month-of-age have an appreciation for false belief understanding,
2. Inhibitory control demands play an impactful role in performance obtained in explicit
tasks, and 3. Positive findings from behavioural studies on early false belief can be
replicated with a larger sample size.

B) Can we develop a child-friendly EEG task with reduced processing demands
that tackles implicit false belief understanding at the neural level?

In study B we developed a novel ERP study suitable for young children to
investigate the neural correlates of implicit false belief understanding. In order to do so,
we implemented the learnings from Study A) on the necessity to reduce extraneous
cognitive load and adapted the behavioural paradigm from Wellman & Bartsch (1988),
where extraneous cognitive requirements were reduced by removing inferential reasoning

in favour of elicited statements on the agent’s belief. This study hypotheses are that 1. A
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reduced processing demands ERP task elicits consistent markers of false belief
understanding in a pilot sample of neurotypical adults participants, and 2. Such markers
should be compatible with previous neurophysiological literature of false belief
comprehension (i.e. LPC- and LSW-like waveforms).

C) Can we develop a child-friendly eye-tracking task that measure implicit
sensitivity to semantic concepts at an early age? Do children as early as 27 months of age
already show initial discrimination for mental states language?

Finally, in study C we developed a new paradigm taking advantage of proportional
looking times to investigate comprehension of mental states language in young children,
adapting the classic behavioural paradigm developed by Moore et al. (1989). This study
hypotheses are that 1. A spontaneous-response looking time paradigm can be used to
elicit markers of sensitivity to semantic discriminations, 2. Such sensitivity is already
visible in children below 3 years of age, and 3. Children sensitivity should show a looking

preference towards the agent holding the highest degree of knowledge.

1.4 Dissertation Structure

In this dissertation, a chapter is dedicated to each of the following three
experimental studies after the Main Introduction (Chapter 1).

Study A (Chapter 2 in this manuscript) appeared as Article published in Infant
Behavior and Development, Volume 54, Stella S. Grosso, Tobias Schuwerk, Larissa J.
Kaltefleiter, Beate Sodian, 33-month-old children succeed in a false belief task with
reduced processing demands: A replication of Setoh et al. (2016), Pages 151-155,
Copyright Elsevier (2019). ISSN 0163-6383, https://doi.org/10.1016/j.infbeh.2018.09.012.

Study B (Chapter 3: Implicit False Belief Reasoning with Reduced Processing

Demands: Evidence from Neural Correlates) and Study C (Chapter 4: 27-month-olds’
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Early Sensitivity to Mental States Language Comprehension: An Eye-tracking Study)
follow a journal article structure with abstract, introduction, methods, results, and
discussion sections.

The dissertation closes with a Main Discussion (Chapter 5), Bibliography, and
Acknowledgements.

These studies have been funded by the German Research Foundation (DFG grant
SO 213/33-1) as part of the Research Group ”Crossing the borders: The interplay of
language, cognition, and the brain in early human development (FOR 2253). Project
Part 8: The role of language in early Theory of Mind development.”
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Chapter 2

Study A: Explicit False Belief

Reasoning

33-month-old children succeed in a false belief task with reduced processing

demands: A replication of Setoh et al. (2016)
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ARTICLE INFO ABSTRACT

Keywords: A recent low-inhibition false belief task showed a high success rate with 33-month-old children
Theory of mind when response-generation demands were reduced [Setoh, Scott, & Baillargeon (2016).
False belief understanding Proceedings of the National Academy of Sciences, 113(47), 13360-13365]. We found correct re-

Explicit task
Replication
Low-inhibition
Representational change

sponding in 74% of N = 58 33-month-old children, replicating the original findings. Within the
same sample, we compared this performance with performance in a concurrent measure of false
belief understanding which has previously produced competence in children below the age of 3
years [Hughes & Ensor (2007). Developmental Psychology, 43(6), 1447-1459]. Contrasting sharply
with findings from the low-inhibition false belief task, we found partial competence in 15%, and
full competence in only 5% of the same sample. These results show that the paradigm by Setoh
and colleagues generates reliable findings in a different lab and a different language. We discuss
this pattern of results in relation to theoretical considerations of early false belief understanding.

1. Introduction

Theory of Mind describes our ability to impute mental states, such as desires or beliefs, to agents to explain and predict their
behavior. Becoming able to correctly explain and predict behavior based on false beliefs, i.e. beliefs that do not correspond to the
state of reality, is considered a milestone in Theory of Mind development. In traditional false belief tasks that ask for a verbal
prediction of a false belief-based action, children show this ability at around four years of age (Wimmer & Perner, 1983).

Recently, Setoh, Scott, and Baillargeon, (2016) published first evidence that toddlers as young as 2.5 years are able to verbally
predict a false belief-based action in a modification of a traditional false belief task. This finding of an early false belief competence is
in line with evidence from spontaneous response tasks that draw on gaze patterns or neural responses to indicate false belief pro-
cessing even in infancy (Southgate, Senju, & Csibra, 2007; Onishi & Baillargeon, 2005; Southgate & Vernetti, 2014; see Sodian, 2016,
for an overview). Yet, because Setoh et al. show this competence in verbal responses, which leave less interpretational ambiguity as
compared to the more indirect measures in spontaneous response tasks, their study is of particular importance.

Setoh et al. (2016) presented children with a story-format task that introduced an agent who placed an object in location A, which
was subsequently moved to location B, unbeknown to the agent. Over 70% of the 30- to 33-month old children correctly indicated the
location where the agent was going to search for the object, based on her false belief. This finding contrasts sharply with the findings
of hundreds of studies (for a meta-analysis, see Wellman, Cross, & Watson, 2001) showing that children below the age of 4 years
indicate the wrong location (the location where the object really is) in such tasks.

Based on an expanded processing account of children’s performance on false belief tasks, Setoh et al. (2016) argued that young
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children may fail traditional false belief tasks because of overwhelming concurrent processing demands in the task. During a tra-
ditional false belief task, the child is not only required to represent the false belief of the agent, but also to suppress the prepotent
response to answer where the object actually is and to generate the correct response. Limited cognitive resources to process the latter
two were suggested as possible causes preventing successful task performance and thereby masking false belief understanding. To
lower the processing demands, Setoh et al. designed a traditional false-belief task in which inhibitory control demands are reduced by
removing the critical object from the scene. In addition, they promoted response generation via the insertion of two practice
questions. In these practice questions, the children were asked — just as in the false belief test question — about an object’s location.
The two practice trials supposedly helped the children in three ways, namely making them acquainted with “where” questions,
allowing them to choose between two pictures and select one of them, and giving them clues about when a question is going to be
asked.

In one experiment, over 70% of both 30- and 33-month-old children succeeded in this task. In a second experiment, where
practice trials differed from the test trial in one aspect, i.e. involving a pointing response only to one instead of two pictures, only 33-
month-olds succeeded. Further experiments showed that one practice question instead of two was not enough to lower the response
generation demands, and that just lowering the response generation demands was not successful when the inhibition requirements of
the task were high. These findings support the authors’ conclusion that toddlers possess a conceptual understanding of false belief
that is continuous with belief understanding in infancy (Scott & Baillargeon, 2017), but that they are unable to express their un-
derstanding in standard tasks due to overwhelming processing demands. It has been argued, however, that in Setoh et al.’s task the
practice trials, training children to respond to “where” questions, may have prompted them to point to the last location where the
object was, thus leading to success on the task without attributing a false belief to the agent (Rubio-Fernandez, Jara-Ettinger, &
Gibson, 2017; but see Scott, Setoh, & Baillargeon, 2017, for a reply).

The purpose of the present study was to replicate the findings by Setoh et al. (2016) in a larger sample (cf., Button et al., 2013).
Testing the replicability of this modification of a traditional false belief task that relies on verbal responses is even more important in
the light of the recently fast-growing body of failed replication attempts of spontaneous response tasks, testing false belief under-
standing in infancy (e.g., Kulke, Reil3, Krist, & Rakoczy, 2018; Schuwerk, Priewasser, Sodian, & Perner, 2018).

In order to test for the presumed difference in processing demands between Setoh et al.’s low-inhibition false belief task and a
traditional task, we included a second false belief task in a within participant design. A representational change false belief task by
Hughes and Ensor (2007) has shown success in about a third of 2-year-old children, and thus seems to be sensitive to a nascent false
belief understanding in toddlers. In an engaging picture-book format, the child is presented with a display that appears to show an
eye of an animal which, on turning the page, is revealed to really be a spot on a snake’s skin. Children are asked for both their own
prior false belief and the false belief of another person. They are also required to answer two reality control questions. If the Setoh
et al. task is a valid measure of false belief understanding, we would expect performance to be correlated with the representational
change false belief task despite a sizeable difference in difficulty.

2. Methods

Following best practice recommendations, we report how we determined our sample size, all data exclusions, all manipulations,
and all measures in the study (Simmons, Nelson, & Simonsohn, 2012). The ethics committee of the Department of Psychology and
Education of Ludwig-Maximilians-University (Munich, Germany) approved this study. All procedures performed in the reported
experiments were in accordance with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.

2.1. Participants

A total of 62 children took part in the experiment. Informed consent was obtained by one of the parents before starting the
experimental session. We applied the same exclusion criteria as described in the original studies, leading to slightly varying sample
sizes for each task. In this replication attempt of the low-inhibition false belief task by Setoh et al. (2016), the final sample included
58 children (35 females) with a mean age of 33 months and 7 days (SD = 7.6 days, age range = 32 months and 15 days — 34 months).
Another four children were tested but not included in the final sample because of failing to point (n = 2), or responding ambiguously
in the test trial (the verbal response and pointing gesture did not match, n = 2). In our replication attempt of the representational
change false belief task by Hughes and Ensor (2007), 48 children (27 females) with a mean age of 33 months and 6 days (SD = 7.9
days, age range = 32 months and 15 days — 34 months) were included. Fourteen children were a priori excluded from analyses due to
failing to respond to any of the questions (n = 6), experimental errors (n = 5), not wanting to do the task (n = 1), or receiving help
from caretakers (n = 2). Due to failing in replying during either control or test questions or both, sample size further varied between
analyses.

The present study was part of a longitudinal study. Therefore, sample sizes were a priori determined based on the design of this
larger study. Simonsohn (2015) recently suggested that the sample size of a replication study should be 2.5 times larger than the
sample size of the original study in order to protect original findings from underpowered replication attempts. Based on this criterion,
our sample of n = 58 for the replication of Setoh et al. (2016) was sufficiently large (sixteen 33-month-olds in the original study).
However, our sample (n = 42) for the replication of Hughes and Ensor (2007) is lower than in the original study (n = 122).

Both tasks were part of a test battery of an ongoing longitudinal study. Due to the complexity of the longitudinal design, we
refrained from introducing an additional factor by counterbalancing the order of presentation of the two current false belief tasks.
They were administered in one test session with a fixed order, intermixed with further tasks not relevant for this study. The children
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completed the representational change false belief task first. Because (1) materials of the two false belief tasks substantially differed,
(2) they were separated by other unrelated tasks, and (3) they were of different types (representational change vs. change of loca-
tion), we argue that potential carry-over effects are unlikely.

2.2. Low-inhibition false belief task by Setoh et al. (2016)

2.2.1. Material

For the low-inhibition false belief task adapted from Setoh et al. (2016), we created a picture book with nine pages composed of
clear plastic sheet protectors (32cm x 56 cm) holding white paper backgrounds to which 11 picture photos were attached
(20 cm x 25 cm). A black solid paperboard stand (50 cm tall X 56 cm wide X 20 cm deep) kept the pages in place via four binder rings
mounted on the upper edge. The stand allowed the screen to be positioned at a 70° angle via a black ribbon connecting both the
frontal and back frames. All photos were centered at the bottom of the page, with double photos placed 4.5 cm apart one from the
other. The pictures created for this task adaption can be found here: < https://osf.io/aejz6/?view_only =
e€688b18b4f9a40b58b5f7671022423¢c8 > .

2.2.2. Coding

The child and experimenter sat next to each other and the stand was placed in the middle of the table in front of the child. An
overhead camera captured this setting in top view. A second camera, positioned behind the child, captured the experimenter, the
book and the child’s responses. A second experimenter coded the child’s behavior during the test session. All responses were in-
dependently coded from video recordings by other two raters, who reached very high inter-rater reliability for all questions (Cohen’s
kappa = 1). For each practice and test trial we coded the pointing and/or vocal reply of the child and eventual specific response
behavior (e.g., inconsistent verbal/pointing responses, i.e. pointing at one location but mentioning the other). Two children required
a second prompt during the practice trials.

2.2.3. Procedure

In total, six story events, two practice trials, and one test trial were presented to the child. After flipping each page to reveal the
respective picture(s), the experimenter recited the accompanying line of that event. For this replication, the original phrases were
translated into German. The script and stimuli material can be found at the link given before. In the first two story events, the
protagonist, Lily, found an apple in a bucket covered with a towel. In the first practice trial, a picture of the apple and a picture of a
banana were shown and the child was asked “Where is Lily s apple?”. Then, in the third and fourth story event, Lily moved the apple
in a basket covered with a plate and went outside to play with a ball. In the second practice trial, the experimenter presented a picture
of a rattle and a picture of the ball and asked “Where is Lily’s ball?”. The story continued with the arrival of Lily s brother Peter, who
took away the apple from the scene. In the last story event, Lily came back and looked for her apple. In the test trial, the experimenter
revealed a picture of the basket and a picture of the bucket and asked “Where will Lily look for her apple?”. A pointing gesture or
verbal referral to the container where Lily falsely believed that the apple was located was coded as correct response. Cases in which
the child needed prompts (e.g. “Can you show me where Lily’s apple is?” or “Show me where the apple is!”), were documented, as in
the original study design. Differing from the procedure of the original study, we did not counterbalance the positions of the pictures
showing the containers in the test trial (i.e., vary between participants whether the belief-congruent container was left/right) and
kept only the one of the two possible picture combinations in the test trial in which container location matched the previous pictures.
Our rationale here was again to keep the number of additional factors as low as possible in this longitudinal design. Counterbalancing
this and other factors within the administered tasks across participants and measurement points would have exceedingly inflated the
overall design of our study.

2.3. Representational change false belief task by Hughes and Ensor (2007)

2.3.1. Material and procedure

In the representational change false belief task adapted from Hughes and Ensor (2007), the child and the experimenter sat
together on the same side of the table. The experimenter presented a picture book containing a deceptive element (Moerbeek, 1994)
while narrating its story. Each page of the book had a hole revealing a small part of the next page. The part that was visible through
this hole looked like an eye. Only on the last page it became clear that what appeared to be an eye was actually a spot on the skin of a
snake. After finishing the book, the experimenter returned to the second last page and asked the child the test question “What did you
think it was before we turned the page, an eye or a spot?”. Subsequently, a reality control question was asked (“What is it really, an
eye or a spot?"). After that, a puppet figure called Jonas was introduced to the child. The experimenter explained that Jonas had never
seen the content of the book before. Holding the puppet in front of the book, a test question was used to assess understanding of
other’s belief (“What will Jonas think if we show him this page, is this an eye or a spot?”). The child was then asked a second reality
control question as in the first scenario.

2.3.2. Coding

For both test questions, responses were coded as “correct” when the child replied with the word “eye” (one’s own and other’s
previous belief), while for both control questions, responses were coded as “correct” when the word “spot” was mentioned (one’s own
and other’s current belief). A second rater coded the responses offline from video-recordings, reaching a high inter-rater reliability
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(Cohen’s kappa = .96). Following the original coding criteria by Hughes and Ensor (2007), performance was coded as successful only
if they answered both the control and the test question correctly. This resulted in a sum score for successfully passing both one’s own
and the other’s belief questions ranging from 0 to 2.

3. Results

In the test trial of the low-inhibition false belief task, 43 out of 58 (74,1%) children chose the container in which Lily falsely
believed the apple was located (p = < .001, cumulative binomial probability, chance level of 0.5). This replicated the original result
reported by Setoh et al. (2016), 33-month-olds: 12 out of 16 correct responses, p = .038).

In the representational change false belief task, 2 children out of 42 (4.8%) were able to pass both the one’s own belief and the
other’s belief test questions when applying the criteria by Hughes and Ensor (2007). Analyzing the one’s own belief and the other’s
belief trials separately, we found that 7 out of 46 (15.2%) children passed the own belief question and 4 out of 43 (9.3%) passed the
other belief question following the original inclusion criterion of passing also the control question (differences in sample size are due
to missing data when combining self-belief and other- belief scores together).

A Wilcoxon Signed-ranks test revealed no significant difference between self- (Mdn = 0) and other- (Mdn = 0) belief scores,
suggesting that explicating one’s own previous belief is not easier at this age than considering another person’s belief, Z = 1.13,p =
.257. The overall performance of our sample in both own and other belief questions (M = 0.26, SD = 0.54, N = 42) turned out to be
considerably lower compared to the findings by Hughes and Ensor (2007) for slightly younger children (M = 0.65, SD = 0.77,
N = 122; Hughes & Ensor, 2007).

Bivariate non-parametric correlation analyses between the low-inhibition false belief task performance and the representational
change false belief task scores with original criteria (own belief, n = 44, other belief, n = 41, overall score n = 40) did not yield any
significant result (Spearman’s rho ranging from - .05 to - .06, ps ranging from .696 to .777).

4. Discussion

In this study, we successfully replicated the finding by Setoh et al. (2016) that 33-month-olds succeed in a false belief task with
reduced processing demands. In our sample, 74% correctly responded that the agent will look for the object where she falsely believes
it would be located. In contrast, we did not replicate Hughes and Ensor (2007) finding in a representational change false belief task,
but obtained floor effects. Although we expected performance to be significantly lower than in the task by Setoh et al., we expected
about one third of the 33-month-olds to pass the representational change false belief task by Hughes and Ensor (2007) based on these
authors’ findings. While we do not have an explanation for the discrepancy between our findings and Hughes and Ensor’s, it should be
noted that other studies of representational change false belief tasks (Gopnik & Astington, 1988) found similar levels of difficulty for
this task format as of standard location-change paradigms.

No significant correlation between performance in the two tasks was found. The unexpected poor performance in the re-
presentational change false belief task and the consequently reduced variance of performance in this task could be accountable for
this result. Further, our samples (varying between 40 and 44 participants for the respective measure) might have been two small to
detect any true effects. Yet, if there would have been a strong relationship between the two tasks, which could be expected given that
both tasks presumably measure the same underlying phenomenon, our sample would have been large enough to detect this effect. In
sum, due to the reduced variance and the relatively small sample size, the results of these correlational analyses must be interpreted
with caution.

An isolated evaluation of our successful Setoh et al. (2016) replication supports the authors’ interpretation that reducing in-
hibitory-control demands improves performance in a false belief task in children below the age of 4 and is consistent with the
expanded processing account that young children’s false belief understanding is masked by not yet sufficiently developed inhibitory
control and cognitive resources for response generation. The children’s poor performance in the representational change false belief
task by Hughes and Ensor (2007) is also in line with this interpretation. This task requires a considerable amount of inhibitory control
to suppress one’s current state belief in favor of one’s and another person’s prior false belief, as well as to suppress the response to the
previous test question when responding immediately afterwards to the control question.

While the present findings indicate that the paradigm by Setoh et al. (2016) generates reliable findings in different labs and
different languages, the present study did not contribute to assessing the validity of the task as a measure of false belief under-
standing. This was not possible due to the unexpectedly poor performance of 33-month-olds in the representational change false
belief paradigm by Hughes and Ensor (2007). Note, however, that the present pattern of findings rules out the interpretation that the
high performance obtained by Setoh et al. (2016) could have been due to unusual characteristics of their sample. Further research is
needed to determine whether there is a unique source of shared variance between children’s responses to the task by Setoh et al. and
to traditional false belief tasks. Predictive relations in a longitudinal study would be one promising source of evidence for evaluating
the proposal by Setoh et al. (2016) that there is conceptual continuity in false belief understanding from toddlerhood to the age of 5
years.
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Chapter 3

Study B: Implicit False Belief
Reasoning with Reduced Processing
Demands: Evidence from Neural

Correlates

3.1 Abstract

A full-fledged Theory of Mind is considered accessible only around four years of
age, when children successfully pass explicit false belief tasks. In the last decades, ERP
research investigated the neural correlates of false belief understanding in a variety of
EEG-adapted classic paradigms in the child and adult populations. So far, no ERP study
focused on tackling implicit false belief understanding before the fourth year of age, at
the onset of development of Theory of Mind abilities.

One of the reasons for children to fail false belief tasks earlier on has been

attributed to high tasks requirements, such as cognitively demanding inferences necessary
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to solve traditional false belief tasks. Here we developed a novel ERP paradigm with
reduced processing demands, to shed further light onto the neural correlates of implicit
false belief reasoning. Due to its simple short-story format and lack of false belief
inferential demands, such task would be suitable to assess ERP indicators of false belief
reasoning in early years of life, at the time of emergence of false belief understanding.

In the present study, thirty adults were presented with movies in which an agent’s
false or true belief about an object location was explicitly stated and thus did not have to
be inferred. At the neurophysiological level, a positive component for false belief emerged
in the left hemisphere at 250-400 ms, resembling the LPC previously found in literature.
A later divergence, comparable to the LSW, emerged in frontal regions and with reverse
polarity at central-parietal sites between 650-800 ms. These characteristic waves have
often been associated to sequential temporal stages of the cognitive processing of Theory
of Mind.

These findings support the validity of this new paradigm with reduced processing
demands to elicit specific markers associated with belief discrimination and are consistent
with previous outcomes on the neural correlates of false belief reasoning. Lastly, these
results support the task suitability to investigate implicit false belief in infancy.

Keywords: Theory of Mind, implicit false belief understanding, ERP, reduced
processing, LPC, LSW

3.2 Introduction

As part of a social community, processing perspectives and opinions different from
our own and interpreting actions of others based on their beliefs, goals, and desires is an
important aspect of our life. All these are elements of what constitutes Theory of Mind,

the social-cognitive skill necessary to impute states of mind to others and distinguish
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them from our own. As experience shows us, these individual mental states do not always
have a correspondence with the actual state of reality, as ignorance and errors of
judgment can lead us to inaccurate or erroneous points of view about the world. False
belief reasoning describes our ability to attribute such misconceptions to others and

ourselves, in order to explain and predict human behaviour during social interactions.

Belief reasoning has been long considered fundamental for the development of a
full-fledged Theory of Mind in children (Wellman et al., 2001; Wimmer & Perner, 1983),
yet, its underpinning neural mechanisms are not fully understood. Event-Related
Potential (ERP) research evoked by belief reasoning found evidence of early and late
neural correlates, interpreted as markers of different cognitive processing stages involved
in the unfolding of this complex ability. Two main ERP components seem to be
recurrently involved in Theory of Mind processing: a broader, mental states related late
positive complex (LPC) and a late slow wave (LSW) specific to belief reasoning. At
present, there is mixed evidence in the ERP literature in support of the cognitive
interpretation of the LSW and LPC, especially due to the difficulty in detangling their

either task- or Theory of Mind-specific nature.

In particular, neurophysiological studies implemented a few similar but not
overlapping paradigms, focussing on contrasting the concept of belief with other mental
states (e.g. desire and pretense reasoning) as well as with non-mental states (e.g. visual
representations), and ultimately specifically comparing true versus false belief (Jiang et
al., 2016, for an overview). As ERP correlates are intrinsically connected to the paradigm
and presentation format used in the experiment (Handy, 2005; Luck, 2014), there is no
agreement yet on an unambiguous interpretation of the cognitive processes associated

with the same component, when this is evoked in studies that employ different paradigms.

Notably, mental states decoding studies used a variety of tasks, which brought

evidence in support of the involvement of the LPC. Sabbagh et al. (2004) found a
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posterior P300 — 500 component, evoked only at the onset of pictures presented to
participants who were asked to judge whether the depicted eyes displayed the same state
expressed by the mental states word presented just before. This LPC-like wave was
interpreted as expression of the difficulty of the mental states decoding task at hand also
in another study, where it was evoked only at the onset of cartoonish pictures when
Theory of Mind attribution was necessary for comprehension and thus it was connected
to understanding of mental states (Wang et al., 2010). These studies conceived the
presence of an LPC as the neural marker of the complexity of the cognitive processes

required to separate mental states reasoning from the true state of affair.

In a more recent study, Cao et al. (2012) instead tackled the subtle difference
between simple mental states decoding (judging emotional expression of agents on
photographs) and reasoning (predicting which object the agent on the photograph will
choose). In this case, the authors interpreted a bilateral LPC, which was evoked only at
the onset of presentation of target photographs in the reasoning condition, as marker of
the greater mental resources necessary to integrate contextual information in mental

states reasoning.

All considered, LPC shows some evidence to generically represent the processing
demands involved in mentally decoding and representing someone else’s mental state,

while holding in mind our own knowledge of the true state of the world.

In addition to the LPC, studies that focused specifically on contrasting mental
states found evidence of a second, long-lasting LSW component. When participants were
asked to compare written characters’ contrasting statements about desires, beliefs, and
physical locations of objects, Liu et al. (2009a) showed that only explicit judgments
based on belief statements evoked a right-posterior LSW, time-locked to the presentation
of the object. With the same paradigm, Bowman et al. (2012) showed a right posterior

divergence at 600-800ms for belief reasoning compared to desire reasoning also in 7- to
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8-year-old children that correctly solved belief reasoning trials in an adult-like manner.
Because of its specificity, the right posterior LSW component was interpreted as evidence
of a second-stage of belief processing, in agreement with neuroimaging studies that
indicate the right temporo-parietal junction as critical region for updating of mental
states in the Theory of Mind network (Aichhorn et al., 2006; Kobayashi et al., 2007; Saxe

& Kanwisher, 2003; Vogeley et al., 2001).

In addition, the LSW has not only been considered a neural correlate of belief
processing, but also more specifically a marker of the mental operations involved in false
belief reasoning: the main evidence for this hypothesis comes from a pivotal ERP study
by Sabbagh and Taylor (2000). In this study, the authors presented participants with
narratives, where agents hold false beliefs of objects location versus non-mental
representations, and asked them to elaborate where the agent would imagine the object
to be. ERPs were time-locked to the test question and only the false belief reasoning
condition evoked a left frontal LSW. In partial agreement with the above-mentioned
LSW studies, the authors interpreted this component as reflection of the cognitive
processes required to integrate inconsistent mental representations of others (i.e. false
belief about the true location of an object) in the current context (i.e. the request to

point to the false location).

Taken together, all the mentioned studies show one common feature: evoking
Theory of Mind representation in a controlled setting is problematic, as it requires the
establishment of a situational context and a suitable narrative to naturally convey the
agents’ knowledge of the world. It follows that considerable part of the ERP research on
false belief focused on implementing an EEG compatible version of a classic,
well-established false belief paradigm from behavioural psychology, the unexpected
transfer task (Baron-Cohen et al., 1985). In this paradigm, often referred to as the

Sally-Anne scenario, Sally hides an object in a location and leaves the room; while
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absent, Anne moves the object to a new location. At this point, the participant is asked
where Sally will look for the object. Success in solving the Sally-Anne scenario, pointing
to the original location of the object instead of the new one, is considered a critical test

for the emergence of a full-fledged Theory of Mind (Baron-Cohen et al., 1985).

This paradigm has the advantage to compare reality (“Where is the object
really?”) versus false belief judgments (“Where does he/she think the object is?”) in the
same scene. In 2004, Liu et al. animated cartoonish stimuli to present their participants
with an ERP version of the unexpected transfer task, time-locked to the final questions
and evoking a left frontal LSW peak, more negative for belief judgments. This
component was interpreted as neural evidence of the decoupling mechanism

distinguishing our own mental representation from the true state of affair.

This led to a series of follow-up studies applying variations of the task: in Zhang
et al. (2009), participants were presented with a variant of the unexpected transfer task
involving two conditions (standard, Sally put the object in another container; and
adapted, Sally puts the object away). In contrast with Liu et al. (2004) findings, this
paradigm found evidence of a LPC at the onset of the final question for the standard
transfer task, but no evidence of the LSW. The unique presence of an LPC was
interpreted as indication that inhibition of one’s own perspective (the object’s actual
location, only available in the standard condition), comes temporally earlier than mental

operations of false belief conception (associated with a LSW).

We can speculate that a possible explanation for the absence of the LSW in the
Zhang et al. (2009) study could lay in its specific task requirements. In a subsequent
unexpected transfer study that evoked a frontal LSW, both in adults and 4- to 6-year-old
children that correctly passed the task, Liu et al. (2009b) suggested the LSW to be
connected to the length of time necessary for holding actively information in verbal

working memory and performing conceptual operations to solve mentalising problems.
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Despite this interpretation, an anterior LSW was evoked also in a non-verbal
version of the unexpected transfer task, when comparing true and false belief in
cartoonish stories, both in adults and with longer latencies in 6- to 8-year-old children
(Meinhardt et al., 2011). Thus, more than being specifically related to verbal working
memory, LSW could be connected to the conceptual load required by mental states

attribution in decoupling situations between individual mental states and reality.

In the same study, Meinhardt et al. (2011) found also a parietal LPC, which was
interpreted as evidence of the process of shifting our attention from the context where the
Theory of Mind situation occurs to our internal representation of the world (a so-called
meta-representation, see Perner, 1991). The earlier latency of the LPC compared to the
LSW component supports the hypothesis that the emergence of a meta-representation in

situation requiring Theory of Mind must temporally precedes mental states decoupling.

A second traditional false belief task that brought support to the decoupling role
of the LSW is the unexpected transfer paradigm by Perner et al. (1994). In an ERP
adapted version of this task, an anterior LSW was specifically associated to the onset of
false belief reasoning in a verbally narrated cartoon sequence involving a reality, a
pretense play, and a false belief condition (Meinhardt et al., 2012). With the same
paradigm, Kiithn-Popp et al. (2013) elicited a bilateral posterior LSW also in 6- to

8-year-old children that correctly solved the task.

All things considered, a shared feature of the false belief paradigms reported here
is that participants were explicitly instructed to judge and perform a Theory of Mind
task to which the ERP event was time-locked (e.g. “Where will Sally look for the
object?”). A different approach comes from Geangu et al. (2012), who showed that
explicit instructions are not necessary to elicit false belief components, by using an
ERP-adapted version of the belief discrimination task by Onishi and Baillargeon (2005).

In this non-verbal paradigm, participants passively viewed photographic sequence of an
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agent reaching for an object because of her true belief (the object was in the scene, but
hidden behind an occluder) or false belief (the object was not in the scene anymore, as it
left the scene while hidden behind the occluder). ERPs were time-locked to the final
moment in which the agent reaches for the object behind the occluder. Surprisingly, a
parietal LPC was found for the true belief condition, while a central and parietal LSW
were specifically evoked by false belief. The presence of both components suggests that

monitoring others’ beliefs can be elicited also in the absence of explicit instructions.

A study by Zhang et al. (2013) confirmed such conclusion comparing true and
false belief to a false sign condition, where an arrow points to a location where the agent
is but, once the agent moves to a second location, the arrow keeps pointing to the
original one. In such situation, the participant was asked to identify where the agent was
based on the sign. To no surprise, a frontal, central and parietal LSW was specifically
evoked in the classic false belief reasoning condition, compared to true belief and to the

false sign condition.

These studies suggest that the same ERPs can be evoked by different paradigms,
such as active behavioural response versus passing view, despite very different task
requirements. It follows that more investigation is needed in testing generalizability of
ERP findings across paradigms. If different studies tackling belief reasoning are indeed
evoking similar neural correlates irrespectively of task-specific requirements, we can claim
that findings from ERP research are truly markers of temporally specific cognitive

mechanisms of Theory of Mind.

In the present study, we aimed to develop an ERP version of a reduced processing
demand false belief task, which has been overlooked until now in the investigation of the
neural underpinnings of false belief understanding. We are confident that this task can
help to shed further light onto which components are associated with false belief

reasoning, when cognitive load is lowered and thus less confounding between competing
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processing activities ensues. In particular, this paradigm avoids a number of difficulties
associated with traditional false belief tasks that can potentially confound the
interpretation of neural correlates: inferential reasoning (which can be hindered by
inhibitory mechanisms), multi-sequence narratives and change of location (both aspects

that load working memory).

Firstly, in our task participants were explicitly told about the agent’s false belief.
Because of having to infer the content of an agent’s belief from situational conditions,
traditional false belief tasks pose high cognitive demands on inference processes. It is still
unclear whether the neural markers accompanying these processes are primarily due to
inferential demands (the domain-general process of deducing another agent’s opinion) or
to false belief representation per se (the domain-specific processing of holding a faulty
state of knowledge against reality). In the reduced processing demands task (see
Wellman et al., 2001), participants are openly shown or told about the state of reality,
e.g., “the key is in the green box” as well as about the agent’s belief, e.g., “Paul believes

“...in the green box” (true belief). In

the key is... in the red box” (false belief) versus
order to solve this task, participants only need to compare the information about the
agent’s belief with the state of reality and notice the discrepancy in the false belief
scenario, without having to infer the agent’s false belief from situational conditions, such
as the agent’s access to information at a given point in time. One might expect such a
task to be trivially easy, since the content of the belief can be read off the verbally given
information. However, behavioural findings from research on 3- to 5-year-old children
suggest that this task is equally difficult to traditional false belief tasks where

participants have to infer the protagonist’s belief from story information (Wellman &

Bartsch, 1988) and performance is consistent with standard false belief tasks.

Secondly, we favoured a limited number of photographic scenarios, timely narrated

by brief voiceovers, with the aim of reducing extraneous cognitive load (Arguel & Jamet,
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2009) and fostering integration of visual and verbal information in working memory

(Mayer & Moreno, 1998; Schiiler et al., 2011).

Thirdly, we adapted the classic unexpected transfer task, removing the change of
location event that could further weight on working memory and inhibitory processing.
In a traditional task, the participant needs to hold in memory throughout the story the
original location of the object for correctly predicting the agent’s behaviour, while
maintaining active their own mental representation of reality. In Liu et al. (2009b) a left
frontal LWS was interpreted in relation to the length of time working memory is
activated, suggesting belief reasoning partly reflects conceptual operations in verbal
working memory recruited to solve mentalising problems. Thus, reducing information to

be hold in working memory can help to clarify the true nature of this correlate.

In order to achieve these goals, we presented participants with short movies where
an agent held either a false or a true belief about an object location, previously
introduced to the participant only. A voiceover describing the epistemic state of the
agent acted as salient event for eliciting false belief reasoning. ERPs were time-locked to
this onset event, and each movie ended with a predictive question about the future action
of the agent.

With the employment of this facilitated task, we aim to shed further light onto the
neural markers of false belief processing in adults and their generalizability across
paradigms. Rather than reflecting generic cognitive processes required for solving the
task, we expect that correlates evoked in our task will help to extend findings on the

specific neurocognitive processes associated with false belief reasoning.

In particular, if the mental representation necessary for false belief is not
dependent on the way false belief is elicited (via inferential reasoning versus explicitly
provided), we expect our task to elicit neural components distinguishing between mental

processing steps of false versus true belief similar to what has been reported for other
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Theory of Mind paradigms in the ERP literature. An anterior LSW should be elicited by
false belief reasoning in adults who correctly performed the task, as possible index of
decoupling processes (Geangu et al., 2012; Liu et al., 2004, 2009a; Meinhardt et al., 2011;
Sabbagh & Taylor, 2000).

Furthermore, if the LPC reflects updating of one’s own mental representations, we
should find evidence of this neural marker as previously found at temporo-parietal
regions (Meinhardt et al., 2011; Zhang et al., 2009). The presence of these components in
a facilitated task would remove interpretational confounds previously attributed to
overlapping cognitive mechanisms (e.g. working memory load and inhibitory control) and
corroborate evidence that ERP results on false belief understanding are not as

task-specific as previously thought.

3.3 Methods

3.3.1 Participants

The final sample consisted of 30 adults (16 females and 14 males), with a mean
age of 24.12 years (SD = 5.5) and a range between 18 and 40 years of age. Twenty
additional participants were tested but not included in the final sample, because of
revealing to be bilinguals (which could have affected interpretation of the task) after the
experiment (n = 2), misunderstanding of the task instructions based on final written
debriefing (n = 4), not providing at least 25 artefact free trials per condition due to
blinks, body movements, and tiredness (n = 13) or at least 9 valid responses to control
questions per condition (n = 1). All participants were right-handed, native German
speakers with normal or corrected-to-normal vision, and had no previous history of
neurological or psychological conditions.

Further exclusion criteria were being under psychotropic medications, presence of
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dermatitis/skin infections or excessive alcohol consumption in the 24 hours previous to
the test session. Participants gave written informed consent at the beginning of the study
and received a monetary compensation at the end of the experiment.

The ethics committee of the Faculty of Psychology and Educational Sciences of
Ludwig-Maximilians-University (Munich, Germany) approved this study. All procedures
performed in the reported experiments were in accordance with the 1964 Helsinki

declaration and its later amendments or comparable ethical standards.

3.3.2 Experimental Paradigm

Each trial consisted of an 18-second-long movie showing a sequence of static
frames (see Figure 3.1). At the beginning of each trial, two containers (a bucket and a
box) accompanied by a catchy sound were presented to the participant. The two
containers remained on the screen over the whole trial in fixed locations. Then, one of
four possible toys (a car, a fish, a cup, or a ball) appeared for 2 seconds inside a
container. All toys were counterbalanced for appearance location across trials. A
narrator voiceover presented the context to the participant (e.g., “Look! This is Leo’s
fish. The fish is in the bucket.”).

All voiceovers were recorded in German and normalized in voice peak frequency.
After disappearance of the object, the agent (Leo) appeared on screen and his belief
regarding the object location was verbally stated by the narrator (e.g., “Leo thinks that
the fish is in the... box!”). The agent either held a true or a false belief about the
location of the object.

ERPs were time-locked at the onset of the object location (the words “bucket” or
“box”) following the statement of the agent’s belief. After the agent disappeared, we
introduced two filler sentences to avoid biasing the final question with the container

location mentioned just before. The first filler was a repetition of the real object’s
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location (e.g., “The fish is in the bucket.”). The second filler clarified that the other
location was empty (e.g., “The box is empty.”). Both fillers were counterbalanced for
order across trials. Fach trial ended with a test question (e.g., “Where will Leo look for
the fish?”) to keep the participant engaged in actively performing the task. The final
scene remained on screen until the response was registered by the experimenter. Two
versions of control trials where the agent’s belief was substituted with a preference
statement for one of the two containers (e.g. “Leo likes. .. the box!”), counterbalanced
for mentioned location, were inserted every 5 test trials.

In the first version, the preference of the agent was in agreement with the current
position of the toy (matching condition); in the second version, the agent had an opposite
preference to the current toy’s position (mismatching condition). The final control
question “Where will Leo go now?” was used to investigate whether participants would
choose the preferred location independently of the position of the toy at the behavioural

level.

Figure 3.1

Explicit False Belief EEG Task

== =7 : = - = S C

“Look! This is Leo’scar. “Leothinksthat the caris inthe ... box!"(TB) “The caris in the box.

The carisin the box.” ... bucket!”(FB) The bucketis empty.”
time N Baseline: 500 ms ERPs event: 2000 ms

Note. Event-Related Potentials (ERPs) were time-locked to the voiceover onset of the
relevant target location (graphically displayed as dotted line in the fourth photograph).
At the end of the test trial, following the story scenario, participants verbally reported
the answer to the question: “Where will Leo look for the car?”.
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Participants watched 96 test trials (48 per condition) and 24 control trials (12
matching the agent preference with the location of the toy and 12 mismatching) divided
into three blocks, for a total of 120 trials over all blocks. Trial presentation was
pseudo-randomized within block. Each block consisted of 40 trials, counterbalanced per
condition (true and false belief), stimuli presented (four possible objects), location of the
object (left or right), preference of the agent towards the object location (left or right),
and control questions (matching and mismatching) positioning.

The two ERP-evoking words (Eimer, bucket, and Koffer, case, in German in the
original version) were chosen for having a similar length, phonetic stress, and syllabic
structure, and were audio-processed to be normalized in length, to ensure maximal
comparability between trials. EEG was recorded continuously and ERPs were
time-locked to the onset of the two words for a 2000ms duration window and preceded by
a 500ms silence interval in the voiceover, before the relevant object location was stated,

which served as pre-stimulus ERP baseline.

3.3.3 Procedure

The participants sat comfortably in a dimly lit, sound attenuated chamber while
videos were presented on a computer monitor. Stimuli were presented on a 19” screen
(Dell Inc.) at a resolution of 1280x1024 and a refresh rate of 60Hz. The picture’s size on
screen was 25.5 cm in height and 38 cm in width, with the agent’s on screen occupying
ca. 2/3 of the picture on a dark grey frame background, completely visible during
inter-trial breaks.

The experiment was conducted at an average viewing distance of 90 cm from the
screen and the height of the display was individually adapted to be at the centre of the
visual field of the participant.

At the beginning of the experiment, participants were asked to pay attention to
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the following videos and reply the question at the end of each trial. No further
instructions were given. The trial presentation was paced by an experimenter, sitting in
the EEG chamber with the participant and recording via mouse click each trial response,
verbally given by the participant. The task lasted on average 60 minutes (20 minutes per
block). Stimulus presentation was controlled using Presentation (Neurobehavioral
Systems Inc., Albany CA) software.

After the experiment ended, participants were asked to fill out a post-test
debriefing questionnaire with open questions about the comprehension of task
instructions and whether any strategy was followed to solve the task. Questionnaires
were qualitatively evaluated by the experimenter to detect possible bias in solving the

task and eventually exclude invalid participants from the final sample.

3.3.4 EEG Recording and ERP Processing

Each participant wore an EasyCap EEG cap (Brain Products GmbH, Gilching),
individually sized to their head circumference with a set of 64 + 2 active electrodes. Two
extra electrodes, mounted on the cap, were used as reference (placed at position Cz) and
ground electrode respectively (placed at position AFz). Electroencephalogram was
recorded continuously from the scalp with a sampling rate set to 500 Hz, online low
cut-off filter at 0.01 Hz and high cut-off filter at 100 Hz (resolution/unit 0.1 mV).
Impedance was kept below 10 k€2 throughout the experiment.

Offline analyses were performed using Brain Vision Analyzer software (Brain
Products GmbH, Gilching). All recordings were re-referenced against common average
reference during offline pre-processing analysis. Continuous raw EEG data were digitally
high pass-filtered at 0.1 Hz/-24 dB and low pass-filtered at 30 Hz/-12 dB before applying
automatic ocular correction using the Gratton et al. (1983) algorithm for ocular

movements detection. F9 and F10 channels were used to monitor horizontal eye
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movements, while Fp2 was used, in combination with the 64" electrode from the EEG
cap placed under the right eye, to record vertical eye movements and blinks.

EEG data were segmented into 1300ms epochs, including 1200 ms after stimulus
onset and 100 ms as pre-stimulus baseline. Only valid trials, i.e. trials were the answer
given was in agreement with the agent belief independently on the original object
location, were included in the analysis. Trials in which verbal response time exceeded a
window of around 2 seconds from the final question (exactly 12 seconds from the ERP
trigger) were excluded.

Segmented data were scanned for artefacts in three steps. First, for each
participant, channels where more than 10% of data was marked with artefacts (defined as
channels with amplitudes exceeding 50 pV or with a running average activity exceeding
50 nV) were removed, while channels with artefacts affecting only in between 5 to 10% of
the data underwent spherical spline interpolation. Second, segments in which blinks were
detected (defined as peaks exceeding +50 1V) were automatically eliminated. Third,
segments with other artefacts that were previously undetected were excluded via manual
visual inspection of all trials by the experimenter.

Artefact-free segments were averaged separately for each experimental condition
with an inclusion criterion of a minimum of 25 valid segments per condition and
participant. Following artefact rejection, the average number of usable segments was 38.7
(SD = 5.69) in the true belief (range: 29 - 48) and 37.9 (SD = 4.68) in the false belief
condition (range: 29 - 46). The number of useable segments per participant did not differ
significantly between conditions, #(29) = 1.18, p = .248, d = 0.21. Artefact-free segments
were baseline corrected, averaged per condition to derive ERPs, and exported as mean

area amplitude per electrode within specific 50-ms time segments, as described below.
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3.3.5 Data Analysis

Repeated measures analyses were carried out for each mean amplitude value of
50-ms time segments from the 250 to 1200ms post-stimulus time interval using SPSS 24.0
(IBM Corp. Released 2016). This time window was selected as the one most relevant for
the two ERP components we were interested in based on previous Theory of Mind
literature (Liu et al., 2009a; Meinhardt et al., 2011; Sabbagh & Taylor, 2000). Two series
of ANOVAs were performed in order to examine exhaustively columns of scalp electrodes
along the anterior-posterior and left-right axes of the head, following a grid analysis
procedure previously applied in the false belief study by Liu et al. (2009b). A first grid
analysis covered the midline electrodes (FCz, Cz, Pz), fronto-central electrodes (FC3,
FC4), central electrodes (C3, C4) and parietal electrodes (P3, P4). This analysis
encompassed electrodes traditionally included in false belief ERP tasks, to ensure
comparability (Geangu et al., 2013; Liu et al., 2009b; Meinhardt et al., 2011; Zhang et
al., 2013). A second grid analysis covered the midline electrodes (Fz, CPz, Pz), lateral
frontal electrodes (F5, F6), lateral centro-parietal (CP5, CP6) and lateral parietal
electrodes (P5, P6). This laterally focused analysis was included after visual inspection of
the ERPs grand average, on the assumption that lateralized effects due to the specific
language-based presentation of our stimuli could be present.

The data for each time bin were analysed with condition (true belief versus false
belief), hemisphere (left versus central versus right), and caudality (anterior versus
central versus posterior) as within-subjects factors. Significant results (p < .05) are
reported only when the factor condition is involved, and were followed by post-hoc tests
if appropriate. To correct for the risk of capitalization on chance (i.e., correcting for the
number of tests of significance being performed) a minimum of two consecutive
significant intervals (o < .05) of 50 ms were accepted as significant. As 19 mean

amplitude values were extracted, a total number of 19 x .05 = 0.95 intervals were
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expected to show a significant effect by chance. Using at least two consecutive significant
time segments for the analysis ensured the number of significant intervals by chance alone
to be reduced to .045 (18 x .05 x .05, for two intervals), i.e. below the significant criterion
of .05 (for this procedure see Gomarus, 2010; Miiller et al., 2016). The largest p-value,
the smallest F-value, and the smallest partial eta-squared for effect size are reported
when significant effects in successive time segments were found. When Mauchly’s test for
violations of sphericity was significant, we applied Greenhouse-Geisser correction and

reported corrected p-values and degrees of freedom for any interested effect.

3.4 Results

3.4.1 Behavioural Results

Response accuracy to true and false belief trials was measured on a binary scale
(0 = incorrect, 1 = correct) for a maximum of 48 correct answers per condition possible.
Overall, all participants showed mid-high to high accuracy in performance (minimum 38,
maximum 48 correct answers).

Paired t-test revealed the false belief condition (M = 45.17; SD = 2.18; range =
42 - 48) to be more difficult than the true belief condition (M = 46.43; SD = 1.19; range
= 38 - 48) for our participants (#(29) = 3.05, p = .005, d = 0.56). In a similar fashion,
the matching condition of the control questions revealed to be easier (M = 11.73 ; SD =
0.52) than the mismatching one (M = 11.3; SD = 0.88), probably due to the unexpected
discrepancy between the agent preferred location and the actual location of the object

(t(29) = 2.44, p = 021, d = 0.45).
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3.4.2 ERP Results

Visual inspection of grand averages waveforms (depicted in Figure 3.2 for
representative electrodes) revealed that both true and false belief conditions elicited a
sequence of early and late waveforms with a different distribution. A differentiation
between the true and false belief condition was predominantly visible in two waveforms:
the first deflection was most pronounced in the left hemisphere over midline and parietal
region, while the second was bilaterally distributed at anterior regions (a whole scalp
heat-map of the two time windows that showed significant results is showed in Figure
3.3).

A repeated measures ANOVA with condition, hemisphere, and caudality as within
subject factors (following Liu et al., 2009b) revealed a significant interaction between
condition and hemisphere between 250 ms and 400 ms after stimulus onset in our first
grid analysis, encompassing three 50-ms time windows (F’s(1.65, 47.79) > 3.37, p’s <
.041, nf, 's > .104). In order to shed further light onto the nature of this interaction,
post-hoc pairwise comparisons of estimated marginal means were performed. Fisher’s
LSD test indicated that false belief condition elicited a more positive waveform than true
belief condition in the left hemisphere, with a peak at 250 to 300 ms (p = .025, see Table
3.1 for descriptive statistics). This left-focused effect rapidly decreased between 300 to
350 ms (p = .078) and was shifted at inverse polarity to the centre of the scalp in the last
significant time window, between 350 to 400 ms (p = .042). This pattern of results
suggests that in the 250 to 400 ms epoch there was a lateralized component in the left
hemisphere, characterized by a rapid shift from a more positive to a more negative
waveform during the early stages of processing of false belief reasoning.

A more distinct waveform was identifiable in the second analysis we performed. A
repeated measures ANOVA with condition, hemisphere, and caudality as within subject

factors revealed a significant interaction between condition and caudality (anterior,
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Figure 3.2

Grand average ERP waveforms based on grid analyses
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Note. Grand average ERP waveforms at representative electrodes: frontal midline (Fz),
fronto-central left (FC3), central left (C3), centro-parietal midline (CPz), and parietal
midline (Pz) and left (P3).

A differentiation between false belief and true belief condition can be localized in the left
hemisphere during the 250-400ms time window. A further differentiation between the two
conditions was observable at midline electrodes in the 650-800 ms time window, with
reverse polarity between anterior and centro-parietal regions.

Negative amplitude plotted upwards.
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Table 3.1

Summary of Mean Area Amplitudes at 250-350ms

Laterality
Time Window Left Hemisphere Midline Right Hemisphere
TB FB TB FB TB FB

250 — 300 ms  0.89 (0.18) 1.27 (0.20) 2.21 (0.22) 2.03 (0.23) 1.09 (0.16) 0.97 (0.18)
300 - 350 ms  0.78 (0.22) 1.02 (0.20) 1.54 (0.22) 1.32 (0.24) 0.74 (0.17) 0.88 (0.18)
350 — 400 ms  1.33 (0.23) 1.31 (0.24) 1.71 (0.22) 1.24 (0.27) 0.89 (0.17) 0.80 (0.19)

Note. Mean Area Amplitude (in nV) over all participants (n = 30) in the subsequent
50-ms time windows that showed a significant cross-interaction between hemisphere
laterality (Left, Mid, and Right) and condition with the two levels true belief (TB) and
false belief (FB).

Standard error presented in brackets.

Figure 3.3

Topographic Heatmap of Scalp Electrical Activity
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Note. Topographic voltage maps of scalp electrical activity based on amplitude difference
between false and true belief condition in the two significant time windows.

A diffuse and progressively left localized positivity can be seen during the 250-400ms
time window (left). In the 650-800 ms time window (right), a differentiation between the
two conditions is observable with reverse polarity between anterior (more negative) and
centro-parietal (more positive) regions.
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central, posterior) between 650 ms and 800 ms after stimulus onset, encompassing
three 50-ms time windows (F’s(1.07, 26.69) > 4.87, p’s < .034, n2’s > .163). Post-hoc
pairwise comparisons (Fisher’s LSD test) indicated that at 650 to 700ms the false belief
condition elicited a more positive waveform than true belief condition in the anterior
regions (p = .042, see Table 3.2 for descriptive statistics).

In the same time window, the opposite polarity, with a true belief wave more
positive than a false belief one, was found in the central scalp region (p = .023) and with
marginal evidence in posterior regions (p = .057). The effect continued in the 700 to
750ms time window, where false belief condition consistently elicited a more positive
wave than true belief at anterior sites (p = .021), while opposite polarity was visible at
central (p = .032) and posterior sites (p = .023). The same behaviour held significant for
anterior (p = .040) and central regions (p = .022) in the last time window between 750
and 800ms, with a trend to significance for the posterior regions (p = .051). Due to its
positive waveform and frontal localization, with reverse polarity on more posterior areas,

this component showed similarities to the LSW wave found in previous ERP studies.

Table 3.2

Summary of Mean Area Amplitudes at 650-800ms

Caudality
Time Window Anterior Central Posterior
TB FB TB FB TB FB

650 — 700 ms  -2.60 (0.38) -1.85 (0.38) 1.75 (0.20) 1.30 (0.19) 2.68 (0.32) 2.09 (0.29)
700 - 750 ms  -2.69 (0.39) -1.89 (0.40) 1.67 (0.22) 1.26 (0.20) 2.63 (0.33) 2.02 (0.30)
750 - 800 ms  -2.81 (0.37) -2.06 (0.36) 1.64 (0.21) 1.16 (0.19) 2.63 (0.31) 2.06 (0.26)

Note. Mean Area Amplitude (in nV) over all participants (n = 30) in the subsequent
50-ms time windows that showed a significant cross-interaction between hemisphere
caudality (Anterior, Central, Posterior) and condition with the two levels true belief (TB)

and false belief (FB).
Standard error presented in brackets.
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3.5 Discussion

In the present study, we investigated the neural correlates of false belief
understanding in a reduced processing demands task previously used only in behavioural
research (Wellman et al., 2001). Aim of the study was to address specifically the
cognitive processes correlated with mental states reasoning and test for generalizability of
ERP findings across false belief paradigms. In order to achieve this goal, we developed an
ERP-adapted version of a facilitated false belief paradigm, where the knowledge of the
world from the agent’s perspective is explicitly stated, reducing the effort to infer the
representation of the agent’s mental states in contrast with the real state of affair. In
addition, the distinction between true and false belief was given uniquely by verbal
information about the agent’s knowledge of the world, reducing extraneous cognitive load

often associated with the change of location of traditional unexpected transfer task.

At the behavioural level, our adult sample showed overall high accuracy rates in
solving true and false belief trials; the same held true for the matching and mismatching
preference control questions. Written post-test debriefing indicated that participants did
not follow any specific pattern or strategy to solve the task, besides paying attention to
the agent’s belief in contrast to the real object location. The participants’ focus on the
representation of the agent’s mental states for consciously solving the task corroborates

our paradigm suitability to elicit false belief reasoning.

At the neurophysiological level, our findings show that two waveforms
distinguished false and true belief reasoning in the trials’ critical moment at distinct
latencies and scalp distribution. We found evidence of an early positive wave at similar
latencies of the LPC, previously identified in ERP paradigms focusing on false belief
reasoning (Cao et al., 2012; Meinhardt et al., 2011; Zhang et al., 2009). The latency of

this component supports its interpretation as a P3a-like wave evoked by managing
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mismatching information between the real location of the object and the false belief held
by the agent and requiring inhibitory control over the participant’s own knowledge of
reality (Zhang et al., 2009). Although the spatial resolution of EEG prevents an accurate
localization of neural events, the LPC lateralization in the left hemisphere could be due
to the fact that our task relies heavily on language processing, in particular on auditory
perception and comprehension of verbal stimuli. The ERP literature shows that
language-related components are often lateralized (Friederici, 2002; Kutas & Federmeier,
2011), mirroring the results obtained with neuroimaging techniques in support of the role
of the left prefrontal cortex as a hub for integration of linguistic meaning and one’s own

knowledge of the world (Hagoort et al., 2004).

Our reduced processing demands task evoked a second component at later
latencies, characterized by opposite polarity between anterior and more central-posterior
regions. Because of its distinctive latency and positive deflection in frontal regions during
false belief processing, we identified it as a LSW, consistently reported in previous false
belief studies independently of the presentation mode (Geangu et al., 2012; Meinhardt et
al., 2011; Sabbagh & Taylor, 2000). This is consistent with the interpretation of the LSW
as a neural marker specific of false belief reasoning, associated with decoupling the false
agent’s representation of the world from one’s own true representation, in order to

correctly solve the task (Liu et al., 2004).

Altogether, our results show that neural markers are identifiable at distinct
latencies, possibly reflecting subsequent stages of cognitive processing of false belief
understanding (Meinhardt et al., 2011). The presence of two waveforms, the first
presumably connected with automatic processing of mismatch detection in the incoming
information stream (as reflected in a P3a-like component, see Polich, 2007) and the latter
elicited by controlled mental operations on internal mental states’ representation, seems

to define the temporal timeline of neural Theory of Mind processing. Given the
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similarities with previous findings from different paradigms, such as the unexpected
transfer task, the pattern of neural activation emerging from our study design does not
appear to depend on story format (i.e., multi-steps photographic scenarios relying
specially on verbal comprehension). The processing of the sole discrepancy between false
belief versus the state of reality seems instead to be at the basis of this pattern of neural
activation, thus supporting the view that the reduced processing demands task, where
information about the agent’s mental states is overtly available, also requires and elicits

false belief reasoning.

This is in agreement with findings of comparable difficulty from behavioural
studies in children, where it has been found that low reduced processing demands tasks
where belief is explicitly stated and standard false belief tasks are indeed correlated in

performance results (Wellman et al., 2001).

In addition, our findings add to previous studies about the neural basis of false
belief comprehension and support the view that reduced processing demands tasks,
without the need to infer false belief from contextual information, evoke consistent
components compatible with LPC and LSW, which define the temporal processing of
false belief understanding and are in agreement with traditional false belief studies. Thus,
the detected effects seem to be robust, as they showed to be insensitive to superficial task

variations.

Nevertheless, as the literature on the neural underpinnings of false belief
understanding is still scarce, more research must be done to investigate the
generalizability of these ERP findings across other paradigms with various processing
demands used in behavioural research. In particular, ERP literature on false belief is not
exempt from contrasting interpretations regarding the specific cognitive processes
associated to these neural markers, a struggle which points to the complexity of

dissociating the LPC and the LSW. An interesting approach comes from a language
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comprehension study by Roehm et al. (2004), which showed that non-distinguishable
slow ERP components can be disentangled in activity correlating to linguistic problem
detection (theta band) and conflict resolution (delta band) by frequency-based
decomposition. Future research could focus on employing this paradigm to investigate
slow frequency oscillatory characteristics of false belief discrimination.

Lastly, given the suitability of the reduced processing demands task for testing
false belief understanding in a short-story format, lower in working memory requirements
and cognitive load, we plan in the future to extend this investigation to the children
population, in order to explore the neural correlates of false belief at a crucial time in

development for the emergence of Theory of Mind abilities.



Chapter 4

Study C: 27-month-olds’ Early
Sensitivity to Mental States
Language Comprehension: An

Eye-tracking Study

4.1 Abstract

The third year of life is a transitional period from an implicit to an explicit
Theory of Mind. Research suggests a role of mental states language in fostering this
conceptual passage during infancy. While there is initial evidence for the production of
epistemic terms in the third year of life, the comprehension of know and think has not
been systematically tested at this early age yet.

In the present study, we developed an eye-tracking task to investigate the implicit
differentiation of these two epistemic verbs in 27-month-old children. Children (N = 146)

participated in a hiding game in which two agents expressed contrasting epistemic
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statements about the location of a hidden object ("I know it is in there” versus "I think
it is in there”).

Fixations at the agents and the object’s locations in the two seconds interval
following the critical mental terms and after a final test question were recorded across
eight trials. Children’s implicit understanding of mental states verbs was measured via
preferential looking time to the target (the agent that knows) compared to the distractor
(the agent that thinks).

Growth curve models of the time course of target recognition across three test
phases on preferential looking time analyses revealed that children differentiated between
know and think. Unexpectedly, they had a consistent preference towards the agent
uttering the epistemic state think.

We discuss potential explanations of this result in terms of a novelty effect in
language acquisition processes. Our findings indicate a beginning sensitivity for implicit
understanding of degrees of certainty in epistemic language in infancy.

Keywords: Theory of Mind, Preferential Looking, Epistemic verbs, Eye-tracking

4.2 Introduction

The acquisition of mental states terms in infancy has long been a matter of
investigation in both the realm of linguistics and developmental psychology. Acquiring
epistemic language (i.e., language expressing a speaker’s evaluation of the likelihood of a
state of affairs, see Yalcin, 2007) has been connected to a first understanding of
conceptual representation of the mental states of others, as well as self-awareness of one’s
own ignorance. In particular, mental states verbs have been under scrutiny for their
meta-representational features: in order to understand and use them correctly, children

must first create a mental representation of the attitude involved (such as one’s status of
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knowledge) and the content of the represented state (that is, what is known) in someone
else’s mental perspective (Antonietti et al., 2006). It follows that mastery of mental
states language and meta-representation of beliefs has been considered an important step
for developing predictions of knowledge (attributing truth propositions and
acknowledging sources of knowledge) necessary for a transition to a full-fledged Theory of
Mind, defined as the ability to recognize others’ desires, goals, and perspectives

(Montgomery, 1992; San Juan & Astington, 2012).

Up to date, research on epistemic verbs mainly focused on two main approaches:
observational studies assessing the frequency of mental states verb usage in young
children (focusing on explicit knowledge) and experimental studies on the comprehension
of semantic differences in mental terms (implicit knowledge). Evidence from the first
approach supports the view that the acquisition of mental states terms proves to be more
difficult than other verbal categories, due perhaps to the representational ability
necessary in evaluating the probabilistic nature of verbs like know or think (Johnson,
1982). In particular, the epistemic modality follows a developmental progression from two
and a half to seven years of age, until children finally understand certainty expressions
such as think and believe (Bartsch & Wellman, 1995; Bassano, 1996). In apparent
contrast with these findings, experimental research indicates that children at a younger
age already show non-verbal sensitivity to epistemic states in communication, such as
12-months-olds understanding of the knowledge state of others by providing informative
pointing gestures to help ignorant but not knowledgeable partners (Liszkowski et al.,
2008). This and other studies on early understanding of others’ goals, intentions, and
beliefs (e.g., Onishi & Baillargeon, 2005; Surian et al., 2007; Tomasello & Haberl, 2003)

suggest that sensitivity to others’ mental states emerges earlier than previously thought.

This recent evidence on an early sensitivity to mental states, together with the

finding of spontaneous production of epistemic factive versus non-factive verbs in the



58 4. Study C: Mental States Language Comprehension

third year of life (Harris et al., 2017) raises the question whether also mental states
language comprehension can already be found in infancy. As epistemic terms exhibit an
intrinsic pragmatic nature rooted in the social world we live in, an approach that
combines the purely semantic aspects of mental states verbs with their functional context
of use should be favoured in the attempt to investigate how and when the
conceptualization of others’ mental states comes into being during development

(Matthews, 2014; Nuyts, 2001).

In the realm of language acquisition, several well-established paradigms have been
employed to investigate implicit comprehension (Copeland & Gedeon, 2013; Conklin &
Pellicer-Sanchez, 2016; Koornneef & Van Berkum, 2006), but mental states language
understanding is under-researched. One reason for this is probably the difficulty to
implement the situational cues necessary to track the understanding of mental states
within context in an experimental setting. For instance, a classic word-learning paradigm
is not informative about the semantic of a non-factive verb like think or know. Thus, in
order to successfully investigate mental states understanding, the researcher must deploy
a paradigm in which a situational setup is presented to the children so that they can rely

on linguistic cues to solve the task.

To reach this goal, we developed a novel eye-tracking task, based on an established
epistemic discrimination task for 3.5-year-old children (Moore et al., 1989;
Kristen-Antonow et al., 2019). To test younger children, we measured the discrimination
of know versus think via preferential looking (see Skoruppa et al., 2013), a
well-established procedure in eye-tracking research in infancy to assess cognitive states

during language processing (Blom & Unsworth, 2010).

Thus, we developed a procedure in which two agents expressed contrasting
epistemic statements about the location of a hidden object, consisting of an initial

behavioural familiarization and followed by the eye-tracking version of the hiding game.
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During the familiarization phase, the child learned to recognize and evaluate contrasting,
non-epistemic knowledge statements of two agents about the location of a hidden object
(based on the Moore et al., 1989 paradigm). The child was encouraged to listen carefully
to the statements of both agents before helping the experimenter retrieving the object
from the correct of two possible locations. During the eye-tracking part of the task, the
same instructions were given to the child but the agents’ statements were now epistemic
in nature (know versus think). The video sequence was separated in three test phases,
corresponding to each of the statements uttered by the two agents on screen regarding
their opinion about the hidden location of the object, as well as to a final test phase in
which a question regarding the actual location of the object was directed to the child by

an out-of-field voice.

Infants at 12 months of age already have understanding of others as intentional
and attentional agents (Tomasello & Haberl, 2003) and, by means of preferential looking
paradigm, it has been shown that at this early age they are capable to simultaneously
look in anticipation of action-oriented goals (Carpenter et al., 1998). Hence, in our hiding
game, we expect the relative looking duration spent towards the two agents in the act of
expressing their opinion on the object true location to be implicit indicator of attention

towards the agents’ pointing behaviour.

In particular, if non-verbal sensitivity to epistemic states emerges already in early
childhood, children should show a preferential looking pattern towards the agent holding
the highest degree of certainty (know) about the object location during the second test
phase, when both statements are available to the child’s mental states processing. A
similar effect could be already visible in the first test phase, in case anticipation
mechanisms due to the repeated nature of the task come into place (i.e. child consistently
looking with anticipation to the agent holding the highest degree of certainty, as soon as

the first opinion is stated, independently on the semantic nature of the statement itself).
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Finally, eye-tracking studies show that infants undergo substantial development in
visual short term memory capacity for locations already in the first year of life (Oakes at
al., 2011; Oakes at al., 2013) and exhibit consistent anticipatory looking in recalling from
long term memory from 18 months of age on (Nakano & Kitazawa, 2017). Thus, if
children at 27 months of age have already an implicit understanding for epistemic states,
we expect that they will withhold information connected to the most trustworthy agent
until the end of the trial, and exhibit a consistent preferential looking pattern towards

the location associated to the object true location also in the final test phase.

4.3 Methods

4.3.1 Participants

Participants in this study were 146 infants with a mean age of 27 months and 6.87
days (SD = 9.46 days; range = 26 months and 6 days — 28 months and 6 days; 77 female
and 69 males). Twenty additional infants were tested but excluded due to fussiness (n =
3), bilingualism (n = 1), technical difficulties (n = 1), or insufficient language skills as
measured by our language battery (n = 15). Two subsamples were generated for
independent test-phase analyses by removing participants that did not provide at least
one valid trial per condition (salient agent knows or thinks) in T2 (n = 10) and at least
two valid trials overall in T3 (n = 9). This choice was made as the last test phase was the
most relevant for our study, being the only one not biased by the saliency of the last
speaking agent.

No participant had less than one valid trial per condition in T1. None of the
infants had any known hearing or visual problems, and all came from homes where
German was the language mostly used in their daily routine (at least 70% of the time).

Children’s semantic and syntactic comprehension was measured with a German
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standardized test for language development at two years of age (SETK2, see Grimm,
2000). Information on the children’s mental states language production was assessed with
a parent-administered mental states language questionnaire (MSLQ), see Bretherton &
Beeghly, 1982).

The caregiver gave informed written consent before starting the experiment and
received monetary compensation for travelling expenses. Children received a gift for their
participation.

This study was approved by the local ethics committee. All procedures performed
in the reported experiments were in accordance with the 1964 Helsinki declaration and its

later amendments or comparable ethical standards.

4.3.2 Experimental Paradigm

For the familiarization phase of the hiding game, we used two coloured square
boxes (9x9x3 cm, blue or green), a white hiding screen (60x50 cm), and two monkey
puppets (height: 12 cm) each with a different shade of fur. Eight animal stickers (cat,
dog, cow, sheep, duck, rabbit, pig, and chicken) were selected as objects to be hidden in
one of the boxes during the game.

For the experimental phase of the hiding game, we adapted the paradigm used by
Moore et al. (1989) to an eye-tracking setting. We created approximately 35-second-long
cartoon movies animated by vector graphics elements on a grey neutral background (see
Figure 4.1 for a trial example including the time windows under analysis). Prior to the
first trial, an introduction video was shown in which the narrator stated “Look at the
monkeys! They will help you to find the sticker.” At the beginning of each trial, a
narrator (not pictured on screen) presented a sticker in her hand and expressed her
intention (“I will hide this sticker!”). The animal stickers in the videos were the same the

child played with during the behavioural familiarization phase. All voiceovers used in the
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videos were recorded in German by female experimenters in child-directed speech.

In the next scene, two monkeys standing next to one of the two boxes respectively
were presented. The narrator asked: “Hey monkey, where is the sticker?”. Following this
question, one of the two monkeys started jiggling and moved towards the box next to it
and replied: “Here!”. After the first monkey spoke, a second narrator was introduced and
gave a statement about the knowledge of the monkey, expressing a high (“He knows that
it is in there”) or low (“He thinks that it is in there”) degree of certainty. After the first
monkey came back to its original position, the first narrator asked again about the hidden
object’s location. Now, the second monkey jiggled and moved towards the box next to it.
After the second monkey’s reply (“Here!”), the second narrator gave a statement about
the degree of certainty of this monkey, always opposite to the first monkey’s statement.

A screen with the same grey background and a central fixation cross was inserted
to re-focus the attention of the child to the screen before the final part of the video. The
screen was paced by the experimenter by mouse-click, letting the video continue once the
child focused on the fixation cross. In the final sequence, a steady image of the two boxes
was presented. The boxes were highlighted by two bright light circles flashing for two
seconds during the final prompt question: “Where is the sticker?”. The monkeys were
removed from the final scene to avoid biases in gaze behaviour of the child due to the
expectation, found in a previous pilot phase of the experiment, that one of the monkeys
will speak again.

The colour of the boxes, the order of statements referred to the monkeys degree of
knowledge, as well as the order of which monkey was speaking first was counterbalanced

across trials.
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Figure 4.1

Mental States Language Comprehension Task

Object presentation Agents’ presentation Test Phase 1 Agents’ presentation 2
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Note. Trial example from the epistemic verbs comprehension eye-tracking task. Goal of
the task was to find the hidden object with the help of two agents. After initial
presentation of the object that was going to be hidden, the two agents were presented.
Three relevant test-phases were under investigation: T1 and T2 were time-locked at the
onset of the relevant verb expressed by the agent speaking in that test phase
(thinks/knows, counterbalanced across trials). After an experimenter-paced fixation
screen, the final test phase T3 was time-locked at the onset of the salient word indicating
the hidden object (sticker).

4.3.3 Procedure

Familiarization Phase

At the beginning of the session, the child sat alone or on the caregiver’s lap at a
table. The first experimenter sat in front of the child, while a second experiment stood at
the side. The experimenter instructed the child that they would play a hiding game, in
which the child had to find a hidden sticker in one of two boxes. In a first introductory

trial, the experimenter showed a sticker to the child and hid it in plain sight.
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This introductory trial was used to assess the child’s capacity to follow the game’s
instructions and find a hidden object. Once the sticker was hidden, the experimenter
asked the child to point to the box in which the sticker was located. In case the child did
not point or chose the wrong box, the trial was repeated until the child correctly

answered the question.

Following the introductory trial, four practice trials were presented. The first
experimenter explained to the child that she was going to hide a sticker in one of the two
boxes behind a visual barrier. Children were told that the monkeys would help them find
the sticker and that they had to listen carefully to what the monkeys say, because this
information would help them find the sticker. After the sticker was hidden and the visual
barrier removed, the first experimenter addressed the monkeys asking them where the
sticker was. The two monkeys, controlled by the second experimenter, moved forwards in
turn and made a statement (uttering “Here!”) indicating a box each. After each
monkey’s statement, the first experimenter commented either saying “It is really there!”
in case of the target box or “He just pretends that it is inside” in the case of the empty
distractor box. At this point, the experimenter asked the child to look for the sticker
(“Where is the sticker?”). After the child’s response, the selected box was open. If the
chosen box was the incorrect one, feedback was given to the child by retrieving the sticker
from the correct box. Every sticker used in the familiarization was given as gift to the

child, independently of success.

Children were presented with four practice trials selected from a pool of 16 and
counterbalanced across subjects for colour of the boxes, monkey speaking first, hidden
location of the sticker, and statement associated with each monkey. The aim of the
practice session was to familiarize the child with the goal of the task and the importance
of paying attention to the monkeys’ statements. From the practice sessions children learnt

that the monkeys were not always right, a point of fundamental importance for being able
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to assess uncertainty and discriminate between the epistemic verbs used in the test phase.

Eye-Tracking Phase

After the familiarization phase, the participants moved to the eye-tracking setup,
where they sat comfortably in a child safety seat or on their caregiver’s lap. The
experiment was conducted at an average viewing distance of 60 cm from the screen,
based on eye-tracking calibration preceding the experimental recording.

Gaze data were recorded with a Tobii T60 eye tracker (Tobii Technology, Sweden)
at 60 Hz. The stimuli were presented on a 17”7 display integrated into the eye tracker
with a 1280x1024 video screen resolution. Both stimulus presentation and data
acquisition were performed using the Tobii Studio software (Tobii Technology, Sweden).

The experimenter told the child that they were going to watch some animated
movies where two monkeys would help them to find hidden stickers. No further
instructions were given.

Children watched two blocks (around 10 minutes in duration), consisting of
intermixed fillers and test trials, for a total of eight test and four filler trials. In filler
trials, the second narrator gave statements similar to the ones used in the familiarization
phase (“He just pretends that it is inside” or “It is really in there!”) after each monkey
moved towards the respective box. At the end of the filler trials, the box opened
revealing the real location of the sticker, in agreement with the statement of the monkey
who was not pretending. Filler trials were introduced to reward children via feedback
(the appearance of the sticker), in order to retain their motivation to look for the sticker
throughout the whole block, even in test trials where they did not receive feedback about
the location of the sticker.

Order of presentation of trials was randomized and the ordering of blocks across

participants was counter-balanced to avoid possible order effects. A break was introduced
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in-between the two blocks to ensure a resting pause for the child before the second part of
the recording began. Calibration was performed a second time prior to the onset of the
second block. A total of four attention grabbers were inserted across trials to prompt

attention to the experimental videos.

4.3.4 Data Pre-processing

In the familiarization phase, the child’s pointing or verbal response when asked
where the sticker was hidden was transcribed online by a second experimenter. An
independent coder confirmed the accuracy of online coding by rescoring children’s
performance via video recordings of the session. Fach child was given a score ranging
from 0 (no trials correct) to 4 (all trials correct). A score of 2 indicated performance at
the chance level.

In the eye-tracking phase, gaze behaviour was recorded and segmented into three
time windows during each trial. Fixations were identified using a velocity-based filter
(Salvucci & Goldberg, 2000). A fixation was defined as all consecutive gaze samples with
a velocity of about 30 deg/s or less and at least 80 ms in duration, with a sampling data
rate of 16.7 ms.

The first two test phases (named T1 and T2 in Figure 4.1) corresponded to 2
seconds time windows following the onset of the mental states verb (i.e. knows, defined as
target; or thinks, defined as distractor) used by the narrator to refer to each monkey’s
degree of knowledge. Thus, T1 began at the onset of the mental verb following the first
monkey speaking, and T2 began at the onset of the mental verb following the second
monkey speaking in any given trial. The third test phase under investigation (named T3)
corresponded to a 2 seconds time window following the onset of the salient word “sticker”
in the final question “Where is the sticker?”. The timing for the third time window was

based on the observation from a pilot phase that task-relevant gaze behaviour was
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triggered at the onset of the salient word “sticker”, when the child starts performing

visual search towards the two boxes.

An initial baseline for each test phase was marked in a 2 seconds time window
before the onset of each mental states verb, but it was not included in subsequent
analyses as it did not bring any useful information to evaluate the child’s gaze preference
prior to the onset of the test phase. It was in fact observed that the attention-grabber
bell sound, the jiggling, and the following movement towards the box of the monkey
before it started to utter its statement attracted the child attention, biasing the
neutrality of the baseline phase towards the last speaking agent. Instead of making use of
the baseline information, we therefore recoded children gaze behaviour discriminating
towards the last speaking agent that knows or thinks in the exploratory part of our data

analysis (see Data Analysis section).

Pre-processing of data (segmentation of raw recordings in test phases, creation of
time-sequence scenes, and selection of areas of interest (AOIs)) was performed in Tobii
Studio. Test phases in which the child did not pay attention to the sequence of statements
were removed after visual inspection of video recordings by two independent coders. This
led to a higher number of T1 (M = 6.33; SD = 1.59) compared to T2, and higher T2 (M
= 5.54; SD = 1.8) compared to T3 (M = 4.98; SD = 1.84) usable trials, with a range
from one to eight maximum trials available for analysis per test phase. The first 240 ms
at the onset of the first fixation before the start of each test phase were removed from the
analysis to compensate for the processing time needed for saccade initiation in young
children, due to the uncertain nature of the first fixation and the impossibility to clearly

link it with task-related behaviour (Swingley et al., 1999; Von Holzen & Mani, 2012).

In similar fashion, the last 40 ms of each test phase were removed from analyses to
avoid skewed gaze patterns due to imperfect timing between the eye-tracking sampling

rate and the segmentation of time windows. Relevant AOIs for the analyses were defined
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as the region around the two boxes and the monkeys’ upper body and face. Four AOIs
were defined: left and right monkeys in T1 and T2 (360 x 250 pixels, if monkey was
moving closer to the box, 300 x 300 pixels if monkey was standing still), left and right
boxes in T1, T2, and T3 (360 x 360 pixels). Proportions of AOIs were chosen to cover
equal surface areas.

Gaze duration over AOIs in relevant time windows was then exported to R
(version 3.6.2 (2019-12-12), R Core Team, 2020) for further data processing and statistical
analyses. Separately for each phase, the proportion of infants’ fixations on target (the
monkey that knows) and distractor (the monkey that thinks) was calculated in order to
get a proportion of target looking time (i.e. PTL = target / target + distractor, see Mani
& Plunkett, 2007, 2008, for similar analyses). The resulting value ranges from 1 (looking
only at the target) to 0 (looking only at the distractor) allowing us to assess whether
participants fixated the target in preference to the distractor across trials.

Because of some children’s preference for the monkeys (as most salient objects on
the screen) and some towards the boxes (as objects of reference of monkeys’ pointing
behaviour), we merged AOIs of monkeys and boxes on the same side of the screen for T1
and T2. The combined AOIs of monkey + box (referred as “agent”) conveyed the highest
amount of valid PTL data. In T3 the PTL scores were given only by boxes AOIs, as no

monkeys were present on screen.

4.3.5 Data Analysis

In order to test the validity of the experimental data, two analyses were
performed. First, a one-sample t-test was used to assess the overall difference in the
proportion of looking time to the target (the monkey that knows or the box that the
monkey that knows pointed to) score against chance level across all test phases of the

epistemic task in the predefined 2 seconds time window. This analysis was informative to
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exclude the possibility that the recorded PTL score could reflect just random variation in

the children’s gaze.

Secondly, after visual inspection of the children’s overall gaze behaviour, we
noticed a bias towards the agent that was speaking in the test phase under analysis,
independently on whether the agent was the one that knows or thinks. The greater
saliency of the agent that had most recently moved or spoken unequivocally attracted
children attention in T1 and T2. In order to account for this bias, we reanalysed the data
coding the agents based on whether the last speaking one was the one that knows
(target) or the one that thinks (distractor) and we analysed the proportion of fixations to
the target across this new saliency condition. Using a growth curve model we examined
whether children looked more towards the agent who had just spoken when this agent
knows where the sticker is compared to when this agent thinks the sticker is in there.

The same rationale was used for T2 analysis.

In particular, we applied a generalized linear mixed model (GLMM, see Bates et
al., 2015) to explore the gaze dynamics over time towards the most salient agent
(speaking agent or box pointed at by that agent) during the first two test phases. We
fitted the generalized mixed model on PTL scores using lme4’s imer function in R (Bates
et al., 2015) with Gaussian error structure and identity link function (for a detailed
description of growth curve model analysis see Mirman, 2015). An initial full model
included time and condition (i.e. the speaking agent during the test phase under
analysis) with the two levels know/think as fixed effects of interest, while participant id
was included as random factor to allow for the estimation of a certain degree of
randomness in the slopes across participants. Next, a reduced model was fit that did not

include the factor condition.

ANOVA model fit comparison between the reduced and the full model allowed us

to estimate the influence of the saliency of the speaking agent in T1 and T2. When the
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best fitting model is the full one, we can conclude that the factor condition has a unique
effect on gaze behaviour and needs to be accounted for when investigating the impact of
know and think on PTL scores. We also included time and its quadratic and cubic
polynomial in the model, in order to investigate eventual non-linear changes in looking
behaviour across the whole test phase duration. Successful preference for the target is
assumed to reflect either in the linear or in the quadratic and cubic polynomials, as their
inverse u-shaped curvature expresses the looking behaviour of the infant when looking to
the target agent/box (i.e. first at chance level, then looking more to the target upon
hearing the onset of the mental verb, then going back to chance level). If the children
were able to discriminate between know and think independently on the agent that was
speaking in that test phase, we expect the factor condition to interact with the respective
time polynomials, which would reflect different curvatures for the know/think factor
levels in T1 and T2. The factor condition was not included in the GLM for T3, as the
experimenter-paced fixation screen and the following static scene prevented a saliency
bias. Thus, we generated only a full model with time as fixed factor to explore gaze
dynamics to the boxes associated with know and think. Data diagnostics for all the
GLMMs was performed by visual inspection of QQ-plots and residuals’ histograms,

showing normal distribution of data points.

4.4 Results

4.4.1 Behavioural Results

In the familiarization phase, children correctly selected the box in which the
sticker was hidden in 56.72% of the cases. On average, children passed two out of four
trials (M = 2.26; SD = 1.11). Two children did not pass the first practice trial and were

administered with additional repetitions before the familiarization phase started.
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4.4.2 Eye-Tracking Results: Test Phase 1

A one-sample t-test was conducted to assess the proportion of fixations to the
target, representing the proportion of time children spent looking at the agent that knows
(the target) versus both agents (i.e. the agent who knows and the agent who thinks, the
distractor). The proportion of fixations to the target was not significantly different from
chance level set at 0.5, t(145) = -0.20, p = .837, d = - .02.

These results suggest that children did not have a specific preference towards
target or distractor in T1 (see Table 4.1 for descriptive statistics for all test phases).
Following our observation that the saliency of the speaking agent could hinder children
preference (see “Data Analysis” in the Methods section), we proceeded with a GLMM
exploratory analysis of the proportional looking time to the most salient agent.

The growth curve model comparison between a full model including the fixed
factors time and condition, i.e. the speaking agent knows or thinks, and a reduced model
including only time as fixed factor was significant, with the full model exhibiting a better
fit to the data (X2 = 126.76, df = 4, p < .001, see Table 4.2 for reduced and Table 4.3

for full models statistics comparison).

Table 4.1

Summary of Mean Proportional Looking Times

Proportional Looking Times
Test Phase Mean St.Dev. Sample (N)

T1 0.497  0.119 146
T2 0.49 0.135 136
T3 (Final) 0473 0.133 137

Note. Descriptive statistics of proportional target looking time (PTL) across the three
test phases. PTL ranges between 0 (preference for distractor) to 1 (preference for target),
a score of 0.5 indicates chance level.
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Table 4.2

Reduced General Linear Mized-Model for Test Phase 1
Reduced Model T1

Factors Estimates SE 95% CI t P
Intercept 0.666 0.011 0.644 — 0.688 59.213 < 0.001
Time (polyl) 0.139 0.098 -0.053, 0.331  1.420 0.156
Time (poly2) -0.145 0.064 -0.271, -0.019 -2.248 0.025
Time (poly3) -0.043 0.013 -0.068, -0.017 -3.262 0.001
N 146,4
Observations 34633
Deviance -5207.493
AIC -5185.486

log-Likelihood  2603.747

Note. Reduced GLMM testing the effect of Time including its linear, quadric, and cubic
term on Proportional Looking Times in Test Phase 1 (T1).

Table 4.3

Full General Linear Mixed-Model for Test Phase 1
Full Model T1

Factors Estimates SE 95% CI t P
Intercept 0.679 0.011 0.657, 0.701  59.884 < 0.001
Time (polyl) 0.124 0.099 -0.070, 0.317 1.249 0.212
Time (poly2) -0.153 0.066 -0.282,-0.024  -2.327 0.020
Time (poly3) -0.082 0.018 -0.118,-0.046 -4.446 < 0.001
Condition (know) -0.025 0.002 -0.030,-0.021 -10.761 <0.001
Condition * Time (poly1) 0.031 0.026 -0.021, 0.082 1.166 0.244
Condition * Time (poly2) 0.016 0.026 -0.035, 0.068  0.620 0.535
Condition * Time (poly3) 0.079 0.026  0.028,0.130  3.018 0.003
N 146,4
Observations 34633
Deviance -5334.253
AIC -5304.239
log-Likelihood 2667.127

Note. Full GLMM testing the effects of Condition (salient agent knows/thinks) and its
interaction with Time including its linear, quadric, and cubic term on PTL in T1.
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Using the function drop! (Mirman, 2017), the full model revealed a significant
interaction of condition with the cubic polynomial of time (X% = 9.11, df = 1, p < .001),
reflecting differences in the time course of target recognition for know and think.

This suggests that participants showed a different pattern of looking behaviour
when the agent that had most recently spoken knows where the sticker is, compared to
when the agent only thinks that the sticker is in there. Looking at the curvature patterns
of target fixations (graph on the left in Figure 4.2), we see that 27-month-olds had an
overall higher preference towards the speaking agent when the speaking agent thinks

compared to when the speaking agent knows where the sticker is.

Figure 4.2

Time course of PTL to Salient Agents in Test Phase 1 and Test Phase 2
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Note. Participants’ PTL to the most salient agent at the onset of the critical verb for T1
(left) and T2 (right). The lines reflect the fitted GLMM including time up to the cubic
term for each condition, with the condition know expressed in blue and think in red. The
line at 0.5 represents chance level, everything above it represents looking at the target.
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4.4.3 Eye-Tracking Results: Test Phase 2

A one-sample t-test against chance level revealed that the proportion of fixations
to the target in T2 was not significantly different from chance, ¢(135) = -0.85, p = .399, d
= -.07. These results suggest that children did not have an overall specific preference
towards target or distractor in T2 (see Table 4.1). Since the saliency of the speaking
agent potentially biased T1 as well as T2, we proceeded with a GLMM to investigate and
control for the impact of agent saliency in discriminating know and think.

The growth curve model comparison between a full model including condition and
a reduced model including only time revealed that adding condition as fixed effect
significantly improved the model fit (X? = 206.27, df = 4, p < .001, see Table 4.4 for
reduced and Table 4.5 for full models statistics comparison). In particular, the full
model showed a significant interaction of condition with the linear (X2 = 58.35, df =1, p
< .001), quadratic (X? = 10.50, df = 1, p = .001) and cubic polynomials of time (X? =
32.65, df =1, p < .001). These results reflect differences in the time course of target
recognition based on whether the salient agent in the second test phase was the one that
knows or thinks. The graph on the right in Figure 4.2 shows two distinct gaze patterns
due to the interaction of time and condition. At first, during the former 1 second part of
the time window, children did not exhibited a specific preference for the salient agent
that knows or thinks, but an increasing and consistent preference for the salient agent
that thinks emerged later, during the latter 1 second part of the time window.

In order to shed further light onto this dynamics, we split the time window and
performed an exploratory paired t-test between the amount of fixations to the speaking
agent that knows and the one that thinks in the first and second 1-second-long parts of
T2 separately. Paired t-tests revealed no differences between condition in the first part,
t(130) = -0.39, p = .699, d = .003, while a trend for a preference for the salient agent

that thinks was found in the second part, #(130) = -1.94, p = .054, d = .17.
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Table 4.4

Reduced General Linear Mized-Model for Test Phase 2

Reduced Model T2

Factors Estimates SE 95% CI t P
Intercept 0.649 0.014  0.623,0.676 47.614 < 0.001
Time (polyl) 0.177 0.105 -0.029, 0.383  1.681 0.093
Time (poly2) 0.009 0.075 -0.139, 0.157  0.122 0.903
Time (poly3) -0.044 0.014 -0.071,-0.016 -3.091 0.002
N 1364
Observations 31741
Deviance -2515.344
AIC -2493.336
log-Likelihood — 1257.672

Note. Reduced GLMM testing the effect of Time including its linear, quadric, and cubic
term on Proportional Looking Times in Test Phase 2 (T2).

Table 4.5

Full General Linear Mixed-Model for Test Phase 2

Full Model T2

Factors Estimates SE 95% CI t P
Intercept 0.662 0.014  0.636, 0.689 48.257 < 0.001
Time (polyl) 0.283 0.106 0.076, 0.490 2.680 0.007
Time (poly2) 0.055 0.077 -0.096, 0.205 0.711 0.477
Time (poly3) -0.125 0.020 -0.164, -0.086 -6.270 < 0.001
Condition (know) -0.027 0.003 -0.032, -0.022 -10.470 < 0.001
Condition * Time (poly1) -0.218 0.029 -0.274,-0.162 -7.643 < 0.001
Condition * Time (poly2) -0.092 0.028 -0.148, -0.036  -3.241 0.001
Condition * Time (poly3) 0.161 0.028  0.106, 0.216  5.716 < 0.001
N 136,4
Observations 31741
Deviance -2721.617
AIC -2691.602
log-Likelihood 1360.809

Note. Full GLMM testing the effects of Condition (salient agent knows/thinks) and its

interaction with Time including its linear, quadric, and cubic term on PTL in T2.
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At the onset of the verb uttered in T2, children focused on both mental verbs,
independently on whether the agent speaking was the one that knows (M = 0.63, SD =
0.25) or the one that thinks (M = 0.64, SD = 0.25). After this initial indiscriminate
moment of attention for the speaking agent, children’s focus prominently switched
towards the agent that thinks (M = 0.69, SD = 0.24). When the agent speaking was the

one that knows, children kept not having a specific preference (M = 0.64, SD = 0.23).

4.4.4 Eye-Tracking Results: Test Phase 3

A one-sample t-test to assess the proportion of fixations to the target versus
distractor box revealed a significant difference from chance level (¢ (136) = -2.35, p =
.020, d = .20), with children showing a consistent preference towards the distractor box
(see Table 4.1). This result was confirmed by a growth curve model including time as
fixed factor, which showed a trend to significance for a negative main effect of the linear
polynomial of time (X? = 2.76, df = 1, p = .096, see Table 4.6 for model statistics).
Visual inspection of the gaze pattern in T3 revealed a steadily increasing preference
towards the box pointed at by the agent that thinks throughout the whole final test
phase (see time course graph in Figure 4.3). This finding suggests that by the end of the
trial, when the task-relevant final question “Where is the sticker?” was asked, children
preferably fixated the box associated with the verb think, expressing a lower degree of

certainty.
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Table 4.6

General Linear Mixed-Model for Test Phase 3

Model T3
Factors Estimates SE 95% CI t P
Intercept 0.469 0.011 0.448, 0.491 42994 < 0.001
Time (polyl) -0.213  0.127 -0.463, 0.037 -1.670 0.095
Time (poly2) -0.056  0.090 -0.231, 0.120 -0.623 0.533
Time (poly3) -0.012 0.014 -0.039, 0.015 -0.835 0.404
N 137
Observations 16556
Deviance -12126.926
AIC -12104.910
log-Likelihood 6063.463

Note. GLMM testing differences between boxes associated with know and think as
defined by PTL including the effect of Time, its linear, quadric, and cubic term in T3.

Figure 4.3

Time course of PTL to Salient Locations in Test Phase 3
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Note. Participants’ PTL to the boxes associated with know and think during the final
test phase. The blue line reflects the GLMM including time up to the cubic term. The
line at 0.5 represents chance level, smaller values indicate preference for the distractor.
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4.4.5 Correlations with Mental States Production

We collected data from the MSLQ questionnaire for a total of 157 children that
took part in the experiment. Here we report the results from the Cognition category,
which includes the production of mental states verbs such as think, know, and believe. In
this age group, the average performance on the overall Cognition category was quite low
(M = 22.2%; SD = 20). In particular, 32 children out of 157 were labelled by their
parents as active users of the verb glauben (think, in German) while 111 were labelled by
their parents as active users of the verb wissen (know, in German). When considering
only the children that were included in the eye-tracking task (see Methods section for
exclusion criteria), 30 children were able to produce glauben versus 101 who were able to
produce wissen. To explore whether explicit production and implicit comprehension of
mental states verbs correlate in this age group, we performed a point-biserial correlation
between the PTL results from the final Test Phase 3 and the binomial output of the
MSLQ. A significant negative correlation was indeed found between the score for the verb
wissen (know) and children preference towards the target box in the third test phase of
our eye-tracking task (r(127) = - .21, p = .022), showing that children that were labelled
by their parents as already acquainted with the usage of know were also fixating more
often to the distractor box. No significant correlation was found between PTL results and
the verb glauben (think) score (r(128) = .17, p = .861), suggesting that productive
competence (or lack thereof) for the verb think is not indicative of children implicit

comprehension for the same verb at such early age.

4.5 Discussion

In this study, we investigated whether 27-month-old children already show implicit

initial discrimination for mental states verbs. Our sample was presented with an
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eye-tracking version of a facilitated hidden object task in which they received contrasting
statements from two agents, one that knew where the hidden object was located (the
target of the task, indicating the highest degree of certainty) and one that only thought
the hidden object was in a certain location (the distractor, indicating the lowest degree of

certainty).

After pre-processing of the eye-tracking data, analysis of proportional looking time
to the target versus distractor revealed no particular preference towards the target or the
distractor in the first two time windows, i.e. when the first and the second agent
(randomized during trials presentation) uttered their statements. Our interpretation for
this finding is that children exhibited interest for both agents and were particularly
attracted by the saliency of each moving and pointing agent per test phase. Thus, this
led us into an exploratory analysis of the time course of target recognition, redefined as
the salient (speaking) agent per time window. Once the bias towards the salient agent
was taken into account, a consistent preference for the agent that thinks emerged from
the analysis of the first time window. Moreover, a shift from an initial first moment of no
preference towards either know or think to a consistent preference towards the agent that
thinks was observed for the second time window. We confirmed this result in the third
time window, which represents the final moment in the trial when the child was actively
prompted to solve the task. In this time window, proportional looking time to the target
versus distractor was significantly different from chance, showing a consistent preference
towards the distractor element, i.e. the location of the object associated with the lowest
degree of certainty. Our exploratory analysis of the time course of target recognition
confirmed this finding, showing an increase in fixations towards the agent that thinks,

reflected in the negative linear time term of the GLMM.

Taken all together, our results suggest that children as early as 27-months of age

exhibit an implicit discrimination between the mental states verbs know and think. This
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is in agreement with research supporting that toddlers already show initial understanding
of others’ knowledge and ignorance (Dunham et al., 2000; Liszkowski et al., 2008; Scott &

Baillargeon, 2017, for a review).

The strikingly unexpected finding in our investigation is the directionality of this
implicit discrimination: children mostly fixated the agent expressing the lowest degree of
certainty, independently on whether the speaking agent in that test phase was the one
that knows or thinks. This behaviour led us to consider two alternative explanations: a

novelty versus a familiarity effect for the verb think.

Firstly, this preference for the thinking agent could reflect a “novelty effect”, in
which children are confronted with the recurrence of a semantic item they have little
experience with (the verb think) and are actively engaged trial after trial in learning as
much as possible what this new item entails. This is in line with evidence from language
acquisition research, which showed correlations between novelty effects and vocabulary
proficiency in children (Kormi-Nouri et al., 2005; Marino & Gervain, 2019). In
eye-tracking studies, novelty effects have also been widely discussed for their impact on
language acquisition (see for a methodological review Blom & Unsworth, 2010; Marno et
al., 2016), above all in the context of habituation paradigms, where they are attributed to
repetitive exposure time (Houston-Price & Nakai, 2004). In our task, an eventual novelty
effect cannot be the simple product of exposure, since children were exposed to the same
counterbalanced amount of pseudo-randomized statements from both conditions know
and think. Thus, such novelty effect must reflect children’s interest in exploring the yet

unknown semantic implications of the newly discovered verb to think.

A second, yet contrary hypothesis is that children at this age are not yet
acquainted with the mental states interpretation of the verb know. So they tend to focus
only on what is understandable for their current knowledge of the world during the task.

This “familiarity effect” for the thinking agent finds great support in language acquisition
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literature. While 3-year-olds are not yet able to discriminate think and know when
overtly asked (Montgomery, 1992), one year later children already show prominent
production of spontaneous think constructions in a sentence recall task in English (Kidd
et al., 2010). Furthermore, recent studies showed that parents’ use of mental states such
as think and understand predict 2.5-year-old children’s performance on anticipatory
looking measurements of false belief tasks (see for a meta-analysis Devine & Hughes,
2018; Roby & Scott, 2018). Overall, this suggests that parents’ input could already
enrich the implicit semantic lexicon of children (see Harris et al., 2005, for the impact of
maternal conversation in mental states understanding) to such extent that children
exhibit an implicit preference for think already at 2.5 years of age. This would be in
agreement with the fact that first occurrences in speech for the verb think start just a few

months later, after their third birthday (Diessel, 2004).

To test both our hypotheses, we correlated the results from the Cognition
category of the MSLQ (Mental States Language Questionnaire, adapted to German
speakers, see Kristen et al., 2012 for a longitudinal analysis), administered to the parents
of the tested children, with the preferential looking score in our eye-tracking task. The
correlation between children that already showed active production for the mental verb
know and that were also more interested in the location associated with the agent that
thinks supports the “novelty effect” explanation: the more familiar children are with

know, the more they focused their attention to the new verb think.

Notably, previous research on English speakers showed that children at 27 months
of age interpret know in their active lexicon rather in the sense of see or recall than in
the epistemic meaning of the verb (Booth et al., 1997). Assuming a similar acquisition
pattern can be generalized to German speakers, this would suggest that, as children at 27
months of age are starting to detect and distinguish different degrees of certainty, they

are not yet familiar with the usage of the mental states verb think, while they already
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have an initial idea of the scope of the verb know. Their preference for the agent in the
first and second test phases and the box in the third phase associated with the
low-certainty verb led us to speculate that during our eye-tracking task children actively

engaged with this new element, learning about the semantic scope of this epistemic state.

Yet we must consider the following limitations when interpreting the findings of
this study. Behaviourally, keeping in mind that production does not necessarily involve
comprehension, the MSLQ questionnaire revealed to be too broad to investigate in detail
the spectrum of possible interpretations that mental states verbs like know and think can
have when used as such a young age. It was therefore impossible to say with certainty
that children that are active producers of know based on their parents’ report are
actually already using an epistemic variant of the verb. Based on findings from Booth et
al. (1997), 27-month-olds exhibit primarily low levels of meaning of the verb know,
associated with recall and recognition, rather than understanding and meta-cognition:
hence, we are inclined to think that this could have been the case also in our study. A
possible confound in the MSLQ results could have been that many children already used
do not know at a young age, which is often used to express disagreement more than

negation of knowledge (Diessel, 2007).

When it comes to the limits of eye-tracking technology, we have to consider that
the task might have been too demanding for our sample. Gaze recording implies long
sessions sitting still in front of a screen, where toddlers are required to keep 5 to 10
minutes of sustained attention. Through the introduction of pauses, attention grabbers
and subsequent recalibration procedures it was possible to record good quality data, truly
reflective of cognitive processing in the child’s mind. Because of this fragmented
recording style, only a careful selection of trials, where children continuously directed
their gaze (recorded via an in-sync video camera) to the screen, could be included in the

final analyses. This led to a decrease in the total amount of usable data, which are still
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not as many as we would like in order to derive strong conclusions from our paradigm.
On the bright side, the considerable size of our sample and the introduction of a growth
curve model, accounting for individual variation across participants as well as for the
saliency bias of the speaking agent on screen, contributed to diminishing the impact of
these known eye-tracking challenges of developmental research.

Yet, this study has shown that eye-tracking is a powerful tool to help detecting
implicit comprehension of epistemic states in early childhood: infants as early as 2.5
years of age show a striking sensitivity for the semantic distinction between know and
think, with a peculiar looking preference for the verb expressing lower certainty.

Due to the novel nature of our task, future studies should validate this unexpected
preference for think and focus on detangling possible familiarity versus novelty effects, for
example by multiple interval arrangement of trials for both preferences (see
Houston-Price & Nakai, 2004) . In case of confirmatory evidence, we suggest
investigating the origins of this discrimination. This entails shedding further light onto
whether the epistemic understanding of low degree of certainty verbs such as think
precedes the one of higher degrees of certainty; or whether an initial, full-fledged
understanding of know is a prerequisite for learning about mental states expressing
different shades of knowledge of the world. To reach this goal, methods from linguistic
research and developmental psychology should be encouraged, as their synergistic use can

provide a broader spectrum of insights in the developing mind.
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Chapter 5

Main Discussion

5.1 Main Summary

Throughout the work presented here in three experimental studies, we aimed to
bring forward methodological improvements to traditional tasks associated with two core
cognitive resources necessary for the development of Theory of Mind: false belief
understanding and mental states language comprehension. Classic explicit false belief
tasks have been at the basis of the theoretical conceptualization that postulates the
emergence of a Theory of Mind in children only after four years of age. A growing
number of studies criticizes this assumption, proposing that it is simply due to high task
requirements that infants younger than four cannot ”shine” and display their actual

understanding.

Firstly, in study A described here, we aimed to investigate the robustness of
findings from a recent behavioural work by Setoh et al. (2016), claiming that children as
early as 33 months can pass explicit false belief tasks when low executive processing
demands are taken into account. We achieved this goal by conducting a replication effort

on a larger sample size, reproducing the original English material in German language,
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and comparing participants’ performance in the task with the results from a traditional
explicit false belief representational change task (Hughes & Ensor, 2007).

In our second study B, the goal was to develop a novel ERP paradigm based on a
classic behavioural story format task by Wellman & Bartsch (1988), in order to
investigate the neural markers of implicit false belief understanding in a task without
requirements to actively infer false belief from the agent. Following the same rationale of
the first study, we expected that also a reduced processing demands task would elicit
correlates compatible with previous implicit false belief processing EEG literature in an
adult sample.

In the third and last study C, our aim was to tackle the implicit understanding for
mental states language with an eye-tracking study. We postulated that children at 27
months of age already show sensitivity for mental states comprehension, which can be
measured by proportional looking times in a semantic discrimination task based on a
behavioural paradigm originally developed by Moore et al. (1989).

In order to achieve these objectives, we combined the expertise from classic
approaches of developmental psychology to Theory of Mind with techniques used in
neuroscience and psycholinguistics (i.e. EEG and eye-tracking), which have the
advantage to investigate spontaneous responses evoked by cognitive processes without
requiring elicited answers from the participants. In this chapter, we intend to summarise
and discuss the key findings of this research effort to cross the borders of our

preconceptions towards a common understanding of Theory of Mind at its emergence.

5.2 Main Findings

We present here a summary of the main findings of the three studies.

The behavioural replication of the finding by Setoh et al. (2016) indicated a
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striking success: within a larger, representative sample of 58 children, 74% answered
correctly the final test question in an explicit false belief task where response generation
demands were reduced. In contrast, only 5% out of a sample of 42 infants showed full
competence in the representational change false belief task by Hughes & Ensor (2007). It
is thus not surprising than no statistically significant correlation was found between the

performance in the two explicit false belief tasks.

With a novel ERP experiment, we developed a child-friendly paradigm to elicit
false belief understanding without overt response from the participant. At the
behavioural level, participants showed high accuracy in answering questions targeting

true and false belief trials, as well as control questions.

Statistical analysis of neurophysiological data from the same 30 neurotypical
adults identified two markers distinguishing false from true belief reasoning: an early
positive wave in the left hemisphere at 250 to 400ms, showing temporal similarities with
the LPC, and a late wave at 650 to 800ms with reverse polarity between frontal and

central-parietal regions, identified as a LSW.

More controversial are the results coming from our new eye-tracking study, where
proportional looking patterns of 146 children highlighted no specific preference between
the agent that knew (the target) versus the agent that only thought (the distractor)
where a desired object was in the first two time windows under analysis. On the contrary,
we found a statistically significant above chance preference for the location associated

with the distractor verb (think) in the final test window.

This finding was in line with the results from a post hoc exploratory general linear
mixed-model analysis of the time course of target recognition, which showed that, when
controlling for saliency effects, participants consistently preferred the salient agent that
thought versus the salient agent that knew the desired object location, across all three

time windows. Lastly, a statistically significant positive correlation was found in
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27-month-old children which already showed competence in production of the mental
verb know, based on a parent-administered language questionnaire, and preferential

looking towards the agent holding the lowest degree of certainty (think).

5.3 Theoretical and Practical Implications

In this section, we discuss theoretical and practical considerations for our
understanding of Theory of Mind before the fourth year of age, following our replication
of Setoh’s task. Furthermore, the role of executive demands, and specifically inhibitory
control, as well as mental states language in the development of false belief reasoning is
discussed in the light of the findings from our novel ERP and eye-tracking studies.
Finally, a broader view on implications and recommendations for developmental and

clinical psychology is presented.

5.3.1 Explicit False Belief Reasoning and Inhibitory Control

The findings from our three empirical studies enrich the body of literature on
Theory of Mind understanding before the fourth year of age.

In particular, they find their place in a contentious debate sparked in
developmental psychology by the different conclusions reached by various paradigms
focussing on the attribution of false belief at a young age (Baillargeon et al., 2016;
Carruthers, 2013). In the era of the replication crisis in psychology (which affects also
false belief studies, see Kulke & Rakoczy, 2018, for a review), controversial conclusions
might be ascribed to inconsistent study designs suffering from confounding factors, which
make it impossible to clearly assert the nature of the phenomenon under investigation.
Moreover, failure to replicate results from original studies has been mainly attributed to

questionable research practices (Simmons et al., 2016) and lack of power (Shrout &
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Rodgers, 2018).

Taken this into consideration, the confirmatory results of our replication of Setoh
et al. (2016) with a large sample bring support to the robustness of the original findings
and their interpretation. We can confidently say that already 33-month-old children
achieve successful performance in an explicit false belief task, when processing demands
are reduced. The floor effect found in our attempt to replicate the representational
change false belief task by Hughes & Ensor (2007) can be explained in a similar fashion.
Our study included about a third of the participants of the original task and thus it could
be missing proper power to detect a true effect (see Maxwell et al., 2015, for a critique on
single-study replication attempts). An alternative explanation is that the two false belief
tasks, although presumably measuring the same phenomenon, have different solving
complexity requirements. This assumption would not be so astonishing, as the
representational change task has been previously compared in difficulty to the standard

change of location Sally-Anne paradigm (Gopnik & Astington, 1988).

This observation directly leads us to the core issue of the debate: the alleged
complexity of the standard false belief task for children below the age of four. A classic
view attributing Theory of Mind only after the fourth year of age supports the hypothesis
that more advanced representational resources for false belief understanding are necessary
to pass traditional false belief tasks, which require explicit answer from the participant
(Carruthers, 2013). This interpretation attributes successful performance in the explicit
task to a sudden developmental change in the children’s mind (Ruffman & Perner, 2005;
Saxe et al., 2004), as an intentional switch of perspectives is considered not to be possible

in children younger than four (Perner & Roessler, 2012).

In contrast with this view, we presented here evidence of representational
resources necessary for mentalising already in 2- to 3-year-old children. These findings are

in line with the claim that it is because of the higher cognitive requirements necessary to
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pass traditional explicit false belief tasks that children younger than four fail (Baillargeon
et al., 2016; Bloom & German, 2000). More specifically, it has been proposed that
traditional false belief tasks heavily rely on inhibitory control of the correct answer,
which must be withheld in order to express an alternative response consistent with one’s
own representation of another’s false belief (Leslie et al., 2004). Furthermore, as the child
is requested to verbally answer a standard question, these tasks could activate response
generation processes in the brain that are in competition with the concurrent information
processing resources needed for the child to reason about the mental states of other
agents, represent their knowledge of the world, and ultimately infer their future behaviour
(Setoh et al., 2016). The Setoh’s task overcomes these two limitations by introducing
practice trials not related to inference of beliefs, which help reducing response generation
demands, so not to overwhelm infants’ overall cognitive processing system, and in turn
allow children to handle the processing demands of false belief representation.

The confirmatory outcome of our study, i.e., that reducing inhibitory control
demands allows children even below the age of three to pass an explicit false belief task,
is in agreement with the interpretation of other successful studies on infants which
employed low processing variants of the traditional Sally-Anne scenario (Bloom &
German, 2000; Carpenter et al., 2002). Further evidence in support of this hypothesis
comes from spontaneous false belief tasks tackling implicit understanding, where
inhibitory control demands are reduced, because no answer has to be verbally elicited by
the child to solve the task correctly. For instance, positive findings before the fourth year
of age have been recorded with various spontaneous responses, such as violation of
expectation (Onishi & Baillargeon, 2005) as well as preferential and anticipatory looking
(Scott et al., 2012; Southgate et al., 2007, among others). Other tasks that showed
positive performance early on are elicited intervention tasks, where children were able to

succeed in retrieving an object for an agent based on their false belief (Buttelmann et al.,
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2009). Overall, spontaneous implicit as well as explicit tasks with reduced processing
demands support the existence of some primordial capacities for Theory of Mind
reasoning, available in the infant’s mind earlier than previously thought.

A relevant theoretical consideration follows the evidence collected by these studies:
rather than a fundamental change in children’s false belief representation at the age of
four, there might be a continuity from implicit to explicit false belief understanding
between infancy and early childhood. This conceptual continuity hypothesis (Baillargeon
et al., 2010) suggests the presence of a unique psychological system reasoning about
mental states, accessible from infancy onward, which is affected by developmental
progression of low and high order cognition (Baillargeon et al., 2016; Leslie et al., 2004).
In this view, only when additional cognitive processing resources are available throughout
development of key neural regions dedicated to mentalising processes, such as the
prefrontal cortex (Moriguchi et al., 2007; Grosse Wiesmann et al., 2017), traditional false
belief tasks with higher inhibitory demands become manageable for children. This is also
in alignment with the results coming from our EEG study, which hints to the effect of
neural ERP components associated with false belief reasoning to be strongly localized in
the prefrontal (left and midline) recording sites.

As a practical implication, it follows that, to be able to investigate the emergence
of Theory of Mind in the infant brain, false belief tasks tackling essential representational
resources for mentalising need to be reduced in complexity to avoid cognitive resources

competition that obscures real competences.

5.3.2 Processing Demands in Implicit False Belief Tasks

Our findings on the implicit understanding of false belief in a novel paradigm with
reduced processing demands find their place against this background. Two distinct

temporal markers emerged during the EEG task, identified by a divergence in
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neurophysiological amplitude of responses during the target event. The presence of
consistent neural correlates supports the task ability to detect and elicit discrimination
between true and false belief conditions, which was our main goal while developing a new
false belief ERP paradigm. Most interestingly, in agreement with our second hypothesis,
the two waveforms showed similarities with previous LPC (Cao et al., 2012; Meinhardt et
al., 2011; Zhang et al., 2009) and LWS found in false belief literature (Geangu et al.,
2012; Meinhardt et al., 2011; Sabbagh & Taylor, 2000). This outcome suggests that
passive listening to the elicited belief of the agent is sufficient in neurotypical adults to
instantiate the same inferential reasoning process present in classic false belief tasks with

higher processing requirements.

This proposition is encouraging in two ways. On one side, the fact that a reduced
processing demands task is able to elicit consistent markers, with resemblance to
components previously found in literature, give us confidence in the validity and
suitability of the novel paradigm to investigate effectively implicit false belief

understanding.

On the other side, the temporal specificity of these neural markers is in line with
previous research that suggests that early LPC and late LSW represent the
neurophysiological manifestation of two different neural processing events necessary for
false belief reasoning (Meinhardt et al., 2011). Following this hypothesis, the broad LPC
waveform might be evoked by generalized mismatch (similar to a P3a component, see
Polich, 2007) between the subject own knowledge of reality and the incoming false belief
information (Zhang et al., 2009). This initial moment is followed by the LSW, as specific
neural correlate of the decoupling process distinguishing mental states from reality,
necessary for false belief reasoning to solve the task at hand (Liu et al., 2009b).
Additionally, using source analysis, this and a previous ERP study found LSW activity

to be localized in the prefrontal cortex in both adults and children able to pass a false
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belief task (Liu et al., 2004). This finding is in agreement with the hypothesis that
maturation of the prefrontal cortex is necessary for the development and adult-like
employment of Theory of Mind capacities (Grosse Wiesmann et al., 2017). It has also
been previously proposed that LSW reflects difficulty of operations of verbal or
conceptual working memory from different domains of information (Lang et al., 1987;
Mecklinger & Pfeifer, 1996), hence, LSW in belief reasoning tasks could reflect the
social-cognitive inferential processing in working memory necessary to solve the

mentalising problem at hand (Liu et al., 2009b).

Such complexity in attributing a unique interpretation to neural markers of
implicit false belief tasks is comprehensible in light of the multiple, competing cognitive
abilities which are involved in the process of Theory of Mind understanding: from
working memory to executive functions and language abilities (Astington & Jenkins,
1999). It is not surprising that, with so many resources needed simultaneously, the
cognitive processing system of young children results in being overloaded, as inhibitory

control of infants is still immature (Diamond, 2013).

While it is impossible to have complete control on the impact of concurrent
cognitive resources while administering and performing an implicit false belief task, our
ERP paradigm shows high potential to be effectively employed for investigating the
temporal specificity of false belief understanding in the infant population. This is
particularly due to its short story format, lighter on working memory requirements, and
the lack of explicit false belief inferential requests, two aspects that lead to overall

reduced processing demands for solving the false belief task.

Taken together, this investigation points to the fact that performance in explicit
as well as implicit false belief tasks is complex to assess, as it can depend on other
cognitive resources, such as processing speed, working memory, inhibitory control, and

language abilities (Carlson & Moses, 2001; Chasiotis et al., 2006; Milligan et al., 2007).
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As brilliantly stated by Setoh et al. (2016), false belief understanding is an essential
component, but it is only one of the requirements for the success at false belief
paradigms, which depends on the full range of processing demands of the task.

A potential implication is that concurrent tasks with reduced cognitive demands
should be employed to tackle and understand the interplay between different processing
resources involved in mentalising. For instance, success in traditional false belief tasks
correlates with performance in conflict inhibitory control tasks (Carlson & Moses, 2001;
Chasiotis et al. 2006). This entails focussing our research efforts not only on spontaneous
false belief tasks, but also on assessing executive functions, e.g. by assessing recognition
memory and processing speed in toddlers (see Rose et al., 2002; Rose et al., 2004, for an

eye-tracking battery developed for this purpose).

5.3.3 The Interplay of Language and Theory of Mind

Beside executive resources, enduring controversy still surrounds the role of
language in the development of a full-fledged Theory of Mind. Studies suggest that
language abilities develops in parallel and can be fostered by social cognition and
mentalising (Harris et al., 2005), while others assume language to be a necessary
precursor to the development of false belief understanding (Astington & Jenkins, 1999;
Ruffman et al., 2002). In order to provide effectively an empirical answer to this
theoretical question, it seems first necessary to implement language comprehension tasks
that do not rely on eliciting verbal responses from toddlers and infants, as they could be
not representative of actual competence, due to their limited processing capacities
discussed above.

Albeit with some reservations (see section 5.4 on Limitations and Future
Research), our newly developed eye-tracking paradigm for investigating early sensitivity

to semantic difference of epistemic verbs revealed to be suitable for young children. From
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a technical point of view, less than 10 percent of the infants involved in the task dropped
out due to task-related issues and a noticeable number of valid fixations was recorded up
to the last test phase, suggesting that infants were engaged long enough to keep sustained
attention throughout the whole sequence. Thus, the task does not seem to be too heavy
in concurrent processing load for 2.5-year-old children. A special mention regards the
saliency effect of the agents on screen (irrespectively of their degree of knowledge), which

affects inhibitory resources and should be addressed in further studies.

Hence, once controlled for the saliency effect of the moving agents, the striking
finding of this study was a steady preference of 27-month-old children for the agent
holding, and the location associated to, the lowest degree of certainty. On one side, such
remarkable difference in proportional looking times can be taken as indication that
children below 3 years of age already have an early sensitivity for discriminating mental
states language. This is in line with previous research showing that infants already have
initial comprehension of others’ knowledge and ignorance (Liszkowski et al., 2008; Scott
& Baillargeon, 2017, for a review). On the other side, the directionality of such
sensitivity raises questions in terms of its interpretability. Based on the correlation
analyses of proportional looking times to the distractor (think) with epistemic verbs
production (know) from a mental states language questionnaire administered to parents,
we found support for a novelty effect explanation, which has been previously shown to be
related to the level of vocabulary proficiency in children (Kormi-Nouri et al., 2005;

Marino & Gervain, 2019).

Following this novelty effect interpretation, children who already show productive
competence of the epistemic verb know engage actively with, and exhibit a strong
preference for, the distractor verb think, giving us a sneak peek in the unravelling of the
implicit processes of language acquisition. This finding is in line with previous linguistic

research claiming that 27-month-olds have already a basic understanding of knowing,
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although they interpret this verb mainly in the semantic meaning of recognition or, when
preceded by negation, disagreement, rather than in the meaning of understanding and
knowledge (Booth et al., 1997). It also supports the view that at 2.5 years of age children
have not yet grasped the epistemic nuances of the conceptual verb to think, but are
intrigued by learning its semantic applications. This novelty effect is also in agreement
with research on child-directed speech, which found that most exposure to mental states
vocabulary, and particularly to think, does not involve contextual situations where an
agent has a false belief (Diessel & Tomasello, 2001; Hacquard & Lidz, 2019).

Although our mental states language task alone cannot provide an answer to the
question whether language abilities are a precursor of Theory of Mind or not, we can
make some speculations. Our task revealed to be appropriate in detecting early
sensitivity already in 2.5-year-old children. If mental states language were indeed
essential for mentalising, we would expect to find a positive correlation between above
chance preferential discrimination of mental states verbs at 2.5 years of age and
successful performance in an explicit false belief task with reduced inhibitory demands,
such as the Setoh’s task, at 3 years of age. This correlation would be particularly strong
for children that are active users of the epistemic verb to know already at a young age.

We would also expect young children exhibiting higher performance in executive
functions tasks, specifically in inhibitory control and working memory, to evoke similar
neural correlates of implicit false belief understanding as found by our ERP task with
reduced processing demands in adults. These children could in fact have an advantage in
freeing cognitive processing resources to dedicate to false belief reasoning even before the
fourth year of age. Such findings would not only be in line with research supporting
language and executive functions as necessary for false belief reasoning (German & Leslie,
2000; Milligan et al., 2007), but would also provide support for the conceptual continuity

hypothesis (Baillargeon et al., 2010), in a framework which sees the emergence of Theory
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of Mind as the results of the interplay of many concurrent cognitive resources.

5.3.4 Developmental and Clinical Implications

All in all, we see a need for developmental psychology to focus on increasing
replications, with larger sample sizes and targeted age groups, of core studies whose
findings are at the basis of current theories in social cognition. Particular attention
should be dedicated to develop tasks suitable for toddlers and infants with reduced
extraneous cognitive load in order not to underestimate performance due too high
executive function demands. Longitudinal studies should be preferred, in order to detect
and define developmental patterns from infancy to childhood via comparison of elicited
behavioural and spontaneous responses to false belief and language comprehension tasks.
In turn, findings from these carefully designed studies would lead to refine the theoretical
basis of the onset of Theory of Mind and its relation to concurrently developing cognitive
resources.

Such research effort can have striking societal implications for early uncovering of
neuropathologies and psychopathologies, particularly if specific representational resources
which are needed for a full-fledged development of Theory of Mind are impaired. The
detection of concomitant signs pointing to below average or inadequate performance in
executive functions, mental states language, and false belief reasoning, could be of use to
support diagnostic tools, as well as early intervention for mental disorders, which starts
in early childhood and affect the sphere of social cognition.

In this regard, autism spectrum disorder is surely the most studied
neurodevelopmental condition affected by a deficit in the ability to infer mental states of
others (Briine & Briine-Cohrs, 2006, for a review) as well as in executive function, two
aspects that have been debated to be causally related or independent from each other

(Baron-Cohen & Swettenham, 1997; Perner & Lang, 1999). Thus, tasks testing Theory of
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Mind abilities have the potential to become an aid to early diagnosis, when controlled for

the role of executive processing demands (Charman, 2000).

Observed deficits in Theory of Mind task performance have been shown, when
matched for general cognition, also in frontotemporal dementia, but not in Alzheimer’s
disease (Bora et al., 2015 for a meta-analysis). Interestingly, in a previous study
comparing the two populations, the Alzheimer’s group failed only one false belief task,

which placed heavy demands on working memory (Gregory et al., 2002).

A tight connection between Theory of Mind and executive functions clearly
emerged also for brain-damaged patients tested with a non-linguistic belief reasoning task
with reduced executive demands. Patients showed overall Theory of Mind deficits, but
prefrontal cortex lesions were associated to belief reasoning errors associate with
executive function problems, while patients with temporo-parietal junction lesions made
representational errors, in supports of a spatial specificity of Theory of Mind neural
processes (Apperly et al., 2004).

Another neuropsychiatric group affected by inability to appropriately infer beliefs
and intentions of others is schizophrenic patients. A combination of behavioural and
neuroimaging studies suggested that, compared to typically developed controls, these
patients exhibit also prefrontal cortical reductions associated with concomitant poor
performance in Theory of Mind (Hirao et al., 2008). It is important to notice that all
these studies looking for links between neuropsychological impairments and Theory of

Mind used different batteries, also leading to contrasting results or lack thereof

(Abdel-Hamid et al., 2009).

Interestingly, using a video-based Movie for the Assessment of Social Cognition, a
significantly correlation between hypomanic episodes and under-mentalising abilities was
found in bipolar patients (Montag et al., 2010). And by using the same test, Sjolie et al.

(2020) found an association between Theory of Mind and intelligence, speed of
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processing, verbal or visual memory, and non verbal working memory in the

schizophrenic population.

This brief overview of clinical investigations undoubtedly shows that there is much
still unknown about the implications of Theory of Mind impairments on
psychopathologies during adulthood. Due to the lack of standardization in the tests used
across studies, it is difficult to associate different disorders with a deficit in a specific
underlying mentalising ability. Furthermore, we cannot stress enough the necessity to
include test batteries to control for executive functions and language skills when
performing Theory of Mind tasks, as much as with children as with neurodivergent
populations, which can suffer from independent impairments to executive control or
linguistic abilities.

A causal link between developmental and clinical research is not unexpected. As
Theory of Mind development is initially fostered by parent-child interactions and
reflections on child’s mental states by the parent, personality disorders associated with
attachment disturbances have also been recently evaluated against Theory of Mind
deficits. For instance, adolescents with high level of borderline pathology showed
attachment-based reflective disturbances strongly related to Theory of Mind impairments
(Vanwoerden et al., 2019). As a caveat, we need to be careful when discussing the
relation between ability to attribute mental states and social impairments, as there is not
yet any verified casual relation between the two. For example, Asperger individuals have
been found to show cognitive Theory of Mind abilities (based on the classic false belief
task by Baron-Cohen et al., 1985) but, despite these subjects’ knowledge about others’
mental states, they were unable to apply this knowledge effectively in social settings

(Bowler et al., 1992).

This finding implies that theoretical competences are not sufficient alone to solve

social deficits, and more all-around approaches that include an integration of mentalising
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tasks with non-social cognition (e.g. cognitive remediation therapy, used for autism
spectrum disorder interventions, see Fernandez-Sotos et al., 2019) should be preferred.
Targeted Theory of Mind training could support psychotherapeutically young
populations at risk of personality or psychopathological disorders. Two examples in this
direction combined cognitive remediation and Theory of Mind trainings, showing
maintained social well-being and functional improvements in schizophrenic participants
after one year (Thibaudeau et al., 2017) and more recently even after a 3 years period
(Bechi et al., 2020).

Ultimately, it is our aspiration that once the relation between the emergence of
Theory of Mind, executive functions, and language abilities is clarified, the scientific
community will be able to focus on developing target combined programs to support even
young children with social cognition deficits in developing a functional Theory of Mind

network and live at best in society.

5.4 Limitations and Future Research

As a project focussing on methodological improvement and development of new
paradigms suitable for developmental research, the three empirical studies presented here
are not exempt from limitations.

In the replication of Setoh et al. (2016), we could not rule out language specific
effects that could have facilitated German-speaking toddlers in solving the false belief
scenario, compared to the original English speaking sample. Although possible this is
highly unlikely, as previous studies on early Theory of Mind performance did not find
cross-cultural effects on false belief reasoning (Chasiotis et al., 2006). In addition, the
inability to replicate the findings from Hughes and Ensor (2007) made it impossible to

assess the validity of the representational change task in measuring false belief
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understanding. As previously mentioned, this failure could be explained by the reduced
sample size of our sample compared to the original study, but it does not provide an
explanation for the lack of any statistical correlation between tasks, since based on our
sample size our study would have had enough power to detect an effect between the two

tasks.

Multiple labs replications and ultimately meta-analysis are highly advised to
overcome experimental setup differences and small samples when performing replication
studies (Maxwell et al., 2015). Thus, we strongly support other international labs to
implement their own version of the Setoh et al.’s and Hughes and Ensor’s paradigms to
validate these behavioural findings and remove some of the scepticism around explicit
false belief evidence collected before the fourth year of age. Due to its quick setup and
execution, low inhibitory demands, and robust performance, we strongly encourage the
Setoh et al.’s paradigm to be included in the future as a standard explicit false belief task

for Theory of Mind batteries.

Some of the traditional pitfalls of neurophysiological studies have already been
presented in the Main Introduction (Chapter 1). In the new EEG study described here,
although the overall accuracy was very high, we did not accomplish to reach ceiling
performance in the control questions and false versus true belief behavioural response of
our participants. Clearer instructions avoiding psychological biases as well as more breaks
between the EEG sessions could help to sort out this fallacy.

When looking into ERP analyses, the 150ms time latency of the LSW detected in
our study tends to be shorter than what found in literature for late evoked components.
A switch to opposite polarities at different axial electrodes in the grid analysis (Liu et al,
2009b) made a homogeneous pull of the data impossible (as it would have overall net
neutralizing effects on the differential areas of the ERP waveforms). On the other side,

the switch of polarities could represent a dipole generator located between the frontal and
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centro-parietal axis and, in such case, it would have required a change of referencing
system to be avoided. Despite that, we tend to find the dipole possibility unlikely, as the
peak activity at frontal and parietal sites did not exhibit identical latencies.

In this regard, current best EEG analysis practices in cognitive neuroscience
suggest to avoid electrode sites selection for quantifying components based on previous
positive findings from literature (Luck & Gaspelin, 2017). In addition, visual inspection
of grand-averaged data to select time windows should be deterred as this procedure
inflates the possibility of finding spurious effects. As the lateralization effect found for
LPC could potentially have this origin, bootstrapping analyses procedures (see Maris &
Oostenveld, 2007; Pernet et al., 2015) should be preferred in the future to identify
relevant electrode locations (spatial clusters) and time windows (temporal cluster) at
which conditions differ to validate this finding. It is worth noticing that only very
recently these advancements in EEG-methodology have reached the developmental field,
with the scope to help maximising reproducibility via cluster-based permutations and
report of effect sizes (Meyer et al., 2021).

Furthermore, the employed bins analysis procedure (Gomarus, 2010; Miiller et al.,
2016) should be avoided for time dependent data, as the temporal evolution of ERP
signals makes it unlikely for consecutive segments to be uncorrelated. Instead, for future
studies implemented with the intent to replicate this paradigm, we suggest to focus on
frequency-based analysis, which has been shown to have the advantage of dissociating
hard-to-distinguish language related ERP components (Roehm et al., 2004). Finally, a
powerful tool for investigating the spatial resolution of time-locked components is to
apply source localization algorithms based on high-density EEG systems, which would
allow to reconstruct the localization of effects to understand the underling neural
structures involved in false belief processing (Michel & Brunet, 2019).

When it comes to our novel eye-tracking paradigm on epistemic language, we
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particularly focused on having a representative sample size to increase the power to
detect spontaneous correlates of language sensitivity in young children. Instead, the main
limitation of our mental states language comprehension task regards its story format, in
which the two agents alternate their knowledge statements about the possible location of
a hidden object. In order to make the necessary trial repetition procedure interesting, we
added a jiggling sound followed by a brief movement of the agent towards the chosen
location to the videos. Such element ensured sustained attention in our 27-month-old
sample, but also added a bias towards the moving element on screen, as reorienting of
attention was too difficult to inhibit for young children. Controlling a posteriori for
saliency required advanced statistical data analyses at the expense of an intuitive

interpretability of results.

Future studies that rely on such paradigm, which showed high potential to detect
discriminatory sensitivity for lexical elements in young children, should focus on lowering
saliency of the involved agents across the storyline, and shortening trials length. Any
improvement to the task procedure must be considered mindfully, as the major challenge
of keeping the participant engaged long enough to collect sufficient high quality data in
spontaneous response tasks with infants holds true here. Once such technicalities have
been addresses, the task format would be beneficial to other research questions relevant

to language comprehension in early childhood.

Broadly speaking, the scope of our three studies was to shed light onto processing
capacities for false belief understanding and mental states language comprehension before
the fourth year of age. What escapes the limits of our paradigms is whether it is indeed
possible to pinpoint an exact age at which children first have the necessary
representational resources, supported by concomitant executive functions, to put
themselves in someone else perspective and infer their actions based on understanding of

others’ mental states.
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Furthermore, it is yet unknown whether implicit false belief understanding is an
independent cognitive capacity, which develops in parallel to linguistic competences and
executive functions, or whether, without these other essential cognitive abilities, no

full-fledged Theory of Mind reasoning is possible altogether.

It remains unclear what is the exact role of specific executive functions in limiting
performance of young children: in this dissertation we have seen examples of inhibitory
control reduction by response inhibition (see replication of Setoh et al., 2016), by removal
of inferential processing (in our neural correlates of false belief task), and by working
memory demands (particularly relevant in our eye-tracking task). Not only separating
individual effects of concurrent processing resources necessary to solve the task remains
challenging, but results from Theory of Mind research show inconsistent findings in this
regard. Strikingly, populations that exhibit enhanced inhibitory control, such as native

bilingual children, showed no benefit in traditional false belief tasks (Kovacs, 2009).

Eventual cross-cultural differences in developmental patterns of Theory of Mind
have also to be taken into account in future research. For instance, while controlling for
language understanding abilities, German, Costa Rican, and Cameroonian preschoolers
exhibited a culture-independent relation between inhibitory control and false belief
understanding (Chasiotis et al., 2006). On the contrary, a following massive study on
Chinese preschoolers showed reversal in performance on two traditional high inhibition
false belief tasks by Wellman & Liu (2004) compared to the original sample, and
successful outcomes could be predicted by individual differences in working memory, but
not conflict inhibition (Duh et al., 2016).

Finally, in order to get more insights on the potential role of language as precursor
of Theory of Mind abilities, it would be meaningful to investigate whether performance
deficits in non-linguistic false belief tasks are visible in children showing semantic

language impairments, as well as adults affected by neurolinguistics brain damages as,



5.5 Conclusion 105

e.g., Wernicke’s aphasia.

To reach these ambitious goals international longitudinal studies with batteries for
implicit and explicit false belief understanding with reduced processing demands, testing
in parallel for the development of executive functions and mental states language
comprehension, should be favoured. When possible, new technologies that can give us
insights without explicit answers from young participants, such as eye-tracking, {NIRS,
and EEG, should be included to discriminate spontaneous correlates of mentalising
abilities.

Ultimately, an exciting and ambitious challenge will consist in monitoring the
brain development of key areas, such as the medial prefrontal cortex and the right
temporo-parietal junction, by neuroimaging techniques. This will allow to longitudinally
track the development of neural patterns of Theory of Mind processing in neurotypical
and neurodivergent populations, as well as to investigate possible long lasting effects of

combined Theory of Mind and cognitive training on cortical neuroplasticity.

5.5 Conclusion

In this dissertation, we presented methodological improvements in three
paradigms, which have the potential to bring forward our understanding of Theory of
Mind at its emergence.

Thanks to the replication of Setoh et al. (2016), we brought evidence towards a
conceptual continuity view of Theory of Mind development, claiming that small infants
have a primordial understanding of others’ people mental states, which develops
continuously across childhood. As this explicit false belief task relies on lowering
processing demands to show successful performance, here we support the hypothesis that

it is a lack of inhibitory control and an overload in cognitive resources required for
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eliciting correct response generation that hinder children younger than four in classic
false belief tasks. Hence, it comes without saying that representational resources have to
be available to the child mentalising system to be able to appreciate others’ epistemic

differences.

In this regard, the findings of the novel eye-tracking task, developed to investigate
early comprehension of mental states verbs, presented evidence of early sensitivity to
know versus think discrimination already in 2.5-year-old infants. Our outcomes need to
be corroborated by methodological improvements in reducing stimuli saliency, but they
pave the way to further attempts to characterize children comprehension via their
spontaneous responses, instead of relying to parents’ report or contextual linguistic
production. Such early mental states understanding is in our view necessary along the
path to a full-fledged Theory of Mind: a fascinating hypothesis that could be investigated
by examining within the same study design the relationship between semantic language

acquisition and the development of false belief understanding.

Ultimately, the novel implicit false belief ERP task contributes to this goal,
providing a tool that, in virtue of the reduced processing demands and without necessity
of inferential reasoning of others’ belief, can carry valid evidence of neural markers
elicited by false belief understanding, potentially even in young children. It will certainly
be an exciting task to apply this paradigm in longitudinal studies from infancy into
adulthood exploring the implicit and explicit correlates of Theory of Mind with other
core cognitive abilities that could be precursors for its development, such as executive

functions and mental states language.

In conclusion, this dissertation brings forward the field in two ways: firstly, it
contributes to enforce a sense of robustness in the long-standing effort of developmental
researchers committed to the difficult task of unravelling mentalising processes, by

confirming previous controversial but extraordinary findings on explicit false belief in
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early childhood. Secondly, it presents the undoubted benefits of combining traditional
behavioural research paradigms, which are at the basis of psychological theories on child
development, with methodologies from neuroscience and psycholinguistics, in order to
shed light onto the nature of early Theory of Mind capacities.

This inspiring goal presents unquestionable challenges but also an exciting
opportunity: to advance a uniform vision on our understanding of core social cognitive

mechanisms developing in that marvellous black box which is the human mind.
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