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Elaborate Summary 

An essential component of human social interaction and communication 

is the ability to comprehend mental states, encapsulated in the concept of 

“Theory of Mind” (Harman, 1978; Perner, 1991). Theory of Mind refers to 

understanding mental states such as beliefs, desires, and intentions and their 

influence on behavior (Perner, 1991; Wellman et al., 1990). Over the past 40 

years, the exploration of how children develop a Theory of Mind has been a 

central focus in developmental psychology (Rakoczy, 2022; Sodian et al., 2020). 

A key aspect of Theory of Mind that has received extensive attention is the false 

belief understanding—the understanding that others may hold beliefs about the 

world that differ from one’s own knowledge of reality. 

Seminal empirical research and a comprehensive meta-analysis 

demonstrated that children typically begin to attribute false beliefs to 

themselves and others in the fourth years of life (Wellman et al., 2001; Wimmer 

& Perner, 1983) when they start to acquire a proper notion of mental 

representation (Perner, 1991). These traditional findings of a marked age-

related trend support the view that conceptual changes in false belief 

understanding occur at approximately 4 years of age (e.g., Wellman et al., 

2001). However, the claim that the false belief understanding undergoes a 

dramatic conceptual change at this age has been contested (Baillargeon et al., 

2010). Behavioral evidence challenging the conceptual change perspective has 

been demonstrated in both implicit and low-demands explicit false belief tasks. 

Implicit false belief tasks involve inferring children’s understanding of an agent’s 

false belief from their spontaneous behaviors as they observe scenes unfold 

(Baillargeon et al., 2010; Onishi & Baillargeon, 2005), while explicit false belief 

tasks require participants to provide direct responses to questions about an 

agent’s false belief (Baron-Cohen et al., 1985; Wellman et al., 2001; Wimmer & 

Perner, 1983). For instance, nonverbal spontaneous-response paradigms 

revealed that infants (under 2 years old) and toddlers (ages 2–3 years) exhibit 
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implicit reasoning about false beliefs (e.g., Clements & Perner, 1994; Schneider 

et al., 2012; Scott & Baillargeon, 2017; Southgate et al., 2007). Moreover, 

recent research utilizing a behaviorally low-demands false belief task suggests 

that toddlers aged 2.5 years can grasp explicit false beliefs when task 

processing demands related to response generation and inhibitory control are 

reduced properly (Grosso et al., 2019; Setoh et al., 2016; Sodian et al., 2024). 

If infants and toddlers already exhibit sensitivity to others’ false beliefs, it is 

plausible that the cortical regions involved in false belief understanding are 

engaged in these socio-cognitive functions, not only during toddlerhood but 

potentially as early as infancy.  

Earlier approaches to exploring false belief understanding were primarily 

focused on the behavioral level, whereas recent approaches have further 

investigated its neuroscientific basis. Over the last two decades, significant 

progress has been made toward identifying a specialized neural system 

associated with false belief understanding, primarily focusing on adults and 

children at 6 to 12 years of age (e.g., Gweon et al., 2012; Meinhardt et al., 2011; 

Sommer et al., 2010). Neuroimaging studies revealed that the brain regions 

implicated in false belief understanding are primarily located in the frontal 

regions (e.g., Geangu et al., 2013; Sommer et al., 2010) and the posterior 

regions, often measured in parietal or parieto-occipital regions (e.g., Grosse 

Wiesmann et al., 2020; Perner et al., 2006). 

Researchers have begun exploring the neural correlates of this socio-

cognitive ability in children under 6 to address important open questions in the 

development of false belief understanding. Although such studies remain 

insufficient, they provide important insights (e.g., Grosse Wiesmann et al., 2020; 

Richardson et al., 2018; Richardson & Saxe, 2020). For example, Richardson 

et al. (2018) and Moraczewski et al. (2018) observed that in children aged 3 to 

6, the temporal dynamics of the mentalizing network closely mirrored those 

seen in adults, contrasting with other control networks. Grosse Wiesmann et al. 
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(2017b) reported increased connectivity in tracts surrounding mentalizing 

regions, including the medial prefrontal cortex (MPFC) and the temporoparietal 

junction (TPJ), in 3- and 4-year-olds. Furthermore, Hyde et al. (2018) 

demonstrated that the right TPJ is preferentially active when children are 

thinking about others’ thoughts, even in infants as young as 7 months.  

Existing magnetic resonance imaging (MRI) studies have aimed to 

“localize” neural regions involved in false belief reasoning with high spatial 

resolution. However, due to the limited temporal resolution of MRI techniques, 

these studies offer only a partial understanding of how these regions contribute 

to the cognitive processes underlying false belief understanding. To gain further 

insights into the temporal dynamics of these processes, electroencephalogram 

(EEG) techniques, which provide higher temporal precision, may offer a 

complementary approach. A notable event-related potential (ERP) study has 

examined belief reasoning in children around 4 years of age, a developmental 

milestone associated with the emergence of traditional explicit false belief 

understanding (Liu et al., 2009b). Liu et al. (2009b) compared neural responses 

between children aged 4-6 years and adults during tasks involving belief 

attribution to story protagonists and reality judgments. Children were grouped 

into “passers” and “failers” based on an independent assessment of their 

behavioral false belief competence. A late waveform was observed over frontal 

regions only for child “passers,” with a less localized and more diffuse scalp 

distribution than in adults. Children who failed the behavioral false belief task 

showed no systematic differentiation between belief and reality conditions on 

the neural level. To date, this study provides preliminary evidence of brain-

behavior connections in acquiring false belief understanding in early childhood. 

However, Liu et al. (2009b) did not differentiate between the false and true 

beliefs, treating them as a combined condition in the ERP belief task. Given 

that children demonstrated explicit false belief competence in a low-demands 

false belief task, it is necessary and critical to investigate whether a specialized 
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neural system supports false belief processing in younger children. This 

dissertation presents a first step in extending the line of Liu et al.’s (2009b) 

study to children under the age of 3 years; it takes a more direct and rigorous 

approach to examining the neural basis of false belief understanding. 

Furthermore, it is important to acknowledge that task-dependent and 

task-independent neural techniques differ fundamentally in their approach and 

should not be equated when interpreting findings across studies. Task-

dependent ERP techniques involve recording the time-locked brain activity to a 

specific external stimulus designed to elicit a false belief judgment (Sabbagh, 

2013). In contrast, task-independent techniques, like resting-state EEG, 

measure brain activity without externally induced stimuli, focusing instead on 

intrinsic neural processes (MacLean et al., 2012). They highlight the degree of 

integration processes within the brain (i.e., brain coherence, Aykan et al., 2021) 

or hemispheric asymmetry in brain activity (e.g., Licata et al., 2015), which are 

relevant for understanding socio-cognitive and emotional processes. 

Differences in frontal and parietal asymmetry might indicate varying levels of 

engagement in ToM-related processes, which are critical for understanding 

false beliefs (N. A. Fox et al., 1995; Stewart et al., 2011). For example, a resting-

state source-localized EEG study provided evidence supporting the right-

hemispheric lateralization of brain activity linked to false belief understanding 

(Sabbagh et al., 2009). Sabbagh et al. (2009) identified individual differences 

in alpha oscillations in the dorsal MPFC and several right hemisphere areas—

including the TPJ, precentral gyrus, cuneus, and inferior temporal cortex—were 

associated with representational Theory of Mind performance in 4-year-old 

children. Therefore, beyond examining task-dependent neural correlates of 

false belief understanding in toddlers, investigating task-independent neural 

correlates at around 4 years of age or even younger may facilitate the study of 

intrinsic brain networks without the influence of explicit tasks. This task-

independent neural method could offer an additional understanding of how 
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individual differences in resting-state brain activity during early childhood are 

associated with the subsequent development of false belief understanding (e.g., 

Sabbagh et al., 2009). 

This dissertation employed both task-dependent and task-independent 

methods to investigate the neural correlates of false belief understanding from 

infancy to early childhood. This dissertation aims to address two overarching 

research questions that advance our understanding of false belief reasoning in 

early childhood: (1) What neural-behavioral connections underpin false belief 

understanding in toddlers under 3 years of age? (2) How does the specialized 

neural system associated with false belief understanding emerge? Specifically, 

does this specialized neural system develop because of behavioral false belief 

competence, or is this system already functional and active before behavioral 

competence becomes observable? To address these questions, this thesis 

conducted three empirical studies among children aged 14 to 52 months, and 

the results are presented in subsequent chapters (Chapter 2 and Chapter 3). 

Study 1 is a cross-sectional investigation into the brain-behavior 

connections associated with false belief understanding in 33- to 36-month-old 

toddlers. A multi-trial explicit false belief task was designed to be compatible 

with the task-dependent ERP methodology. Toddlers were grouped into 

passers and failers according to their performance on a low-demands 

behavioral false belief task (see Setoh et al., 2016). This study aims to examine 

the neural basis of explicit false belief understanding in this age group and 

explore potential brain-behavior connections associated with it. The findings 

from Study 1 revealed distinct neural patterns associated with false belief 

competence in 33- to 36-month-old children. Specifically, children who 

demonstrated false belief competence exhibited a more bilaterally diffused 

occipital positive late waveform in the false belief condition compared to their 

peers without false belief competence. Additionally, a late negative waveform, 

predominantly over right-lateralized frontocentral sites, consistently 
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differentiated the false belief from the true belief condition, regardless of 

performance on low-demands behavioral false belief task. These findings 

provide evidence of neural correlates associated with false belief competence 

in children under 3 years old. Furthermore, they highlight a developmental 

pattern linking occipital positive late waveforms to the development of false 

belief understanding. 

Studies 2 and 3 adopted a longitudinal design to investigate the 

relationship between resting-state EEG alpha asymmetry in infants and 

toddlers and their false belief understanding at around 3 and 4 years of age. 

This investigation distinguished between explicit and implicit false belief 

understanding. Building on evidence suggesting that cortical network 

supporting false belief understanding may begin to develop as early as 3 years 

of age (e.g., Grosse Wiesmann et al., 2020; Richardson et al., 2018; 

Richardson & Saxe, 2020), and the potential right-hemispheric lateralization of 

brain activity associated with false belief understanding in infants and toddlers 

(Hyde et al., 2018; Sabbagh et al., 2009), following exploratory research 

questions are posed: (1) Is there a correlation between brain asymmetric 

activity observed during resting-state EEG recording and false belief 

understanding? (2) Does resting-state EEG asymmetry precede the 

development of representational false belief understanding, and can it predict 

later behavioral performance in false belief tasks? Employing a longitudinal 

design, Study 2 assessed resting-state EEG alpha asymmetry across frontal 

and parietal electrode sites at 34 months, explicit false belief understanding at 

52 months, and implicit false belief understanding at both time points. Study 3 

analyzed data from another independent longitudinal dataset to test the 

generality of the relationship between resting-state EEG alpha asymmetry 

(assessed at 14 months) and explicit false belief understanding at 51 months 

old. Results from both studies showed that better explicit false belief 

understanding at age 4 was associated with greater right than left frontal activity 
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at 14 and 34 months. Better implicit false belief understanding was only cross-

sectionally associated with greater relative right than left parietal activity at 34 

months. These findings suggest resting-state EEG alpha asymmetry may be a 

stable early-developing neural marker in explicit false belief understanding. 

Additionally, these findings tentatively suggest that implicit false belief 

understanding may not follow a monotonic development across childhood and 

that implicit and explicit false belief understanding may develop based on partly 

distinct neural mechanisms. 

Overall, this dissertation makes novel contributions to identifying the 

task-dependent and task-independent neural correlates of false belief 

understanding from infancy to early childhood through electrophysiological 

techniques. In Study 1, toddlers’ behavioral competencies in a low-demands 

false belief task were significantly correlated with neural responses linked to 

false belief understanding. This study is the first to investigate task-dependent 

ERP correlates of false belief understanding in children aged 3 years and 

younger, raising the possibility that a sensitive neural system supporting false 

belief understanding may emerge early in development. Studies 2 and 3 further 

indicate that resting-state EEG alpha asymmetry assessed at infancy and 

toddlerhood may serve as an early neural precursor to subsequent explicit false 

belief understanding at 4 years of age—the typical age when explicit false belief 

understanding emerges. These studies offer preliminary evidence for a neural 

marker that reliably predicts individual differences in false belief understanding 

longitudinally. Additionally, comparisons between Study 1 and subsequent 

Studies 2 and 3 suggest that the brain–behavior connections associated with 

false belief understanding in preschool-aged children are not merely the result 

of the short-term acquisition of behavioral competence; Instead, they may 

reflect the early developmental (ontogenetic) and possibly evolutionary 

(phylogenetic) emergence of the Theory of Mind network. Collectively, these 

studies bridge a critical gap between the extensive research on the early 
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behavioral development of false belief understanding and its corresponding 

neural profiles. Brain regions associated with Theory of Mind exhibit early signs 

of functional specialization even before children succeed in explicit false belief 

tasks. However, these findings are exploratory and require further validation, 

primarily through future research exploring the neural mechanisms 

underpinning both implicit and explicit false belief understanding in children 

younger than 4 years of age across multiple developmental stages. 
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Chapter 1: General Introduction 

Effective social interaction relies on Theory of Mind abilities, which 

involve understanding not only observable behavior but also the underlying 

mental states, such as beliefs and intentions. Over the past 40 years, extensive 

behavioral and neuroimaging research has provided substantial evidence on 

the developmental processes of Theory of Mind abilities. An essential milestone 

in Theory of Mind development is the ability to understand that others may hold 

beliefs that do not align with reality (e.g., Wimmer & Perner, 1983). This socio-

cognitive ability, known as false belief understanding, involves inferring others’ 

mental states independently of one’s own knowledge. Understanding how the 

developing brain attributes mental states to others and enables us to 

understand and predict others’ behavior is a compelling endeavor. Furthermore, 

exploring the development of false belief understanding is important for 

enhancing our understanding of how the human mind works and for fostering 

false belief reasoning skills in young children. Fostering false belief 

understanding is the cognitive basis for complex social interactions such as 

cooperation and competition and children’s social circumstances at school, 

including academic performance and motivation (Wellman, 2018). Additionally, 

autism spectrum disorder, a biologically based condition characterized by 

specific impairments in false belief understanding ability (Perner & Leekam, 

2008), has also attracted widespread attention (e.g., Baron-Cohen, 2000, 2001). 

Therefore, comprehending the development and neural basis of false belief 

understanding is crucial for elucidating complex human social behaviors like 

cooperation, competition, and pedagogy, as well as providing insights into the 

neuropathology of developmental disorders such as autism. 

Since the 1980s, research in cognitive development has investigated 

children’s ability to understand others’ beliefs (see Wimmer & Perner, 1983, for 

location false belief reasoning; Hogrefe et al., 1986, for content false belief 
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reasoning). Traditionally, it was believed that a developmental breakthrough 

occurred around 4 years of age when children start explicitly reasoning about 

others’ false beliefs (Wellman et al., 2001; Yu & Wellman, 2024). However, this 

perspective has been contested by later studies demonstrating implicit false 

belief understanding in infancy (e.g., Onishi & Baillargeon, 2005) and explicit 

false belief understanding in toddlers as young as 2.5 years old when 

processing demands are reduced (e.g., Setoh et al., 2016). Since the 1990s, 

studies have attempted to investigate the neural correlates of Theory of Mind 

in adults (e.g., Baron-Cohen et al., 1994; Fletcher et al., 1995; Goel et al., 1995). 

Although numerous neural studies on Theory of Mind provided converging 

evidence for a consistent set of brain regions, known as the “mentalizing 

network,” that are involved in various Theory of Mind tasks in adults and older 

children aged 6-12 years (Molenberghs et al., 2016; Schurz et al., 2014, 2021), 

investigating the neural underpinnings in children under 6 years of age remains 

methodologically challenging (Sabbagh, 2013). While some initial studies have 

begun exploring this area, the evidence concerning very young children is still 

notably insufficient (Richardson & Saxe, 2020a). Understanding others’ ability 

to hold false beliefs about the world is a critical component of Theory of Mind 

and serves as a fundamental test for assessing its development in children, so 

false belief tasks are of particular significance. In light of this, the present 

dissertation focuses on false belief tasks to explore the neural correlates 

associated with false belief understanding from infancy to early childhood. This 

research uses cross-sectional and longitudinal designs to address task-

dependent neural correlations (i.e., ERP) and task-independent neural 

correlations (i.e., resting-state EEG alpha asymmetry).  

This dissertation begins with a general introduction focused on Theory 

of Mind and false belief understanding in Chapter 1. The chapter begins by 

defining Theory of Mind and offering an overview of theoretical perspectives on 
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its emergence. Subsequently, it presents behavioral evidence of early false 

belief understanding. It also discusses theoretical perspectives on the 

relationships between implicit and explicit false belief understanding, supported 

by longitudinal findings and relations to other cognitive abilities. It then reviews 

neural studies that illustrate the state-of-the-art neural underpinnings related to 

the development of false belief understanding. This chapter ends by clarifying 

the research questions and outlining the research design. Chapters 2 and 3 

present three empirical studies that examine task-dependent and task-

independent neural correlates of false belief understanding from infancy to early 

childhood are presented. Each chapter introduces the current state of the 

literature concerning specific research questions, followed by a description of 

the methodologies, results, and a discussion of the findings for each empirical 

study. The general discussion in Chapter 4 summarizes the findings of the three 

studies and discusses the overarching research questions. It then discusses 

the potential theoretical implications of the present findings. Finally, it presents 

the limitations of the research, outlines open questions for future investigation, 

and concludes with a summary. 

1.1. Theory of Mind 

1.1.1. The definition of Theory of Mind and brief historical framing 

Theory of Mind is also referred to as “mentalizing” or “mindreading.” The 

concept of Theory of Mind was first articulated by Premack and Woodruff (1978) 

in their seminal article, “Does the chimpanzee have a Theory of Mind?” These 

authors argued that “the individual imputes mental states to himself and others. 

A system of inferences of this kind is properly viewed as a theory, first, because 

such states are not directly observable, and second because the system can 

be used to make a prediction, specifically, about the behavior of other 

organisms” (p. 515). According to this definition, three criteria—borrowed from 

the philosophy of science—must be met to justify the use of the term “theory.” 
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A theory must (1) constitute a coherent body of knowledge, (2) make an 

ontological commitment about what kinds of things there are in the world, and 

(3) provide a causal-explanatory framework to account for the phenomena 

within its domain (Perner, 1991; Wellman & Bartsch, 1988). The body of social 

knowledge is referred to as the Theory of Mind for several reasons (Saracho, 

2014). First, mental states are invisible, rendering their existence theoretical 

(Stich, 1983). As Premack and Woodruff (1978) explain, individuals attribute 

mental states to others, constructing a theory about minds. Wellman (1990) 

argues that our understanding of minds assumes the structure of a theory 

because it makes precise ontological distinctions, provides a causal-

explanatory framework, and relates its paradigm to other paradigms within the 

theoretical framework. However, “Theory of Mind” is often used loosely without 

implying a formal, structured theory in the sense of a body of knowledge 

(Sodian & Kristen, 2016). 

Originally, Premack and Woodruff (1978) applied the term Theory of 

Mind to chimpanzees rather than humans. In the pioneering study, the 

researchers presented an adult chimpanzee with videotaped scenarios 

involving a human protagonist facing various challenges, along with 

photographs depicting potential solutions. The chimpanzee’s consistent 

selection of the correct photographs suggested that it could recognize the 

situation as problematic, comprehend the agent’s intentions, and accordingly 

choose solutions that aligned with those intentions. This experiment provided 

initial evidence that non-human primates could infer mental states, which is a 

foundational aspect of Theory of Mind. Woodruff and Premack (1979) also 

investigated tactical deception in chimpanzees, as such behavior is another 

valid approach to demonstrating the presence of a Theory of Mind. Deceptive 

actions, while having high adaptive value due to their strategic flexibility, also 

require the ability to conceptualize the deceived individual’s false belief as part 
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of one’s planning (Sodian, 1991; Sodian et al., 1991; Sodian & Frith, 1992). 

Three philosophers commented on Premack and Woodruff’s (1978, 1979) study, 

pointing out that its design did not exclude the possibility that behavioral 

learning, as opposed to mental state attribution, could be the cause of the 

chimpanzee’s successful actions (Bennett, 1978; Dennett, 1978; Harman, 

1978). They proposed criteria that are comparable to the current standard 

location false belief task (see Section 1.2.1.1) as a possible paradigm for 

determining whether a person or a primate actually holds a Theory of Mind: The 

participant is aware that they, along with the other agent, observe a particular 

state of affairs X. Subsequently, in the absence of the other agent, the 

participant witnesses an unexpected change in the state of affairs from X to Y. 

The participant now knows that Y is the current state but also understands that 

the other agent still believes X to be the case. Initially, Premack and Woodruff’s 

(1978) studies did not consider children’s Theory of Mind abilities.  

Nevertheless, after 1978, the term Theory of Mind rapidly gained traction 

among researchers probing into the cognitive underpinnings of children’s 

understanding of mental states. The first systematic study of children’s 

comprehension of explicit false beliefs was carried out in 1983 by Wimmer and 

Perner, and it is well-known as “Max’s Chocolate Story.” This study adhered to 

theoretical frameworks proposed by Bennett (1978), Dennett (1978), and 

Harman (1978), leading to the creation of the standard location false belief task, 

also referred to as the change-of-location task or unexpected-transfer task. This 

task was designed to evaluate the existence of Theory of Mind in children, 

laying a seminal foundation for exploring socio-cognitive competencies.  

During the initial phase of research on Theory of Mind, two conferences 

in 1986 further incubated the field. The volume of papers from these 

conferences provided an overview of the early developmental Theory of Mind 

research (Astington et al., 1988). The subsequent publication of influential 
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books by Wellman (1990) and Perner (1991) further propelled researchers’ 

interest in Theory of Mind. Additionally, Wellman et al. (2001) conducted a meta-

analysis of over 500 studies on false belief understanding in young children, 

demonstrating a robust developmental trend despite the facilitating effects of 

various task manipulations. Specifically, children aged 2.5 years to early 3 years 

tended to respond based on reality, while a significant increase in correct, 

belief-based responses emerged after the age of 3.5 years (Wellman et al., 

2001). This developmental trend was consistent across different contexts, 

regardless of whether the test question pertained to mental states or behavior 

and whether the protagonist was portrayed as a story character, a video actor, 

a doll, a child, or an adult (Sodian & Kristen, 2016). These findings support the 

perspective that explicit Theory of Mind emerges through conceptual change 

processes. This conceptual change can be characterized either as (1) a 

transition from a simple desire-based psychology to a belief–desire naïve 

psychology (Wellman, 1990) or (2) a shift from a situation-based to a 

representation-based understanding of behavior (Perner, 1991). The following 

section reviews theoretical frameworks that account for the emergence of 

Theory of Mind. 

1.1.2. Theoretical perspectives on the emergence of Theory of Mind 

Given the evidence that children begin to understand explicit false beliefs 

around age 4, various researchers proposed theories to explain the emergence 

of Theory of Mind within the broader context of socio-cognitive development. 

This section reviews the theoretical frameworks that aim to explain the 

developmental milestones observed in standard explicit false belief tasks. 

Theory-Theory view 

The Theory-Theory perspective on the emergence of Theory of Mind, as 

proposed by Wellman and colleagues (Gopnik & Wellman, 1992, 2012), 

conceptualizes children’s development of understanding others’ mental states 
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as akin to the process of scientific theory formation and refinement. According 

to this view, between the ages of 2½ and 5 years, children undergo a series of 

transitions in their understanding of others’ minds. Initially, 2-year-olds are 

adept at expressing their own desires and understanding others’ desires and 

perceptions as direct drives toward objects. Wellman (1990) referred to the 

early form of Theory of Mind in young children as “desire psychology,” as the 

naïve psychological understanding of 2-year-olds primarily revolves around 

basic desires. At this stage, children lack an understanding of beliefs, meaning 

they do not yet recognize that individuals hold internal mental representations-

convictions as to how the world is. By age 3, children expand their basic desire-

based psychology to include a rudimentary understanding of beliefs. Wellman 

referred to this expanded understanding as “desire-belief psychology” since it 

incorporates both beliefs and desires. Belief–desire psychology refers to the 

ability to represent others’ beliefs about the world, their desires for how it should 

be, and their potential rational actions taken to fulfill those desires based on 

their beliefs (Wellman, 1990). With desire-belief psychology, children can make 

more sophisticated predictions about behavior, explaining actions using both 

belief and desire concepts (Wellman, 1990). Between ages 4 and 5, children 

develop a representational understanding of the mind, which involves forming 

representations of others’ mental states independent of reality. Thus, the 

conceptual change underlying the emergence of Theory of Mind can be 

characterized as a transition from a simple desire-based psychology to a belief–

desire psychology (Wellman, 1990). 

Meta-representation view 

The term “meta-representation” is defined as the representation of a 

representation, or more precisely, the representation of a representation as a 

representation (Perner, 1988). This definition refers to the “ability to represent 

the representation relationship itself,” as discussed in the concept of “recursive 
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meta-representational ability” (Pylyshyn, 1978, p. 593). Meta-representation 

involves mentally modeling the relationship between referent and sense, 

effectively linking these two aspects. The referent denotes what the 

representation stands for, whereas the sense refers to the particular manner in 

which the referent is represented (Perner, 1991). Through meta-representation, 

Theory of Mind renders a recursive process, allowing for embedding similar 

elements within one another. It entails embedding representations in the 

framework of Theory of Mind by understanding the relationship between a 

misrepresentation and the actual reality (Perner, 1991; Pylyshyn, 1978). 

According to the meta-representation view, a fundamental 

understanding of representations as representations is the foundation for 

having the ability to comprehend mental states (representations) (Perner, 1991). 

By recognizing certain cognitive processes as mental representations, a child 

gains deeper insights into mental functioning, which can be understood through 

a meta-representational framework. An example of this is mistaken actions—

actions driven by a misconception or false belief about reality. Such instances 

are challenging to grasp without a meta-representational perspective, as false 

beliefs involve mental misrepresentations of actual situations. These situations 

necessitate distinguishing between the referent (the actual situation) and the 

sense (the perceived situation) since actions are based on this misperception. 

Thus, understanding the difference between the referent and the sense of 

mental representations serves as a key indicator of a child’s ability to recognize 

representations as representations, which is foundational to developing a 

Theory of Mind. 

In standard false belief tasks, developmental progression indicates that 

children begin to understand belief as a representational state of mind around 

age 4 (Wellman et al., 2001; Wimmer & Perner, 1983). Children under age 4 do 

not simply face challenges with experimental procedures; they genuinely 
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struggle with understanding beliefs. This difficulty arises from a deficit in meta-

representational abilities—they cannot comprehend that something can serve 

as a representation. Understanding a false belief as a misconception of reality 

requires the ability to distinguish between the referent (the actual reality) and 

the sense (the way reality is mentally represented). Around age 4, children 

develop the meta-representational ability to understand that something can be 

a representation or misrepresentation. Thus, the conceptual change underlying 

the emergence of Theory of Mind can be characterized as a shift from a 

situation-based to a representation-based understanding of behavior (Perner, 

1991). 

Mental files theory 

Perner and colleagues further used mental files theory to 

comprehensively explain children’s developing false belief understanding 

(Doherty & Perner, 2020; Perner et al., 2015; Perner & Leahy, 2016). According 

to this theory, when a child perceives an object with varying appearances or 

receives different verbal labels, they may form two distinct mental 

representations—termed “mental files”—for the same entity. These 

coreferential files refer to the same object but encapsulate different 

perspectives. Such mental files can be used to represent the differing 

viewpoints individuals may hold (e.g., beliefs) and to capture variations in 

mental perspective. Ordinarily, having distinct files implies the existence of two 

separate objects; therefore, to convey that only one object is involved, these 

coreferential files must be linked. 

In the traditional explicit false belief task (Wimmer & Perner, 1983), 

children are presented with the story of Max, who mistakenly believes his 

chocolate remains in its original location, unaware that it has been moved to a 

new location. Children are then asked where Max will look for his chocolate. 

How does a child encode Max’s beliefs under such circumstances? For children 
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older than 4 years, their own representation of the chocolate’s location is stored 

in a “regular file,” which reflects the updated, true location. In contrast, a 

“vicarious file” indexed to Max contains his outdated belief about the chocolate’s 

original location. Vicarious files are coreferentially linked to regular files in order 

to establish the sameness of referent between linked files (Perner et al., 2015; 

Perner & Leahy, 2016). On the regular file, one registers everything that 

happens to the chocolate; on the vicarious file, only events witnessed by Max 

(Perner et al., 2007; Perner & Roessler, 2012). This theory is illustrated in 

Figure 1, where a 5-year-old child uses regular files to store her own 

information about the chocolate and a coreferentially linked vicarious file to 

store Max’s information about the chocolate. Once the vicarious mental file 

includes this information, it can predict what Max might do to retrieve his 

chocolate, much like I would use my own mental files to determine how to help 

Max get his chocolate. Based on his vicarious files, Max would go to the original 

location of the chocolate, whereas I would need to go to the new location to 

bring it to him. Although children may hold coreferential mental files well before 

they are able to solve these tasks (typically around age 4), they still lack the 

ability to effectively link these coreferential files. 

Mental files theory is integral not only to children’s false belief 

understanding but also to dual naming, exemplified by the alternative naming 

game. Around age 4, children begin to pass the false belief task simultaneously 

as they start to make sense of identity statements (e.g., “the die is the eraser”; 

Perner et al., 2011). Understanding such identity statements  involves 

processing identity statements, overcoming mutual exclusivity (accepting 

multiple labels for an object), engaging in visual perspective-taking, and 

understanding belief differences (Doherty & Perner, 2020). 
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Figure 1. A 5-year-old child uses a vicarious file to track Max’s beliefs, as 

adapted from Perner et al. (2015) and Perner and Leahy (2016). Copyright for 

the image of the child is held by https://tist.school/blog/top-strategies-boost-

childs-imagination-skills. 

Modular theory  

Modular Theory, also known as the “Mental Module” or “Theory of Mind 

Module/Mechanism” (ToMM; Leslie, 1987; Leslie et al., 2004), posits that the 

Theory of Mind reasoning is carried out by one or more specialized neural 

systems. These systems constitute an innate neural mechanism dedicated to 

Theory of Mind reasoning, which is present in infancy and gradually ‘comes 

online’ throughout development (Carey, 1985; Fodor, 1987; Leslie, 1987). This 

mental module interprets people’s behavior and produces representations of 

their beliefs and pretenses. Leslie argues that the development of Theory of 

Mind is not a product of developing concepts or learned simulation abilities but 

is instead the result of the maturation of the ToMM (Leslie, 1994b, 1994a; Leslie 

et al., 2004; Scholl & Leslie, 1999, 2001). 

Leslie’s original formulation emphasizes a critical feature in attributing 

mental states: decoupling a representation from its reference to the actual state 

of affairs (U. Frith et al., 1991; Leslie, 1987). As discussed in Leslie’s work, the 
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decoupling mechanism, ‘refers to a cognitive process that allows individuals, 

particularly children, to separate their representations of reality from their false 

beliefs or pretend representations. This mechanism enables a child to engage 

in false belief or pretense without confusing it with actual beliefs or knowledge 

about the world.  

Leslie claimed that pretense and false belief understanding are based 

on similar mechanisms of decoupling mental representation from reality. 

Pretense understanding constitutes another milestone in Theory of Mind 

development as it also involves the ability to separate mental (fictional) from 

actual content. There may be a close psychological relationship between the 

concepts of belief and pretense, as both might be mediated by the same 

underlying cognitive mechanism and may originate from a common pre-

structured representational system. Pretense may emerge earlier, while the 

understanding of belief might develop later due to either maturational factors or 

the need for more complex and less readily accessible information (Leslie, 

1988). Furthermore, employing the concepts of pretense and belief may involve 

distinct performance demands that can only be met at different developmental 

stages, depending on various influencing factors (Leslie & Thaiss, 1992). 

However, findings from empirical ERP studies of belief versus pretense 

reasoning did not support the view that there is a neural similarity between the 

decoupling of belief from reality and that of pretense from reality (Kühn-Popp et 

al., 2013; Meinhardt et al., 2012). Nevertheless, the notion of a decoupling 

mechanism has been cited in the neurocognitive literature, though not 

necessarily implying an equivalence of pretense and false belief understanding. 

1.2. False belief: the way to Theory of Mind 

Beliefs, as mental representations influenced by personal experiences, 

are inherently subjective and can diverge from the objective state of the world, 

manifesting as either true or false. This divergence occurs when a belief’s 
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representation does not accurately reflect actual reality, termed a “false belief.” 

A key entailment in Theory of Mind development is the ability to recognize that 

others may hold false beliefs that differ from the (perceived) state of the world 

— an inference made independently of one’s own knowledge of reality 

(Goodman et al., 2006).  

The earliest emergence of children’s understanding that others can hold 

false beliefs has sparked considerable debate about when this ability first 

appears. According to traditional explicit false belief tasks 1 , a significant 

developmental milestone in Theory of Mind development occurs around age 4, 

when explicit false belief understanding first appears (Wellman et al., 2001). In 

contrast, evidence gradually amassed over the past two decades from implicit 

false belief tasks indicates that false belief understanding may already be 

present in infants (under age 2 years) and toddlers (age 2–3 years), thereby 

constituting an integral part of Theory of Mind from an early age (see Table 1). 

This section reviews findings from both explicit and implicit false belief tasks in 

early childhood, followed by an overview of key theoretical perspectives on the 

relationship between implicit and explicit false belief understanding, supported 

by relevant longitudinal empirical evidence and relations to other cognitive 

abilities. 

 

 

 

 
1  In the current dissertation, explicit false belief tasks are defined as those that require 

participants to provide elicited responses to direct questions regarding an agent’s false belief 

(Baron-Cohen et al., 1985; Wellman et al., 2001; Wimmer & Perner, 1983). In contrast, implicit 

false belief tasks involve inferring children’s understanding of an agent’s false belief from their 

spontaneous behaviors as they observe an unfolding scene (Baillargeon et al., 2010; Onishi & 

Baillargeon, 2005). 
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Table 1. Summary of the false belief tasks. 

Task type Tasks Description 

Explicit 
false belief 

tasks 

Location false 
belief task 

Child witnesses an agent store an object in 
location A, which is subsequently relocated to 
location B after the agent leaves. The child is 
then queried about the agent’s likely search 
location for the object. 

Content false 
belief task 

Child sees a distinctive container (e.g., a 
Smarties box) and looks inside to find what it 
has (e.g., a pig figurine), then judges what 
someone who has never seen the container will 
think it holds. 

Implicit 
false belief 

tasks 

Anticipatory 
looking task 

A child observes an agent acting on beliefs that 
may be true or false. The child’s anticipatory 
gaze is recorded to determine if it accounts for 
the agent’s mental state in predicting the agent’s 
subsequent actions. 

Violation-of-
expectation 
task 

Child observes an agent forming a true or false 
belief and acting either in line with or contrary to 
it. The child’s looking time is measured and 
compared between expected and unexpected 
behavior. 

Prompted 
action task 

Experimenters measure whether participants 
spontaneously consider the agent’s true or false 
belief in their interactions, either by helping or 
interpreting the agent’s communicative acts. 

 

1.2.1. Behavioral evidence of early false belief understanding 

1.2.1.1. Behavioral evidence of explicit false belief understanding 

Standard explicit false belief tasks 

More than 40 years ago, Wimmer and Perner (1983) introduced the 

location false belief task, also named the change-of-location task and the 

unexpected-transfer task, which became the standard measure for assessing 

someone’s ability to ascribe beliefs to others. Understanding another person’s 

false belief requires explicit representation of the inconsistency of this person’s 

belief about one’s own knowledge (Wimmer & Perner, 1983). This ability serves 

as strong evidence of “mindreading,” demonstrating that children can attribute 

mental states that differ from actual reality. In contrast, understanding true 
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beliefs or desires can be resolved through egocentric assumptions that others 

share the same knowledge as oneself and may simply rely on observing the 

actual state of the world and applying mental terms appropriately (Flavell, 2000). 

In the location false belief task, a target object is moved from one location to 

another without the knowledge of the story protagonist, who placed the object 

in its initial location. This task tests the ability of children to understand that the 

story protagonist has a false belief about the location of the object (Wimmer & 

Perner, 1983). As shown in Figure 2 (Perner & Lang, 1999; Wimmer & Perner, 

1983), after Max put his chocolate in the green cupboard, he left for the 

playground; meanwhile, his mother transferred the chocolate from the green 

cupboard to the blue cupboard while Max was away. Then, his mother went out 

into the garden. Max came back home for his chocolate. The protagonist (i.e., 

Max) did not witness the relocation of the target object (i.e., Max’s chocolate) 

and therefore held a false belief about its location. Participants in a study were 

asked, “Where will Max look for his chocolate?” There was no consistent 

evidence for children aged 3 to 4 years, that they could accurately attribute a 

false belief. Approximately half of the children aged 4 to 6 responded correctly, 

and almost all children aged 6 to 7 accurately identified the green cupboard as 

the location where Max would look for the chocolate upon his return (see Figure 

3). Around the age of 4, children begin to attribute to an agent a subjective 

misrepresentation—specifically, a false belief that diverges from reality and is 

inconsistent with their own perspective (Rakoczy, 2022).  
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Figure 2. The Max’s Chocolate Story exemplifies the location false belief task 

commonly employed to assess children’s Theory of Mind abilities. In this task, 

children are asked to predict where Max will look for his chocolate based on his 

beliefs about its location (Perner & Lang, 1999; Wimmer & Perner, 1983). 

 

Another well-known explicit false belief task is the content false belief 

task (Hogrefe et al., 1986; Perner et al., 1987), also named the “Smarties task” 

and the deceptive-container task. In this task, children are shown a container, 

such as a Smarties box, and asked, “What is in here?” The children typically 

answer “Smarties”. The box is then opened, revealing that there is actually a 

pig figurine in the box. The pig figurine is then put back in the box, and the box 

is closed. Participants are then asked two questions: a control question (“Can 

you remember ‘what is inside here?”) and a false belief question: “Lukas 

(another child or a toy figurine) has never seen ‘what is in this box. What would 

he think is in the Smarties box?”. Regarding the percentage of correct 
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responses to the belief question across age groups (see Figure 3), the ability 

to attribute a false belief was nearly absent among 3-year-olds. Approximately 

50% of 4-year-olds and 80% of 5-year-olds provided correct answers. To 

answer correctly, the child must meta-represent how the world previously 

appeared to them (albeit incorrectly) or how it would appear to another 

individual (Rakoczy, 2022). By age 4, children succeed in such tasks by 

attributing to both their earlier self and another agent the false belief that the 

Smarties box contained a pig figurine (Gopnik & Astington, 1988; Rakoczy, 

2022).  

 

Standard explicit elicited-response false belief tasks are by far the most 

frequently used and the most richly interpreted measures of Theory of Mind 

(Apperly et al., 2011). These tasks involve individuals holding beliefs about a 

target object that differ from reality, effectively distinguishing children’s reliance 

on mental state reasoning from their use of reality-based behavioral predictions, 

which necessitates comprehension of representational change (Gopnik & 

Astington, 1988; Perner, 1991) and the ability to make the appearance-reality 

distinction (Flavell, 2000; Flavell et al., 1983). As such, they have been 

regarded as the gold standard or “litmus test” for assessing Theory of Mind 

abilities. In all of these tasks, children were introduced to a protagonist who 

lacked crucial information, resulting in a false belief about the situation, unlike 

the child. The child was then explicitly asked either to describe the protagonist’s 

belief (e.g., “What does the protagonist think?”) or to predict the protagonist’s 

actions (e.g., “Where will the protagonist look for the target object?”). Across 

different variations of these explicit false belief tasks, findings from this line of 

research consistently revealed that children older than 4 years are able to 

complete explicit false belief tasks as they start to acquire a proper notion of 

mental representation. In contrast, children younger than 3½ years typically fail 
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to do so (Wellman et al., 2001). Specifically, in the location false belief task, 

children under 3 years old say that the protagonist thinks the object is where it 

really is and accordingly say that the protagonist will search in the target object’s 

actual location (i.e., blue box in Max’s chocolate task). Similarly, in the content 

false belief task, children erroneously assert that an uninformed agent will 

believe that the contents of a Smarties box are what they actually are (i.e., a 

pig figurine) rather than Smarties. The blue bars in Figure 3 illustrate the 

percentage of children who provided correct answers on the false belief tasks. 

The developmental progression indicated by these figures suggests that 

children begin to understand an explicit false belief as a representational state 

of mind around the age of 4.  

 

Figure 3. Correct answers to belief questions. Left figure: Data sourced from 

Wimmer and Perner (1983). The data for 4- to 6-year-olds are from Experiment 

2, while those for 6- to 7-year-olds are from Experiment 1. Right figure: Data 

sourced from Hogrefe et al. (1986). The data for 3- to 5-year-olds are from 

Experiment 1. 

 

The initial findings of a marked age-related trend in false belief 

understanding prompted a substantial body of research investigating the effects 
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of task modifications, including verbal demands, the salience of reality, the 

wording of tests, and question formats. For example, Mitchell and Lacohée 

(1991) conducted a study wherein children mailed a picture of the tube to a 

postbox upon the first presentation of a Smarties tube. When subsequently 

queried, most 3-year-olds accurately stated their initial belief and the tube’s 

actual contents. Additionally, Kikuno et al. (2007) found that altering the target 

object’s identity during its transfer (e.g., change from a hat to an apple) and 

querying children about the original object in the belief question (i.e., “Where 

will the agent look for his hat?”) significantly increased the percentage of correct 

responses among 3-year-olds. Furthermore, temporally marking the test 

question (e.g., “Where will the protagonist look first for the target object?”) 

improved children’s performance compared to standard questions, resulting in 

either above-chance or chance-level outcomes (e.g., Surian & Leslie, 1999; 

Yazdi et al., 2006). More recently, Ghrear et al. (2021) revealed that minimizing 

the curse of knowledge by removing specific outcome information allowed 3-

year-olds to perform on par with older preschoolers in tasks assessing their 

reasoning about others’ false beliefs. Despite these facilitative effects observed 

in individual studies through various task modifications (e.g., Bartsch, 1996; 

Ghrear et al., 2021; Kikuno et al., 2007), reducing the processing demands 

sometimes enabled 3-year-olds to succeed, though they often only performed 

at chance level. Nevertheless, a meta-analysis conducted by Wellman et al. 

(2001) found that false belief performance exhibited a consistent 

developmental trend between the ages of 2½ and 5 years. In Wellman et al.’s 

(2001) meta-analysis, while some studies noted improved performance levels 

in 3-year-olds, these children did not generally outperform chance on false 

belief tasks. By around 3½ years of age, approximately half of the children 

succeeded in such tasks, with a marked performance improvement thereafter. 

By the age of 4 years, children consistently outperformed the chance threshold 
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of 50% correct responses. Thus, around age 4 represents a sensitive period for 

Theory of Mind, where children start correctly reasoning about others’ false 

beliefs across different task settings and belief contents (Flavell et al., 1983, 

1990; Hogrefe et al., 1986; Wellman et al., 2001; Wimmer & Perner, 1983). 

Detailed discussions of various theoretical perspectives on the emergence of 

Theory of Mind (e.g., Bartsch & Wellman, 1995; Perner, 1991) are elaborated 

in Section 1.1.2.  

Low-demands explicit false belief task 

While the previously described task modifications improved the 

performance of 3-year-olds from below-chance to chance level, these explicit 

false belief tasks involve at least three cognitive processes (Setoh et al., 2016). 

The first is false belief representation: As the story unfolds, children must 

construct and maintain a representation of the protagonist’s false belief. The 

second is response generation: children must interpret the question, retain it, 

and generate an appropriate response. The third is inhibitory control: Children 

must inhibit the incorrect prepotent response to access their representation of 

the protagonist’s false belief and provide the correct answer. According to 

Setoh et al.’s (2016) perspective, young children may fail these tasks for two 

reasons. One possibility is that the degree of inhibitory control required is 

beyond the capability of many children, leading to chance performance as some 

succeed while others do not. Alternatively, young children may generally have 

sufficient inhibitory control but struggle with the concurrent processing 

demands, overwhelming their limited information-processing resources and 

resulting in confused or random responses from the children. Recently, Setoh 

et al. (2016) conducted four experiments demonstrating that 30- to 33-month-

old toddlers can succeed in an explicit false belief task when overall processing 

demands—including response-generation and inhibitory-control demands—

are decreased. This finding strongly supports the view that early difficulties with 



Chapter 1 

 21 
 

standard explicit false belief tasks arise from their high processing demands, 

as even toddlers can succeed in such tasks when these demands are reduced.   

In Experiment 1 (see Figure 4), participants were introduced to a 

scenario involving a protagonist named Emma, who initially found an apple in 

one of two containers on a table: a bowl obscured by a towel to the left and a 

lidded box to the right. Emma then moved the apple to the other container. 

Following this, she left to play outside with her ball. During her absence, her 

brother Ethan found the apple and took it away. Emma then returned to look for 

her apple. In the test trial, children saw pictures of the bowl and box and were 

asked, “Where will Emma look for her apple?” For success in the task, children 

were required to identify the container where Emma mistakenly believed her 

apple was located. Two practice trials were included between the story trials to 

reduce the response-generation demands during the test trial. During each 

practice trial, children were shown two pictures and asked a “where” question, 

similar to the test trials. In one practice trial, toddlers saw an apple and a banana 

and were asked, “Where is Emma’s apple?” In the other practice trial, they saw 

a ball and a frisbee and were asked, “Where is Emma’s ball?”. The test object 

(i.e., apple) was removed from the scene to reduce demands for inhibitory 

control, obviating the requirement for children to overcome “reality bias” or the 

“curse of knowledge,” which has been assumed to hinder younger children’s 

successful false belief representation (Kaltefleiter, 2022; Robinson & Mitchell, 

1995). Under these experimental configurations, 30- to 33-month-old toddlers 

performed above chance in the test trial; 25 of 32 (78%) toddlers pointed to the 

false belief container (Setoh et al., 2016, Exp. 1). 

To determine the essential features of practice trials for success in a 

false belief task, Setoh et al. conducted Experiment 2 and Experiment 3. 

Experiment 2 modified the practice trials to include only one picture instead of 

two. The results showed that 30-month-old toddlers failed under these 
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conditions, underscoring the importance of aligning practice trials with test trials 

to support their comprehension. Experiment 3 further investigated whether both 

“where” questions were necessary to significantly lower the response-

generation demands of the test trial. The findings revealed that performance 

among 33-month-old toddlers dropped to chance levels when only one “where” 

question was presented, indicating that exposure to two such questions—one 

in each practice trial—was crucial for their success in the false belief task. 

These results suggest that toddlers succeeded in a traditional elicited-response 

false belief task only when the type and amount of practice provided were 

sufficient to reduce the response-generation demands of the test trial to a 

manageable level. 

Two modifications were implemented in Experiment 4 to investigate the 

impact of inhibitory control demands on children’s performance. First, rather 

than removing the apple, Emma’s brother relocated it from where he initially 

found it to the other container before leaving. This modification created a high-

inhibition task, as toddlers knew the apple’s actual location. During the 

response phase, the actual location of the target object is assumed to trigger a 

“pull of the real,” which increases the task’s inhibitory demands and complicates 

the successful completion of the task (Kaltefleiter, 2022). Second, researchers 

counterbalanced whether Emma found and hid the apple in the same container 

(one-transfer condition) or in different containers (two-transfer condition). In the 

test trial, only 7 out of 32 children (22%) correctly pointed to the container 

corresponding to Emma’s false belief. The negative results of Experiment 4 

confirmed that reducing the response-generation demands without addressing 

the inhibitory-control demands resulted in below-chance performance. This 

result was likely due to children’s limited inhibitory control, which prevented 

them from suppressing the strong, incorrect prepotent response elicited by the 

standard question. 
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Setoh et al.’s (2016) study suggests that young children’s failures in 

explicit false belief tasks are mainly due to limited information processing 

abilities, especially when they need to inhibit a prepotent response and 

generate a verbal answer to an unfamiliar “where” question (Sodian et al., 2024). 

As predicted, toddlers performed above chance on a traditional false belief task 

after reductions in inhibitory control demands and the addition of two response-

generation practice trials. This finding was replicated by an independent 

laboratory (Grosso et al., 2019), which reported a correct response rate of 74% 

among N = 58 toddlers aged 33 months. Additionally, the original authors of the 

low-demands false belief task found that 2.5-year-old toddlers could succeed 

in elicited-response false belief tasks involving false beliefs about object 

location or identity when the processing demands were sufficiently reduced 

(Scott et al., 2020). Additionally, a recent longitudinal study found a significant 

correlation between false belief understanding assessed using the low-

demands task by Setoh et al. (2016) at 33 months and performance on a 

standard false belief assessment at 52 months (Sodian et al., 2024). This 

finding further provides evidence against a low-level associationist 

interpretation of performance on the low-demands false belief task. All these 

findings suggest that children are capable of attributing genuine false beliefs 

prior to 4 years of age, and explicit false belief understanding may develop 

continuously from toddlerhood to childhood (Scott et al., 2022). 
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Figure 4. Apparatus, scripts, and pictures were used in the low-demands 

false belief task (Setoh et al., 2016). 
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1.2.1.2. Behavioral evidence of implicit false belief understanding 

In traditional explicit elicited-response false belief tasks, children are 

directly questioned about what an agent believes or how he will act (Baron-

Cohen et al., 1985; Gopnik & Astington, 1988; Perner et al., 1987; Wimmer & 

Perner, 1983). These tasks require an explicit judgment that represents the 

child’s understanding of another’s beliefs. However, novel implicit spontaneous-

response false belief tasks revealed that even infants in their first year can 

exhibit varying expectations or interpretations of an agent’s actions based on 

his beliefs (e.g., Baillargeon et al., 2010; Martin & Santos, 2016). In these 

implicit false belief tasks, children’s understanding of an agent’s false belief is 

inferred from their spontaneous behaviors as they observe a scene unfold 

(Baillargeon et al., 2010, 2015). Children may possess an implicit 

understanding of false beliefs that can still guide their actions while not subject 

to conscious deliberation (Dienes & Perner, 1999). This understanding 

influences their choices, leading to appropriate decisions despite their inability 

to verbalize these beliefs (Vierkant, 2012).  

In 1994, Clements and Perner employed an anticipatory looking task 

within the framework of a standard unexpected-transfer false belief paradigm, 

where the experimenter mused to himself, “I wonder where she is going to look?” 

instead of directly asking the children. This prompt was designed to elicit 

anticipatory gaze behavior based on the agent’s belief. Most 35-month-old 

children correctly anticipated the agent’s search location based on her belief, 

as evidenced by their initial gaze before responding to test questions (Clements 

& Perner, 1994). According to Clements and Perner (1994), the anticipatory 

looking responses provided evidence of an implicit understanding of belief. 

Garnham and Ruffman (2001) presented 2- to 4-year-old children with a false 

belief story similar to that in Clements and Perner’s (1994) study, but with three 

containers instead of two. The protagonist initially placed the object in the left-
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hand box, but another character moved it to the right-hand box in his absence. 

If children’s anticipatory gaze were guided by belief sensitivity, they would look 

at the left-hand box. In contrast, an association bias or ignorance sensitivity 

would lead them to look at either the left-hand or middle box. The results 

supported the former, suggesting that the implicit understanding of belief 

influences children’s anticipatory looking.’ 

Clements and Perner (1994) pioneered the measurement of children’s 

understanding of implicit false beliefs through an analogous spontaneous-

response paradigm with video camera recording. Building on these seminal 

findings regarding two-year-olds’ implicit understanding of false belief, 

numerous subsequent studies employing spontaneous-response paradigms 

through eye-tracking techniques have significantly enriched our understanding 

of the scope and depth of infants’ and young toddlers’ implicit knowledge of 

false beliefs (e.g., Buttelmann et al., 2009; Onishi & Baillargeon, 2005; 

Southgate et al., 2007). The spontaneous-response paradigms predominantly 

included anticipatory-looking, violation-of-expectation, and prompted action 

paradigms, which are detailed below. 

Anticipatory looking paradigm 

Anticipatory looking paradigms make use of the innate human 

propensity to predict actions and their consequences, a tendency that emerges 

by the end of the first year of life (Falck-Ytter et al., 2006; Flanagan & 

Johansson, 2003). The paradigm involves presenting actions based on specific 

mental states—such as intentions or true/false beliefs—and observing 

participants’ anticipatory gaze to determine whether they consider the agent’s 

mental state when predicting their action (Clements & Perner, 1994; Kaltefleiter 

et al., 2022; Schneider et al., 2012; Schuwerk et al., 2018; Senju et al., 2011; 

Southgate et al., 2007; Surian & Geraci, 2012; Thoermer et al., 2012; L. U. 

Wang & Leslie, 2016). Building on prior anticipatory looking results with 3-year-



Chapter 1 

 27 
 

olds (Clements & Perner, 1994; Garnham & Ruffman, 2001), Southgate et al. 

(2007) refined the anticipatory looking methodology using advanced eye-

tracking technology by eliminating verbal interaction and removing the object 

from the scene to test 25-month-old infants in a spontaneous-response false 

belief task. In Southgate et al.’s (2007) anticipatory looking paradigm, the 

familiarization trials were designed to convey that agent’s goal was to retrieve 

the hidden object, as well as the general timing and structure of events, to set 

up participants’ expectations in the test trials. The target object was placed in 

the left-hand box, observed by the infant, and retrieved by the agent from the 

same box. The subsequent trial followed a similar procedure but with the object 

placed in the right-hand box, ending as the agent made contact with the box. 

Successful anticipation of which door the agent would open during the second 

trial was required for infants to proceed to subsequent test trials. The test trials, 

categorized as False-Belief 1 (FB1) and False-Belief 2 (FB2), aimed to 

determine whether infants make anticipatory saccades based on an attribution 

of false belief. In the FB1 condition, an agent witnessed the target object being 

moved from box A to box B but was absent when it was away, resulting in a 

false belief that the object was in box B. In the FB2 condition, the agent missed 

both the transfer from box A to box B and the subsequent removal, leading to a 

false belief that the object remained in box A. The FB1 and FB2 conditions serve 

as mutual controls to confirm that children genuinely track beliefs to complete 

the task (Baillargeon et al., 2018; Kulke, Wübker, et al., 2019; Southgate et al., 

2007). Southgate et al. (2007) observed that most 25-month-old children initially 

directed their gaze to the correct belief-based location and spent more time 

observing it compared to other locations. 

Replications of findings in anticipatory looking tasks yielded mixed 

results, including partial replications (Grosse Wiesmann et al., 2017a; 

Kaltefleiter et al., 2022; Schneider et al., 2012; Surian & Geraci, 2012) and 



Chapter 1 

 28 
 

failures to replicate (Kampis et al., 2021; Kulke, Reiß, et al., 2018; Kulke, von 

Duhn, et al., 2018; Kulke, Wübker, et al., 2019; Schuwerk et al., 2018). The lack 

of a clear pattern from these non-replications may be due to the wide variety of 

methodological parameters used across studies, including differences in 

participants’ ages, stimuli, and analysis criteria. Given the mixed and complex 

evidence, it remains unclear whether infants and toddlers engage in implicit 

false belief understanding (e.g., Dörrenberg et al., 2018) and necessitates a 

systematic, large-scale, multi-lab study designed to rigorously test the 

robustness, reliability, and replicability of implicit false belief understanding 

measures (Steffan et al., 2024). The ManyBabies 2 project (Schuwerk et al., 

2024; Zimmer et al., 2024) is a significant initiative aimed at systematically 

assessing the reliability of findings from the spontaneous-response anticipatory 

looking paradigm.  

Violation-of-expectation paradigm 

Violation-of-expectation looking-time paradigm (Kovács et al., 2010; 

Onishi & Baillargeon, 2005; Scott et al., 2012; Scott & Baillargeon, 2009; Surian 

et al., 2007; Yott & Poulin‐Dubois, 2012) is derived from habituation paradigms. 

Infants typically observe a scene wherein an agent forms a mental state, such 

as a belief, which may be true or false. The infants are then shown the agent 

acting either in accordance with this belief (expected behavior) or contrary to it 

(unexpected behavior). The key measure here is the duration of the infants’ 

gaze: longer looking times at unexpected outcomes indicate surprise or 

increased interest, suggesting that the infants had formed implicit expectations 

about the agent’s actions. This prolonged attention to the unexpected outcome 

is supposed to indicate the infant’s emerging ability to consider others’ false 

beliefs when predicting their actions. For example, in Onishi and Baillargeon’s 

(2005) study, infants were initially exposed to three familiarization trials, where 

they observed an agent interacting with a toy and two boxes, one green and 
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one yellow. The agent placed the toy in the green box and later grasped it in 

subsequent trials. The subsequent belief conditions aimed at establishing 

whether the agent held a true (TB) or false belief (FB) about the toy’s location. 

TB conditions: The agent observed the toy either remaining in box A or 

witnessed its transfer to box B. FB conditions: Unbeknownst to the agent, the 

toy was moved to box B, or the agent saw the toy being moved to box B but 

failed to observe its return to box A. In the test phase, the actor opened the 

doors and reached into the boxes A or B. Fifteen-month-old infants looked 

significantly longer when the agent searched in a location inconsistent with her 

belief about the toy’s location (Onishi & Baillargeon, 2005). These results 

indicate that 15-month-olds may already have a representational Theory of 

Mind, recognizing that others act based on beliefs, which are representations 

that may or may not reflect reality (Onishi & Baillargeon, 2005). 

Replication of findings in violation-of-expectation tasks was mixed, 

encompassing successful replications (e.g., Song et al., 2008; Surian & Geraci, 

2012; Yott & Poulin‐Dubois, 2012), partial replications (e.g., Dörrenberg et al., 

2018), and non-replications (e.g., Poulin-Dubois et al., 2013, 2020; Poulin‐

Dubois & Yott, 2018; Powell et al., 2018; Yott & Poulin-Dubois, 2016). Negative 

findings with children suggest that seemingly minor procedural differences can 

significantly impact results. For instance, a closely aligned replication by Surian 

et al. (2007) provided evidence that even 13-month-olds can attribute to an 

agent a false belief about the location of an object. Another replication by Yott 

and Poulin‐Dubois (2012) also corroborated these findings, affirming the 

robustness of the original experimental design. In contrast, Poulin-Dubois et al. 

(2013) introduced modifications by making the boxes transparent and adding a 

fourth familiarization trial in which the agent ignored the toy and donned a 

blindfold that she also wore during the test phase. These alterations created an 

ambiguous scenario that likely hindered children’s ability to form clear 
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expectations about the blindfolded agent’s subsequent actions, which may 

have contributed to the negative results observed. 

Prompted action paradigm 

Prompted action task is another type of implicit false belief task that 

takes advantage of children’s spontaneous or indirectly prompted behavior in 

response to the actions of an agent with false beliefs, as well as their propensity 

to assist the agent in achieving these goals (Buttelmann et al., 2009; Rakoczy, 

2022). The agent forms a mental state (e.g., a true or false belief about a box’s 

contents), and experimenters assess whether participants spontaneously 

consider the agent’s belief in their interactions (e.g., by helping or interpreting 

the agent’s communicative actions) (Buttelmann et al., 2009, 2014; Knudsen & 

Liszkowski, 2012; Southgate et al., 2010). For instance, in Buttelmann et al.’s 

(2009) study, experimenter 1 (E1) showed 18-month-olds how to lock and 

unlock box A and B; the child had successfully opened each box twice in turn 

without E1’s help. Next, experimenter 2 (E2) entered the room and excitedly 

showed the caterpillar toy to the child, , hid the toy in box A, and then left. In the 

false belief condition, while E1 was absent, E2 moved the toy to box B and 

locked both boxes. Upon E1’s return, he unsuccessfully tried to open box A. 

When prompted to help, most infants approached box B, indicating they 

understood that E1 falsely believed the toy was still in box A. In another similar 

task by Southgate et al. (2010), two toys were initially placed separately in 

boxes A and B, and their locations were subsequently switched under false 

belief conditions. Despite this modification, 17-month-old infants were still able 

to track the agent’s epistemic state and use this information to infer the agent’s 

intended referent. 

 The replication of findings in prompted action tasks also yielded mixed 

results, including successful (Király et al., 2018; Southgate et al., 2010) and 

failed replications (Dörrenberg et al., 2018; Poulin-Dubois et al., 2023; Wenzel 
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et al., 2020). For the negative findings with children, some minor procedural 

differences can lead to negative results, including differences in materials and 

procedure, interference effect, and non-standard criteria for ending each test 

trial. For example, Crivello and Poulin-Dubois (2018) introduced “slight 

methodological changes” in their replication of Buttelmann et al.’s (2009) study, 

which failed to replicate the original findings. Differences in setup and 

procedure may have contributed to this failure. To reduce the drop-out rate, the 

experimenters seated participants closer to the test boxes, allowing for 

ambiguous choices and reducing the time available to process observations 

before responding, potentially leading to chance-level performance between 

conditions. 

Replication crisis of implicit false belief understanding 

Results from nontraditional spontaneous-response false belief tasks 

steadily accumulated over the past 20 years. Some studies with infants and 

children successfully replicated the original findings, while others only partially 

replicated them or failed to replicate them entirely, thereby calling into question 

the reliability of these tasks (Kulke, Johannsen, et al., 2019; Kulke & Rakoczy, 

2018; Rakoczy, 2022). The discrepancy between positive original findings and 

negative replications in implicit false belief studies may result from differences 

in experimental procedures, task design, sample sizes, and measurement 

methods (Baillargeon et al., 2018). 

Since the publication of the original implicit false belief tasks, evidence 

from multiple studies involving infants and children attempting to replicate the 

original findings was complex and mixed (see Table 2). Given that the most 

substantial evidence for implicit false belief understanding comes from studies 

utilizing anticipatory looking paradigms, it is essential to address the replication 

crisis by developing a more robust anticipatory looking paradigm. The paradigm 

proposed by Grosse Wiesmann et al. (2017a) represents a promising step 
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toward addressing these challenges. Grosse Wiesmann et al. (2017a) created 

a multi-trial anticipatory-looking paradigm involving FB1 and FB2 conditions to 

reduce high exclusion rates resulting from incorrect anticipatory responses. The 

experimental condition featured two animated agents engaging in a chase, with 

one agent hiding from the other in a Y-shaped tunnel (Surian & Geraci, 2012). 

The design of the FB1 and FB2 conditions was similar to that of Southgate et 

al. (2007). Using this refined paradigm, Grosse Wiesmann et al. (2017a) 

demonstrated above-chance performance in both FB1 and FB2 conditions 

among 3- and 4-year-old children. 

A subsequent study following a similar approach to Grosse Wiesmann 

et al. (2017a) found that all age groups (children aged 27, 36, and 52 months) 

performed significantly above chance in the FB1 condition but significantly 

below chance in the FB2 condition, along with prolonged looking times at the 

final hiding location (Kaltefleiter et al., 2022). In the FB2 condition, children may 

fail to consider that the agent did not witness the target’s transfer, instead 

focusing on the last location they observed the target themselves, disregarding 

the agent’s lack of this information (Kaltefleiter et al., 2022). Moreover, the FB2 

condition may place greater demands on working memory, attention, and 

inhibitory control as children must track the target’s actions, represent the 

agent’s belief, and sustain this belief over time against their own conflicting 

perspective (Baillargeon et al., 2018; Grosse Wiesmann et al., 2018; Kaltefleiter 

et al., 2022). The same pattern of above-chance FB1 and below-chance FB2 

performance has also been observed in other anticipatory looking studies 

(Dörrenberg et al., 2018; Grosse Wiesmann et al., 2018; Kampis et al., 2021; 

Kulke et al., 2018, Study2b). These findings suggest that success in the FB1 

condition may reflect competencies in mental state reasoning similar to those 

assessed by other implicit false belief tasks, whereas the FB2 condition, due to 

its higher cognitive demands, may not reliably measure implicit false belief 
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understanding (Baillargeon et al., 2018; Kaltefleiter et al., 2022). If the FB1 

condition in the anticipatory looking paradigm reliably measures implicit false 

belief understanding, a critical question arises: Is there a corresponding neural 

correlate underlying the behavioral competence exhibited in the FB1 condition? 

 

Table 2. Overview of measures of implicit false belief understanding and the 

original and replication findings, adapted from (Rakoczy, 2022). 

Measure Original findings Reproducibility of original findings 

Anticipatory 
looking task 

Infants accurately 
anticipated an agent’s 
actions based on the 
agent’s belief 
(Southgate et al., 2007) 

Mixed, including partial (Grosse 
Wiesmann et al., 2017a; Kaltefleiter 
et al., 2022; Schneider et al., 2012; 
Surian & Geraci, 2012) and non-
replications (Kampis et al., 2021; 
Kulke, Reiß, et al., 2018; Kulke, von 
Duhn, et al., 2018; Kulke, Wübker, 
et al., 2019; Schuwerk et al., 2018) 

Violation-of-
expectation 
task 

Infants consistently 
looked longer when the 
actor’s search location 
contradicted the agent’s 
belief about the toy’s 
location (Onishi & 
Baillargeon, 2005) 

Mixed, including successful(Song et 
al., 2008; Surian & Geraci, 2012; 
Yott & Poulin‐Dubois, 2012), partial 
(Dörrenberg et al., 2018) and non-
replications (Poulin-Dubois et al., 
2020; Poulin‐Dubois & Yott, 2018; 
Powell et al., 2018; Yott & Poulin-
Dubois, 2016) 

Prompted 
action task 

Infants successfully 
considered the adult’s 
belief when attempting 
to infer his goal 
(Buttelmann et al., 
2009) 

Mixed, including successful (Király 
et al., 2018; Southgate et al., 2010) 
and failed replications (Dörrenberg 
et al., 2018; Poulin-Dubois et al., 
2023; Wenzel et al., 2020) 

 

1.2.2. Theoretical perspectives on the relationships between implicit and 

explicit false belief understanding  

Early research on Theory of Mind indicated that children under four 

typically fail explicit false belief tasks. However, implicit and low-demands 

explicit false belief tasks reveal that even infants and toddlers can attribute false 

beliefs to others. This discrepancy between implicit and explicit task 
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performance necessitates further investigation into why children under four 

struggle with explicit tasks while infants succeed in implicit ones, and the 

cognitive processes underlying these differences. The relationship between 

implicit and explicit false belief understanding and the extent to which implicit 

false belief understanding reflects a complete and flexible representation of 

others’ mental states is a matter of debate (Scott et al., 2022; Sodian, 2016). 

Over the past 40 years, our understanding of the development of false belief 

underwent several substantial shifts, prompted by the previously unsuspected 

false belief competencies in novel implicit false belief tasks. Several theoretical 

perspectives were proposed to synthesize these findings and construct 

frameworks concerning the potential relationship between implicit and explicit 

false belief understanding (see reviews by Carruthers, 2013; Scott et al., 2022; 

Sodian et al., 2020).  

Earlier accounts: Conceptual change accounts 

Earlier accounts, such as conceptual change accounts (see Section 

1.1.2 for a detailed overview of the theoretical perspectives on the emergence 

of Theory of Mind), support the perspective that children under the age of 4 are 

incapable of representing false beliefs (Baron-Cohen et al., 1985; Gopnik & 

Astington, 1988; Perner, 1991; Perner et al., 1987; Wellman, 1990; Wimmer & 

Perner, 1983). In the traditional location false belief task (Wimmer & Perner, 

1983), children attribute to the agent a subjective misrepresentation: a false 

belief that deviates from reality and is incompatible with the child’s own 

perspective. Theory of Mind representation requires the establishment of a 

situational context and narrative to convey the agents’ understanding of the 

world, as exemplified by the classic unexpected transfer task, such as Max’s 

chocolate story  (Wimmer & Perner, 1983; see Section 1.2.1.1). Successfully 

pointing to the original location of the object, rather than the new one is 
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considered a key behavior marker for the emergence of explicit false belief 

understanding. 

The developmental trajectory of explicit false belief understanding led 

proponents of conceptual change theories to assert that a fundamental 

transformation in psychological reasoning occurs around age 4 (Baron-Cohen 

et al., 1985; Liu et al., 2008; Wellman et al., 2001). Within this age range, 

children begin to develop meta-representations necessary for reasoning about 

others’ false beliefs by representing mental states while simultaneously 

maintaining an accurate understanding of reality (Perner, 1991). Perner 

explains that meta-representation involves understanding both the content of a 

representation (e.g., the chocolate) and its mental representation (e.g., Max’s 

mental image of the chocolate), as well as the coreferential representational 

relationship between them (i.e., Max’s mental image represents the actual 

chocolate) (Grosse Wiesmann, 2018; Perner, 1991). He contends that children 

under the age of 4 may lack the ability for meta-representation and thus fail to 

recognize that others’ mental representations may differ from their own. For 

instance, in a location false belief task, the child needs to meta-represent how 

the agent represents the location of the target object. In a content false belief 

task, the child has to meta-represent how the world (wrongly) appeared to them 

previously or would appear to another person (Rakoczy, 2022). Conceptual 

change, in addition to representing a transition from a situation-based to a 

representation-based understanding of behavior (Perner, 1991), also involves 

a shift from primitive, desire-based psychology to more sophisticated belief-

desire psychology (Bartsch & Wellman, 1995; Wellman, 1990), marking a 

critical Theory of Mind developmental milestone. Mastery of false belief 

understanding is therefore recognized as a significant achievement in early 

childhood, marking the advent of advanced psychological reasoning (Carlson 
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& Moses, 2001; de Villiers & de Villiers, 2003; Gopnik & Wellman, 1994; Perner, 

1991).  

However, conceptual change theories have been challenged by new 

evidence suggesting that even infants can demonstrate an understanding of 

false beliefs when tested using implicit spontaneous-response false belief tasks, 

including anticipatory looking tasks (Senju et al., 2011; Southgate et al., 2007; 

Surian & Geraci, 2012; Thoermer et al., 2012), violation-of-expectation tasks 

(Knudsen & Liszkowski, 2012; Moll et al., 2017; Onishi & Baillargeon, 2005; 

Scott et al., 2012; Southgate et al., 2010), and prompted action tasks 

(Buttelmann et al., 2009; Southgate et al., 2010). Findings from these implicit 

false belief tasks suggest that some ability to reason about false beliefs may 

already be present early in life. However, the extent to which these implicit false 

belief tasks reflect an understanding of an agent’s mental representation 

remains unclear. Infants may succeed in these tasks by adopting the agent’s 

representation without independently maintaining their own accurate 

representation of reality (Kulke, Johannsen, et al., 2019; Poulin-Dubois et al., 

2023; Rakoczy, 2022). Thus, the nature of infants’ understanding of false beliefs 

and the relationship between implicit and explicit false belief comprehension 

remain subjects of ongoing debate.  

Conceptual-continuity accounts 

Traditional explicit tasks indicate that false belief understanding emerges 

around age 4, marking a significant milestone in Theory of Mind. However, 

findings from implicit spontaneous-response tasks accumulated over the past 

two decades suggest that infants (under two years) and toddlers (ages 2–3) 

already demonstrate false belief understanding, indicating its early integration 

into Theory of Mind. According to conceptual continuity accounts (also referred 

to as substantial-continuity accounts or one-system accounts), implicit and 

explicit false belief tasks tap the same genuine false belief understanding, but 
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explicit false belief tasks are subject to greater processing difficulties, such as 

inhibitory control demands and response generation demands (Baillargeon et 

al., 2010; Scott, 2017; Scott et al., 2022). Inhibitory control requires children to 

suppress an initial, incorrect response to accurately reflect the protagonist’s 

false belief. Response generation involves children interpreting, retaining, and 

responding to a standard question that predicts the protagonist’s behavior.  

Conceptual continuity theory predicts cross-sectional and longitudinal 

interrelations among measures of mental state attribution that are conceptually 

related (Sodian et al., 2020). These relationships are expected to be 

independent of general cognitive functioning or language ability. In Setoh et 

al.’s (2016) study, children aged 30 to 33 months were shown an explicit false 

belief task with reduced processing demands. Toddlers performed above 

chance in the test trial; 25 of 32 (78%) children pointed to the container that 

Emma mistook to hold her apple (Setoh et al., 2016, Exp. 1). Above-chance 

performance in Setoh et al. (2016) task was replicated in another independent 

laboratory (Grosso et al., 2019) and further extended to encompass false belief 

understanding about identity in toddlers aged 2.5 years (Scott et al., 2020). 

To date, a comprehensive longitudinal study, “Theory of Mind in Infancy 

and Early Childhood” (TOMII/TOMEC), found strong longitudinal relationships, 

independent of verbal IQ, between an implicit false belief task using anticipatory 

looking at 18 months and explicit false belief tasks conducted annually between 

ages 4 and 6, as well as a belief-based intention task (Kloo et al., 2020; Sodian 

et al., 2016, 2020; Thoermer et al., 2012). Moreover, another independent study 

also found a longitudinal significant correlation between false belief 

understanding assessed with the low-demands task by Setoh et al. (2016) at 

33 months and false belief understanding in a standard content false belief 

assessment at 52 months (Sodian et al., 2024).  
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Furthermore, conceptual continuity theory predicts relationships 

between theoretically relevant behaviors in infancy, such as goal-directed 

action (Sodian, 2011; Sodian & Kristen-Antonow, 2015) and later explicit 

Theory of Mind, independent of general cognitive functioning. Prior research 

identified links between early goal-directed attention and subsequent Theory of 

Mind abilities (Aschersleben et al., 2008; Peterson et al., 2005; Wellman, 2002; 

Wellman et al., 2004, 2008; Wellman & Liu, 2004; Yamaguchi et al., 2009). For 

example, a longitudinal correlation showed that 6-month-olds’ attention to goal-

directed actions predicted false belief task performance at age 4, independent 

of language skills (Aschersleben et al., 2008). Similarly, habituation to 

intentional actions at 14 months predicted preschool mentalistic reasoning 

(Wellman et al., 2004), and social attention at 11 months predicted later false 

belief understanding (Wellman et al., 2008). These findings indicate that false 

belief understanding is grounded in early goal-directed attention (Moll & 

Meltzoff, 2012; Sodian et al., 2020). 

These findings mentioned above support the view of conceptual 

continuity from preverbal psychological reasoning in infancy to explicit verbal 

reasoning about mental states at 4–5 years (Sodian et al., 2020). False belief 

understanding development seems to involve the enrichment and increasing 

stability of core conceptual understanding, rather than fundamental shifts 

(Sodian, 2004; Sodian et al., 2024). These findings also lend support to dual-

system theory, which, along with developmental enrichment accounts, will be 

discussed in subsequent sections. 

Two-system accounts 

Two-system accounts grant infants a minimal capability for reasoning 

about mental states and assume that implicit and explicit false belief 

understanding develop independently (Apperly & Butterfill, 2009; Butterfill & 

Apperly, 2013; De Bruin & Newen, 2012; Fizke et al., 2017; C. D. Frith & Frith, 
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2008; Grosse Wiesmann et al., 2020; Low et al., 2016; Low & Watts, 2013; 

Sodian, 2011; Wellman, 2014). They propose that success at implicit false belief 

tasks is distinct from, and considerably more primitive than, the late-developing 

system that emerges around age 4 and enables success at explicit false belief 

tasks. Aligned with dual-process theories in other cognitive domains (e.g., 

Evans & Stanovich, 2013), an early-developing, less cognitively demanding, 

automatic, and possibly implicit system coexists with a later-developing, more 

demanding, yet flexible system. The early system allows infants to predict false 

belief scenarios correctly, while the later system facilitates flexible verbal 

attribution of false beliefs across various situations. 

The early-developing system for implicit false belief understanding does 

not represent false beliefs directly; instead, it tracks belief-like registrations. 

When an agent encounters an object, its location and properties are registered. 

By tracking this registration—even if it becomes outdated during the agent’s 

absence—the early system can predict the agent’s actions, such as searching 

for a toy where it was last registered (Low et al., 2016; Scott et al., 2022). 

Butterfill and Apperly (2013) argued that infants do not track propositional 

attitudes (e.g., beliefs) but track “simpler, relational mental states” that 

correspond with propositional attitudes. Implicit false belief understanding 

develops early, operates unconsciously, and functions in spontaneous and 

indirect tasks. It involves a basic Theory of Mind, which represents mental 

states beyond perception-goal reasoning but does not yet include belief-desire 

psychology. In contrast, explicit false belief understanding—representing a fully 

developed meta-representational Theory of Mind—emerges later, relying on 

language and executive function, and operates explicitly and consciously.  

In the TOMII/TOMEC study, implicit and explicit false belief tasks showed 

different relationships with executive functions (Sodian et al., 2020). Explicit 

false belief understanding was found to be associated with executive functions, 
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while implicit false belief understanding showed no correlation with executive 

function tasks administered between ages 2 and 5 (Sodian et al., 2020). 

Moreover, the correlation between explicit false belief understanding and 

executive functioning was independent of implicit false belief understanding 

(Kloo et al., 2020). Grosse Wiesmann et al. (2017a) also found that explicit false 

belief performance correlated with executive functions and syntactic abilities, 

whereas implicit false belief did not. The clear differentiation between implicit 

and explicit false belief processing concerning executive functions challenges 

the idea of a single neurocognitive mechanism instead of supporting a 

moderate two-system account (Sodian et al., 2020). 

The two-system account is also supported by evidence from the neural 

level. A study by Grosse Wiesmann et al. (2020) using the functional magnetic 

resonance imaging (fMRI) technique found that explicit false belief 

understanding was associated with cortical surface area and thickness in 

several right-hemispheric regions, including the precuneus, posterior middle 

temporal gyrus (MTG), and TPJ. In contrast, implicit false belief understanding 

was linked to a distinct neural network, particularly the right supramarginal 

gyrus (SMG). These findings suggest the possibility of two systems for 

reasoning about mental states: a more mature, explicit false belief 

understanding emerging around age 4, and an earlier-developing implicit false 

belief understanding. Grosse Wiesmann et al. (2020) and other studies (e.g., 

Bardi et al., 2016; Boccadoro et al., 2019; Hyde et al., 2018) provide preliminary 

evidence that right-hemispheric regions are involved in Theory of Mind, with 

distinct areas supporting implicit and explicit false belief understanding. Further 

research, particularly in younger children, is needed to clarify the 

developmental trajectories of these neural systems. 
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Developmental enrichment accounts 

In addition to conceptual continuity accounts and dual-system theories, 

a moderate perspective posits that developmental enrichment occurs between 

infants’ implicit false belief understanding and explicit false belief understanding 

at 4 years of age (e.g., Symeonidou et al., 2024). Developmental enrichment 

theory is a heterogeneous category of theory, suggesting that the Theory of 

Mind originates in infancy and involves developmental change. While infants 

do not possess a fully developed Theory of Mind, even in its rudimentary or 

preconceptual forms, they do possess foundational abilities—such as statistical 

learning (Ruffman et al., 2012) and shared intentionality in joint attention 

(Tomasello, 2018) — that establish the basis for the later development of a 

Theory of Mind. 

Ruffman and colleagues (Ruffman, 2014; Ruffman et al., 2012) propose 

that statistical learning serves as a foundation for Theory of Mind in children. 

Infants possess an innate ability for statistical learning, and their interest in 

faces and animate motion, combined with maternal input, enables them to learn 

about mental states (Ruffman et al., 2012). This early ability to detect the 

statistical structure of stimuli and monitor others’ visual perception allows 

infants to form an implicit understanding of others’ behavior. Over time, this 

implicit understanding may develop into an explicit Theory of Mind through 

executive function and language-based social and communicative interactions 

(Devine & Hughes, 2014; Symeonidou et al., 2024; Tomasello, 2018). 

The shared intentionality theory emphasizes social and communicative 

interactions with others as the primary drivers of developmental change of false 

belief understanding (Tomasello, 2018). According to this theory, the evolution 

of explicit false belief understanding begins with the coordination of 

perspectives during joint attention in infancy, leading to an explicit 

understanding of belief by preschool age (Tomasello, 2018). Conventional 
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language facilitates the public expression of mental content, making it 

accessible for joint attention (Schüler et al., 2024b). Through joint attention, 

individuals can appreciate differing perspectives. When discussing truth-

bearing propositions, conflicting perspectives may arise, which do not always 

align with objective reality. As children develop an understanding of objective 

perspectives, such discourse helps them distinguish between subjective views 

(e.g., appearance, belief) and objective facts (e.g., truth, reality). For example, 

the TOMII/TOMEC study found that declarative joint attentional skills at 12 

months—where infants pointed to an object outside the experimenter’s view—

predicted false belief understanding at 50 months, irrespective of imperative 

pointing or broader cognitive functioning (Sodian et al., 2020). This specificity 

was further supported by neural evidence (Kühn-Popp et al., 2016). 

In addition, the false belief understanding observed in infants and 

toddlers gradually develops into its adult form, potentially through conceptual 

enrichment and enhanced integration with executive control (Carruthers, 2013, 

2016). Recent research supports this perspective. In a study by Sodian et al. 

(2024), performance on a specialized location false belief task—focusing on the 

causal relationship between beliefs and action—was predicted solely by 

executive function, suggests that developmental progress in executive 

functions plays a crucial role in forming a robust understanding of the causal 

link between beliefs and action. This interpretation aligns with the 

developmental enrichment perspective, indicating that changes in executive 

function contribute incrementally rather than fundamentally to false belief 

understanding.  

1.2.3. Evidence of longitudinal relationships between implicit and 

explicit false belief understanding 

The implicit false belief paradigm reveals early false belief understanding 

in infants and toddlers through cross-sectional analyses of spontaneous 
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response. Based on the emergence of implicit false belief understanding, the 

developmental trajectory suggests that implicit understanding precedes explicit 

understanding. However, the relationship between implicit and explicit false 

belief understanding can only be comprehensively examined through 

longitudinal data, which accurately reflects the developmental sequence. 

Furthermore, longitudinal studies tracking the development of false belief 

understanding from infancy to early childhood provide crucial evidence for 

theoretical accounts of early and later false belief understanding. Although rare, 

some studies assessed children’s implicit and explicit false belief understanding 

at least twice over intervals of months or years (Kloo et al., 2020, 2022; Low, 

2010; Poulin-Dubois, 2020; Poulin-Dubois et al., 2023; Sodian et al., 2016, 

2024; Thoermer et al., 2012). These studies provide valuable longitudinal 

evidence, with some revealing correlations between implicit and explicit false 

belief understanding, though other studies did not find these results. 

In a comprehensive longitudinal study, researchers assessed both 

implicit and explicit false belief understanding, along with executive function and 

other general cognitive abilities, from infancy through age 6 (see Sodian et al., 

2020, for a review). Three studies that utilized data from this longitudinal sample 

reported consistent findings regarding the early Theory of Mind (Kloo et al., 

2020, 2021; Sodian et al., 2016; Thoermer et al., 2012). For example, belief-

based anticipatory looking at 18 months significantly predicted verbal false 

belief reasoning at 48 months, independent of verbal IQ (Thoermer et al., 2012). 

Moreover, implicit false belief understanding at 18 months was correlated with 

explicit understanding between ages 4 and 5 (Kloo et al., 2020), whereas 

explicit false belief understanding—but not implicit understanding—was 

associated with executive function (Kloo et al., 2020, 2022). Additionally, in a 

morally relevant context, implicit false belief understanding at 18 months 

predicted children’s comprehension of the moral intentions of an accidental 
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transgressor at age 5, controlling for both gender and verbal IQ (Sodian et al., 

2016). These findings support the idea that false belief understanding is 

developmentally continuous with a corresponding conceptual system in early 

childhood. 

Recently, an independent longitudinal study2  by Sodian et al. (2024) 

demonstrated that performance on a low-demands false belief task at 33 

months was significantly correlated with performance on a content false belief 

task, as well as with a combined score of location and content false belief tasks 

at 52 months. This correlation remained significant even after controlling for 

both language ability and executive function. Additionally, a nonlinear logistic 

regression analysis examining location false belief performance, with predictors 

including the low-demands false belief task, language ability, and executive 

function, revealed a significant effect of executive function on location false 

belief performance. Furthermore, researchers also found significant 

correlations between early perspective-taking abilities at 27 months of age and 

later false belief understanding and cognitive flexibility at 52 months of age, 

highlighting the importance of early perspective-taking abilities for subsequent 

false belief understanding and flexible cognition (Kloo et al., 2024). These 

findings support the perspective that explicit false belief understanding 

develops continuously from toddlerhood into childhood. Additionally, the results 

suggest that executive function and early forms of perspective-taking play a 

crucial role in children’s explicit false belief understanding, potentially 

supporting both moderate dual-system theory and developmental enrichment 

accounts. 

In a short-term longitudinal study in another laboratory (Low, 2010), 102 

children aged 3 and 4 completed an anticipatory looking task to assess implicit 

 
2  “The role of language in early Theory of Mind development,” Crossing the Borders, 

https://crossing-project.de/, see Kaltefleiter et al., 2021, 2022). 
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false belief understanding, as well as content and location false belief tasks to 

evaluate explicit false belief understanding. A significant correlation between 

implicit and explicit false belief competence was found, independent of age, 

alongside verbal and nonverbal abilities. 

In contrast, two longitudinal studies investigated Theory of Mind during 

infancy and preschool years (Poulin-Dubois et al., 2020, 2023). In infancy, 

Study 1 of Poulin-Dubois et al. (2020) used a violation-of-expectation task, 

whereas Study 2 of Poulin-Dubois et al. (2020) paper and Study 1 of Poulin-

Dubois et al. (2023) used interactive implicit false belief tasks. Neither one of 

these infant false belief studies replicated the original findings. They also did 

not find evidence of longitudinal correlations between 14- and 18-month-olds’ 

performance in the violation-of-expectation false belief task and later explicit 

false belief comprehension at ages 4 to 5, but one significant correlation of false 

belief understanding in an interactive helping task in infancy and an 

understanding of diverse beliefs at ages 4–5. However, these authors could not 

exclude the possibility that infants’ responses to false belief tasks were due to 

chance, and comprehension difficulties with false belief tasks further impacted 

the studies during the preschool years (Sodian, 2023). 

Thus, the findings on the longitudinal relationship between early and 

later false belief understanding abilities present a mixed and inconclusive 

pattern. Therefore, further longitudinal research is necessary, employing 

multiple methods to assess both implicit and explicit false belief understanding 

during infancy. 

1.2.4. Relations between false belief understanding and other cognitive 

abilities  

Developments in other cognitive domains may provide insights into the 

cognitive processes underlying both implicit and explicit false belief 

understanding, as well as their interrelationships. Empirical evidence indicates 
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a strong association between explicit false belief understanding and other 

cognitive abilities, particularly executive function (Carlson et al., 2002; Devine 

& Hughes, 2014) and language abilities (Astington & Baird, 2005; de Villiers & 

de Villiers, 2014; Milligan et al., 2007), suggesting that these cognitive abilities 

play a crucial role in the development of false belief understanding. 

Executive function 

Executive function refers to a set of neurocognitive skills involved in goal-

directed problem solving, including inhibitory control, working memory, and 

cognitive flexibility (Carlson et al., 2013a, 2013b; Sodian & Hülsken, 2014). The 

proximal mechanisms through which executive function contributes to the 

development of false belief understanding vary depending on the theoretical 

perspective. According to the conceptual continuity account (Baillargeon et al., 

2010), traditional explicit false belief tasks require inhibitory control to suppress 

the tendency to respond based on one’s own knowledge, as well as response-

selection skills to choose the correct answer from two options. In contrast, 

implicit false belief tasks place minimal, if any, demands on executive function. 

Therefore, the observed significant correlation between executive function and 

false belief understanding may simply reflect superficial characteristics of the 

explicit false belief tasks rather than underlying conceptual processes (Hughes, 

1998). That is, the executive function might enable the expression of a latent 

false belief understanding; that is, a system for understanding mental states is 

in place, but executive control over responses is needed for children to show 

what they know (Kloo et al., 2020; Leslie & Polizzi, 1998; Moses, 2001). 

According to the expression account, executive demands may hinder young 

children from effectively demonstrating their understanding of others’ minds. 

Supporting this view, Setoh et al. (2016) found that when inhibitory-control and 

response-generation demands were reduced by proper experiment design (see 

Section 1.2.1.1), 2.5-year-old children performed reliably above chance on the 
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standard false belief test. Additionally, a recent study by Sodian et al. (2024) 

indicated that the longitudinal predictive relationship between performance on 

the low-demands false belief task at 33 months and performance on high-

demand false belief tasks at 4 years—after controlling for executive function 

and language—further supports the expression account. 

In addition to the conceptual continuity and expression account, the 

relationship between executive function and false belief understanding aligns 

with the moderate emergence and developmental enrichment accounts, which 

posit that executive function is essential for the developmental emergence of 

false belief understanding. For example, Kloo et al. (2020) found intrinsic 

developmental links between implicit and explicit false belief understanding in 

children aged 18 to 70 months, independent of verbal ability and executive 

function, and observed that only explicit false belief understanding was 

significantly correlated with verbal IQ and executive function. These findings 

support theories that implicit false belief understanding evolves into explicit 

false belief reasoning through language and executive control development 

(Kloo et al., 2020). Further, Sodian et al. (2024) found that performance on a 

specialized false belief task focusing on the causal impact of beliefs on actions 

was predicted solely by executive function. Another longitudinal study on the 

relationship between executive function and explicit false belief reasoning 

found that early executive function predicts later false belief task performance 

but not the reverse (Carlson et al., 2004; Marcovitch et al., 2015).  

Language 

The emergence account posits that the development of general 

language competence—including syntactic, semantic, and pragmatic 

capacities—is essential for behavioral Theory of Mind competence in both 

neurotypical and neuroatypical children (Astington & Baird, 2005; Harris et al., 

2005). Supporting this view, a meta-analysis by Milligan et al. (2007) 
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demonstrated that language abilities in neurotypical children aged 3 to 6 predict 

explicit false belief understanding, even after controlling for age, whereas the 

reverse relationship does not hold. Furthermore, well-controlled training studies 

involving language-based interventions for children aged 3 to 5 showed 

significant improvements in false belief understanding (Gola, 2012; Hofmann et 

al., 2016). In recent years, an ongoing debate has focused on which aspects of 

language are most critical for children’s acquisition of false belief understanding. 

Notably, it has been hypothesized that mastery of complement syntax is closely 

related to explicit false belief understanding (de Villiers & Pyers, 2002; Grosse 

Wiesmann et al., 2017a; Kaltefleiter et al., 2021). Complement syntax involves 

replacing the object in a sentence with a subordinate clause, creating a 

structure in which the sentence as a whole can be true even if the main clause 

is false—specifically, the linguistic construction needed to express a false belief 

(e.g., “Leo thinks that the ball is in the box”). Empirical studies support this 

hypothesis. For example, research found that children’s sensitivity to 

complement syntax is correlated with their early explicit false belief 

understanding (Grosse Wiesmann et al., 2017a; Kaltefleiter et al., 2021; Low, 

2010), whereas implicit false belief tasks appear less dependent on language 

(Kulke & Rakoczy, 2019). However, contrasting evidence is provided by a study 

conducted by Meristo et al. (2012), which found that deaf infants of hearing 

parents performed significantly worse on an anticipatory looking false belief 

task compared to hearing children. Furthermore, Pyers and Senghas (2009) 

reported an extreme case involving deaf children who grew up with limited or 

no exposure to conventional sign language; these individuals failed 

nonlinguistically administered false belief tasks even in adulthood. These 

findings suggest that early language input is important not only for explicit but 

also for early non-verbal implicit false belief understanding, lending support to 

both the emergence account and the developmental enrichment account of 
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early false belief understanding. However, the specific mechanisms by which 

language contributes to explicit and implicit false belief understanding remain 

to be clarified. 

1.3. False belief understanding in the brain 

False belief understanding is used as the prototypical problem for Theory 

of Mind (Fletcher et al., 1995; Gallagher et al., 2000). Research on false belief 

understanding has become a fascinating area of focus for both behavioral and 

neuroscientific studies. While earlier approaches to exploring false belief 

understanding were primarily motivated by cognitive science theories, recent 

approaches sought a neuroscientific base to enrich and expand these cognitive 

theories. In the last two decades, we learned a lot about the neural 

underpinnings of false belief understanding (e.g., Mahy et al., 2014; Mars et al., 

2012a; Schneider et al., 2017; Schurz et al., 2014, 2021; Wellman, 2014). 

These neural findings provide valuable insights that can inform and refine 

cognitive theories.  

Since the 1990s, researchers attempted to identify neural correlates of 

mentalizing processes in a broader context by comparing mentalizing tasks with 

physical conditions (e.g., Fletcher et al., 1995; Goel et al., 1995). For instance, 

Fletcher et al. (1995) conducted a study in which adult participants underwent 

positron emission tomography (PET) scans while reading stories that required 

either mental state reasoning or physical state reasoning. In a parallel study 

conducted the same year, Goel et al. (1995) examined participants as they 

engaged in a different type of mental state reasoning. They inferred functions 

based on the forms of both familiar and unfamiliar objects while considering the 

knowledge and rationality of another mind regarding these objects’ functions. 

Both studies revealed a distinct set of brain regions, particularly the medial 

prefrontal cortex (MPFC), posterior superior temporal sulcus (STS), and 

posterior cingulate cortex (PCC), which were activated when participants 
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reflected on others’ mental states (Fletcher et al., 1995; Goel et al., 1995).  

A body of cumulative research has sought to explain the mechanisms 

underlying false belief understanding, which is assumed to be an acid test of 

Theory of Mind (e.g., Saxe, 2009; Saxe & Kanwisher, 2003; Schurz et al., 2014, 

2021; Schuwerk et al., 2014). Since 2000, neuroimaging studies focusing on 

belief reasoning frequently employed false belief stories or cartoons, 

contrasting them with sequences of events that do not involve mentalizing 

processes, such as true-belief scenarios, false-photograph tasks, or physical 

and mechanical reasoning (Grèzes et al., 2004; Saxe et al., 2004a; Saxe & 

Kanwisher, 2003; Sommer et al., 2007, 2010; Vogeley et al., 2001). The 

functional neuroimaging studies with neurotypical adults and older children 

converged to identify specific regions of the brain and cognitive processes 

associated with false belief understanding (Amodio & Frith, 2006; Carrington & 

Bailey, 2008; C. D. Frith & Frith, 1999, 2006; Gallagher & Frith, 2003; Gobbini 

et al., 2007; Saxe, 2009; Saxe et al., 2004a, 2004b; Schurz et al., 2014, 2021; 

Van Overwalle, 2009).  

Schurz et al. (2014, 2021) conducted a meta-analysis of neuroimaging 

studies on Theory of Mind, categorizing tasks based on stimuli and instructions. 

Across all task types, consistent activation was observed in the MPFC and the 

temporoparietal junction (TPJ). These areas significantly overlap with regions 

implicated in mental state attribution, self- and other-related processing, and 

socio-affective functions (Gweon & Saxe, 2013; Molenberghs et al., 2016; 

Schurz et al., 2014). Moreover, research showed that regions of the default 

mode network3 are also engaged during mental state reasoning tasks (Amft et 

al., 2015; Mars et al., 2012b; Schilbach et al., 2012). This evidence supports 

the concept of a core network for Theory of Mind, which is consistently activated 

 
3 The default mode network is often identified in studies examining spontaneous brain activity 

during the resting state (e.g., M. D. Fox et al., 2005; Raichle et al., 2001). 
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when reasoning about mental states, regardless of task or stimulus format 

(Leslie et al., 2004; Leslie & Thaiss, 1992). Empirical studies over the past two 

decades further showed that in neurotypical adults and older children, false 

belief understanding is supported by a mentalizing network that includes the 

MPFC (e.g., Sommer et al., 2010; Tholen et al., 2020; Young & Saxe, 2009) 

and TPJ (e.g., Grosse Wiesmann et al., 2020; Özdem et al., 2017; Perner et 

al., 2006), both of which are integral to the neural circuitry for false belief 

reasoning (see Figure 5 and Table 3). The following sections will review the 

specific contributions of frontal and temporoparietal activity to understanding 

false beliefs.  

 

Figure 5. Depiction of the neural regions comprising the Theory of Mind 

network (Wellman, 2014, p. 229). 

1.3.1. The role of frontal activity in false belief understanding 

Numerous studies reported brain activity associated with false belief 

understanding in the MPFC and adjacent areas (e.g., Amodio & Frith, 2006; 

Stuss, 2001). These findings emphasize the involvement of frontal regions 

when participants reason about others’ beliefs that differ from reality. The MPFC 

may contribute to false belief understanding through various mechanisms, 
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including decoupling processes, the mirror neuron system, and the default 

mode network. Furthermore, studies of pathologies may offer additional insights 

into the underlying processes involved. 

The MPFC is hypothesized to be involved in decoupling mechanisms, 

which were originally introduced into Theory of Mind research by Leslie (1987) 

and involve processing a mental state independently of the actual state of 

reality (Gallagher & Frith, 2003) (see Section 1.1.2 “Modular theory” for more 

details). One approach to exploring neural activity associated with the 

decoupling mechanism involves contrasting false belief reasoning with true 

belief reasoning, as false beliefs require reasoning about mental states 

independent of actual reality, unlike true beliefs. For instance, in the study by 

Grèzes et al. (2004), when participants judged actions that reflected a false 

belief, activation was observed in the medial prefrontal cortex (MPFC), 

suggesting this activation represents a mismatch between perceived actions 

and predicted outcomes derived from simulation. Similarly, Sommer et al. (2007) 

reported MPFC activity during false belief reasoning using the “Sally Anne 

Scenario.” Although Sommer et al. (2007) found MPFC activity linked to false 

belief processing, they suggested this activity might be related to both 

monitoring the agent’s actions (Amodio & Frith, 2006) and processing the child’s 

mental representation independently of stimuli (Gilbert et al., 2006). Additionally, 

Van der Meer et al. (2011) found that both self-perspective taking and motor 

response inhibition elicited MPFC activation, suggesting that the MPFC may 

serve as a shared neural mechanism for inhibition in both complex social 

contexts and basic motor responses. 

Moreover, the role of frontal sites in false belief understanding may 

involve the human “mirror-neuron system,” a homolog primarily located in the 

premotor cortex, inferior frontal gyrus (IFG), and inferior parietal lobule (IPL) 

(Fogassi et al., 2005; Iacoboni, 2005; Rizzolatti & Craighero, 2004). This 
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system is potentially involved in understanding actions and associated with 

mental states by activating one’s own mirror-neuron system to simulate the 

observed actions and facial expressions. Some researchers proposed that the 

frontal sites in the mirror-neuron system support Theory of Mind. However, 

others argue that the mirror-neuron system is responsible for observing and 

matching actions, possibly for imitation, without directly inferring others’ mental 

states (Meltzoff & Decety, 2003). 

The critical role of the frontal area in false belief understanding is further 

supported by the studies of pathologies. Indeed, these studies indicate that 

frontal lobe damage, including damage to the dorsolateral frontal cortex and 

right ventral MPFC, is associated with impairments in false belief understanding 

(Happé et al., 2001; Rowe et al., 2001; Shamay-Tsoory et al., 2005; Stuss, 

2001). For example, findings from Shamay-Tsoory et al. (2005) indicate that 

lesions in the right ventral MPFC are associated with the most pronounced 

deficits in Theory of Mind, highlighting the critical role of the right ventral MPFC 

in integrating various processes underlying Theory of Mind, thereby facilitating 

the development of affective Theory of Mind. 

1.3.2. The role of temporoparietal activity in false belief understanding 

In addition to the role of MPFC activity in false belief understanding, the 

TPJ has also been identified as one of the core areas in the mentalizing network, 

which is involved in processing social information (e.g., Frith & Frith, 2006; 

Samson et al., 2004; Saxe & Kanwisher, 2003). The TPJ is generally defined 

as an area at the border between the temporal and parietal lobes surrounding 

the ends of the Sylvian fissure (Schurz et al., 2014). Several neuroimaging 

studies reported heightened activation in the TPJ when participants engage 

with verbal narratives or pictorial cartoons that require inferences about a 

character’s false beliefs, compared to physical control stimuli (e.g., Aichhorn et 
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al., 2006; Heil et al., 2019; Özdem et al., 2017; Perner et al., 2006; Saxe & 

Kanwisher, 2003).  

The role of the TPJ within the mentalizing network remains a topic of 

ongoing debate, despite consistent findings of its activation in studies 

investigating false belief reasoning. Some authors suggest that the TPJ is 

involved primarily in the perception-based processing of social information that 

supports false belief reasoning rather than being directly involved in the 

reasoning process itself (Gallagher & Frith, 2003; Hillebrandt et al., 2014; 

Moessnang et al., 2017). For example, using fMRI data from spontaneous 

mentalizing tasks with animated triangles, Hillebrandt et al. (2014) found that 

when movements elicited intentionality, connectivity increased between V5—a 

region responsible for motion detection—and the pSTS within the TPJ, which 

processes biological motion. Similarly, Moessnang et al. (2017) observed 

comparable pSTS-visual area coupling using the same task, supporting the 

view that the TPJ/pSTS receives signals from low-level sensory regions. 

However, two studies involving patients with lesions in the TPJ provided 

evidence against this suggestion. Apperly et al. (2004) and Samson et al. (2004) 

reported that damage to the TPJ leads to selective deficits in false belief 

reasoning, while other cognitive and executive domains remain intact. 

Furthermore, in neurotypical individuals, Young et al. (2010) demonstrated that 

transcranial magnetic stimulation (TMS) of the right TPJ affects belief reasoning. 

After TMS, participants showed an impaired ability to consider a person’s intent 

to harm when making moral judgments about acts of violence. Moreover, some 

suggested that the TPJ is specifically involved in thinking about another 

person’s thoughts (e.g., Perner et al., 2006; Saxe & Powell, 2006), although the 

area has also been found to be active during more general attention-related 

tasks, which has inspired alternative theories about its functions. For instance,  

Perner et al. (2006) found that the right TPJ is involved in computing mental 
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states that create a perspective difference, such as a person’s false belief that 

contrasts with the state of reality. Sommer et al. (2007) also observed 

differential brain activity for false over true belief reasoning, thus arguing a 

specific right TPJ role in belief reasoning. The activation of the TPJ may be 

related to the computation of mental representations that create perspective 

differences, such as a person’s false belief that contrasts with reality, 

suggesting a central role in the decoupling mechanism. On the other hand, the 

right TPJ is also argued to be involved in general belief reasoning, 

encompassing both true and false beliefs (Saxe, 2009; Saxe & Kanwisher, 

2003). By contrasting true and false belief reasoning with a non-mental control 

task (false photograph task), Aichhorn et al. (2009) observed right TPJ activity 

for both belief tasks, supporting the assumption of right TPJ involvement in 

general belief reasoning. 

In addition, it has been proposed that distinct clusters exist within the 

TPJ, with one cluster being involved in attentional processes and the other in 

social cognition (Krall et al., 2015). The TPJ appears to be primarily implicated 

in the reorientation of attention and is also activated during tasks involving 

social cognition, as such tasks inherently require attentional reorientation along 

with other domain-general processes (Dugué et al., 2018; Geng & Vossel, 

2013). For example, Krall et al. (2015) demonstrated that continuous theta burst 

stimulation applied to the TPJ disrupted both attentional control in a spatial 

cueing paradigm and mentalizing in a false belief task, with a positive 

correlation between the effects on both tasks. Schuwerk et al. (2017, 2021) 

adapted a spatial cueing paradigm to make another person’s mental state task-

relevant by manipulating participants’ beliefs about the cue’s origin. They 

identified two distinct subregions within the right TPJ—the STS and the SMG—

both of which were responsive to attentional cueing and social context 

manipulation. Gallagher & Frith (2003) suggest that the STS may be involved 



Chapter 1 

 56 
 

in false belief understanding because it is associated with more general 

processing of biological and autobiographical memory retrieval. These findings 

suggest that the right TPJ may be involved in both attentional control and 

Theory of Mind networks, with its function shaped by context-dependent 

coupling with the respective network. 

 

Interim summary on the role of frontal and temporoparietal activity in 

Theory of Mind: In adults, the MPFC and TPJ are primarily functionally 

associated with false belief reasoning and show strong preferential activation 

when individuals consider the mental states of others. However, findings from 

adult studies primarily focus on the neural mechanisms underlying Theory of 

Mind in fully developed individuals and cannot elucidate the brain and cognitive 

processes involved at earlier developmental stages (Wellman, 2018). Thus, 

prior neuroimaging studies in adults leave critical questions unanswered 

regarding the early development of Theory of Mind. Over the past two decades, 

methodological advancements have enabled researchers to directly assess 

activity in brain regions associated with Theory of Mind during early childhood 

and infancy (e.g., Quesque et al., 2024; Schurz et al., 2021; Schuwerk, Kampis, 

et al., 2021). These studies started to bridge the gap between the extensive 

knowledge of early behavioral development in false belief understanding and 

the mature neural profile underlying false belief reasoning. Furthermore, they 

offer accumulating evidence that mentalizing brain regions operate as an 

integrated network, displaying preferential responses for processing mental 

states from an early stage of development (Richardson & Saxe, 2020a, 2020b). 

1.3.3. False belief understanding in children’s brain 

A fundamental gap in previous empirical research and theoretical 

discussions on the neural foundations of false belief understanding is the 

scarcity of developmental data and limited consideration of developmental 
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trajectories. The majority of neuroimaging studies focused on autistic 

populations and neurotypical adult subjects, using structural and functional MRI. 

However, data concerning the development of the neurotypical brain in relation 

to false belief understanding remain notably sparse (Beaudoin et al., 2020; S. 

Li et al., 2023; Rakoczy, 2022). To date, most neuroimaging research on the 

development of false belief understanding in children has primarily targeted 

older children, aged 6–12 years, an age range when this cognitive ability is 

already well-established (e.g., Gweon et al., 2012; Kobayashi et al., 2007a, 

2007b; Saxe et al., 2009; Sommer et al., 2010). To address critical unresolved 

questions about the neural development of false belief understanding, 

researchers must conduct studies assessing mentalizing network activity in 

children under the age of 6 (Grosse Wiesmann et al., 2020, 2017b; Hyde et al., 

2018; Moraczewski et al., 2018; Richardson et al., 2018). Although some initial 

studies have begun to explore this area, the existing evidence concerning very 

young children remains insufficient (Richardson & Saxe, 2020a). 

Several initial studies have found that children aged 6 to 12 years, like 

adults, preferentially recruit the bilateral MPFC and TPJ when reasoning about 

the minds of others (e.g., Gweon et al., 2012; Kobayashi et al., 2007a, 2007b; 

Saxe et al., 2009; Sommer et al., 2010). For example, Kobayashi et al. (2007a) 

presented verbal and non-verbal second-order false belief tasks to children 

aged 8 to 12 years and to adults. Both age groups exhibited significant activity 

in the TPJ and the right IPL in a modality-independent manner, suggesting that 

these regions play a crucial role in Theory of Mind across both childhood and 

adulthood, regardless of the modality (Kobayashi et al., 2007a). Furthermore, 

Saxe et al. (2009) and Gweon et al. (2012) found evidence of increasing 

response selectivity in the right TPJ for situations requiring the attribution of 

thoughts to other agents or when listening to descriptions of characters’ mental 

states, compared to descriptions of physical events. This increasing selectivity 
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continues throughout childhood (ages 6 to 11), suggesting that the TPJ, which 

is critical for attributing mental states, becomes progressively more efficient and 

specialized in its functioning during childhood. However, Sommer et al. (2010) 

compared false and true belief reasoning in children (ages 10-12) and adults 

using cartoon stories depicting unexpected transfers. Both groups showed 

activation in the dorsal MPFC during false belief reasoning. Unlike adults, 

children did not selectively recruit the right TPJ and exhibited greater activation 

in the right rostral prefrontal cortex and PCC. These findings suggest that the 

cortical network supporting false belief reasoning undergoes significant 

developmental changes. Nevertheless, the youngest children participating in 

these studies were at least 6 years old, whereas the developmental age range 

of explicit and implicit false belief understanding (e.g., Onishi & Baillargeon, 

2005; Wellman et al., 2001; Wimmer & Perner, 1983) plausibly indicates that 

cortical regions supporting Theory of Mind may already be functioning in 

toddlers or even infants, emerging well before the ages previously studied. 

Further studies involving younger children would provide a clearer picture of the 

development of the neurobiological underpinnings of false belief understanding. 

Some neuroimaging studies have explored the early sensitivity to mental 

states in infants and toddlers, though such studies remain limited. For example, 

Richardson et al. (2018) and Moraczewski et al. (2018) recorded fMRI 

responses in children (ages 3-6) while they viewed wordless animated films. 

The time course of the mentalizing network in these children showed a 

significant correlation with that of adults but not with other control networks. 

Furthermore, Hyde et al. (2018) found that even in 7-month-olds, the right TPJ 

showed preferential activation during false belief sequences, especially when 

the target person returned to retrieve an object. Notably, the response in infants 

was strikingly similar to that observed in adults (Hyde et al., 2015), suggesting 

that similar mental state processing, supported by the mentalizing network, 
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occurs from infancy through adulthood.  

Additionally, Richardson et al. (2018) found that Theory of Mind brain 

regions showed significantly stronger correlations in children who passed than 

in those who failed false belief tasks. However, these within-network 

correlations did not remain significant after controlling for age. It is possible that 

correlations within the mentalizing network are particularly important for, or 

indicative of, mentalizing abilities in young children. These findings are 

consistent with the following two studies. First, Grosse Wiesmann et al. (2017b) 

used diffusion tensor imaging to examine white matter connections related to 

Theory of Mind development in young children. They observed increased 

connectivity in tracts surrounding key mentalizing regions, such as the MPFC 

and TPJ, in 3- and 4-year-olds who experienced a developmental breakthrough 

in false belief understanding. Second, Xiao et al. (2019) found that resting-state 

connectivity within the TPJ correlated with Theory of Mind abilities, as assessed 

by a parent questionnaire, in children aged 4 to 8 years. These studies 

collectively suggest that the functional activity and structural connectivity of the 

mentalizing network are associated with Theory of Mind abilities from an early 

age, highlighting the critical role of this specialized network in the cognitive 

development of young children. 

Besides that, to date, three neuroimaging studies have compared the 

implicit and explicit false belief understanding in children (Grosse Wiesmann et 

al., 2020; Kobayashi et al., 2007a; Schüler et al., 2024a). Explicit false belief 

understanding elicited more brain activity in the right MTG and left STG/STS in 

all participants compared to implicit false belief understanding (Kobayashi et al., 

2007a), but for children, there was no significant difference in neural activity 

between implicit and explicit false belief understanding. However, Grosse 

Wiesmann et al. (2020) found some preliminary evidence of two neural systems 

for thinking about others’ thoughts in 3- and 4-year-old children. Grosse 
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Wiesmann et al. (2020) linked false belief understanding in 3- to 4-year-olds to 

cortical surface area and thickness maturation. They found that explicit false 

belief reasoning was supported by cortical structures in the precuneus and TPJ, 

regions also involved in adult false belief understanding. In contrast, implicit 

false belief reasoning was linked to a subregion of the TPJ—the SMG—which 

is associated with emotional perspective taking, action observation, and social 

attention. Further, Schüler et al. (2024a) revealed a ventral network for implicit 

false belief understanding and a dorsal network for explicit false belief 

understanding. Implicit false belief understanding abilities are linked to the 

maturation of ventral fiber tracts in the salience network, which is involved in 

bottom-up social attention, suggesting that young children may adopt 

perceptual, social cues to predict agents’ actions (Schüler et al., 2024a). 

Conversely, explicit false belief understanding performance correlates with the 

maturity of the arcuate fascicle and cingulum, which connect to the default 

network, engaged in higher-order social cognition. These neural dissociations 

between implicit and explicit false belief understanding suggest two systems for 

reasoning about others’ minds, with explicit understanding emerging around 

age 4, while implicit understanding relies on earlier socio-cognitive processes. 

Considering the inconsistency between these studies, further evidence on the 

potential neural basis for the differences between implicit and explicit false 

belief understanding should be conducted (see Study 2 in this dissertation).   

The results of neuroimaging studies have sought to “localize” the neural 

regions involved in false belief reasoning with high spatial resolution. However, 

due to the limited temporal resolution of neuroimaging techniques, these 

studies cannot clarify how these regions engage in the detailed, nuanced 

cognitive processes underlying false belief understanding. Addressing 

questions about the cognitive processes involved, therefore, requires EEG 

studies, which provide higher temporal precision (Sabbagh, 2013). Identifying 



Chapter 1 

 61 
 

an electrophysiological marker for false belief reasoning is essential for three 

reasons. First, ERP techniques offer a significant advantage by precisely 

characterizing the timing of specific neurocognitive processes, yielding insights 

into the task-dependent neurophysiological foundations of false belief 

understanding. Second, beyond task-dependent ERP, task-independent EEG 

methods can offer deeper insights into the potential causal relationship between 

baseline brain activity and the development of false belief understanding. Third, 

numerous theories currently seek to explain the cognitive mechanisms 

underlying false belief reasoning in young children (e.g., Baillargeon et al., 2016; 

Doherty & Perner, 2020; Sodian et al., 2020; Sodian & Kristen, 2016). Exploring 

potential electrophysiological markers for false belief reasoning could be 

instrumental in refining theoretical frameworks and guiding future research in 

this intriguing area. 
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Table 3. A summary of the results from neuroimaging studies investigating the neural correlates of false belief understanding. 

ID Research 
Participant
s 

Task type MPFC IFG SMG ACC 
Motor 
cortex 

Paracingulate PC/PCC TL MTG TPJ IPL Amygdala 
Occipital 
cortex 

1 
(Grosse Wiesmann 
et al., 2020) 

C Verbal       1  1-R 1-R    

2 C Nonverbal   1-R    1-L       

3 
(Boccadoro et al., 
2019) 

A Nonverbal 1-R 1-L 1-R      1-R  1   

4 (Heil et al., 2019) A Verbal  1-R 1-R   1-L 1-L 1  1 1   

5 
(Hughes et al., 
2019) 

A Verbal 1  1-R    1-R 1-R  1   1 

6 
(Moraczewski et 
al., 2018) 

C Nonverbal 1         1    

7 (Hyde et al., 2018) C Nonverbal          1    

8 (Oliver et al., 2018) A Verbal 1      1 1  1    

9 
(Grosse Wiesmann 
et al., 2017b) 

C Nonverbal 1-R      1-R  1-L 1-R    

10 
(Naughtin et al., 
2017) 

A Nonverbal 1-L      1 1-R  1-R    

11 (Özdem et al., 
2017) 

A Nonverbal       1   1-R    

12 A Verbal 1-R        1-R     

13 
(S. M. Lee & 
McCarthy, 2016) 

A Verbal 1 1     1 1  1   1 

14 
(Hartwright et al., 
2015) 

A Verbal 1      1 1 1 1   1-L 

15 
(Andrews-Hanna et 
al., 2014) 

A Verbal 1      1 1  1  1  

16 
(Corradi-Dell’Acqua 
et al., 2014) 

A Verbal 1 1     1 1 1 1    

17 
(Contreras et al., 
2013) 

A Verbal 1       1  1    

18 
(Döhnel et al., 
2012) 

A Nonverbal 1 1-L   1-R  1   1    

19 
(Dodell-Feder et 
al., 2011) 

A Verbal 1      1 1-R  1    

20 (J. Lee et al., 2011) A Verbal 1      1-R 1-R  1    

21 (Young et al., 2011) A Verbal 1      1   1    

22 
(Van der Meer et 
al., 2011) 

A Verbal 1-L 1     1  1     
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23 
(Sommer et al., 
2010) 

A & C Nonverbal 1 1-R  1   1    1   

24 
(Young, Dodell-
Feder, et al., 2010) 

A Verbal 1      1   1    

25 (Saxe et al., 2009) C Verbal 1      1   1    

26 
(Aichhorn et al., 
2009) 

A Verbal 1 1-L     1 1-L 1 1    

27 
(Young & Saxe, 
2009) 

A Verbal 1      1 1-R  1    

28 
(Kliemann et al., 
2008) 

A Verbal 1      1   1    

29 
(J. P. Mitchell, 
2008) 

A Verbal 1  1    1   1-R    

30 
(Gobbini et al., 
2007) 

A Verbal 1 1 1 1 1  1 1 1 1 1   

31 
(Kobayashi et al., 
2007a) 

A & C Nonverbal 1-R         1 
1-
R 

 1 

32 
(Sommer et al., 
2007) 

A Nonverbal 1-R   1   1  1-R 1-R 
1-
R 

  

33 (Young et al., 2007) A Verbal 1      1 1-R  1-R    

34 
(Perner et al., 
2006) 

A Verbal  1-R 1-L      1 1    

35 (Saxe et al., 2006) A Verbal 1      1 1-R  1  1  

36 
(Saxe & Powell, 
2006) 

A Verbal 1      1 1  1  1-L  

37 
(Saxe & Wexler, 
2005) 

A Verbal 1      1   1-L    

38 
(Grèzes et al., 
2004) 

A Nonverbal 1     1  1 1    1 

39 
(Saxe & Kanwisher, 
2003) 

A Verbal 1      1 1  1    

40 (Gallagher et al., 
2000) 

A Verbal 1       1  1    

41 A Nonverbal 1           1     1-R       

  Total (41)   35 10 7 3 2 2 32 20 12 35 6 3 5 

  Percent     85 24 17 7 5 5 78 49 29 85 15 7 12 

Note: A = adults; C = children. MPFC = medial prefrontal cortex; IFG = inferior frontal gyrus; ACC = anterior cingulate cortex; PC = precuneus; PCC = posterior cingulate cortex; TL = temporal 
lobes; SMG = supramarginal gyrus; MTG = middle temporal gyrus; TPJ = temporoparietal gyrus; IPL = inferior parietal lobe. L = left hemisphere; R = right hemisphere. 
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1.4. Event-Related Potential (ERP) studies of belief reasoning 

Over the last two decades, significant progress has been made in 

identifying the neural correlates of false belief understanding. One way to 

partially resolve the nuanced cognitive processes involved in false belief 

understanding is to characterize the ‘‘mentalizing network’’ temporally using 

ERP. ERP is widely used as a relatively low-cost (per subject), non-invasive 

technique in cognitive neuroscience that makes few physical demands of study 

participants (Boustani, 2023). Unlike MRI techniques, ERP has a high temporal 

resolution, allowing the millisecond-by-millisecond visualization of brain activity 

(Sabbagh, 2013). Therefore, ERP would be more sensitive to temporal 

variations that may be associated with detailed cognitive processes in false 

belief understanding. ERP signals from individual trials are averaged to extract 

the stable and reliable characteristics of brain responses associated with false 

belief understanding. In recent years, the widespread use of ERP methodology 

has enabled researchers to investigate this question from a cognitive 

neuroscience perspective, leveraging its high temporal resolution (Sabbagh, 

2013). 

1.4.1. ERP paradigms in exploring the neural basis of belief reasoning 

The acquisition of false belief reasoning is considered to be a key 

entailment in Theory of Mind development. The electrophysiological 

mechanisms involved in false belief reasoning have been explored by using 

ERP methodology (Sabbagh, 2013). As Theory of Mind representation requires 

the establishment of a situational context and a narrative to convey the 

knowledge of the agents’ world, a considerable part of the ERP research on 

false belief has focused on implementing a compatible version of the classic 

unexpected transfer task (i.e., Max’s chocolate story, Wimmer & Perner, 1983). 

In terms of paradigm design, previous neurophysiological studies can be 

broadly categorized into two groups based on whether belief reasoning was 
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compared with another mental or non-mental state: belief reasoning vs. non-

mental state processes (e.g., false photo, false sign, and reality understanding), 

and false belief reasoning vs. other mental states reasoning (e.g., true belief, 

desire, and pretense) (see Table 4).  

The first type of research compares neural activity associated with belief 

reasoning to that elicited by non-mental representations, such as reality 

understanding, false photographs, or false signs. For example, Liu et al. (2004, 

2009b) compared ERPs elicited by judgments based on belief reasoning to 

those based on reality for adults and children. The results demonstrated that a 

late waveform peaking around 800 ms post-stimulus—with a frontal scalp 

distribution consistent with a possible source in the orbitofrontal cortex—

differentiated judgments about belief from those about reality. Another closely 

matched control condition for the processing demands of the standard false 

belief task, for example, is the “false photograph” or ‘‘false sign’’ task (Perner & 

Leekam, 2008). The “false photograph” task requires participants to answer 

questions about a past physical representation (i.e., a photograph) that was 

once true but is now false. Similarly, the “false sign” task involves interpreting a 

symbolic representation that misrepresents the current reality (e.g., a sign 

indicating an object is in location A while the object has moved to location B). 

Both tasks serve as tests of domain specificity for brain regions, as they share 

similar cognitive demands with the false belief task but differ in their 

requirement for reasoning about beliefs (Gweon & Saxe, 2013). Any differences 

in neural responses between false belief tasks and false photograph or false 

sign tasks reflect the specific need to consider mental states rather than 

differences in inhibitory or executive demands (Saxe et al., 2009). For instance, 

Sabbagh and Taylor (2000) asked participants to reason belief representations 

and photograph representations. Results showed that neural activity elicited by 

mental representations (beliefs), as compared to non-mental representations 
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(photographs), was characterized by increased focal positivity over frontal 

areas and decreased positivity over parietal areas. In a location transfer false-

sign task, an arrow initially points to location A, where the target object is 

located; however, after the object moves to location B, the arrow continues to 

indicate the original location. Participants are asked to identify the object’s 

location based on the sign (Sabbagh et al., 2006; Zhang et al., 2013). Findings 

revealed that the late slow waveform for false belief was more positive at frontal, 

central, and parietal regions compared to the false sign condition. 

The second kind of research mainly focuses on ERP differences 

between false belief reasoning and other types of mental states, such as desire 

reasoning, pretense, etc. For instance, false belief reasoning differs from true 

belief reasoning (e.g., Chen et al., 2012; Geangu et al., 2013; Meinhardt et al., 

2011; Zhang et al., 2013), desire reasoning (Bowman et al., 2012; Liu et al., 

2009a), and pretense (Kühn-Popp et al., 2013; Meinhardt et al., 2012). Bowman 

et al. (2012) and Liu et al. (2009a) investigated the neural correlates of belief 

reasoning, desire reasoning, and a physical control condition in adults and 

children. They found that mid-frontal scalp activations were associated with 

both belief and desire reasoning, but analyses using only correct trials revealed 

selective right-posterior activations specific to belief reasoning. Kühn-Popp et 

al. (2013) and Meinhardt et al. (2012) explored the neural basis of false belief 

reasoning, pretense, and reality, which are assumed to reflect the decoupling 

mechanism of meta-representation. Results revealed late anterior activation 

(600–900 ms) for false belief reasoning, likely reflecting the decoupling 

mechanism in meta-representation. Temporal and topographic differences 

between false belief and pretense suggest distinct neural substrates, 

challenging meta-representational interpretations of pretense (Kühn-Popp et al., 

2013; Meinhardt et al., 2012). 
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Besides, Directly comparing false belief and true belief conditions is an 

effective method to investigate the specificity of false belief reasoning by 

contrasting scenarios that capture the core of false belief understanding 

(Meinhardt et al., 2011). This comparison involves assessing a condition where 

an individual’s mental state is independent of reality (false belief) against one 

where it aligns with reality (true belief) (Perner, 1991). The advantage of this 

comparison lies in the fact that both conditions require action prediction or 

explanation. Meinhardt et al.’s (2011) study narrated a story via an ERP 

paradigm according to the “Sally Anne Scenario” (Baron-Cohen et al., 1985) in 

which participants watched a scene in which an agent forms a mental state 

(such as a true or false belief); the participant was shown the agent acting in 

accordance with their belief (expected) or not acting in that way (unexpected). 

In the task, participants viewed a sequence of images depicting two children 

(e.g., Betty and Nick) and two boxes. Betty placed an object (e.g., a teddy bear) 

into a box and then left the room. Nick subsequently moved the teddy bear to 

the other box. In the true belief condition, Betty returned and observed this 

action, whereas in the false belief condition, Betty was absent when Nick moved 

the teddy bear. The final image showed Betty searching for the teddy bear, and 

participants were asked whether they thought Betty would search in that 

location. Results identified two waveforms distinguishing the false belief from 

the true belief conditions: a late positive complex, associated with reorienting 

attention from external stimuli to internal mental representations, and a late 

anterior slow wave, linked to stimulus-independent processing of mental 

representations, potentially central to the decoupling mechanism (Meinhardt et 

al., 2011). In another ERP study, Geangu et al. (2013) developed a simplified 

non-verbal false belief task similar to that used by Onishi & Baillargeon (2005). 

Sequences of still photographs depicted events inducing either a true or false 

belief in the protagonist. In both conditions, the protagonist placed an object in 
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one of two boxes, and her view was obstructed by an occluder. The object either 

remained in the original box (true belief) or was moved to the other box (false 

belief). When the occluder was removed, the protagonist reached for the object, 

reflecting either a true or false belief about its location. Results showed that 

passive viewing of stimuli led to different ERP amplitudes between false and 

true belief conditions across frontal, central, and parietal regions. These 

findings suggest that (i) frontal activity is essential for processing false belief 

tasks, and (ii) parietal activation related to monitoring others’ beliefs can occur 

without explicit mentalizing instructions (Geangu et al., 2013). Another ERP 

study by Zhang et al. (2009) compared brain activity elicited by a standard false 

belief task to an adapted version. In the standard task, participants observed 

an object being moved from location A to B, whereas in the adapted task, the 

object’s new location was unknown. The adapted task was proposed to have 

lower inhibitory demands, as participants did not need to inhibit their knowledge 

of the object’s actual location. Results showed that, in standard tasks, the late 

positive component elicited by false belief reasoning was more positive at 470–

520 ms over the middle frontal gyrus than in adapted tasks. These findings 

confirm that inhibitory control influences false belief reasoning, suggesting that 

inhibition occurs prior to the formation of false belief concepts. 

Given the accumulating evidence of neural correlates of explicit false 

belief understanding in adults and older children, and especially Setoh’s work 

in designing the first behavioral explicit false belief task with fewer demands, 

demonstrating that toddlers younger than 3 years old can attribute explicit false 

belief understanding, it is imperative to devise an ERP paradigm tailored to this 

young age group. Consequently, we have developed an ERP belief paradigm, 

termed “Leo’s belief task,” designed to evaluate neural responses in toddlers 

as they process information pertaining to a protagonist’s (Leo’s) beliefs, 
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whether true or false. In Study 1, our aim was to explore the neural correlates 

of false belief understanding in children around 33 to 36 months old. 

1.4.2. Typical waveforms associated with belief reasoning 

Evidence from multiple existing ERP studies shows that several typical 

ERPs are associated with false belief understanding, including the late slow 

waveform and late positive complex (LPC). Besides these two ERPs, recently, 

some researchers also indicated that the N400 has a potential correlation with 

false belief understanding.  

Late slow waveform 

Previous ERP studies regarding the late slow waveform effect (either 

positive or negative) associated with mental state processing in Theory of Mind 

have been replicated with many different kinds of stimuli (e.g., Geangu et al., 

2013; Kühn-Popp et al., 2013; Liu et al., 2009b, 2009a; Meinhardt et al., 2011, 

2012). Slow waveforms are tonic, with less distinct peaks, persisting from 

several hundred milliseconds to several seconds (Rösler et al., 1997). They 

display task-specific topography, amplitude, and temporal extent (Ruchkin et 

al., 1995). The topography varies with system demands, with maximum 

amplitude patterns emerging over various cortical areas. Amplitude increases 

with task difficulty, reflecting the cognitive effort required. The temporal extent 

correlates with the duration of cognitive subroutines, changing as different 

neural modules activate during the task. In Theory of Mind tasks, the late slow 

waveform typically emerges around 600 ms post-stimulus and manifests 

extensively across the frontal and parietal electrode sites, a pattern frequently 

observed when participants engage with complex visual stimuli that require the 

attribution of mental states to others (Keil, 2013; Sabbagh, 2013).  

Late slow waveforms are differentially elicited by mental state attribution 

processes versus non-mental state attribution processes (e.g., Bowman et al., 

2012; Guan et al., 2020; Liu et al., 2009a, 2009b; Sabbagh & Taylor, 2000). For 
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example, false belief reasoning, compared to false photo reasoning or false 

sign understanding, induces a left-frontal late slow waveform from 600 to 840 

ms post-stimulus (Sabbagh & Taylor, 2000) or a late slow waveform across 

frontal, central, and parietal sites from 700 to 880 ms post-stimulus (Zhang et 

al., 2013). Belief reasoning, encompassing both false belief and true belief 

versus reality understanding elicits a negative left-frontal late slow waveform 

from around 700 to 900 ms in adults (Liu et al., 2004, Liu et al., 2009b) and a 

frontocentral late slow waveform from 400 to 1000 ms (Chen et al., 2012), 

whereas in children, it appears from 1,400 to 1,500 ms (Liu et al., 2009b) and 

from 600 to 920 ms in parieto-occipital sites (Guan et al., 2020; Kühn-Popp et 

al., 2013).  

Late slow waveform variations also exist across different mental state 

processes. For instance, the late slow waveforms for false belief reasoning 

differ from those of true belief reasoning (e.g., Chen et al., 2012; Geangu et al., 

2013; Meinhardt et al., 2011; Zhang et al., 2013), desire reasoning (Bowman et 

al., 2012; Liu et al., 2009a), and pretense (Kühn-Popp et al., 2013; Meinhardt 

et al., 2012). Compared to true belief reasoning, false belief reasoning induces 

a midfrontal late slow waveform from 600 to 1000 ms in adults (Chen et al., 

2012; Geangu et al., 2013; Meinhardt et al., 2011; Zhang et al., 2013) and a 

broad anterior component from 750 to 1450 ms in children (Meinhardt et al., 

2011).  

Late slow waveforms are widely observed in mentalizing ERP studies 

despite varying in polarity, time windows, and scalp distribution depending on 

the complexity of mental state reasoning (Meinhardt et al., 2011). However, 

their interpretation of belief reasoning remains controversial due to diverse 

paradigms. Late slow waveforms were proposed to reflect processes 

associated with decoupling mental states from reality (e.g., Liu et al., 2004) or 

the decoupling mechanism involved in meta-representation (Kühn-Popp et al., 
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2013; Meinhardt et al., 2012). Additionally, they have been linked to working 

memory processes (Bailey et al., 2016; Barriga-Paulino et al., 2014), 

suggesting they may reflect extended working memory processing and 

allocation of attentional resources during belief reasoning. Given the lack of 

consensus, further investigations into neural activities in belief reasoning may 

provide more evidence regarding the cognitive mechanisms underlying false 

belief understanding. 

Late positive complex 

Numerous studies employing varied paradigms also suggest the 

involvement of the late positive complex (LPC) in mental state reasoning, 

typically emerging later than 300 ms post-stimulus. For example, Cao et al. 

(2012) delineated LPC responses in tasks that compared simple mental state 

decoding, such as judging emotions from photographs, to more complex 

reasoning tasks, like predicting actions based on those emotions. Here, the 

LPC was notably evoked in reasoning scenarios, suggesting a heightened 

demand for integrating contextual information. 

This waveform displays similarities with the P300 potential in terms of 

latency and posterior scalp distribution, suggesting potential shared cognitive 

processes (Donchin & Coles, 1988; Polich, 2007, 2012). For instance, LPC 

activity between 240 and 440 ms over frontal sites has been observed in tasks 

involving mental state reasoning and mental state decoding, compared to 

physical condition tasks, indicating its role in differentiating cognitive processes. 

Similarly, across parietal sites, the LPC distinguishes between mental state 

reasoning, mental state decoding, and physical conditions. Notably, in 

contrasting false beliefs against false photos or statements, the LPC manifests 

within the 300-600 ms range over both frontal and centroparietal sites, 

underscoring its responsiveness to nuanced cognitive distinctions in belief 

assessments (Sabbagh & Taylor, 2000; Y. Wang et al., 2023). Moreover, when 
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differentiating between false and true belief reasoning, the LPC can distinctly 

identify these conditions within the same 300 to 600 ms timeframe post-

stimulus, highlighting its potential as a neural marker of cognitive complexity in 

belief evaluation (Geangu et al., 2013; Jiang et al., 2016; Meinhardt et al., 2011; 

Y. Wang et al., 2023). The LPC shares several electrophysiological 

characteristics with the P300 component, particularly in scenarios necessitating 

the updating of a mental model. This similarity suggests that both components 

may participate in the processing of the mental representations updating in 

response to external stimuli (Donchin & Coles, 1988). For instance, a study by 

Y. Wang et al. (2010) demonstrated that the LPC is elicited when 

comprehension specifically requires Theory of Mind attributions, such as 

understanding mental states from cartoonish depictions of people. 

The P300 is generally elicited during cognitive tasks involving attention, 

memory, and problem-solving, reflecting its core function in information 

processing and memory updating (Polich, 2007, 2012). The involvement of the 

P300 in Theory of Mind reasoning remains a topic of discussion. For example, 

research has found P300-like activity broadly focused on parietal sites in adults 

and exhibited a more posterior distribution in children during comparisons of 

false belief and true belief reasoning scenarios (Geangu et al., 2013; Meinhardt 

et al., 2011). Recent studies further identified a stronger posterior P300 in the 

false belief condition compared to the true belief condition, indicating differential 

cognitive processing between these belief states (Y. Wang et al., 2023). 

Changes in latency and amplitude during ERP tasks may reflect variations in 

neural processing speed and cognitive efficiency. These changes are critical in 

interpreting the neural underpinnings of cognitive tasks and have implications 

for understanding the efficiency and magnitude of neural responses in complex 

reasoning scenarios (Dinteren et al., 2014; Riggins & Scott, 2020). 



Chapter 1 

 73 
 

Social N400  

Mentalization, the attribution of intentions, beliefs, and desires to others, 

is essential for language use and comprehension. It is posited as inherently 

inferential, where meanings derive from semantic content and communicative 

intentions (Hirst, 1989). The neurocognitive underpinnings of such mentalistic 

inferences in linguistic contexts were explored through a series of EEG 

experiments focusing on the social N400 effect.  

The typical N400, evoked by semantic incongruities like nonsensical 

combinations (e.g., “He spread the warm bread with socks”) (Kutas & 

Federmeier, 2011), indexes the effort involved in semantic memory retrieval and 

varies with the degree of semantic expectations met. In scenarios where 

participants and a confederate are exposed to different linguistic contexts, an 

N400 response emerges in participants when sentences are incongruent for 

the confederate but not for themselves. For example, Kampis et al. (2024) 

found a reduced N400 amplitude when labeling was congruent from the other’s 

perspective compared to incongruent, though it was always incongruent for the 

infant. Interestingly, this effect persists without direct instructions to consider the 

confederate’s comprehension, suggesting an underlying social cognitive 

process (Jouravlev et al., 2019; Rueschemeyer et al., 2015; Westley et al., 

2017). However, the central question remains whether the social N400 primarily 

reflects mentalistic processes or broader social cognitive functions, such as 

detecting informational asymmetries. Previous studies involving infants 

demonstrate that the social N400 can be triggered by false belief contexts 

without altering semantic content, implying a sensitivity to mentalistic 

manipulations (Forgács et al., 2019, 2020) or altercentric bias (Kampis et al., 

2024). This finding suggests that beyond mere semantic processing, the N400 

might also be indicative of mentalization. 
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Neuroimaging links the N400 response to brain regions involved in both 

language processing and mentalization, such as Wernicke’s area, the STS, and 

the TPJ, which are known for their roles in processing false beliefs (Federmeier 

& Laszlo, 2009; Lau et al., 2009; Van Petten & Luka, 2006). These associations 

point to a possible shared neural basis between semantic comprehension and 

the mentalistic computations required for effective communication (Schurz et 

al., 2021).  
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Table 4. A summary of the results from ERP studies investigating the neural correlates of false belief understanding. 

ID Research 
Participa
nts 

Samples Ages 

ERP pre-
processing 
re-
reference 

ERP trigger 
Paradigm type 
(non-verbal vs. 
verbal) 

Condition comparison ERPs, Scalp distribution, Timing 

1 
(Y. Wang et al., 
2023) 

A 16 19.80 years 
linked 
mastoid 
reference 

After explicit 
instruction 

Verbal 
False belief vs. False 
statement vs. true belief 

P300, centroparietal sites, 250-450ms, false 
belief vs. false statement/true belief 

2 
(Guan et al., 
2020) 

C 30 10.91 years 
common 
average 
reference 

After explicit 
instruction 

Verbal 

 
Belief condition (false- and 
true-belief reasoning) vs. 
Complementary condition 
(false- and true- 
complement) 

Late slow waveform, parieto-occipital sites, 
600-900ms. 

3 
(Jiang et al., 
2016) 

A 16 21.28 years 
linked 
mastoid 
reference 

After explicit 
instruction 

Verbal 
self-FB vs. self-TB 
other-FB vs. other-TB 

LPC, frontal and frontocentral sites, 450-
600ms, self-FB vs. other-FB 
P2, frontal and frontocentral sites, 120-200ms, 
FB vs. TB 
N2, frontal and frontocentral sites, 200-400ms, 
FB vs. TB 

4 
(Geangu et al., 
2013) 

A 18 22.70 years 
linked 
mastoid 
reference 

Passive 
paradigm 

Non-verbal 
false- vs. true-belief 
reasoning 

Late slow waveform, frontal sites, 785-840ms; 
central sites, 570-690ms; parietal sites, 550-
850ms. 
LPC, parietal sites, 185-275ms. 

5 
(Zhang et al., 
2013) 

A 14 24.30 years 
linked 
mastoid 
reference 

After explicit 
instruction 

Non-verbal 
false-belief vs. false-
sign/true-belief reasoning 

Late slow waveform, frontal, central, parietal 
sites, 800-880ms. 

6 
(Kühn-Popp et 
al., 2013) 

C 21 7.34 years 
common 
average 
reference 

After explicit 
instruction 

Verbal 
false-belief reasoning vs. 
reality 

Late slow waveform, frontocentral sites, 600-
920ms; parieto-occipital sites, 420-920ms. 

7 
(Bowman et al., 
2012) 

C 18 8.11 years 
common 
average 
reference 

After explicit 
instruction 

Verbal 
belief reasoning vs. desire 
reasoning vs. physical 
control 

 
Late slow waveform:  
Belief/Desires vs. physical: mid-frontal slow 
sites, 200-250ms, 350-850ms 
Belief vs. Desire judgment: right posterior 
sites, 600-800ms, 850-1400ms 
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8 
(Meinhardt et 
al., 2012) 

A 24 23.5 years 
common 
average 
reference 

After explicit 
instruction 

Verbal 
false-belief reasoning vs. 
reality 

Late slow waveform, midfrontal sites, 600-
900ms 

9 
(Cao et al., 
2012) 

A 13 20.4 years 
linked 
mastoid 
reference 

After explicit 
instruction 

Non-verbal 
mental-state reasoning vs. 
mental-state decoding vs. 
physical condition 

N1, parietal sites, 70-110ms, reasoning vs. 
physical. 
 
P2, prefrontal sites, 120-160ms, reasoning vs. 
physical. 
  
N2, prefrontal sites, 170-240ms, reasoning vs. 
physical; parietal sites, 170-240ms, reasoning 
vs. physical. 
 
LPC, prefrontal sites, 240-440ms, reasoning 
vs. decoding/physical; parietal sites, 240-
440ms, reasoning/decoding vs. physical 

10 
(Chen et al., 
2012) 

A 23 22.6 years 
linked 
mastoid 
reference 

After explicit 
instruction 

Non-verbal 

false belief vs. true belief 
non-factive verb 
comprehension vs. factive 
verb comprehension 

Late slow waveform, fronto-central sites, 400-
1000ms, false belief vs. true belief, non-factive 
verb comprehension vs. factive verb 
comprehension 

11 
(Meinhardt et 
al., 2011) 

A & C 

Adults: 
21 
Children
: 22 

Adults: 
24.33 years 
Children: 7.7 
years 

linked 
mastoid 
reference 

Passive 
paradigm 

Non-verbal true / false belief reasoning 

LPC, 300-600ms 
Adults: central sites; Children: parietal sites 
 
Late slow waveform 
Adults: midfrontal sites, 600-900ms. 
Children: broad anterior sites, 750-1450ms. 

12 
(Liu et al., 
2009b) 

A & C 

Adults: 
24 
Children
: 44 

Adults: did 
not provide 
Children: 5 
years 11 
months 

common 
average 
reference 

After explicit 
instruction 

Non-verbal 
Belief/Think condition vs. 
Reality condition 

Late slow waveform 
Adults: left frontal sites, 775-850ms  
Child passers: left frontal sites (a more diffuse 
frontal scalp distribution), 1400-1500ms. 

13 
(Liu et al., 
2009a) 

A 15 22 years 
common 
average 
reference 

After explicit 
instruction 

Verbal 
belief reasoning vs. desire 
reasoning vs. physical 
control 

Late slow waveform 
midfrontal sites, 800-850ms, belief/desire vs. 
physical. 
right posterior sites, 600-700, belief vs. 
physical. 700-800ms, belief vs. physical, belief 
vs. desire.  

14 
(Zhang et al., 
2009) 

A 14 22.5 years 
common 
average 
reference 

After explicit 
instruction 

non-verbal 
Standard (move to another 
location) vs. Adapted (move 
away from the scene) 

LPC, anterior sites, 470-520ms. 
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15 
(Y. Wang et al., 
2008) 

A 14 21.7 years 
linked 
mastoid 
reference 

After explicit 
instruction 

Verbal false belief reasoning LNC, frontal sites, 400-800ms. 

16 
(Liu et al., 
2004) 

A 17 19-35 years 
linked 
mastoid 
reference 

After explicit 
instruction 

Non-verbal 
Belief/Think condition vs. 
Reality condition 

Late slow waveform, left frontal sites, 700-
900ms. 

17 
(Sabbagh & 
Taylor, 2000) 

A 23 18-42 years 
common 
average 
reference 

After explicit 
instruction 

Verbal 
false-belief reasoning vs. 
false-photo 

LPC, left frontal sites, 300-400ms. 
LNC, left parietal sites, 300-400ms. 
Late slow waveform, left frontal sites, 600-
840ms. 

Note: A = adults; C = children. LPC = late positive complex, LNC = late negative component, FB = false belief, TB = true belief. 
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1.4.3. ERP correlates of belief reasoning in adults and children 

Developmental investigations comparing neural activation between 6- to 

12-year-old children and adults consistently showed that children demonstrate 

a more diffuse distribution of ERP waveforms compared to adults (e.g., Guan 

et al., 2020; Kühn-Popp et al., 2013; Liu et al., 2009b; Meinhardt et al., 2011). 

Seven ERP studies (Bowman et al., 2012; Kühn-Popp et al., 2013; Liu et al., 

2004, 2009b, 2009a; Meinhardt et al., 2011, 2012) facilitated direct 

comparisons of neural responses associated with false belief understanding 

across adults and children by using ERP paradigms shared between studies. 

These studies fall into four groups, each using identical ERP paradigms for 

adults and children (see Table 5):  

(1) Liu et al. (2004, 2009b) examined differences between belief and 

reality processing across adults and 4- to 6-year-old children. Participants were 

exposed to forty consistently structured cartoon animations displayed on a 

computer monitor. In these animations, a protagonist placed two animals into 

separate boxes and then exited the scene. One animal either switched boxes 

or returned to its original location during the protagonist’s absence. After each 

scenario, participants were asked to make two judgments: a “reality judgment” 

concerning the current location of an animal and a “think judgment” about the 

protagonist’s belief regarding the animal’s location. The order of these 

judgments varied among participants, providing essential data for aligning ERP 

recordings that were critical for differentiating between reality and belief 

processing. 

In adults, Liu et al. (2004, 2009b) observed that the late slow waveform 

divergence between reality and think conditions, occurring during the 700–900 

ms post-stimulus interval, was primarily localized to the left frontal scalp region. 

This divergence was notably absent in the posterior and right hemisphere 

electrodes, indicating that reasoning about mental states versus reality in adults 

is predominantly associated with a late slow waveform in the left frontal 
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electrodes. In contrast, children aged 4 to 6 years (Liu et al., 2009b) who passed 

the false belief judgments displayed significant differences between reality and 

thinking conditions across all frontal electrodes. These findings revealed that 

although these children also exhibited a left-lateralized late slow waveform, it 

was more diffuse and less distinctly lateralized than that observed in adults, 

highlighting developmental variations in neural processing strategies related to 

mental state reasoning. 

(2) Meinhardt et al. (2011) investigated neural responses to true and 

false beliefs using non-verbal cartoon narratives based on the “Sally Anne 

Scenario” (Baron-Cohen et al., 1985). These narratives depicted protagonists 

(e.g., Betty and Nick) interacting with a target object (e.g., a teddy bear) and 

containers (e.g., a bag, a basket) across a series of seven pictures that 

branched into true and false belief conditions. The storyline commenced with 

Betty placing an object in a container and leaving the room, after which Nick 

would relocate the object. The narratives diverged when Betty returned: 

depending on whether she observed Nick’s actions, her search for the target 

object would be influenced, leading to either correct or incorrect search 

outcomes. These scenes aimed to trigger expectation violations, depicted in 

the final frames. 

During the LPC (300-600 ms post-stimulus), adults exhibited a belief 

effect over central sites. In contrast, for children aged 6 to 8 years, 

differentiation between true and false belief reasoning was more pronounced 

at posterior sites. Moreover, the late waveforms extended over a longer 

duration for children (750-1450 ms post-stimulus) compared to adults (600-900 

ms post-stimulus), indicating a more diffuse distribution of the belief effect 

encompassing the anterior regions at midline, superior, and inferior sites in 

children, whereas, in adults, it was more confined to the anterior regions at 

midline and superior sites.  
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(3) Bowman et al. (2012) and Liu et al. (2009a) conducted ERP studies 

designed to elicit diverse desires, diverse beliefs, and physical judgments. Each 

of the 48 identically structured trials per condition began by introducing 

participants to two protagonists with differing preferences for food or toys or two 

distinct storage locations, accompanied by corresponding images. One-third of 

the trials incorporated a memory check to maintain participant engagement and 

accuracy. Subsequently, participants addressed a target question relevant to 

the trial’s theme—desires, beliefs, or physical locations—followed by a 2,000 

ms display of an image of the pertinent item, during which ERP measurements 

were time-locked. Participants’ responses involved selecting a character or 

location based on the revealed item. This consistent methodology across 

conditions was designed to ensure that any observed differences in neural 

responses were attributable to variations in mental-state processing rather than 

to perceptual or task-specific strategies. Trials were systematically blocked by 

condition and type to prevent repetitive patterns, thus optimizing the focus on 

cognitive processing distinctions. 

In adults, Liu et al. (2009a) observed distinct late waveforms: between 

800 and 850 ms post-stimulus, significant differences over midfrontal sites 

between belief and physical conditions, and between 600 and 800 ms post-

stimulus, over right posterior sites. In children aged 7 to 8 years, Bowman et al. 

(2012) reported that the late waveform from 350 to 850 ms post-stimulus 

differentiated belief and physical conditions over midfrontal sites. Additionally, 

between 600 and 1,400 ms post-stimulus, differences were observed over right 

posterior sites, but only in trials where responses were correct.  

(4) Kühn-Popp et al. (2013) and Meinhardt et al. (2012) investigated the 

neural correlates associated with reality, pretense, and false belief processing 

through ERP studies that adapted a behavioral task originally developed by 

Perner et al. (1994). Each cartoon scenario presented a protagonist interacting 

with an animal and its cage across three distinct conditions: the reality condition, 
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where the animal was visible inside the cage; the pretense condition, depicting 

the animal jumping out of the cage; and the false belief condition, where the 

animal jumped out unbeknownst to the protagonist. Participants observed 

these scenarios and subsequently responded to questions about the 

protagonist’s behavior, such as “Why is he/she doing this?” The options for 

responses included “knowing” or “pretending,” aimed at discerning the 

protagonist’s perceived state of awareness. Critical ERP data were collected 

as participants responded, with control trials incorporated to mitigate 

anticipation effects. Responses were captured through a button press on a two-

key response pad, with systematic variations in the gender of the protagonist 

and the type of animal featured. 

In adults, Meinhardt et al. (2012) observed that during the late waveform 

period, 600 to 900 ms post-stimulus, the differences between false belief and 

reality conditions were predominantly localized over the anterior midline 

electrode FCz. Conversely, in children aged 6 to 8 years, Kühn-Popp et al. 

(2013) found distinctions in the late waveform from 600 to 920 ms post-stimulus 

over frontocentral sites between false belief and reality conditions. Additionally, 

a positive late waveform observable from 420 to 920 ms post-stimulus over 

parieto-occipital positions (PO7, PO8) further differentiated between false belief 

and reality conditions, highlighting developmental differences in the neural 

processing of false belief understanding. Furthermore, the findings from the 

studies by Kühn-Popp et al. (2013) and Meinhardt et al. (2012) on the neural 

underpinnings of pretense and false belief in both adults and children indicate 

that these forms of reasoning are supported by distinct neurocognitive 

mechanisms, suggesting that pretense and false belief are not functionally 

equivalent metarepresentational activities. 

 

These studies revealed that both children and adults exhibit late 

waveforms in response to belief stimuli, yet they differ in scalp distribution and 
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temporal characteristics. The observed distribution of late waveforms 

associated with false belief understanding mainly manifested in two brain 

regions; one component primarily situated in the frontal regions (e.g., Geangu 

et al., 2013; Liu et al., 2009b; Meinhardt et al., 2011, 2012; Zhang et al., 2013), 

while the other was predominantly found in the posterior area, often measured 

in parietal or parieto-occipital regions (e.g., Guan et al., 2020; Kühn-Popp et al., 

2013; Meinhardt et al., 2011). Compared to adults, children’s neural responses 

to belief information predominantly appear over parieto-occipital sites or show 

a more diffused frontal scalp distribution, often occurring later than in adults 

(Bowman et al., 2012; Kühn-Popp et al., 2013; Liu et al., 2009b; Meinhardt et 

al., 2011) (see Figure 6). These findings enhance our understanding of the 

developmental differences in brain activity related to belief reasoning between 

children and adults. They consistently demonstrate the presence of late frontal 

waveforms when reasoning about false beliefs, alongside developmental 

changes in the contribution of the parieto-occipital regions.  

In early childhood, explicit false belief understanding emerges around 

ages 3½ to 5 years, as evidenced by traditional elicited-response false belief 

tasks (Wellman et al., 2001; Wimmer & Perner, 1983). Investigating the neural 

correlates within this critical age range is critical for elucidating the 

neurocognitive mechanisms underpinning false belief understanding. However, 

research with visual stimuli in young children presents challenges due to their 

limited attention spans, heightened motor activity, and increasing autonomy. To 

date, the study by Liu et al. (2009b) remains the only ERP investigation within 

this sensitive developmental window that compares neural responses to belief 

attributions and reality judgments between children aged 4 to 6 years and adults. 

In this study, children were categorized as “passers” or “failers” based on their 

performance in an independent behavioral false belief task. Notably, a late 

waveform over frontal regions was observed only in children who passed the 

false belief task, displaying a more diffuse scalp distribution compared to adults, 
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while children who failed did not show consistent neural differentiation between 

belief and reality conditions. 

These findings constitute the only existing evidence linking brain activity 

to the acquisition of false belief understanding in early childhood. Given the 

demonstrated behavioral competence of toddlers younger than 3 years in low-

demands false belief tasks, it is crucial to further explore potential brain-

behavior connections related to false belief competence in this younger age 

group. Study 1 of the present dissertation aims to extend the findings of Liu et 

al. (2009b) to toddlers, thereby enhancing our understanding of the 

development of false belief understanding from a neural perspective. To 

navigate the methodological challenges inherent in studying this age group, we 

developed a novel ERP paradigm, termed “Leo’s belief task.” 

Leo’s belief task, an ERP paradigm, was designed to evaluate toddlers’ 

neural responses to a protagonist’s (Leo’s) true or false beliefs, paralleling the 

behavioral explicit false belief task from the Theory of Mind scale (Wellman & 

Bartsch, 1988; Wellman & Liu, 2004). In this task, toddlers were first shown the 

actual location of objects (e.g., a ball in a box) and then informed of Leo’s beliefs 

about the object’s location, either correctly or incorrectly (e.g., “Leo thinks that 

the ball is in the box/bucket”). Rather than predicting behavior, this ERP study 

focused on the neural response to the final spoken word in the sentence 

expressing Leo’s belief, serving as the event eliciting the ERP. This setup allows 

for direct neural comparisons between Leo’s true and false beliefs under 

consistent conditions where the positions of the box and bucket and Leo’s 

presence remain unchanged. We propose that Leo’s belief task is conducive to 

identifying the neural correlates of false belief processing in toddlers. 
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Figure 6. Comparison of late ERP waveforms across different Theory of Mind 

tasks in children aged 6-12 years. 
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Table 5. Comparison of ERP studies on false belief understanding between adults and children. 

ID Research 
Sample 
size 

Ages Condition comparison ERPs, Scalp distribution, Timing 

1 

(Liu et al., 2009b) 
A: 24 
C: 44 

Adults: did not 
provide 
Children: 5 years 
11 months 

Belief/think condition vs. 
reality condition 

Late slow waveforms: 
Adults: left frontal sites, 775-850ms 
Child passers: a more diffuse frontal scalp distribution, 1400-
1500ms. 

(Liu et al., 2004) A: 17 19-35 years 
Belief/think condition vs. 
reality condition 

Late slow waveforms: left frontal sites, 700-900ms. 

2 
(Meinhardt et al., 
2011) 

A: 21 
C: 22 

Adults: 24.33 
years 
Children: 7.7 
years 

False belief vs. true belief 

LPC, 300-600ms 
Adults: central sites; Children: parietal sites 
 
Late slow waveforms: 
Adults: midfrontal sites, 600-900ms. 
Children: broad anterior sites, 750-1450ms. 

3 

(Bowman et al., 
2012) 

C: 18 8.11 years 
Belief reasoning vs. 
desire reasoning vs. 
physical control 

Late slow waveforms: 
Belief/Desires vs. physical: mid-frontal slow sites, 200-250ms, 350-
850ms 
Belief vs. Desire judgment: right posterior sites, 600-800ms, 850-
1400ms 

(Liu et al., 2009a) A: 15 22 years 
Belief reasoning vs. 
desire reasoning vs. 
physical control 

Late slow waveforms: 
Belief/desire vs. physical: midfrontal sites, 800-850ms. 
Belief vs. physical: right posterior sites, 700-800ms. 
Belief vs. physical, belief vs. desire: right posterior sites, 600-
700ms. 

4 

(Kühn-Popp et al., 
2013) 

C: 21 7.34 years 
False-belief reasoning 
vs. reality 

Late slow waveforms: frontocentral sites, 600-920ms; parieto-
occipital sites, 420-920ms. 

(Meinhardt et al., 
2012) 

A: 24 23.5 years 
False-belief reasoning 
vs. reality 

Late slow waveforms: midfrontal sites, 600-900ms 

Note: A = adults; C = children. LPC = late positive complex. 
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1.5. The potential relationship between task-independent neural systems 

and Theory of Mind 

A growing body of evidence suggests that children’s explicit false belief 

understanding may develop gradually over time rather than through abrupt, 

fundamental conceptual shifts during early childhood (Richardson & Saxe, 

2020a). If Theory of Mind is indeed a progressive developmental phenomenon, 

with conceptual improvements throughout early childhood, the question of how 

functional brain specializations support these sensitive developments remains 

open. 

As overviewed earlier, task-dependent brain activity measured by MRI 

and neural responses assessed using ERP techniques reveal specialized 

neural systems and some typical waveforms involved in Theory of Mind. In 

addition to these task-dependent processes, the brain also includes regions 

that are typically more active during rest compared to active task performance. 

These regions include the default mode network (Mars et al., 2012a), identified 

through MRI, as well as resting-state brain activity indices (e.g., brain 

asymmetry and coherence) measured using baseline EEG (Sabbagh, 2013). 

This section reviews the literature on the potential relationship between these 

task-independent neural systems and Theory of Mind. 

1.5.1. Whether functional specializations are a cause or a consequence 

of Theory of Mind development 

Existing neuroimaging studies found that as specific neural systems—

including the MPFC and the right TPJ—become increasingly engaged in mental 

state reasoning rather than in general social information (Schurz et al., 2014, 

2017, 2021), children demonstrate improved performance on behavioral 

Theory of Mind tasks. This reflects a growing “selectivity” of these regions for 

mental state reasoning. Even in the absence of external stimuli, these regions 

function as an integrated network known as the default mode network, which 

shows a remarkable overlap with the brain regions associated with Theory of 



Chapter 1 

 87 
 

Mind (Mars et al., 2012a; Schilbach et al., 2008; see Figure 7). 

The default mode network is frequently identified in studies utilizing a 

“resting-state” paradigm. In these paradigms, participants’ brain activity is 

recorded while they are not engaged in any specific task, allowing them to think 

freely without directed focus (Buckner et al., 2008; Raichle et al., 2001). Under 

these conditions, a distinct set of brain regions—including the MPFC and the 

right TPJ—consistently show activity (M. D. Fox et al., 2005; Raichle et al., 2001; 

Sridharan et al., 2008). Recent research has further demonstrated a 

remarkable overlap between the brain regions typically involved in Theory of 

Mind processes and the default mode network (for a review, see Mars et al., 

2012a), a finding that warrants further attention. For example, studies found 

that lateral nodes are linked to understanding others’ mental states (Koster-

Hale et al., 2017; Sridharan et al., 2008). Specifically, the right TPJ is selectively 

involved in representing others’ beliefs, desires, and intentions (e.g., Aichhorn 

et al., 2009; Perner et al., 2006; Saxe et al., 2009). Functional neuroimaging 

research in neurotypical adults highlights the selective recruitment of the right 

TPJ in attributing mental states (Saxe & Powell, 2006; Saxe & Wexler, 2005) 

and in discerning false beliefs from closely related scenarios (Perner et al., 

2006; Saxe & Kanwisher, 2003). Nonverbal cartoon stimuli also engage right 

TPJ activity specifically when interpreted in terms of a character’s false beliefs 

(Saxe et al., 2006). Further fMRI studies with school-aged children (ages 5 to 

11) suggest that the right TPJ increasingly distinguishes mental states from 

physical facts as children age (Gweon et al., 2012; Saxe et al., 2009). Thus, 

Given that the default mode network overlaps with task-dependent brain activity 

during Theory of Mind tasks, it suggests that humans are predisposed to social 

cognition as a default mode of cognitive processing, supported by the intrinsic 

activity of the “default system.” (Schilbach et al., 2008). 

Most of the existing literature on the default mode network focuses on 

adult subjects, and a comprehensive understanding of default mode network 
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development during early childhood—when the brain undergoes tremendous 

development—is still lacking. In default mode network studies conducted in 

infants, Gao et al. (2009, 2013) found that response time courses in MPFC and 

PC regions in were observed in 1-year-old infants and correlated responses in 

MPFC and TPJ in 1- and 2-year-olds. A recent study by Xiao et al. (2016) 

investigated the development of core regions and subsystems of the default 

mode network in children aged 3 to 5 years. Significant changes were observed 

in the posterior subsystem, while the frontal subsystem remained unchanged, 

suggesting distinct developmental trajectories. They also found stronger right 

hemispheric lateralization at age 3, which gradually shifted towards more 

bilateral development by age 5, suggesting that hemispheric dominance 

changes with age. These results provide preliminary evidence for the 

development of default mode network subsystems in early life. However, 

whether this development is closely related to the maturation of Theory of Mind 

in childhood remains unclear, and whether the functional specializations are a 

cause or a consequence of Theory of Mind development is still an open 

question. 

 

Figure 7. Overlap between the default mode network (DMN) and areas 

activated by Theory of Mind paradigms (adapted from Mars et al., 2012a). 

Activation likelihood maps of activity during (A) passive resting-state conditions 

and (B) Theory of Mind. (C) Conjunction maps of resting-state and Theory of 

Mind showed significant overlap in regions such as the angular gyrus, posterior 

cingulate cortex, and precuneus. 
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1.5.2. Resting-state electroencephalogram measures of neurocognitive 

development 

Encephalographic recordings have been employed for nearly a century 

to provide insights into brain activity and its involvement in cognitive functions 

(see Millett, 2001, for a review). This technique is widely used in cognitive 

neuroscience due to its cost-effectiveness and non-invasive nature, which 

imposes minimal physical strain on participants. Previous research has utilized 

resting-state EEG power in specific frequency bands during baseline conditions 

to evaluate the functional development of various brain regions in children (Bell, 

2001, 2002; Bell & Fox, 1992, 1997). Research has shown that from late infancy 

through early childhood, alpha waves exhibit a clear developmental increase in 

resting EEG rhythm across multiple scalp regions, with a peak frequency of 6–

9 Hz in infants and young children (Marshall et al., 2002). When the brain is at 

rest, alpha frequency brain waves become more synchronized and increase in 

amplitude across the scalp, as measured by resting-state EEG. In contrast, 

when the brain is actively engaged in cognitive tasks, alpha wave activity 

becomes less synchronized and decreases in strength (Klimesch, 1999). As a 

result, alpha wave power serves as a reliable indicator of brain activity, with 

reduced alpha power typically reflecting greater cognitive engagement (Gevins, 

1998).  

Resting-state EEG alpha power is frequently used to assess individual 

differences in tonic cortical activation (MacLean et al., 2012; Pitchford & Arnell, 

2019). Researchers particularly focused on how regional variations in tonic 

cortical activation may serve as a trait-like characteristic that predisposes 

individuals to cognitive development across various domains, including 

psychopathology, motivation, and personality (N. A. Fox et al., 1995; Licata et 

al., 2015; Müller et al., 2015, 2018; Paulus, Kühn-Popp, et al., 2013; Van Der 

Vinne et al., 2017). Of particular interest in this regard has been coherence and 

hemispheric asymmetry in frontal alpha power. Resting-state EEG alpha 
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coherence is used to assess the degree of integration processes within the 

brain (Aykan et al., 2021). Resting-state EEG alpha asymmetry measures the 

difference in alpha power between the two brain hemispheres (Müller et al., 

2015). Alpha waves are thought to relate inversely to brain activity (Gevins, 

1998; Klimesch, 1999), implying that higher alpha power in one hemisphere 

suggests increased activity in the opposite hemisphere (Reznik & Allen, 2018). 

Researchers measure resting-state EEG alpha asymmetry by subtracting left 

alpha power from right alpha power, where negative values indicate dominant 

right hemisphere activity, and positive values indicate dominance in the left 

hemisphere (Allen et al., 2004; Müller et al., 2015, 2018; Sabbagh & Flynn, 

2006). The regional decreases in resting/baseline alpha power (e.g., Marshall 

et al., 2002; Thatcher, 1992, 1994; Thatcher et al., 1987) are thought to reflect 

the more mature functional organization of the underlying neurocognitive 

systems (Sabbagh et al., 2009; Thatcher, 1994). For example, consistent 

findings were observed in adult populations. Sabbagh and Flynn (2006) 

examined whether individual differences in resting frontal EEG alpha 

asymmetry predicted performance in mental-state decoding, a key component 

of Theory of Mind. Their findings indicated that individuals with right-lateralized 

frontal activation exhibited stronger mental-state decoding skills, and the 

degree of right mid-frontal activation was a significant predictor of Theory of 

Mind performance. This finding suggests a potential trait-like aspect of resting-

state EEG alpha asymmetry in Theory of Mind abilities. Additional evidence 

supporting the right hemispheric lateralization of brain activity associated with 

false belief understanding comes from a resting-state EEG source-localized 

analysis (Sabbagh et al., 2009). Sabbagh et al. (2009) identified individual 

differences in alpha oscillations linked to Theory of Mind performance in 4-year-

old children. Specifically, regions in the dorsal MPFC and several right 

hemisphere areas—including the TPJ, precentral gyrus, cuneus, and inferior 

temporal cortex—were associated with the representational Theory of Mind. 
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These associations are held after controlling for children’s executive functioning 

and language skills. These findings were interpreted as evidence that the 

maturation of these regions may underpin the development of false belief 

understanding and related Theory of Mind abilities. A further longitudinal study 

based on Sabbagh’s work examined whether source-localized resting-state 

EEG activity in the dorsal MPFC or the right TPJ at age 4 could predict ToM-

specific fMRI responses 3.5 years later. The findings revealed that preschoolers’ 

resting-state EEG activity in the dorsal MPFC predicted subsequent ToM-

specific fMRI responses in the same region (Bowman et al., 2019). These 

findings have implications for characterizing the conceptual Theory of Mind 

development and its underlying neural supports. 

Findings on cognitive tasks showed that resting-state EEG alpha 

asymmetry can predict task performance in a manner consistent with lesion and 

neuroimaging studies (Hoptman & Davidson, 1998). Approximately 60% of the 

variance in alpha asymmetry indices is thought to represent a latent trait with 

near-perfect temporal stability, which is linked to various psychological 

constructs (N. A. Fox et al., 1995; Hagemann et al., 2002; Stewart et al., 2011). 

Research indicates that resting-state EEG frontal alpha asymmetry is a stable 

characteristic over time across various age groups in children (N. A. Fox et al., 

1992; Jones et al., 1997; Müller et al., 2015). For instance, studies reported its 

stability over a 24–30 month span in early childhood aged 3-6 (Jones et al., 

1997), over a 6–36 month span in children aged 3–5 (Vuga et al., 2008), and 

over a 4-year span in children aged 4–8 (Kim & Bell, 2006). Furthermore, similar 

findings were observed over extended periods of up to 69 months across 

infants and preschoolers. For example, Müller et al. (2015) demonstrated high 

individual stability of frontal alpha asymmetry spanning from 14 to 83 months 

of age. Collectively, these findings suggest a consistent pattern of stability in 

frontal alpha asymmetry across different developmental age ranges. Although 

these neuroscientific studies indicate that resting-state EEG alpha asymmetry 
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may be a potential stable neural marker during early childhood, the existing 

evidence linking resting-state EEG alpha asymmetry with Theory of Mind 

competencies in children remains limited. 

1.5.3. Children’s brain asymmetric activity associated with false belief 

understanding development 

Although we provided an overview of the potential relationship between 

task-independent neural systems and Theory of Mind, research in this field 

during early childhood remains limited. Based on the task-dependent neural 

correlates of false belief understanding in children presented in Section 1.3.3, 

findings suggest an early developmental origin of a mentalizing network and 

potential right hemisphere brain activity during Theory of Mind tasks. For 

example, Grosse Wiesmann et al. (2017b) utilized structural MRI to show that 

false belief competence in 3- and 4-year-olds correlates with age-related 

increases in local white matter in regions such as the right ventral MPFC, right 

TPJ, and right PC. Hyde et al. (2018) tested the specific hypothesis that the 

right TPJ is preferentially active when thinking about others’ mental states, even 

in 7-month-old infants. Moreover, evidence that the default mode network 

overlaps with brain regions associated with Theory of Mind (Mars et al., 2012a), 

along with a recent study showing stronger right hemispheric lateralization at 

age 3 in children aged 3 to 5 years (Xiao et al., 2016), and findings from 1-year-

old infants there showing resting-state activity in the MPFC and TPJ regions 

(Gao et al., 2009, 2013), all suggest that exploring candidate neural markers 

under resting-state conditions would be useful for understanding the drivers of 

individual differences in Theory of Mind. This could help determine whether 

functional specialization is a cause or a consequence of representational 

Theory of Mind development (Sabbagh et al., 2009).  

Another line of evidence for the relevance of task-independent brain 

asymmetry to Theory of Mind came from studies involving individuals with 

autism spectrum disorder, who typically show deficits in Theory of Mind abilities 
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(Baron-Cohen, 2000, 2001; Baron-Cohen et al., 1985; Happé & Frith, 1995; 

Leekam & Perner, 1991). For example, Stroganova et al. (2007) reported 

atypical broadband resting-state EEG asymmetry in children with autism aged 

3 to 8 years, revealing reduced right temporal cortex activity in generating EEG 

rhythms. Thus, exploring candidate neural markers under resting-state 

conditions could be crucial for understanding the factors that promote or hinder 

the development of ToM-related brain regions, as well as for designing and 

assessing the effectiveness of clinical interventions aimed at improving socio-

cognitive abilities (Richardson & Saxe, 2020a). 

Given that false belief understanding is often regarded as a “litmus test” 

for evaluating Theory of Mind abilities in children (e.g., Wellman & Woolley, 

1990), investigating how early neural characteristics, such as asymmetric 

activity observable in the resting state, relate to the developmental trajectory of 

false belief understanding in typically developing children is important. 

Longitudinal research is necessary to investigate the psychological and 

biological factors underlying developmental processes in early childhood 

(Bergman et al., 1989). To address this issue, researchers should collect 

longitudinal data by measuring task-independent brain activity in infancy or 

toddlerhood and subsequently assessing behavioral false belief understanding 

at later developmental stages. The individual differences in early brain activity 

may reflect stable neural traits over time that relate to false belief understanding, 

and early measurements of these neural markers should predict subsequent 

false belief abilities (Richardson & Saxe, 2020a). 

 

Briefly summarized, Theory of Mind develops gradually, with cumulative 

evidence indicating that behavioral competence in false belief tasks emerges 

at earlier ages than previously assumed. The question of how the brain 

supports Theory of Mind during early development has not been fully resolved 

(Sabbagh et al., 2009). On the one hand, the neural specializations observed 
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in older children and adults might reflect the consequences of developmental 

progression rather than being present from the outset (Elbert et al., 2001; 

Karmiloff‐Smith, 1997; Sabbagh & Flynn, 2006). On the other hand, certain 

components of the Theory of Mind neural system may exhibit early 

specialization and longitudinal consistency, with individual differences in early 

specialization predicting later individual differences in the same regions 

(Bowman et al., 2019).  

One of the aims of this dissertation is to explore the potential longitudinal 

relationship between infants’ and toddlers’ task-independent baseline EEG 

measures and preschoolers’ behavioral competence in Theory of Mind tasks, 

thereby preliminarily filling a gap in our understanding of the early neural 

mechanisms underlying false belief understanding. By examining resting-state 

EEG alpha asymmetry, we seek to explore whether individual differences in 

brain asymmetries—particularly in the frontal and parietal regions—are evident 

before the emergence of false belief abilities or whether they develop as a 

correlate of mastering explicit false belief understanding. This investigation 

offers new insights into the neurodevelopmental foundations of conceptual 

Theory of Mind. Moreover, this approach allows us to explore the relationship 

between task-independent resting-state EEG and task-dependent behavioral 

competence, an area that is currently debated and remains unclear (e.g., Deco 

et al., 2011; Papo, 2013). 

1.6. The present study 

1.6.1. Research questions 

As outlined in the previous sections, around age 4 is considered a 

sensitive period for the development of children’s traditional explicit false belief 

understanding. However, recent research has begun to challenge the 

traditional view that this competence emerges only at this age. Some studies 

(Grosso et al., 2019; Setoh et al., 2016; Sodian et al., 2024) demonstrated that 

2.5-year-old toddlers exhibit explicit false belief competence when tested with 
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modified versions of traditional false belief tasks that reduce processing 

demands related to inhibitory control and response generation. Furthermore, 

studies employing anticipatory looking, violation-of-expectation, and prompted 

action paradigms suggest that even one-year-old infants can make action 

predictions based on others’ beliefs (Buttelmann et al., 2009; Onishi & 

Baillargeon, 2005; Southgate et al., 2007). If false belief understanding exists 

on the behavioral level, it should also be reflected on the neural level. Therefore, 

it is plausible that neural activity supporting false belief understanding emerges 

as early as in toddlers or even in infants. 

First, we propose that if children exhibit false belief understanding 

behaviorally before age 3, this may indicate an earlier onset of the cognitive 

mechanisms underlying false belief understanding, which could be reflected in 

their neural responses. The presence of distinct neural patterns between false 

belief and true belief conditions in younger children who pass the behavioral 

false belief task could indicate that these children developed a neural 

foundation for false belief understanding similar to that of slightly older children 

(ages 4–6) (Liu et al., 2009b). In essence, children who demonstrate false belief 

understanding at a younger age may also show a corresponding neural 

distinction, reflecting the early development of cognitive processes involved in 

false belief understanding. 

Second, given the existing evidence supporting the early developmental 

origins of a specialized mentalizing network (Richardson & Saxe, 2020b; 

Schurz et al., 2021), an open question remains: How does the specialized 

neural activity associated with false belief understanding develop? This network 

may emerge as early as age 3, exhibiting highly correlated responses to mental 

state stimuli (e.g., Grosse Wiesmann et al., 2020; Richardson et al., 2018; 

Richardson & Saxe, 2020) and even in the absence of external stimuli (Mars et 

al., 2012a; Xiao et al., 2016). More specifically, studies indicated potential right-

hemispheric lateralization of both task-dependent and task-independent brain 
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activity associated with false belief understanding in infants and toddlers (Hyde 

et al., 2018; Sabbagh et al., 2009; Xiao et al., 2016). Are brain–behavior 

connections primarily driven by cognitive development, such that as children 

acquire the ability to solve false belief tasks, their neural responses to these 

scenarios adapt accordingly? Alternatively, is there longitudinal evidence that 

early neural activity patterns may predict later individual differences in false 

belief competence? 

In this context, the present dissertation investigates the following 

overarching research questions: 

1. What neural-behavioral connections underpin false belief 

understanding in toddlers younger than three years? 

2. How does resting-state brain asymmetric activity associated with false 

belief understanding emerge? Is it a consequence of developing behavioral 

false belief competence, or does evidence of this system exist at the neural 

level prior to observable behavioral false belief competence? 

1.6.2. Research design 

The present doctoral dissertation addressed its research questions 

through three studies, as detailed in Figure 8, which outlines the research 

framework: 

Study 1: This study explored the brain-behavior connections associated 

with false belief understanding in toddlers aged 33 to 36 months. Previous 

research by Setoh et al. (2016) challenged the traditional view that a 

representational Theory of Mind emerges only around age four, suggesting that 

toddlers approximately 2.5 years old can comprehend traditional explicit false 

belief tasks when processing demands are sufficiently reduced. To further 

investigate the neural correlates of false belief understanding, 33- to 36-month-

old toddlers participated in the low-demands false belief task by Setoh et al. 

(2016) and a novel ERP task (Leo’s belief task) designed to assess neural 

responses to belief understanding. Concurrently, co-developing cognitive 
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abilities, including IQ and general language abilities, were measured. This study 

primarily addresses the first research question. 

Study 2: Employing a longitudinal design, Study 2 examined the 

relationships between early resting-state EEG alpha asymmetries and false 

belief understanding during the critical developmental window between 3 and 

4 years. Resting-state EEG measurements were taken at 34 months (Time 1), 

with subsequent assessments of explicit false belief tasks (content and location 

false belief tasks) and executive functions at 52 months (Time 2). Implicit false 

belief tasks, as outlined by Grosse Wiesmann et al. (2017a) and Kaltefleiter et 

al. (2022), along with general language abilities, were assessed at both time 

points. This study explores how changes and continuities in neural mechanisms 

contribute to the development of false belief understanding during early 

childhood. 

Study 3: Building on the preliminary findings from Study 2 regarding 

explicit false belief understanding, this study incorporates an independent 

longitudinal dataset to replicate and substantiate the relationship between 

resting-state EEG alpha asymmetry and explicit false belief understanding 

across an extended age interval. Resting-state EEG was recorded at 14 months 

(Time 1), with follow-up assessments of explicit false belief tasks, general 

language abilities, and executive function conducted at 51 months (Time 2). 

Studies 2 and 3 collectively address the second research question.
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Figure 8. Overview of the research design and studies. 
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Chapter 2: Neural Correlates of False Belief Understanding in 33- to 36-

Months-Old Toddlers (Study 1) 

 

Highlights 

1. Brain-behavior connections associated with false belief understanding 

emerged in toddlers under the age of three years. 

2. Toddlers who passed a low-demands behavioral false belief task showed 

a late positive waveform over the occipital electrode sites, which 

differentiated between the false belief and true belief conditions. 

3. The association between one of two late waveforms and behavioral false 

belief competence raises the possibility that a sensitive neural system of 

false belief understanding may emerge early in development.  
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Abstract 

Very little research has addressed the neural correlates of false belief 

understanding in young children. Following up on a study by Liu et al. (2009b) 

in 4-to 6-year-olds, the present study grouped toddlers (N = 45, 33-36 months 

old)  into passers and failers according to their performance on a behavioral 

false belief task with reduced processing demands (see Setoh et al., 2016). 

Their event-related potential (ERP) responses to the false belief and true belief 

conditions were examined in a novel ERP paradigm. This study found that a 

late positive waveform over the occipital electrode sites distinguished between 

the false belief and true belief conditions only in toddlers who passed the low-

demands behavioral false belief task. In contrast, a late negative waveform over 

the frontocentral electrode sites consistently distinguished between the false 

belief and true belief conditions regardless of low-demands behavioral false 

belief task performance. These findings raise the possibility that a sensitive 

neural system supporting false belief understanding may emerge early in 

development. Specifically, the late positive waveform observed over the 

occipital electrode sites appears to be a potential neural marker for false belief 

understanding in toddlers. 

 

Keywords 

False belief understanding, event-related potential, brain-behavior connections, 

mentalizing, toddlers. 
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conceptualizing the paper, conducting data analysis, visualizing the results, and 

framing and writing the manuscript. 
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2.1. Introduction 

Theory of Mind, which refers to the comprehension of mental states 

underlying behavior, plays a pivotal role in cognitive development. A crucial 

aspect of the Theory of Mind is false belief understanding, denoting the ability 

to discern between reality and an agent’s false mental representation of the 

world (Tomasello, 2018; Wimmer & Perner, 1983). It involves grasping the 

causal link between people’s access to information and their mental 

representations, as well as the causal influence of beliefs on actions (Wellman 

et al., 2001). Typically-developing children begin to succeed in attributing false 

beliefs to themselves and others between approximately 3.5 and 5 years of age 

(Perner, 1991; Wimmer & Perner, 1983). With the acquisition of false belief 

understanding, children realize that beliefs are subjective mental 

representations rather than reflections of reality, and that people act on their 

beliefs (Scott & Baillargeon, 2017). In summary, false belief understanding is a 

milestone of socio-cognitive development in general, and of Theory of Mind in 

particular, since it is critical to understanding, explaining, and predicting 

behavior (Wellman, 2010; Wellman et al., 2001). 

Over the last two decades, significant progress has been made in 

identifying the neural correlates of false belief understanding. Research using 

functional magnetic resonance imaging (fMRI) has shown activation of two 

main brain regions during false belief tasks, including the MPFC and TPJ 

(Döhnel et al., 2012; Le Petit et al., 2022; S. Li et al., 2023; Saxe, 2009; Saxe 

et al., 2004a; Schuwerk, Grosso, et al., 2021; Sommer et al., 2007). The event-

related potential (ERP) technique’s high temporal resolution has enabled 

examining the time course of neural responses (Sabbagh, 2013). Late 

waveforms, which can be negative or positive, emerge around 600 milliseconds 

post-stimulus and continue to the end of one second of the recording epoch 

(Sabbagh, 2013). Variations in the topography, amplitude, and temporal 
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duration of these waveforms are closely associated with the cognitive 

subprocesses required by specific task demands. Previous ERP studies of 

mentalizing found a late waveform effect associated with false belief processing 

(e.g., Liu et al., 2004; Sabbagh & Taylor, 2000). This effect has been replicated 

with many different kinds of stimuli (e.g., Geangu et al., 2013; Kühn-Popp et al., 

2013; Liu et al., 2009b, 2009a; Meinhardt et al., 2011, 2012). In Theory of Mind 

tasks, the late waveform typically manifests extensively across the frontal and 

parietal electrode sites, a pattern frequently observed when participants 

engage with complex stimuli that require the attribution of mental states to 

others.  

Late waveforms were often considered a neural marker of the mental 

operations involved in false belief understanding. The late waveforms involved 

in false belief understanding were often characterized as “late slow waveforms” 

(e.g., Bowman et al., 2012; Geangu et al., 2013; Guan et al., 2020; Meinhardt 

et al., 2012). Slow waveforms are tonic with less distinct peaks, persisting from 

several hundred milliseconds to several seconds (Rösler et al., 1997). In ERP 

studies on the neural correlates of false belief understanding with adults and 

children, the term late slow waveform has been used widely and not quite 

consistently. One aspect of the late slow waveform showed differences in 

amplitude between mental state attribution processes and non-mental state 

attribution processes (e.g., Bowman et al., 2012; Guan et al., 2020; Liu et al., 

2009a, 2009a; Sabbagh & Taylor, 2000). For example, false belief reasoning, 

as compared to false photo reasoning, exhibited differences in the amplitude of 

a left-frontal late slow waveform, observed between 600 and 840 milliseconds 

post-stimulus (Sabbagh & Taylor, 2000). Belief reasoning, encompassing both 

false belief and true belief, versus reality understanding elicits a more negative 

late slow waveform over left-frontal sites from around 700 to 900 ms in adults 

(Liu et al., 2004, Liu et al., 2009b), whereas in children it appears from 1,400 to 
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1,500 ms (Liu et al., 2009b). Another aspect of variations in the late slow 

waveform was observed across different mental state processes. For instance, 

the late slow waveforms for false belief reasoning differ from those observed in 

true belief reasoning (e.g., Chen et al., 2012; Geangu et al., 2013; Meinhardt et 

al., 2011; Zhang et al., 2013), desire reasoning (Bowman et al., 2012; Liu et al., 

2009a), and pretense (Kühn-Popp et al., 2013; Meinhardt et al., 2012). 

Compared to true belief reasoning, false belief reasoning elicited a late slow 

waveform with greater amplitude over midfrontal sites between 600 and 1000 

ms in adults (Chen et al., 2012; Geangu et al., 2013; Meinhardt et al., 2011; 

Zhang et al., 2013). In children, false belief reasoning similarly elicited a late 

slow waveform with greater amplitude than true belief reasoning; however, this 

effect was observed at broadly distributed anterior sites and occurred later, 

between 750 and 1450 ms (Meinhardt et al., 2011). In previous literature, late 

slow waveforms were proposed to reflect processes associated with decoupling 

mental states from reality (e.g., Liu et al., 2004) or the decoupling mechanism 

involved in meta-representation (Kühn-Popp et al., 2013; Meinhardt et al., 

2012). Additionally, they were linked to working memory processes (Bailey et 

al., 2016; Barriga-Paulino et al., 2014), suggesting they may reflect extended 

working memory processing and allocation of attention resources during belief 

reasoning.  

Developmental investigations comparing neural activation between 6- to 

12-year-old children and adults consistently show that children demonstrate a 

more diffuse distribution of late slow waveforms compared to adults (e.g., Guan 

et al., 2020; Kühn-Popp et al., 2013; Liu et al., 2009b; Meinhardt et al., 2011). 

Seven ERP studies (Bowman et al., 2012; Kühn-Popp et al., 2013; Liu et al., 

2004, 2009b, 2009a; Meinhardt et al., 2011, 2012) facilitated direct 

comparisons of neural responses associated with false belief understanding 

across adults and children by using ERP paradigms shared between studies. 
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These studies fall into four groups, each using identical ERP paradigms for 

adults and children (see supplementary materials S1): (1) Meinhardt et al. (2011) 

focused on neural responses to false and true belief; (2) Liu et al. (2004, 2009b) 

explored belief and reality; (3) Kühn-Popp et al. (2013) and Meinhardt et al. 

(2012) examined false belief understanding, reality, and pretense; (4) Bowman 

et al. (2012) and Liu et al. (2009a) analyzed belief, desire, and physical control 

conditions. These studies revealed that both children and adults exhibit late 

slow waveforms to belief stimuli yet differ in scalp distribution and temporal 

characteristics. In adults, late slow waveforms related to belief processing 

typically manifest over frontal sites (Liu et al., 2004, 2009a; Meinhardt et al., 

2011, 2012) or right posterior sites (Liu et al., 2009a) during the 600-900 ms 

interval. Conversely, children’s neural responses to belief information 

predominantly present a more diffused frontal scalp distribution or appear over 

parieto-occipital sites, often occurring later than in adults (Bowman et al., 2012; 

Kühn-Popp et al., 2013; Liu et al., 2009b; Meinhardt et al., 2011). These 

findings enhance our understanding of the developmental differences in brain 

activity related to belief reasoning between children and adults. They 

consistently demonstrate the presence of frontal late slow waveforms in 

reasoning about false beliefs. Additionally, there are developmental changes in 

the contribution of the parieto-occipital regions. The present study, which 

assessed the neural responses to false belief, hypothesizes that in toddlers, 

these responses manifest as more diffused and less localized late waveforms, 

potentially encompassing broader frontal and parieto-occipital areas and 

occurring at a later time window. 

In behavioral child development, false belief understanding has been 

shown to emerge with steep developmental progress between 3.5 and 5 years 

of age in traditional behavioral false belief tasks (Wellman et al., 2001; Wimmer 

& Perner, 1983). Investigating the neural correlates of false belief 
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understanding within this sensitive age range is essential for understanding the 

neurocognition of false belief understanding. However, at this age, limited 

attention spans, increased motor activity, and growing autonomy lead to 

difficulties in maintaining engagement and adherence to ERP experiment 

protocols. Only one ERP study has examined children’s belief reasoning in this 

sensitive age range. Liu et al. (2009b) compared the neural responses of 

children aged 4 to 6 years and adults in belief attributions to story characters 

and reality judgments. Children were grouped into passers and failers based 

on an independent assessment of their behavioral false belief competence. A 

late slow waveform was observed over frontal sites only for false belief passing 

children, with a more diffuse scalp distribution than that observed in adults. 

Children who failed the behavioral false belief task showed no systematic 

differentiation between belief and reality conditions on the neural level. To date, 

these findings provide the only evidence for brain-behavior connections in 

acquiring false belief understanding in early childhood.  

Recent behavioral research shows that toddlers younger than 3 years 

can pass explicit verbal false belief tasks with reduced processing demands, 

indicating an early false belief understanding and conceptual continuity (Grosso 

et al., 2019; Scott et al., 2020; Setoh et al., 2016), rather than conceptual 

change over the preschool years. However, no prior studies have investigated 

the neural correlates of explicit verbal false belief understanding in this age 

group. Understanding these neural bases is important for tracing the 

developmental origins of false belief understanding on the neural level. The 

present study builds upon Liu et al. (2009b) by extending their findings to 

toddlers, thereby broadening our understanding of the developmental origins of 

false belief understanding from a neural perspective. To address 

methodological challenges in this age group, we developed a novel ERP 

paradigm (i.e., Leo’s belief task, see below) and we employed the low-demands 
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behavioral false belief task adapted from Setoh et al. (2016).   

The low-demands behavioral false belief task helps toddlers overcome 

response-generation and inhibitory-control difficulties. Response generation 

involves toddlers’ interpreting, retaining, and responding to a standard question 

that predicts the protagonist’s behavior. Inhibitory control requires them to 

suppress their knowledge of reality to accurately reflect the protagonist’s false 

belief. In Setoh et al.’s (2016) study, toddlers were told a story about protagonist 

Emma, who found an apple in one of two containers, moved it to the other 

container, and went outside. In her absence, her brother found the apple and 

took it away. Emma then returned to look for her apple. In the test trial, toddlers 

were shown pictures of the two containers and were asked the test question, 

“Where will Emma look for her apple?” The test object was removed from the 

scene to reduce demands for inhibitory control, obviating the requirement for 

toddlers to overcome reality bias (Robinson & Mitchell, 1995). Importantly, 

toddlers were also given two practice trials to reduce demands on response 

generation. In one practice trial, toddlers saw an apple and a banana and were 

asked, “Where is Emma’s apple?” in the other practical trial, they saw a ball 

and a frisbee and were asked, “Where is Emma’s ball?”. Under these conditions, 

30- to 33-month-old toddlers performed above chance in the test trial; 25 of 32 

(78%) toddlers pointed to the container that Emma mistook to hold her apple 

(Setoh et al., 2016, Exp. 1). Grosso et al. (2019) replicated this finding in 33-

month-old toddlers. Importantly, Scott et al. (2020) found false belief 

competence in toddlers also in a false belief about identity task with low 

demands. Moreover, a recent longitudinal study found a longitudinal correlation 

between false belief understanding assessed with the low-demands task 

adapted from Setoh et al. (2016) at 33 months and false belief understanding 

in a standard false belief assessment at 52 months (Sodian et al., 2024). These 

findings support the view that there is conceptual continuity in false belief 
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understanding from infancy to preschool age and that toddlers’ failure in 

traditional false belief tasks may be due to higher processing demands 

(Baillargeon et al., 2010, 2016). If there is conceptual continuity in false belief 

understanding on the behavioral level, this should be reflected on the neural 

level. Specifically, toddlers who pass the behavioral false belief task before the 

age of 36 months should also show a distinction between the false belief and 

true belief conditions on the neural level, similar to the distinction between 

passers and failers in 4- to 6-year-olds in Liu et al.’s (2009b) study. 

The present study was designed to systematically investigate the neural 

correlates of false belief versus true belief processing in toddlers under 36 

months of age. We developed an ERP paradigm named “Leo’s belief task” to 

assess toddlers’ brain responses as they process information about a 

protagonist’s (i.e., Leo’s) true or false beliefs. This paradigm (Figure 9) is akin 

to the behavioral “explicit false belief task” (Wellman & Bartsch, 1988; Wellman 

& Liu, 2004), which is part of the Theory of Mind scale. In Leo’s belief task, 

toddlers were explicitly informed about reality (e.g., toddlers saw that the ball 

was in the box while the bucket was empty). Subsequently, toddlers were 

informed by verbal communication about Leo’s true or false beliefs (e.g., “Leo 

thinks that the ball is in the box/bucket”). This information was followed by a 

behavioral test question: “Where will Leo look for (the target object)?”. The 

explicit false belief task has been found to be equally challenging as other 

standard false belief tasks that require children to infer the protagonist’s false 

belief from their access to information (Wellman & Bartsch, 1988). In the 

present ERP paradigm, however, we did not assess the neural response to a 

prediction of behavior, but we chose the final spoken word in the sentence 

expressing Leo’s belief as an ERP eliciting event. This spontaneous response 

assessment enables a direct comparison of neural responses to information 

conveying Leo’s false and true beliefs. We articulated Leo’s beliefs through a 
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single scenario where the positions of the two containers — namely, the box 

and the bucket — remained constant, and the protagonist consistently 

remained present without any instances of absence or return. Consequently, 

we propose that Leo’s belief task is conducive to identifying the neural 

correlates of false belief processing in toddlers.  

A notable strength of our method is using independent tasks to assess 

false belief understanding on both neural and behavioral levels. The behavioral 

task, designed with low response-generation and inhibitory-control demands, 

enabled the categorization of toddlers into false belief passers and failers. 

Concurrently, the ERP belief task provided explicit information about reality and 

the protagonist’s beliefs, eliciting toddlers’ neural responses. The deliberate 

differentiation between the two tasks ensured that the identified brain-behavior 

connections reflected substantive cognitive processes in false belief 

understanding rather than superficial task characteristics. 

In summary, the present study has two goals. The first goal is to explore 

late waveforms distinguishing false belief and true belief processing in 33-36-

month-olds. Based on previous ERP studies on false belief understanding, we 

hypothesize that late waveforms over anterior or posterior electrode sites will 

differentiate between the false belief and true belief conditions4. The second 

goal is to determine if behavioral false belief competence is associated with a 

neural-level distinction. We measure behavioral false belief competence with 

the low-demands false belief task adapted from Setoh et al. (2016). If such 

competence aligns with a distinction on the neural level, we anticipate late 

waveforms to manifest exclusively in behavioral false belief passers, as 

 

4  Since it is unclear whether the term “slow waveform” can be applied to characterize late 

waveforms emerging as neural correlates of mentalizing in toddlers, we opt to speak more 

generally of a “late waveform” in the present ERP study of false belief reasoning in toddlers. 
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demonstrated by Liu et al. (2009b).  

2.2. Study 1 methods 

2.2.1. Participants 

A total of 128 toddlers participated in the ERP belief task (55 boys, Mage 

= 34.82 months, SD = 1.71 months, age range: 32.50-37.37 months). Data 

obtained from 70 toddlers (30 boys, Mage = 34.84 months, SD = 1.71 months, 

age range: 32.50-37.23 months) fulfilled the artifact criterion, which will be 

explained in the subsequent section. These data constituted the final ERP 

dataset. Fifty-eight toddlers were tested but not included in the final sample 

because of the following reasons: 1) they did not achieve the requisite number 

of trials (a minimum of five usable trials, Elsner et al., 2013; Stets et al., 2012; 

Stets & Reid, 2011) due to challenges arising from inattention, excessive body 

movements, and tiredness (n = 49),  2) technical problems  (e.g., no record 

stimuli markers in these toddlers) during the data recording (n = 6), or 3) the 

data recording process was not completed (n = 3). The exclusion rate was 

41.18%, similar to other EEG studies with young children (Hoehl & Wahl, 2012; 

Stets et al., 2012). 

Out of the 70 toddlers who met the ERP artifact criteria as mentioned 

earlier, 25 were excluded from the analysis of the behavioral false belief task 

for the following reasons: 1) Ambiguous or absent responses (n = 4); 2) Lack of 

engagement with the task (n = 15); 3) Errors in task instructions by 

experimenters (n = 6). Detailed coding schemes and reasons for exclusion 

were listed in the supplemental materials (S3). Forty-five (18 boys, Mage = 34.51 

months, SD = 1.62 months, age range: 32.93-37.23 months) of the 70 toddlers 

who met the ERP artifact criteria and completed the low-demands behavioral 

false belief task concurrently were included in the final sample for data analysis. 

According to parent reports, all toddlers had normal or corrected-to-

normal visual acuity, normal hearing, no neurological disorders, or regular 
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medication. German was the mother tongue or the primary language of all 

participants. Prior to the commencement of data collection, written informed 

consent was obtained from a parent or legal guardian for each participating 

child. The local ethics committee approved the study based on the ethical 

principles of the European Federation of Psychologists’ Associations. 

2.2.2. ERP paradigm and procedure 

2.2.2.1. ERP belief task (Leo’s belief task) 

Leo’s belief task is an ERP paradigm designed to assess false belief 

understanding in toddlers. Thirty-two test trials (16 false belief and true belief 

condition trials, respectively) and eight control conditions were presented to 

participants in a pseudo-randomized order. All auditory commentaries were 

recorded in high quality in WAV format (44.1KHz / 16bit sampling) by a trained 

speaker and played back at a volume of approximately 65 dB/A via JBL Control 

One monitor loudspeakers.  

Five static scenes were presented in each trial as a film sequence with 

verbal commentary (Figure 9). The first scene depicted two containers, a box 

(German: Koffer) and a bucket (German: Eimer), which remained in the same 

positions throughout the trial. In the second scene, one of four possible objects 

(a ball, a fish, a cup, or a car) was shown in one container, and the following 

verbal comment was made: “Look! This is Leo’s ball. The ball is in the box.” 

(German: “Schau! Das ist Leo’s Ball. Der Ball ist im Koffer.”). Object positions 

were counterbalanced across all trials. The third scene showed the containers 

closing, accompanied by a corresponding sound. In the fourth scene, the 

protagonist, Leo, appeared on the screen and expressed his belief about the 

object’s location (“Leo thinks the ball is in the box/bucket”, German: “Leo denkt, 

der Ball ist im Koffer / Eimer.”). In the true belief condition, Leo’s belief 

corresponded to the object’s true location. In the false belief condition, Leo’s 

belief contradicted the real location of the object. In the control condition, Leo’s 
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belief was replaced by a location preference statement (e.g., “Leo likes the 

box/bucket”). Leo’s preferences were counterbalanced across control 

conditions. The final container word (i.e., box or bucket), signifying Leo’s 

presumed location for the object, was used to segment ERP events. The two 

containers (i.e., box and bucket) were shown again in the fifth scene. Two filler 

sentences were used to prevent the behavioral response from being influenced 

by the aforementioned location. The empty container was indicated (i.e., “The 

box/bucket is empty.” German: “Der Koffer/Eimer ist leer.”), and the object’s true 

location was repeated (e.g., “The ball is in the box.”, German: “Der Ball ist im 

Koffer.”). The order of these two filler sentences was counterbalanced across 

trials. Each trial ended with a test question (Belief conditions: “Where will Leo 

look for the ball?”; Control conditions: “Where will Leo go now?”). The final 

scene remained on the screen until the child responded orally. 
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Figure 9. Illustration of ERP belief task. ERP events were elicited from the 

auditory presented word box/bucket in all experimental conditions. Control 

conditions were presented pseudo-randomly between the experimental 

conditions to prevent anticipation. The loudspeaker symbol indicates the 

auditory presented information. 
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2.2.2.2. Procedure 

ERP belief task was conducted in a dimly lit, soundproof, and 

electromagnetically shielded room by IAC (Industrial Acoustics Company). 

Toddlers sat on a highchair in front of the experimenter or on their parent’s lap 

if preferred. Stimuli were displayed on a 19-inch screen (Dell Inc.) with a 

resolution of 1280 × 1024. The image on screen measured 25.5 cm in height 

and 38 cm in width, with the protagonist occupying roughly two-thirds of the 

image on a dark grey frame background [RGB (96, 96, 96)], which was 

completely visible during inter-trial breaks. 

At the start of the experiment, toddlers were asked to watch the following 

videos carefully and to answer the question at the end of each trial. Prior to the 

start of the trial, short “eye-catching” videos were interspersed to draw the 

toddlers’ attention to the monitor and counteract disinterest. The entire task took 

about 15-20 minutes (including short breaks), plus another 25-30 minutes for 

preparation (application of the cap, further technical preparations, and 

instruction). Presentation software was used to deliver the stimulus 

(Neurobehavioral Systems). 

2.2.2.3. Electrophysiological recordings and preprocessing 

The electroencephalogram (EEG) was recorded with Cz reference from 

33 active electrodes (ActiCap System, Brain Products, Gilching, Germany) 

placed on standard positions of the extended international 10–20 System. The 

bandpass of the recording system (BrainAmp DC amplifiers, Brain Products, 

Gilching, Germany) was set to 0.016 Hz-100 Hz, and data were sampled at 500 

Hz. All impedances were kept below 10 kΩ. Fp2 was used to monitor vertical 

eye movements and blinks. Horizontal eye movements were monitored via 

positions F9 and F10. Channel AFz served as grounding.  

The EEG data were analyzed offline using Brain Vision Analyzer 

software (Version 2.2.2, Brain Products GmbH, Gilching, Germany). Channels 
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(i.e., F7, F8, T7, T8, P7, P8, TP9, TP10) near the EEG cap’s edge (e.g., neck, 

cheeks, and forehead) were omitted since they tended to produce most of the 

movement-related noise. Data from EEG channels over the scalp surface (F3, 

F4, Fz, Fpz, FC1, FC2, FC5, FC6, C3, C4, Cz, CP1, CP2, CP5, CP6, P3, P4, 

Pz, O1, O2, Oz, n = 21) and EOG related electrodes (F9, F10, Fp1, Fp2) were 

retained for further analysis (see Figure 10). Offline data were re-referenced to 

the common average reference5 and were digitally bandpass filtered from 0.30 

Hz (-24 dB) to 30 Hz (-12 dB). An automatic inspection procedure was applied 

to discard data containing excessive eye movement or muscular artifacts before 

the ocular correction (Gratton et al., 1983). In this procedure, sections were 

automatically marked as artifacts and excluded if the amplitude of the EOG 

channel exceeded ± 125 μV and the EEG channel exceeded ± 100 μV. ERP 

segments time-locked to the ERP trigger (the onset of the auditory presented 

word, i.e., box, bucket) were extracted from -100 ms (pre-stimulus baseline) to 

1200 ms after stimulus onset. Following the automatic artifact reduction process, 

a meticulous visual inspection was conducted. Video sequences (Analyzer 

Video Plug-In, Brain Products) recorded simultaneously with EEG data were 

used to identify visible inattentiveness (such as toddlers looking away from the 

monitor) and inappropriate activities, further mitigating the potential 

contamination from eye movements and other artifacts. Segment rejection was 

done blind to conditions by the experimenter. Detailed coding schemes for 

segment exclusion were listed in the supplemental materials (S2). 

 
5 Common average reference has been critiqued for possibly inducing ‘mirror potentials,’ where 

specific ERP waveforms might appear as their inverse at different scalp locations (Dien, 1998; 

Picton et al., 2000). To assess such possible bias, we reprocessed our data using the linked-

mastoid re-reference, a technique less prone to mirror potentials (see supplementary materials 

S6). The late waveform patterns and their topographical characteristics were consistent 

irrespective of the re-referencing strategy, thereby ensuring the robustness of the observed 

polarity reversal in ERP patterns. 
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Subsequently, data were baseline corrected (−100 ms to 0 ms), and artifact-

free segments were averaged separately for the false belief (M = 7.11, SD = 

2.01, value range: 5 – 12) and true belief (M = 7.61, SD = 2.83, value range: 5 

– 15) conditions. The number of usable trials did not differ significantly between 

groups (F(1, 43) = 0.552, p = .461), did not differ significantly between belief 

conditions (F(1, 43) = 2.668, p = .110), and did not interact between belief and 

group (F(1, 43) = 0.830, p = .367).  

 

Figure 10. Electrode layout of the ERP measurement. All channels were 

included in the ERP measurement. Channels marked in teal and orange show 

the electrodes included in the ERP preprocessing. 

2.2.3. Behavioral tasks and procedure 

2.2.3.1. Low-demands behavioral false belief task (Lily’s belief task) 

Lily’s belief task, which closely followed the procedure by Setoh et al. 

(2016), is a change-of-location false belief task with reduced processing 

demands. We created a picture book with nine pages to present the task, 

composed of clear plastic sheet protectors (32 cm × 56 cm) holding white paper 



Chapter 2 

116 

 

backgrounds to which 11 pictures were attached (20 cm × 25 cm). A solid black 

paperboard (50 cm tall × 56 cm wide × 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-degree angle via a black ribbon connecting 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. 

During the low-demands behavioral false belief task (Figure 11), the 

child and one experimenter sat beside each other with the easel in the middle 

of the table. The event was recorded with a hand-held camera focused on the 

book and the child, capturing the child’s pointing movements. Another 

experimenter documented the child’s behavior during the experiment. A verbal 

answer by the child and ambiguous response behavior (e.g., the pointing 

gesture and the verbal answer did not match) were recorded for all exercises 

and test runs. Six story events, two practice trials, and one test trial were 

presented to the child in total. After flipping each page to reveal the respective 

picture, the experimenter repeated the accompanying line of that event 

verbatim. In the first two pictures, 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 was shown, and the child was asked, “Where is Lily’s 

apple?”. Then, in the third and fourth pictures, Lily moved the apple into the 

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 

picture, 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 the apple was located was coded 
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as a 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. 

All responses from the child were independently coded from video 

recordings by 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 vocal reply of the child and eventual response behavior (e.g., 

inconsistent verbal or pointing responses, such as pointing at one location but 

mentioning the other). The toddlers who completed the behavioral false belief 

task were categorized into two groups: those who passed were coded as 1 

(passers), while the others were coded as 0 (failers). 
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Figure 11. Illustration of the low-demands behavioral false belief task. The 

participant saw a six-part story with two practice questions and a test question. 

After each page turned, the experimenter read out the text on this page. A 

pointing gesture or verbal response to the container (basket) in which Lily left 

the apple counted as a correct answer.  
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2.2.3.2. Control measures 

To control for the effects of general cognitive abilities and language skills, 

we conducted the Kaufman Assessment Battery for Children-Second Edition 

(KABC-II) (Melchers & Melchers, 2015) and the Language development test for 

three- to five-year-old children (SETK3) (Grimm et al., 2015).  

In the KABC-II task, the toddlers underwent the five age-appropriate 

tasks, which collectively measure three-year-olds’ intellectual processing index. 

These tasks assessed toddlers’ memory, attention, and concentration, as well 

as their simultaneous and sequential information processing and coding. 

We conducted four subtasks from the SETK3 test battery: 

comprehension of sentences, encoding of semantic relations, phonological 

working memory, and morphological rule formation. All tasks were conducted 

and scored as described in the manual, and the raw values were transformed 

into standardized T-values according to the age-specific norm table. 

2.2.4. Statistical analysis   

2.2.4.1. False belief competence grouped by false belief competence in the low-

demands behavioral task 

We used nonparametric cluster-based permutation analysis to 

determine the electrode clusters and time windows of interest for late 

waveforms. Specifically, we submitted EEG data in the time window from 600 

to 1200 ms after the auditory presented word (i.e., box or bucket) and over all 

electrodes to a dependent-sample permutation t test to examine the main effect 

of the belief condition. The main effect of belief condition has been extensively 

demonstrated in both adult and child studies (e.g., Geangu et al., 2013; 

Meinhardt et al., 2011). This specific time window was selected based on prior 

studies in children, which consistently observed the emergence of late 

waveforms associated with belief reasoning approximately 600 milliseconds 

after stimulus onset (e.g., Bowman et al., 2012; Geangu et al., 2013; Meinhardt 
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et al., 2011, 2012). Then, the mean amplitude of the late waveforms per belief 

condition was calculated over the electrode clusters, which revealed a 

significant difference between the false belief and true belief conditions. To 

confirm the significant effect of the belief condition and to explore the potential 

interaction between group, belief condition and electrode cluster, we performed 

a 3-way mixed-measures ANOVA on these data. In cases where a significant 

3-way interaction was observed, we conducted 2 kinds of post-hoc analyses: (i) 

to further explore the effects of belief condition and electrode cluster on late 

waveforms’ amplitude, we conducted post-hoc 2-way ANOVAs separately for 

the passers and failers, and post hoc pairwise comparisons were conducted 

when a significant 2-way interaction was observed. (ii) To further explore 

performance differences between the 2 groups in each sub-condition, we broke 

down the 3-way interaction by focusing on the effect of the group for each level 

of the other 2 factors (i.e., belief condition and electrode cluster). However, late 

waveforms’ amplitude between the 2 groups was not further explored when 

neither the 3-way or 2-way interaction between the group and other factors nor 

the main effect of the group was significant. 

2.2.4.2. False belief competence grouped by performance on the behavioral 

test questions in the ERP belief task 

Due to generally low accuracy in the ERP belief task, classifying children 

into passers and failers directly based on performance in the behavioral test 

questions was not feasible. Instead, we used an independent low-demands 

behavioral task where children performed above chance levels, allowing for 

classification into false belief passers and failers. This design might raise 

concerns about whether the ERP task and the behavioral task reflect the same 

belief understanding process. To address this concern, we conducted an 

additional analysis focusing solely on the ERP task (Refer to section 3.2.2 for 

detailed results).  
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We used nonparametric cluster-based permutation analysis in all 

toddlers who fulfilled the ERP artifact criterion (N = 70) to determine the 

electrode clusters and time windows of interest for late waveforms. Specifically, 

we submitted EEG data in the time window from 600 to 1200 ms after the 

auditory presented word (i.e., box or bucket) and over all electrode clusters to 

a dependent-sample permutation t test. Then, the mean late waveform 

amplitude per belief condition and electrode clusters was calculated over the 

cluster, which revealed a significant difference between the false and true belief 

conditions. We then categorized children based on their performance in the 

ERP task into two groups: the top 25% for false belief accuracy (40% to 63.64%) 

and the bottom 25% for false belief accuracy (0% to 12.5%). This approach 

aimed to amplify differences despite overall low accuracy. To confirm the 

significant effect of belief condition and to explore the potential interaction 

between group, belief condition and electrode cluster, we performed a 3-way 

mixed-measures ANOVA on these data and conducted planned pairwise 

comparisons between FB and TB in toddlers with top 25% FB accuracy, as well 

as between FB and TB in toddlers with bottom 25% FB accuracy. 

 

All statistical analyses except permutation analyses were performed 

using the SPSS software (version 29; IBM Corp, 2023) and Rstudio (Version: 

2024.09.0+375; RStudio Team, 2024). Cohen’s d was calculated as the effect 

size for t-tests. The Greenhouse-Geisser correction was applied in case of 

violations of the sphericity assumption. For the sake of brevity, the uncorrected 

degrees of freedom were reported. 

Permutation analyses were performed using the FieldTrip toolbox 

(Oostenveld et al., 2010). This type of analysis allows for statistical tests over 

entire data points while still controlling for multiple comparisons (Maris & 

Oostenveld, 2007). More specifically, for each permutation test used in the 
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present study, adjacent spatiotemporal points for which t-values exceed a 

threshold were clustered (dependent t-test; two-tailed; cluster-defining 

threshold p = .05; iterations = 5000). The absolute sum of the t-values within 

each cluster was defined as the cluster’s weight. This weight served as the sole 

criterion for determining the cluster’s significance. Cluster-based permutation 

estimates the likelihood of each cluster’s weight in the actual data compared to 

random permutations of the dataset. The p-value for each cluster is defined as 

the proportion of random iterations that resulted in a higher cluster weight. 

Clusters with p < .05 were considered significant. For each significant cluster, 

we report the cluster weight, p-value, and the corresponding electrode clusters 

and/or time window. 

2.3. Study 1 results 

2.3.1. Behavioral results 

Based on the low-demands behavioral false belief task performance, 27 

toddlers were assigned to the passers group, while 18 toddlers were in the 

failers group. There was no significant difference between passers and failers 

in gender, age, general cognitive abilities, and language skills (see Table 6). 

In the ERP belief task, mean response accuracy in the false belief 

condition (behavioral test question) for the passers and failers was 31.37% (SD 

= 18.30) and 28.61% (SD = 21.57), respectively. There was no significant 

difference in false belief accuracy between the two groups (t(43) = 1.169, p 

= .249). Mean response accuracy in the true belief condition for the passers 

and failers was 43.24% (SD = 23.27) and 51.50% (SD = 23.08), respectively, 

and there was no significant difference in true belief accuracy between the two 

groups (t(43) = -0.460, p = .648). In both groups, the mean response accuracy 

in the false belief condition was below 50% (passers: t(26) = –5.291, p < .001; 

failers: t(17) = –4.207, p = .001) and was close to 50% (passers: t(26) = –1.508, 

p = .144; failers: t(17) = 0.275, p = .786) in the true belief condition.  
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Additionally, we examined the correlation between averaged late 

waveforms in the ERP belief task and false belief competence in the low-

demands behavioral false belief task (see Table 7). Despite controlling for co-

developing abilities (i.e., IQ, language skills), the significant correlation between 

the late waveforms over occipital sites and false belief competence persisted. 

 

Table 6. The participants’ demographic information 

  
All 

participants 
Passers Failers χ² | t p 

N 45 27 18   

Gender (m:f) 18:27 9:18 9:9 1.25 .264 

Age (months) 
34.51 

(1.62) 

34.49 

(1.63) 

34.54 

(1.64) 
0.087 .931 

Age range 

(months) 

32.93-

37.23 

32.93-

37.23 

33.00-

37.03 
- - 

KABC-II (N =36) 
98.67 

(8.41) 

98.57 

(8.91) 

98.80 

(7.95) 
0.079 .937 

SETK3 (N =35) 
53.52 

(6.24) 

53.68 

(5.66) 

53.31 

(7.13) 
-0.171 .865 

Note. Standard deviations are presented in parentheses. IQ is measured with 

the KABC-II task. Language skills are measured with the SETK3 tasks.  
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Table 7. Correlation between averaged late waveforms in the ERP belief task 

and false belief competence in the low-demands behavioral false belief task. 

  TB_FC FB_FC Diff_FC TB_Occ FB_Occ Diff_Occ 

FB 

competence 

in low-

demands 

behavioral 

FB task (N 

= 45) 

0.14 0.12 0.00 -0.17 

0.31* 

[r-partial = 

0.32*, N = 

35] 

0.39** 

[r-partial = 

0.40*, N = 

35] 

Note. * p < .05, ** p < .01 (one-tailed). The partial correlations controlling IQ and 

language are presented in brackets. Sample sizes are presented in parentheses. 

IQ is measured with the KABC-II task. Language skills are measured with the 

SETK3 tasks. FB = false belief. TB = true belief. TB_FC = average amplitude of 

late waveforms in the true belief condition over the frontocentral electrode sites. 

FB_FC = average amplitude of late waveforms in the false belief condition over 

the frontocentral electrode sites. Diff_FC = difference between average 

amplitudes in true and false belief conditions over frontocentral electrode sites. 

TB_Occ = average amplitude of late waveforms in the true belief condition over 

the occipital electrode sites. FB_Occ = average amplitude of late waveforms in 

the false belief condition over the occipital electrode sites. Diff_Occ = difference 

between average amplitudes in true and false belief conditions over occipital 

electrode sites. The time window for calculating the average late waveform 

amplitudes was based on the main effect of the belief condition identified in the 

cluster-based permutation test described in Section 2.3.2. 

2.3.2. ERP results 

2.3.2.1. False belief competence grouped by false belief competence in the low-

demands behavioral task 

Among 45 participants who met the ERP artifact criteria and completed 

the low-demands behavioral false belief task concurrently, we used 

nonparametric cluster-based permutation tests to identify electrode clusters 
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and time windows showing potential differences in late waveforms’ amplitude 

across the two belief conditions (false belief and true belief). The permutation 

analysis revealed significant clusters for the effect of belief condition on late 

waveforms’ amplitude (Negative cluster: electrodes: FC2, FC6, C3, C4; time 

window: ~691-910 ms and ~936-1004 ms after the auditory presented word; 

tweight = -1048.17 and -286.40; p = .002 and .023. Positive cluster: electrodes: 

O1, Oz, O2; time window: ~721-914 ms and ~924-1064 ms after the auditory 

presented word; tweight = 932.76 and 633.84; p = .003 and .007). See Figure 12 

and the supplementary materials (S4) for the distribution of these significant 

clusters. 

Based on the amplitude of the late waveforms averaged separately over 

the negative and positive electrode clusters, the 3-way mixed-measures 

ANOVA revealed a significant interaction between group, belief condition, and 

electrode cluster (F1,43 = 4.21, p = .046, ηp
2 = .09) (see Table 8). To further 

explore the 3-way interaction effect, we conducted post-hoc pairwise 

comparisons between belief condition and electrode cluster on participants’ 

performance on the low-demands false belief task; we conducted post hoc 2-

way ANOVAs separately for the passers and failers. These analyses revealed 

significant interactions between belief condition and electrode cluster only in 

passers (passers: F1,26 = 28.62, p < .001, ηp
2 = .52; failers: F1,17 = 2.86, p = .109, 

ηp
2 = .14). Post-hoc pairwise comparisons (see Figure 14A) showed that, 

among the passers, the false belief condition triggered a significantly more 

negative amplitude than the true belief condition over the frontocentral 

electrode sites (t43 = 3.45, p = .001, Cohen’s d = 0.38). The false belief condition 

triggered a significantly more positive amplitude than the true belief condition 

over the occipital electrode sites (t43 = -5.33, p < .001, Cohen’s d = -1.05). 

Among the failers, the false belief condition triggered a more negative amplitude 

than the true belief condition over the frontocentral electrode sites (t43 = 3.45, p 
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= .001, Cohen’s d = 0.38), while no significant amplitude difference between 

the false belief and true belief conditions was observed (t43 = -1.76, p = .467, 

Cohen’s d = -0.18) over the occipital electrode sites. The waveforms and 

topographical maps elicited under different belief conditions and groups are 

shown in Figure 13. 

Additionally, to explore amplitude differences between the 2 groups in 

each sub-condition, we also broke down the 3-way interaction by focusing on 

the effect of the group for each level of the other 2 factors (i.e., belief condition 

and electrode cluster). The results showed that amplitude was significantly 

more positive in passers than failers in the false belief condition over occipital 

electrode sites (t43 = -2.11, p = .041, Cohen’s d = -0.61). However, there were 

no significant differences in amplitude between groups in the other 3 conditions 

(all p’s > 0.05; see Figure 14B). That is, within the context of participants who 

passed the low-demands false belief task compared to those who failed, the 

false belief condition elicited a higher amplitude over occipital electrode sites. 
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Figure 12. Raster diagrams depicting significant differences in amplitude 

between the false belief and true belief conditions from the ERP belief task (i.e., 

Leo’s belief task), as determined by a cluster-based permutation test (Sample 

size N = 45). Red and blue areas represent electrodes/time points where late 

waveforms’ amplitude in the false belief condition are more positive or more 

negative relative to the true belief condition, respectively. Black areas indicate 

electrodes/time points where no significant differences were observed. In the 

first cluster (red area), significant effects are localized to electrodes O1, Oz, and 

O2. In the second cluster (blue area), significant effects are primarily localized 

to electrodes FC2, FC6, C3, and C4. 
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Table 8. ANOVA results on late waveforms amplitude, false belief competence 

grouped by false belief competence in the low-demands behavioral task. 

Factor F(df=1,43) p ηp
2 

Group 2.24 .142 .05 

Belief Condition 2.93 .094 .06 

Electrode Cluster** 12.24 .001 .22 

Group × Belief Condition ** 10.27 .003 .19 

Group × Electrode Cluster 0.03 .861 .00 

Condition × Electrode Cluster *** 21.98 < .001 .34 

Group × Belief Condition × Electrode Cluster* 4.21 .046 .09 

Note: * p < .05, ** p < .01, *** p < .001. 
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Figure 13. Late waveforms separated for “condition” (false belief, true belief) 

and “group” (passers, failers) plotted over the averaged frontocentral (across 

FC2, FC6, C3, C4) and occipital (across O1, Oz, O2) electrode clusters. Red 

line: late waveforms in the false belief condition; blue line: late waveforms in the 

true belief condition. Topographic maps showed the mean amplitude difference 

between late waveforms of the true belief condition subtracted from the false 

belief condition. 
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Figure 14. (A) A late positive waveform over the occipital electrode sites 

distinguished between the false belief and true belief conditions only in passers, 

while a late negative waveform over the frontocentral electrode sites 

consistently distinguished between the false belief and true belief conditions 

regardless of the low-demands behavioral false belief task performance. (B) 

Compared with failers, passers responded with a higher amplitude late 

waveform in the false belief condition over occipital electrode sites. Data are 

expressed as mean ± SE. Note that, in (A), the SE refers to the standard error 

of the pairwise difference between the 2 compared sub-conditions; in (B), the 

SE refers to the standard error of the difference between the 2 independent 

means. ns: not significant; * p < .05; ** p < .01; *** p < .001. 

 

Furthermore, additional paired-sample t tests compared the false belief 

and control conditions over the occipital electrode sites (i.e., O1, Oz, O2) in 

separate groups to ensure that the late waveforms observed in the false belief 

condition in passers reflected false belief understanding rather than detecting 

a match or mismatch between Leo’s beliefs and reality (see Figure 15). Among 

the passers, the false belief condition triggered a significantly more positive 
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amplitude than the control condition (t23 = 3.09, p = .005, Cohen’s d = 0.63) 

over the occipital electrode sites, while no significant difference between 

conditions was found among the failers (t14 = 0.86, p = .405, Cohen’s d = 0.22). 

 

Figure 15. Late waveforms separated for “condition” (false belief, control 

condition) and “group” (all participants, passers, failers) plotted over the 

averaged occipital electrode sites (i.e., O1, Oz, O2). The additional analysis 

was narrowed down to 39 participants (Control condition: M-trials = 5.56, SD = 

0.79, range: 5-8), as six others had fewer than five control conditions recorded, 

which made their data incomplete. 

 

2.3.2.2. False belief competence grouped by performance on the behavioral 

test questions in the ERP belief task 

Among 70 participants, the permutation analysis revealed significant 

clusters for the effect of condition on late waveforms amplitude (Negative 

cluster: electrodes: FC2, FC6, C3, C4; time window: ~625-807 ms and ~813-

916 ms after the auditory presented word; tweight = −884.37 and -477.75; p 

= .003 and .009. Positive cluster: electrodes: O1, Oz, O2; time window: ~607-

1038 ms after the auditory presented word; tweight = 1937.29; p < .001). See 
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Figure 16 and the supplementary materials (S5) for the distribution of these 

significant clusters. 

Behavioral competence within the ERP belief paradigm, on average, 

was observed to be below chance levels, as anticipated. Consequently, to 

further investigate the brain-behavior connection, comparisons were made 

between extreme groups, specifically the top 25% (N = 18) and bottom 25% (N 

= 18) of performers based on false belief accuracy of behavioral test questions 

in the ERP belief paradigm. Among 36 participants, the permutation analysis 

revealed significant clusters for the effect of condition on the late waveform’s 

amplitude (Negative cluster: electrodes: FC6, C3, C4; time window: ~653-747 

ms and ~761-803 ms after the auditory presented word; tweight = −458.74 and -

204.24; p = .009 and .045. Positive cluster: electrodes: O1, Oz, O2; time 

window: 717-867 ms after the auditory presented word; tweight = 572.81; p 

= .007). 

Based on the amplitude of the late waveforms averaged separately over 

the negative and positive clusters, the 3-way mixed-measures ANOVA 

revealed a marginally significant interaction between group, condition, and 

electrode (F1,43 = 3.19, p = .083, ηp
2 = .09) (see Table 9). To further explore the 

3-way interaction effect, we conducted post-hoc pairwise comparisons between 

condition and electrode on participants’ performance on the behavioral test 

questions in the ERP belief task; we conducted post-hoc 2-way ANOVAs 

separately for the top 25% group and bottom 25% group. These analyses 

revealed significant interactions between belief condition and electrode only in 

the top 25% group (top 25% group: F1,17 = 21.70, p < .001, ηp
2 = .56; bottom 

25% group: F1,17 = 3.62, p = .074, ηp
2 = .14). Post hoc pairwise comparisons 

(see Figure 18A) showed that, among the passers, the false belief condition 

triggered a significantly more negative amplitude than the true belief condition 

over the frontocentral electrode sites (t34 = 4.56, p < .001, Cohen’s d = 0.43). 
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The false belief condition triggered a significantly more positive amplitude than 

the true belief condition over the occipital electrode sites (t43 = -3.56, p = .001, 

Cohen’s d = -0.89). Among the failers, the false belief condition triggered a more 

negative amplitude than the true belief condition over the frontocentral 

electrode sites (t34 = 3.86, p < .001, Cohen’s d = 0.37), while no significant 

amplitude difference between the false belief and true belief conditions was 

observed (t34 = -0.85, p = .401, Cohen’s d = -0.21) over the occipital electrode 

sites. The waveforms and topographical maps elicited under different belief 

conditions and groups are shown in Figure 17. 

Additionally, to explore amplitude differences between the 2 groups in 

each of the sub-conditions, we also broke down the 3-way interaction by 

focusing on the effect of the group for each level of the other 2 factors (i.e., 

belief condition and electrode). However, there were no significant differences 

in amplitude between groups in all four conditions (all p’s > 0.05; see Figure 

18B).  

The above findings are similar to those from the independent behavioral 

false belief task, enhancing the evidence on neural correlates of false belief 

understanding in toddlers. However, it is important to note that these findings 

should be viewed as supplementary due to the overall low accuracy in the 

behavioral test questions of the ERP task and the smaller sample sizes from 

the top and bottom 25%. The low-demands behavioral false belief task remains 

essential, as it offers a clearer performance distinction for grouping toddlers 

younger than 3 years into false belief passers and failers. 
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Figure 16. Raster diagrams depicting significant differences in ERPs between 

the false belief and true belief conditions from Leo’s belief task, as determined 

by a cluster-based permutation test (Sample size N = 70). Red and blue areas 

represent electrodes/time points where ERPs in the false belief condition are 

more positive or more negative relative to the true belief condition, respectively. 

Black areas indicate electrodes/time points where no significant differences 

were observed. In the first cluster (red area), significant effects are localized to 

electrodes O1, Oz, and O2. In the second cluster (blue area), significant effects 

are primarily localized to electrodes FC2, FC6, C3, and C4. 
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Table 9. ANOVA results on late waveforms amplitude, and false belief 

competence grouped by performance on the behavioral test questions in the 

ERP belief task. 

Factor F(df=1,34) p ηp
2 

Group 0.30 .587 .01 

Belief Condition 0.81 .375 .02 

Electrode Cluster ** 10.44 .003 .24 

Group × Belief Condition † 3.31 .078 .09 

Group × Electrode Cluster 0.64 .431 .02 

Condition × Electrode Cluster *** 20.88 < .001 .38 

Group × Belief Condition × Electrode Cluster † 3.19 .083 .09 

Note: † p < .10, * p < .05, ** p < .01, *** p < .001. 
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Figure 17. ERP waveforms separated for “condition” and “group” (children with 

top 25% and bottom 25% false belief accuracy in the ERP belief task) plotted 

over the averaged frontocentral and occipital electrode sites. Red line: ERP 

waveforms in the false belief condition; blue line: ERP waveforms in the true 

belief condition. Topographic maps showed mean amplitude differences 

between ERPs of the true belief condition subtracted from the false belief 

condition. 
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Figure 18. (A) A late positive waveform over the occipital electrode sites 

distinguished between the false belief and true belief conditions only in children 

with top 25% false belief accuracy in the ERP belief task, while a late negative 

waveform over the frontocentral electrode sites consistently distinguished 

between the false belief and true belief conditions regardless of false belief 

accuracy in the ERP belief task. (B) Compared with children with the bottom 

25% false belief accuracy in the ERP belief task, children with the top 25% false 

belief accuracy in the ERP belief task responded with a higher amplitude late 

waveform in the false belief condition over occipital electrode sites. Data are 

expressed as mean ± SE. Note that, in (A), the SE refers to the standard error 

of the pairwise difference between the 2 compared sub-conditions; in (B), the 

SE refers to the standard error of the difference between the 2 independent 

means. ns: not significant; * p < .05; ** p < .01; *** p < .001. 
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2.4. Discussion on Study 1 

The present study examined the neural correlates of explicit false belief 

understanding in toddlers aged 33 to 36 months. Recent behavioral research 

has shown that toddlers younger than 3 years can succeed in low-demands 

explicit false belief tasks, suggesting conceptual continuity in false belief 

understanding (Grosso et al., 2019; Scott et al., 2020; Setoh et al., 2016). 

However, to date, no research has investigated the neural correlates of explicit 

verbal false belief understanding in this age group. The present study found 

that early competence in a low-demands false belief task is paralleled by 

distinctive neural response patterns associated with false belief processing. 

Our study revealed that toddlers aged 33-36 months exhibit distinct late 

waveforms in the false belief and true belief conditions across frontocentral and 

occipital electrode sites. Despite the absence of an inclusive description for the 

waveform that directly connects our findings with other studies, we compared 

the waveforms in our study and those that emerged in related studies. We found 

similarities with the late slow waveform observed in mentalizing in older children 

and adults in terms of late-onset and less distinct peaks, with distributions 

across frontal and posterior sites. Thus, the late waveforms elicited by false 

belief stimuli in toddlers appear to be akin to previous late waveforms, which 

studies linked to belief reasoning in adults and older children (e.g., Kühn-Popp 

et al., 2013; Liu et al., 2004, 2009b; Meinhardt et al., 2011, 2012; Sabbagh & 

Taylor, 2000). Nonetheless, the finding of a more diffused and less lateralized 

distribution of late waveforms in children who comprehend false belief is 

consistent with previous developmental cognitive neuroscience findings of a 

more diffused and bilateral brain activation in children, compared with adults 

performing the same cognitive tasks (Bowman et al., 2012; Kühn-Popp et al., 

2013; Liu et al., 2004, 2009b, 2009a; Meinhardt et al., 2011, 2012). Notably, 

the brain-behavior correlations of false belief understanding were observed 

exclusively over the occipital electrode sites, consistent with prior research on 
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older children’s parieto-occipital ERPs involved in false belief reasoning (e.g., 

Guan et al., 2020; Kühn-Popp et al., 2013). The implications of these findings 

for understanding the neural underpinnings of belief processing in early 

childhood will be further discussed. 

Following the approach by Liu et al. (2009b) in older children, this study 

grouped 33- to 36-month-old toddlers into passers and failers based on their 

performance in the low-demands behavioral false belief task by Setoh et al. 

(2016). A novel ERP paradigm was developed to examine the neural correlates 

of false belief and true belief reasoning in these groups. We identified neural 

responses over the frontocentral and occipital electrode sites that distinguished 

between the false belief and true belief conditions. For all participants, the 

amplitude differentiation of late waveforms was observed over the frontocentral 

electrode sites. However, the amplitude differentiation of late waveforms 

between the false belief and true belief conditions over the occipital electrode 

sites was observed only in passers, suggesting a connection to their behavioral 

false belief competence. This brain-behavior connection associated with false 

belief understanding expands on Liu et al.’s (2009b) findings, indicating a close 

relationship between behavioral false belief competence and a neural-level 

distinction between the false and true belief conditions. Our study directly 

contrasts the false belief condition with the true belief condition, underscoring 

the neural sensitivity of false belief reasoning over general mental state 

reasoning. Late waveform differences between false belief and control 

conditions further supported our hypothesis. This preliminary evidence 

suggests that late waveforms specifically reflect the neural processes 

underlying false belief understanding rather than broader cognitive 

mechanisms such as match or mismatch detection. It can be inferred that a 

neural system of belief-based processing is functional even before the third 

birthday.  

While both Liu et al. (2009b) and the present study revealed neural 
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sensitivity for false belief understanding in young children, they identified 

distinct brain regions engaged in belief reasoning. Specifically, we found 

engagement of occipital electrode sites in toddlers (i.e., 33-36-month-olds) with 

behavioral false belief competence, contrasting with Liu et al.’s (2009b) 

identification of frontal sites involvement in children aged 4 to 6 years with 

behavioral false belief understanding competence. These discrepancies may 

reflect developmental progressions in brain maturation but may also result from 

distinct effects of task configuration on neural responses. 

 Our findings, highlighting occipital late waveforms in toddlers with 

behavioral false belief understanding competence, differ from Liu et al.’s (2009b) 

identification of frontal late waveforms in older children. One possibility is that 

this difference may be due to the developmental maturation timeline. 

Specifically, the occipital regions mature earlier and undergo significant 

development in early childhood, while frontal regions show marked maturation 

after three years (Deoni et al., 2015). Such asynchronous maturation patterns 

hint at the posterior regions’ earlier functional readiness for social cognition 

tasks, including processing belief-related information, compared to the anterior 

regions. However, given the cross-sectional nature of our comparison, which 

spans studies conducted in various countries with different tasks, coupled with 

the lack of precise localization in ERP studies, these interpretations should be 

considered preliminary. A nuanced understanding calls for further research to 

elucidate the developmental trajectory of neural mechanisms underlying false 

belief understanding and clarify how these mechanisms are refined with age. 

Besides developmental brain maturation, task differences also impact 

the observed late waveform patterns between our study and Liu et al. (2009b). 

The two studies differed in ERP eliciting event configurations. In Liu et al. 

(2009b) study, the presentation of a story scenario was followed by a “think” 

and a “reality” question. The ERPs for the “think” and the “reality” conditions 

were time-locked to the “think” and “reality” events, which immediately followed 
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the respective behavioral questions. Thus, Liu et al. (2009b) assessed the 

neural correlates of children’s explicit verbal reasoning about true and false 

beliefs in comparison to reality. In contrast, our ERP eliciting events were 

activated by the auditory presentation of the last word of the belief information 

(e.g., “Leo thinks the ball is in the box”) without explicit belief reasoning 

instructions. Explicit belief reasoning instructions might engage neurocognitive 

processes differently than passive exposure to belief information, potentially 

tapping into a spontaneous representational understanding of beliefs (Aichhorn 

et al., 2009).  

Our findings differed from Liu et al.’s (2009b) study in observing the false 

belief condition late negative waveforms over the frontocentral electrode sites, 

which appeared independent of behavioral false belief understanding 

competence. Compared to adults and older children (6-12 years) with 

behavioral false belief competence (e.g., Kühn-Popp et al., 2013; Liu et al., 

2004, 2009b; Meinhardt et al., 2011, 2012; Sabbagh & Taylor, 2000), which 

also observed two distinct late waveforms, suggesting these ERPs as common 

neural responses in belief reasoning. Besides the late waveforms over the 

frontal sites, prior studies highlighted the presence of late waveforms over the 

parietal or parieto-occipital regions during belief reasoning tasks (Bowman et 

al., 2012; Guan et al., 2020; Kühn-Popp et al., 2013; Meinhardt et al., 2011). 

Our study corroborates this finding by detecting late positive waveforms in the 

posterior region, particularly towards the occipital electrode sites, reflecting 

broader and more delayed neural responses in toddlers compared to adults, 

supporting the notion of age-related changes in ERP latency (DeBoer et al., 

2007; Taylor & Baldeweg, 2002) and the gradual enhancement of neural 

processing efficiency throughout childhood (Kail, 1991; Meinhardt et al., 2011).  

Crucially, the association of only one of the two late waveforms with 

behavioral false belief competence in our study provides a nuanced perspective 

on their role in belief reasoning. Our results tentatively support a dual-process 
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model for interpreting neural responses to false belief compared to true belief 

information. Specifically, the late negative waveforms independent of 

behavioral false belief understanding competence were observed over the 

frontocentral electrode sites. One interpretation of this result is that the frontal 

neural response primarily engages with the match or mismatch detection 

between Leo’s belief and the state of reality rather than with the attribution of 

mental states. However, mismatch detection processes typically peak early, 

around 100 ms, reflecting a largely automatic process (Friederici et al., 2002; 

Nelson & McCleery, 2008). Since the present task required toddlers to process 

a complex sentence containing a sentential complement, a more delayed 

mismatch detection may be possible. 

An alternative interpretation of the findings is that the late negative 

waveform over the frontocentral sites may be better compatible with the idea 

that two mentalistic response processes may be elicited almost simultaneously 

by the spontaneous response ERP task, a non-representational one over the 

frontocentral electrode sites and a representational one over the occipital 

electrode sites. False belief understanding involves a representational 

understanding of the mind, that is, an understanding that another person may 

misrepresent a state of the world, thereby seriously holding a claim to be true 

that the participant knows to be false. In early child development, non-

representational but nonetheless mentalistic ways of handling falsity can also 

be observed. One prominent example is pretend play: The toddler who 

pretends to drink from an empty cup behaves as if there was tea in the cup but 

does not entertain this thought as a claim about the truth. A cognitive theory by 

Perner (1991, Chapter 8) distinguishes between “thinking of” (non-

representational processing akin to desires or preferences) and “thinking that” 

(representational belief reasoning). The child who conceives of an agent as 

“thinking of” a state of the world (e.g., Leo thinks of the ball as being in the box) 

will recognize the discrepancy between Leo’s thought and the real state of the 
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world without representing Leo’s thought as a misrepresentation of reality. Thus, 

the frontocentral neural responses to false belief versus true belief information 

observed in the present study may reflect the recognition of a discrepancy (as 

opposed to a correspondence) between a belief and a state of the world at a 

non-representational level. Support for this interpretation comes from an ERP 

study by Bowman et al. (2012), which found mid-frontal late waveforms related 

to both belief- and desire-reasoning in 7-8-year-old children, with distinct 

posterior late waveforms sensitive only to belief reasoning. This finding may 

indicate that false belief information was processed almost simultaneously at 

two levels, a non-representational and a representational level. The mid-frontal 

neural responses were common to belief- and desire-processing at a non-

representational level.  

In the present study, there is evidence for false belief reasoning over the 

occipital electrode sites. Late waveforms observed over the occipital electrode 

sites may appear to reflect participants’ reasoning about beliefs as claims about 

the truth (“thinking that”). This kind of reasoning not only conceives of an agent 

as mentally connected to a state of the world but as correctly or falsely 

representing the state of the world. Thus, at this level, toddlers not only 

distinguish between mental states and states of the world but also understand 

the representational relation between them, which is equivalent to a 

representation of perspectives. This process of perspective representation is 

evidenced in the present study by late positive waveforms over the occipital 

electrode sites, which differentiated between the false belief and true belief 

conditions and were observed only in children who passed the behavioral false 

belief task. These results align with findings from Bowman et al. (2012), who 

identified selective posterior neural responses associated solely with belief 

reasoning in children who successfully answered the behavioral test questions. 

Similarly, contrasting false belief tasks with non-mental tasks involving 

misinformation (e.g., the false sign task) reveals sensitive belief representation 
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in neural processing; Zhang et al. (2013) found that the false belief task elicited 

more pronounced positive waveforms in parietal sites compared to the false 

sign task. Moreover, neuroimaging studies, such as those by Aichhorn et al. 

(2009) and Perner et al. (2006), identified the right TPJ as a sensitive area for 

processing mental states and are selectively activated during false belief tasks 

compared with false sign tasks. Finally, recent research showed that the TPJ’s 

involvement in false belief understanding becomes increasingly selective in 

younger age groups. A study employing the fNIRS technique (Wysocka et al., 

2020) has shown that 3-5-year-olds exhibit sensitive activation patterns in the 

posterior regions during false belief reasoning tasks, reinforcing the notion of 

its critical role in the early development of Theory of Mind. Together, these 

findings pointed towards the sensitivity of posterior brain regions, including the 

TPJ, in false belief reasoning. However, the inherent limitations in the spatial 

resolution of ERP data preclude definitive identification of involved cortical 

structures. Further research is needed to dissect the complex neural 

mechanisms supporting false belief understanding. 

Further neural-level comparisons between the passer and failer groups 

highlight distinct differences in the late waveform characteristics under both the 

false belief and true belief conditions over the occipital sites. These differences 

corroborate the observed brain-behavior correlations while suggesting potential 

patterns of cognitive resource allocation in processing belief information over 

the occipital electrode sites. Passers exhibited a more positive waveform over 

occipital sites in the false belief compared to the true belief condition, indicating 

greater cognitive resources allocation—such as attention and working 

memory—to the false belief condition. This likely reflects enhanced 

engagement in discerning between true and false scenarios. Conversely, in 

failers, there was no significant difference between the false belief and true 

belief conditions, as evidenced by the conflation of late waveforms across these 

scenarios. The amplitude of these subtle late waveforms, when compared to 
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those observed in the false belief condition among the passers, suggests that 

the failers allocate a similar but constrained level of cognitive resources to both 

the false belief and true belief conditions. This pattern likely reflects failers’ 

limited ability to effectively allocate cognitive resources and differentiate 

between false and true beliefs. These findings indicate that the development of 

false belief understanding abilities might be reflected in the allocation of 

cognitive resources during tasks involving belief processes. 

Our study’s limited number of trials may be seen as a limitation. In ERP 

research involving young children, there needs to be more certainty about the 

specific criteria governing the number or the proportion of trials necessary for 

stable ERP estimates. Previous work conducted a comprehensive review of 

ERP studies involving young children concerning infant ERP data for cognitive 

research, suggesting a minimum of five usable trials, with an average of eight 

trials for analysis (Brooker et al., 2020; Stets et al., 2012). Given the challenge 

of maintaining younger children’s attention for extended ERP trials, our study 

emerges as a pioneering attempt to explore the neural correlates of false belief 

understanding in this population. Despite the relatively limited ERP trials (seven 

on average) in the false belief and true belief conditions in the ERP belief task, 

our study has yielded interpretable findings. Crucially, recent EEG research on 

infant social cognition (Filippi et al., 2020; Southgate & Vernetti, 2014) has 

demonstrated that meaningful conclusions about belief-based action prediction 

and neural correlates of infant action processing related to Theory of Mind can 

indeed be drawn from a similarly small number of artifact-free trials. This 

parallel in the literature emphasizes the potential utility of limited trial datasets 

in offering initial insights into early cognitive development. It cautiously suggests 

that our observations may contribute to a nascent understanding of the neural 

correlates of false belief understanding, highlighting the need for further 

research to solidify these early findings. 
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In summary, our study integrated a low-demands behavioral false belief 

task with a novel ERP paradigm to elucidate the brain-behavior connections of 

false belief understanding in children under three. Identifying one of two late 

waveforms associated with behavioral false belief competence supported a 

dual-process model of task performance, and an early sensitive neural system 

supporting false belief understanding. We observed late negative waveforms 

over the frontocentral electrode sites in both passers and failers, which may 

either reflect a match-mismatch detection between a proposition and a state of 

the world or the recognition of a discrepancy between a belief and a state of the 

world at a non-representational level. Crucially, late positive waveforms over 

the occipital electrode sites, observed exclusively in children who demonstrated 

behavioral false belief competence, appear to reflect a perspective 

representation process in toddlers. These findings suggest the possibility of 

early sensitivity in neural systems that support false belief understanding and 

thereby support the view that there is conceptual continuity in the development 

of false belief understanding. Further rigorous experimental and large sample-

size studies are essential to validate and expand upon the current findings. 

Such studies will be crucial in refining our understanding of the cognitive and 

neural architecture of Theory of Mind from a developmental perspective. 
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Supplementary materials 

S1. Seven ERP studies (Bowman et al., 2012; Kühn-Popp et al., 2013; Liu et 

al., 2004, 2009b, 2009a; Meinhardt et al., 2011, 2012) facilitated direct 

comparisons of neural responses associated with false belief understanding 

across adults and children by employing shared ERP paradigms. These studies 

are categorized into four groups, each using identical ERP paradigms in adults 

and children. 

 

Figure S1. ERP paradigm from (Meinhardt et al., 2011). 
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Figure S2. ERP paradigm from (Liu et al., 2004, 2009b) 

 

Figure S3. ERP paradigm from (Kühn-Popp et al., 2013; Meinhardt et al., 

2012). 

 

Figure S4. ERP paradigm from (Bowman et al., 2012; Liu et al., 2009a). 
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S2: The video sequences were evaluated by researcher experienced in EEG 

data preprocessing and familiar with EEG data collection protocols in children. 

Coders inspected each video for specific behaviors, notably instances where 

children looked away from the monitor or engaged in movements that could 

interfere with EEG data integrity. This visual inspection was conducted frame 

by frame to ensure no significant events were missed. To eliminate potential 

bias, coders were blind to the experimental conditions of the trials they reviewed.  

Table S2. Video coding scheme for ERP belief task (i.e., Leo’s belief task). 
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S3. Detailed coding scheme of low-demands behavioral false belief task and 

the reasons and number of participants for their exclusion from further analysis 

in low-demands behavioral false belief task. 

Table S3. Coding scheme of low-demands behavioral false belief task. 
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Table S4. The reasons and number of participants for their exclusion from 

further analysis in low-demands behavioral false belief task. 
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S4. The distribution of significant clusters between the false belief and true 

belief condition in children who participated both ERP belief task (i.e., Leo’s 

belief task) and low-demands behavioral false belief task (i.e., Lily’s belief task) 

(N = 45).  

 

Figure S5. ERP data from all toddlers (N = 45) who completed ERP belief task 

and low-demands behavioral false belief task concurrently. (A) Grand average 

late waveforms in the true and false belief condition over the frontocentral and 

occipital electrode sites. (B) Topographic maps of the condition effect: mean 

amplitude difference between late waveforms of the true belief condition 

subtracted from the false belief condition. 
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S5. The distribution of significant clusters between the false belief and true 

belief condition in children with ERP belief task (i.e., Leo’s belief task) (N = 70). 

 

Figure S6. ERP data from all toddlers (N = 70) who fulfilled the ERP artifact 

criterion. (A) Grand average late waveforms in the true and false belief condition 

over the frontocentral and occipital electrode sites. (B) Topographic maps of the 

condition effect: mean amplitude difference between late waveforms of the true 

belief condition subtracted from the false belief condition. 
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S6. Common average reference has been critiqued for possibly inducing ‘mirror 

potentials,’ where specific ERPs might appear as their inverse at different scalp 

locations (Dien, 1998; Picton et al., 2000). To assess such possible bias, we 

reprocessed our data using the linked-mastoid re-reference, a technique less 

prone to mirror potentials. The late waveform patterns and their topographical 

characteristics were consistent irrespective of the re-referencing strategy, 

thereby ensuring the robustness of the observed polarity reversal in late 

waveform patterns. The late waveform patterns and their topographical 

characteristics are presented below. Except for the application of linked-

mastoid re-referencing, all other preprocessing steps were identical to those 

described in section 2.2.2.3. 
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Figure S7. Late waveforms separated for “condition” (false belief, true belief) 

and “group” (passers, failers) plotted over the averaged frontocentral (across 

FC2, FC6, C3, C4) and occipital (across O1, Oz, O2) electrode sites (Sample 

size N = 45, re-reference in preprocessing: linked mastoid). Red line: late 

waveforms in the false belief condition; blue line: late waveforms in the true 

belief condition. Topographic maps showed mean amplitude difference 

between late waveforms of the true belief condition subtracted from the false 

belief condition. 
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Chapter 3: Resting-state EEG Alpha Asymmetry Predicts False Belief 

Understanding during Early Childhood: An Exploratory Longitudinal 

Study (Studies 2 & 3) 

 

Highlights 

1. This exploratory study demonstrated a correlation between resting-state 

EEG alpha asymmetry and false belief understanding during early 

childhood.  

2. The present research utilized two independent longitudinal datasets that 

contained both EEG assessments (at 14 months and 34 months) and 

behavioral assessments of false belief understanding (at 34 and 52 

months).   

3. Superior explicit false belief understanding was associated with greater 

right relative than left frontal activity, while better implicit false belief 

understanding correlated with greater right than left parietal activity.  

4. Resting-state EEG alpha asymmetry in frontal regions may serve as an 

early-appearing origin or precursor of children’s later explicit false belief 

understanding. 
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Abstract 

Theory of mind, the ability to attribute mental states to others, is 

fundamental to human cognition. In child development, a full or explicit 

understanding of false beliefs and their impact on action emerges around the 

age of 4 years. There is evidence of functional specialization of right 

hemispheric activity related to false belief processing in adults and children. 

However, it remains unclear whether this specialization is the cause or the 

consequence of Theory of Mind development. The present exploratory study 

investigates the longitudinal relation of resting-state electroencephalogram 

(EEG) alpha asymmetry measured in infancy/toddlerhood and behavioral false 

belief understanding at the age of 4 years. Employing a longitudinal design, 

Study 2 assessed resting-state EEG alpha asymmetry across frontal and 

parietal electrode sites at 34 months (N = 43), explicit false belief understanding 

at age 4 (N = 22), and implicit false belief understanding at both times (34 

months: N = 38; 52 months: N = 25). Study 3 is another independent 

longitudinal dataset that included resting-state EEG alpha asymmetry at 14 

months (N = 37) and explicit false belief understanding at age 4 (N = 32). We 

found that superior explicit false belief understanding at age 4 was associated 

with greater right versus left frontal activity at an earlier age, and better implicit 

false belief understanding was linked to greater relative right parietal activity. 

Given the limited sample size, these results should be viewed as preliminary 

and warrant replication in future studies. These findings, when interpreted 

cautiously, suggest that early asymmetric brain activity over frontal sites 

measured by resting-state EEG in children may predict their later explicit false 

belief understanding. Additionally, our results tentatively suggest that implicit 

and explicit false belief understanding may develop based on partly distinct 

neural mechanisms. 
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3.1. Introduction 

Theory of Mind is conceptualized as the ability to infer and understand 

the mental states of others, such as beliefs, desires, and intentions (Perner, 

1991). A key entailment of a fully developed Theory of Mind is an understanding 

of the representational relation between mind and world, for instance, 

understanding that another person holds a false representation of a state of the 

world. Research indicates that a representational Theory of Mind, characterized 

by a full or explicit false belief understanding and related concepts, emerges in 

child development between the ages of 3 and 5 years (see Wellman et al., 2001, 

for a review). Recent evidence indicates an explicit false belief understanding 

in tasks with reduced processing demands in toddlerhood and an implicit false 

belief understanding in infancy (see Scott et al., 2022, for a review).  

Existing studies on the neural correlates of false belief understanding in 

children predominantly focused on children aged 6 to 12 years with well-

developed false belief understanding (e.g., Bowman et al., 2019; Gweon et al., 

2012; Saxe et al., 2009). For example, a longitudinal study examined whether 

source-localized resting-state electroencephalogram (EEG) activity in the 

dorsal medial prefrontal cortex (MPFC) or the right temporoparietal junction 

(TPJ) at age 4 could predict ToM-specific functional magnetic resonance 

imaging (fMRI) responses 3.5 years later. The findings revealed that 

preschoolers’ resting-state EEG activity in the dorsal MPFC predicted 

subsequent ToM-specific fMRI responses in the same region (Bowman et al., 

2019). Additionally, in an event-related potential (ERP) study, Bowman et al. 

(2012) identified right mid-frontal activations associated with mental-state 

reasoning in children aged 7-8. Further fMRI studies with school-aged children 

(ages 5 to 11) suggest that the right TPJ increasingly distinguishes mental 

states from physical facts as they age (Gweon et al., 2012; Saxe et al., 2009). 

In contrast, there is a lack of research on the neural correlates of false belief 
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understanding during the sensitive developmental period of 3 to 5 years. 

Grosse Wiesmann et al. (2017b) utilized structural MRI to show that false belief 

competence in 3- and 4-year-olds correlates with age-related increases in local 

white matter structure in regions such as the right ventral MPFC, right TPJ, and 

right PC. Moreover, a submitted ERP study in 33- to 36-month-old children 

indicated that late waveforms differentiated between the false and true beliefs, 

observed over slightly more right-lateralized frontocentral sites (see Study 1). 

Additional evidence supporting the right hemispheric lateralization of brain 

activity associated with false belief understanding comes from a resting-state 

EEG source-localized analysis by Sabbagh et al. (2009). They identified 

individual differences in alpha oscillations linked to Theory of Mind performance 

in 4-year-old children. Specifically, regions in the dorsal MPFC and several right 

hemisphere areas—including the TPJ, precentral gyrus, cuneus, and inferior 

temporal cortex—were associated with representational Theory of Mind, 

suggesting that the maturation of these regions may underpin the development 

of false belief understanding and related Theory of Mind abilities. Consistent 

findings were observed in adult populations. Sabbagh and Flynn (2006) found 

that greater activation (reflected by reduced alpha power) in the right mid-frontal 

region predicted better mental-state decoding performance, a component of 

Theory of Mind. This finding suggests a potential trait-like aspect of resting-

state EEG alpha asymmetry in Theory of Mind abilities. Overall, these studies 

indicate that the development of false belief understanding may correlate with 

right asymmetric activity, including task-independent resting-state EEG 

asymmetry and task-dependent functional asymmetry. 

It is important to acknowledge that findings from task-independent 

resting-state EEG asymmetry and task-dependent functional asymmetry 

should not be equated within the methodologies employed across various 

studies. The presence of functional activation does not necessarily imply its 
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manifestation in resting state asymmetry patterns. Indeed, previous research 

has indicated that both forms of brain asymmetry typically exhibit a general 

pattern of right-lateralized activity associated with the development of Theory 

of Mind. Notably, some studies, such as Bowman et al. (2019), provided 

preliminary evidence supporting a potential association between resting-state 

EEG asymmetry and functional activation asymmetry. However, while Bowman 

et al. (2019) found preschoolers’ resting-state EEG frontal activity at age 4 

predicted later ToM-specific fMRI responses in the same brain regions at age 

7.5, the applicability of this pattern to children younger than 4 years, and its 

involvement with right-lateralized asymmetry, remains uncertain. 

Previous neural research on Theory of Mind in typically developing 

individuals has provided evidence linking right hemisphere activity, as 

measured by resting-state EEG, to the development of Theory of Mind 

(Sabbagh et al., 2009; Sabbagh & Flynn, 2006). Evidence for the relevance of 

task-independent asymmetric brain activity to Theory of Mind has also been 

found in studies involving individuals with autistic spectrum disorder, who show 

behavioral deficits in Theory of Mind abilities (e.g., Baron-Cohen, 2001). 

Stroganova et al. (2007) noted atypical broadband resting-state EEG 

asymmetry in autistic children aged 3 to 8, suggesting a reduced ability of the 

right temporal cortex for EEG rhythm generation. Brain lesion studies also 

revealed that damage to the right hemisphere, as opposed to the left, 

significantly impairs the ability to complete Theory of Mind tasks (Balaban et al., 

2016; Griffin et al., 2006; Siegal et al., 1996; Weed et al., 2010; Winner et al., 

1998).  

In conclusion, from existing neurocognitive research in adults and fewer 

studies in children, there is indirect evidence for a functional specialization of 

the right hemispheric brain activity in Theory of Mind reasoning. It is unclear, 

however, whether this functional specialization is a cause or a consequence of 
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the representational Theory of Mind development (Sabbagh et al., 2009). To 

address this issue, gathering data on ToM-related brain activation in even 

younger children, such as infants and toddlers, is necessary. One way of doing 

so is to use longitudinal designs, where task-independent brain activity is 

measured in infants or toddlers. Then, children’s individual differences in early 

brain activity can be longitudinally explored for predictive relations with 

representational Theory of Mind competence when they are around 4 years old. 

The present exploratory study focuses on one dimension of ToM-related brain 

activity: right lateralized asymmetry. Our exploratory research questions are 

whether the task-independent hemispheric asymmetry is associated with 

Theory of Mind processing during early childhood, whether this asymmetry 

precedes the development of representational Theory of Mind, and if it can 

predict later behavioral Theory of Mind performance. 

Resting-state EEG provides a reliable measure of task-independent 

brain activity. Of particular interest has been developmental changes in the 

‘‘alpha band’’ (6–9 Hz) of children’s resting-state EEG. Alpha waves are thought 

to relate inversely to brain activity (Gevins, 1998; Klimesch, 1999), implying that 

higher alpha power in one hemisphere suggests increased activity in the 

opposite hemisphere (Allen et al., 2004; Reznik & Allen, 2018). Resting-state 

EEG alpha asymmetry is usually measured by subtracting left from right alpha 

power, with negative values indicating dominant right hemisphere activity and 

positive values indicating dominance in the left hemisphere (Allen et al., 2004; 

Müller et al., 2015, 2018; Sabbagh & Flynn, 2006). Findings on cognitive tasks 

showed that resting-state EEG alpha asymmetry can predict task performance 

in a manner consistent with lesion and neuroimaging studies (Hoptman & 

Davidson, 1998). Roughly 60% of the variance in alpha asymmetry indices is 

believed to reflect a stable trait-like neural characteristic associated with various 

psychological constructs (N. A. Fox et al., 1995; Hagemann et al., 2002; Stewart 
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et al., 2011). Research indicates that resting-state EEG frontal alpha 

asymmetry is a stable characteristic over time across various age groups in 

children (N. A. Fox et al., 1992; Jones et al., 1997; Müller et al., 2015). For 

instance, studies reported its stability over a 6–36-month span in children aged 

3–6 (Jones et al., 1997; Vuga et al., 2008) and over a 4-year span in ages 4–8 

(Kim & Bell, 2006). Furthermore, similar findings were observed over extended 

periods of up to 69 months across infants and preschoolers. For example, 

Müller et al. (2015) demonstrated high individual stability of frontal alpha 

asymmetry from 14 to 83 months of age. Collectively, these findings suggest a 

consistent pattern of stability in frontal alpha asymmetry across early child 

development.  

False belief understanding is considered the ‘litmus test’ for evaluating 

children’s Theory of Mind abilities (e.g., Wellman & Woolley, 1990), with 

significant improvements in explicit false belief understanding tasks observed 

between ages 3 and 4 (Wellman et al., 2001). The present study investigates 

the relationship between task-independent asymmetric brain activity before the 

age of 3 years and behavioral false belief understanding at the age of 4 years. 

The findings may offer new insights into the neural mechanisms underlying the 

emergence of Theory of Mind. To our knowledge, research has yet to explore 

this aspect. The present paper utilizes longitudinal datasets to examine the 

relationship between asymmetric brain activity and false belief understanding 

across the developmental trajectory from infancy to 4 years of age. By 

examining resting-state EEG alpha asymmetry in children at 14 months and 34 

months, we aim to determine whether individual differences in relevant 

asymmetric brain activity, such as those in the frontal and parietal regions, are 

evident before the emergence of explicit false belief understanding or whether 

they develop alongside false belief understanding as neural correlates.   
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Additionally, we aim to better understand the relation between implicit 

and explicit false belief understanding by including an eye-tracking measure of 

implicit false belief understanding at 34 and 52 months as an additional 

outcome variable. A study by Grosse Wiesmann et al. (2020) found that explicit 

false belief understanding was associated with cortical surface area and 

thickness in several right-hemispheric regions, including the precuneus, 

posterior middle temporal gyrus (MTG), and TPJ. In contrast, implicit false belief 

understanding was linked to a distinct neural network, particularly the right SMG. 

These findings suggest the possibility of two systems for reasoning about 

mental states: a more mature, explicit false belief understanding emerging 

around age 4, and an earlier-developing implicit false belief understanding.  

Grosse Wiesmann et al. (2020) and other studies (e.g., Bardi et al., 2016; 

Boccadoro et al., 2019; Hyde et al., 2018) provide preliminary evidence that 

right-hemispheric regions are involved in Theory of Mind, with distinct areas 

supporting implicit and explicit false belief understanding. Further research, 

particularly in younger children, is needed to clarify the developmental 

trajectories of these neural systems. 

The present research used two independent longitudinal datasets, each 

containing EEG and behavioral assessments of false belief understanding. 

Study 2 conducted EEG assessments at 34 months and behavioral 

assessments at 34 and 52 months. It included an anticipatory-looking task to 

measure implicit false belief understanding at 34 months, and explicit false 

belief understanding was assessed at 52 months using location and content 

false belief tasks. Study 2 explores the correlation between resting-state EEG 

alpha asymmetry and both implicit and explicit false belief understanding. While 

not initially conceived as a follow-up, Study 36 leverages an existing longitudinal 

 
6 Study 3 analyzed an independent existing dataset to explore the generalizability of findings 

between resting-state EEG alpha asymmetry and explicit false belief understanding in Study 2; 
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dataset to complement these explorations. It focuses on earlier resting-state 

EEG measures at 14 months and their predictive power for later explicit false 

belief understanding at 51 months. See Figure 19 for a timeline and sample 

size of each study. To mitigate concerns about the small sample sizes in each 

individual study, we also combined the data from both studies to form a larger 

sample, thereby increasing power and assessing the generalizability of the 

potential relationship between resting-state EEG alpha asymmetry and explicit 

false belief understanding. This combined sample represents the largest 

dataset reported in this research area to date. We acknowledge that the 

combined sample may introduce concerns such as data independence. 

Nonetheless, the decision to merge the samples was made to provide a 

comprehensive analysis given the available data. Moreover, given that 

children’s performance in false belief tasks correlates with their developing 

language skills (de Villiers & de Villiers, 2014; Milligan et al., 2007) and 

executive function (Devine & Hughes, 2014), we additionally included standard 

language skills and executive function assessments.   

In summary, our study aims to explore the correlation between resting-

state EEG alpha asymmetry and false belief understanding during early 

childhood. Building on previous studies on the neural correlates of Theory of 

Mind in young children (e.g., Bowman et al., 2012; Grosse Wiesmann et al., 

2020), resting-state EEG brain asymmetry study of Theory of Mind in adults 

(Sabbagh & Flynn, 2006), and  studies involving individuals with autistic 

spectrum disorder (Stroganova et al., 2007), we pose two exploratory research 

questions:  

 
however, as it was not preregistered, future research should aim to address this limitation. Even 

so, in the current study, we tried to be as transparent as possible with the procedure for the 

results of Study 2 and Study 3. 
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Q1: Is there a correlation between resting-state EEG asymmetry and 

false belief understanding in children? 

Q2: Does the resting-state EEG asymmetry precede the development of 

representational false belief understanding, and can it predict later behavioral 

false belief performance? 

 

 

Figure 19. Timeline of the longitudinal study in Study 2 and Study 3. The 

directional arrow indicates the progression of time from left to right. 
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3.2. Study 2 methods 

3.2.1. Participants 

This study was part of a larger longitudinal study7 for which children were 

recruited from an urban area in Germany. The final sample included in our 

research consisted of 43 children (24 girls, Mage = 33.79 months, SD = 1.25 

months, age range = 32.50 - 37.03 months) at Time 1 and 27 children (18 girls, 

Mage = 52.27 months, SD = 0.48 months, age range = 51.70-53.83 months) at 

Time 2. Nine data points from children were missing because children refused 

to participate in parts of the included tasks (i.e., Implicit false belief task at T1 = 

5; Implicit false belief task at T2 = 2; Content false belief task at T2 = 1; Location 

false belief task at T2 = 1); Three data points from children were missing 

because of experimenter mistakes (i.e., Location false belief task at T2 = 3). 

Additionally, 16 children withdrew from T2 data collection. All parents gave 

written consent after being informed about the experiment procedure. Each 

child received a personal gift for their participation at each measurement point, 

and parents were compensated for their travel expenses. The local ethics 

committee approved the study based on the ethical principles of the European 

Federation of Psychologists’ Associations. 

3.2.2. Electrophysiological assessment at T1 

3.2.2.1. EEG recording 

During brain electrical activity (EEG) recording, children sat quietly on 

their mother’s lap and were presented with brightly colored bubbles on a 

computer screen (Figure 20). This kind of stimulus resembles others used in 

resting-state EEG research (Kühn-Popp et al., 2016; Licata et al., 2015; Müller 

et al., 2015; Mundy et al., 2000; Paulus, Kühn-Popp, et al., 2013) and was used 

to keep the children’s visual attention with reduced movement during the 

 
7  “The role of language in early Theory of Mind development,” Crossing the Borders, 

https://crossing-project.de/, See Kaltefleiter et al., 2021, 2022). 
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recording time. The recording lasted for at least 3 minutes until the child lost 

interest in the stimulus, as evidenced by yawning, crying, or strong motor 

activity. 

  

Figure 20. Schematic diagram of resting-state EEG recording. 

 

 

Recordings were made from 33 electrode sites using an infant-size cap with 

Ag/AgCl active electrodes (ActiCap, Brain Products, Gilching, Germany) with a 

layout following the extended international 10-20 system (see Figure 21 for an 

overview). The electrical activity from each lead was amplified using the 

BrainAmp amplifier (Brain Products, Gilching, Germany), sampled at 500 Hz, 

and referenced to the vertex (Cz). The band passed from 0.016 to 100 Hz, and 

impedances were kept below 10 kΩ. Fp1 and Fp2 were inserted to detect blinks 

and vertical eye movements; F9 and F10 were included to detect horizontal eye 

movements.  



Chapter 3 

169 
 

 

Figure 21. Electrode layout of the resting-state EEG measurement. All 

channels were included in the EEG measurement. Colored channels show the 

electrodes included in the data analysis for the resting-state EEG alpha 

asymmetry scores.  

3.2.2.2. EEG analysis 

EEG data were analyzed using BrainVision Analyzer Software (Brain 

Products, Gilching, Germany). Offline, all electrodes were re-referenced to the 

common average reference, and a digital bandpass filter of 1 to 20 Hz (4th order) 

was applied. The EEG data were segmented into equal-sized epochs of 1024 

ms (512 time points). To ensure that EEG was only analyzed from epochs in 

which the children were attending to the bubble stimulus, epochs with artifacts 

were detected through visual inspection and a semiautomatic artifact rejection 

function (Minimal-maximal difference ± 300μV, amplitude exceeding ± 100μV), 

and were eliminated from further analyses if they contained eye movements, 

blinks, or motor artifacts. Data rejection was done blind to conditions by the 

experimenter. An average of 77.67% of all epochs were included from 

subsequent analyses, providing on average 133.60 (SD = 28.45, range: 61 - 

172) epochs per child. 
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Spectral power, expressed as mean square microvolts (µV2), was 

calculated via Fast Fourier Transform (FFT, Hanning window: 10%, frequency 

resolution: 0.977 Hz). To analyze alpha asymmetries in activation, spectral 

power (μV2) was computed for the 6- to 9-Hz (Alpha) frequency band, which 

corresponds to the frequency band for infants (Kühn-Popp et al., 2016; Licata 

et al., 2015; Marshall et al., 2002; Müller et al., 2015; Paulus, Hunnius, et al., 

2013; Saby & Marshall, 2012). Following previous research investigating EEG 

alpha asymmetries, EEG power was normalized using natural logarithm 

transformation (Gasser et al., 1982). Resting-state EEG asymmetry indices 

were computed by subtracting the ln-transformed EEG power at a given left 

hemisphere site from the ln-transformed EEG power at its homologous right 

hemisphere site (Müller et al., 2015, 2018; Sabbagh & Flynn, 2006). That is, 

the resting-state EEG alpha asymmetry score for the frontal sites (AsymF) was 

computed by subtracting the average natural logarithm (ln) left power (F3, F7, 

FC1, FC5) from the average ln right power (F4, F8, FC2, FC6). Similarly, 

resting-state EEG alpha asymmetry scores for parietal sites (AsymP) were 

calculated by subtracting left power (P3, P7, CP1, CP5) from right power (P4, 

P8, CP2, CP6). Electrode sites were chosen based on earlier research 

investigating children’s resting state asymmetries (N. A. Fox et al., 1995; Müller 

et al., 2015; Paulus, Kühn-Popp, et al., 2013). 

3.2.3. Behavioral assessment 

From the broader array of tasks integrated into the longitudinal study, 

only those pertinent to the research aim of the current study were chosen for 

analysis.  

3.2.3.1. Behavioral assessments at Time 1. 

Implicit false belief task (Anticipatory-looking false belief task) 

The implicit false belief task (Grosse Wiesmann et al., 2017a; Kaltefleiter 

et al., 2022) was used to assess children’s implicit false belief understanding 
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by measuring anticipatory-looking behavior. In the task, children’s gaze 

direction was recorded while watching an agent search for a mouse to assess 

their implicit tracking of others’ beliefs. The task included 10 familiarization trials 

where the agent consistently found the mouse, and 12 FB trials divided into two 

different conditions of six trials each. During FB trials, the mouse switched 

between boxes unknown to the agent, who held a false belief about its location.  

We concentrated on false belief 1 (FB1) trials in our study8. In FB1 trials, the 

agent observed the mouse’s transfer but was unaware of its subsequent 

departure, continuing to falsely believe the mouse was in its final hiding place 

despite its actual absence.  

Two identical areas of interest (AOIs) were defined for all trials. An 

overview of the task stimuli and two AOIs can be found in the supplementary 

materials S1. The “Implicit false belief task DLS score” is a differential looking 

score (DLS) calculated per trial by subtracting incorrect AOI looking duration 

from the correct AOI looking duration, divided by the total looking duration at 

both AOIs (Kaltefleiter et al., 2022). The implicit false belief score is the average 

of these DLS values across all trials, where a chance performance is 0. 

 The “Implicit false belief task FF&LL score” combines the average first 

fixation (FF) and longer look (LL) scores, as established by Grosse Wiesmann 

et al. (2017). Each trial awards a first fixation score of 1 for looking at the correct 

AOI first, and 0 for the incorrect one. The longer look score follows similarly: 1 

for spending more time at the correct AOI, 0 for the incorrect, and 0.5 for equal 

 
8 Additionally, our task included another trial type (FB2), wherein the agent did not witness the 

mouse’s transfer and mistakenly believed it remained in the initial location. Our data analysis 

excluded FB2 trials due to the children’s performance in the FB2 trials was significantly below 

chance. In the FB2 trials, children might not take into consideration that the agent did not watch 

the target’s transfer. Rather, they mostly looked at the last place where they themselves 

observed the mouse going, neglecting that the agent did not have this information. The detailed 

methodological reasons can be found in Kaltefleiter et al. (2022). 
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durations at both. This method of scoring simplifies the assessment process 

and provides a standardized way to evaluate a child’s ability to correctly and 

rapidly distinguish between AOIs. These discrete values facilitate 

straightforward comparisons across different trials and participants, ensuring 

consistency in how responses are evaluated. The overall implicit false belief 

score per child is computed as the mean of these combined scores, with chance 

performance for this measure set at 0.5.  

3.2.3.2. Behavioral assessments at Time 2. 

At T2, two explicit false belief tasks (Wellman & Liu, 2004) were 

conducted to assess explicit false belief understanding. These tasks were 

particularly suited for 4-year-olds, aligning with the age when explicit false belief 

reasoning typically emerges. Furthermore, the identical implicit false belief task 

administered at T1 was also employed at T2. The explicit false belief sum score 

at T2 was computed as the sum of the content false belief task score and 

location false belief task score. The explicit false belief sum score was chosen 

because the aggregate measures can offer a more reliable and stable 

assessment of explicit false belief understanding (Grosse Wiesmann et al., 

2017a; Kaltefleiter et al., 2022). 

Content false belief task 

In the content false belief task, children were presented with a Smarties 

box and asked to speculate about its content. After the children named Smarties 

as the content, the true content (i.e., a piglet figurine) was revealed. 

Subsequently, the piglet figurine was returned to the box, and children were 

asked to identify the content as a memory control. Following this, the figurine 

Lucas, who had not seen the box’s content, was introduced. Children were then 

posed with a test question (i.e., “What does Lucas think inside the box? 

Smarties or a piglet?”) and a control question (i.e., “Has Lucas looked inside 

the box before?”). A correct response to both questions earned children one 
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point, resulting in a score range of 0 to 1. The chance level was 25%, as correct 

responses were required for both the corresponding test and control questions. 

Location false belief task 

In the location false belief task, children were presented with pictures of 

a backpack and a closet. They were informed that the figurine Paul was 

searching for his mittens, which could be in the backpack or the closet. 

Subsequently, children were informed that Paul’s mittens were actually in his 

backpack, but he falsely believed they were in his closet. The test question 

asked where Paul would search for his mittens, and the control question 

inquired about the actual location of Paul’s mittens. Children were awarded one 

point for correctly answering both questions, yielding a score range of 0 to 1. 

The chance level was 25%, as correct responses were required for both the 

corresponding test and control questions. 

3.2.3.3. Language skills assessment 

At T1 and T2, the four age-appropriate subtests of the standardized 

German language development test for three- to five-year-old children 

[Sprachentwicklungstest für drei- bis fünfjährige Kinder] (SETK 3-5, Grimm et 

al., 2015) were administered according to manual instructions. At T1, these 

subtests encompassed sentence comprehension, encoding semantic relations, 

phonological working memory, and morphological rule formation. At T2, the 

subtests included sentence comprehension, sentence memory, phonological 

working memory, and morphological rule formation. Raw scores obtained in 

each subtest were converted into standardized T-values using age-specific 

norm tables. The mean of the T-scores across corresponding subtests (SETK 

mean score), served as an indicator of children’s general language skills.  

3.2.3.4. Executive function 

A day-night Stroop task (Gerstadt et al., 1994) was conducted at T2 to 

assess children’s inhibition skills as their executive function. Initially, children 
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were required to tell the experimenter when (at night or during the day) the 

sun/moon and stars are typically in the sky. Subsequently, they were instructed 

to respond to ‘night’ when shown a sun card and ‘day’ for a moon or star card, 

following a brief practice with two cards. The training phase, involving up to 12 

cards, required children to answer correctly on 4 consecutive cards until all 

cards were presented. Corrective feedback was provided during this phase. In 

the test phase, no feedback was given, and children’s responses to 16 cards 

were scored based on their correct responses. Incorrect responses, including 

self-correction and uncertain responses were noted. The total number of correct 

responses ranged from 0 to 16. 

3.2.4. Statistical analysis 

Data preparation and all remaining analyses were conducted in IBM 

SPSS Statistics 29. In light of our exploratory question regarding whether false 

belief understanding is associated with resting-state EEG alpha asymmetry, 

two-tailed testing and a significance level of .05 were used for all analyses. 

3.3. Study 2 results 

3.3.1. Descriptive statistics 

Descriptive and inferential statistics are presented in Table 10 and Table 

11. Independent sample t tests were conducted to examine potential gender 

effects on performance in all false belief task scores. No significant gender 

effects were observed (all p’s > .05; see supplementary materials S2 for 

detailed results). 
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Table 10. Descriptive statistics of the tasks at T1 and one-sample t-tests again chance performance in Study 2. 

 N M SD Value Range Test Statistic p 

Implicit FB task DLS score at T1 38 0.11 0.32 -1 to 1 t(37) = 2.11 p = .042 a 

Implicit FB task FF&LL score at T1 38 0.56 0.20 0 to 1 t(37) = 1.95 p = .059 a 

SETK3 Comprehension of sentences 39 52.33 8.41 39 - 71   

SETK3 Encoding semantic relations 39 49.08 9.08 32 - 72   

SETK3 Phonological working memory 35 57.83 7.22 44 - 74   

SETK3 Morphological rule formation 37 53.78 8.68 29 - 68   

SETK3 mean score 39 52.76 6.90 36.50 - 66.50   

AsymF b 43 -0.02 0.09 -0.26 - 0.20   

AsymP b 43 0.00 0.11 -0.17 - 0.30   

Note. FB = false belief.  a One-sample t-test against chance level (Shapiro-Wilk normality test, p’s > .05). b Negative resting-state 

EEG alpha asymmetry scores indicate greater relative right than left cortical activity.  
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Table 11. Descriptive statistics of the tasks at T2 and binomial tests, respectively, one-sample t-tests again chance performance in 

Study 2. 

 N M SD Value Range Test Statistic p 

Implicit FB task DLS score at T2 25 0.13 0.21 -1 to 1 t(24) = 3.11 p = .005 a 

Implicit FB task FF&LL score at T2 25 0.60 0.17 0 to 1 t(24) = 3.10 p = .005 a 

Content FB task score at T2 26 0.73 0.45 0 - 1  p < .001 b 

Location FB task score at T2 23 0.65 0.49 0 - 1  p < .001 b 

Explicit FB sum score at T2 22 1.36 0.73 0 - 2   

SETK4 Comprehension of sentences 25 55.92 8.60 40 - 72   

SETK4 Sentence memory 24 54.00 11.36 35 - 81   

SETK4 Phonological working memory 24 54.79 8.05 36 - 69   

SETK4 Morphological rule formation 26 51.58 10.13 31 - 80   

SETK4 mean score 26 53.51 6.42 40 - 63.25   

EF (day-night Stroop task score) 24 10.79 4.73 1 - 16   

Note. FB = false belief. EF = executive function. a One-sample t-test against chance level (Shapiro-Wilk normality test, p’s > .05). b 

Binomial test against chance performance. 
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3.3.2. Correlation results 

To answer the question of whether there are correlations between resting-state 

EEG alpha asymmetry scores and behavioral false belief task scores, we first 

examined Pearson correlations between resting-state EEG alpha asymmetry scores 

at T1 and behavioral false belief task scores at both time points. We also examined 

Spearman’s rank correlations between implicit false belief understanding and explicit 

false belief understanding. Missing data were pairwise deleted. All detailed results can 

be found in Table 12 and Table 13. 

3.3.2.1. Correlation between resting-state EEG alpha asymmetry scores and implicit 

and explicit false belief task scores. 

To answer the question of whether there are correlations between resting-state 

EEG alpha asymmetry scores and behavioral false belief task scores, we first 

examined Pearson correlations between resting-state EEG alpha asymmetry scores 

at T1 and behavioral false belief task scores at both time points. To further investigate 

the relationships between resting-state EEG alpha asymmetry scores and implicit as 

well as explicit false belief task scores, we then calculated partial correlations between 

resting-state EEG alpha asymmetry scores and behavioral false belief task scores, 

controlling for co-developing factors (e.g., age, language, executive function). For 

detailed information on the correlations between co-developing variables, behavioral 

false belief task scores, and resting-state EEG alpha asymmetry scores, please refer 

to Supplementary Materials S3. Missing data were pairwise deleted. 

Results showed a significant negative correlation between resting-state EEG 

alpha asymmetry scores of parietal sites and the implicit false belief scores (DLS score: 

r = -0.382, p = .018, N = 38; FF&LL score: r = -0.531**, p < .001, N = 38) at T1. The 

greater relative right than left parietal activity, the higher scores were in the implicit 

false belief task at T1 (see Table 12). After controlling for age and language, the partial 

correlation between parietal resting-state EEG alpha asymmetry and implicit false 
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belief scores is still significant (DLS score: r-partial = -0.374, p = .025, N = 38; FF&LL 

score: r-partial = -0.538, p < .001, N = 38). 

For the correlation between resting-state EEG alpha asymmetry scores and the 

explicit false belief sum score, results showed a significant negative correlation 

between resting-state EEG alpha asymmetry scores of frontal sites at T1 and the 

explicit false belief sum score at T2 (r = -0.444, p = .039, N = 22). The greater the 

relative right than left frontal activity, the higher the explicit false belief sum score (see 

Table 12). After controlling for age, language, and executive function, the partial 

correlation between frontal resting-state EEG alpha asymmetry and explicit false belief 

sum score is still significant (r-partial = -0.528, p = .036, N = 19). 

3.3.2.2. Correlation between implicit and explicit false belief task scores. 

Finally, we analyzed the correlation between implicit and explicit false belief 

task scores for both age groups (see Table 13). At T2, there was a cross-sectional 

significant positive correlation between children’s implicit false belief task scores and 

the explicit false belief task sum score (r’s ≥ 0.438, p’s ≤ .047, N = 21). After controlling 

for age, language, and executive function, the partial correlation between implicit false 

belief scores and explicit false belief sum score at T2 is still significant (DLS score: r-

partial = -0.507, p = .038, N = 20; FF&LL score: r-partial = -0.527, p = .030, N = 20). 

However, no longitudinal correlation between children’s implicit false belief task scores 

at T1 and the explicit false belief task sum score was found at T2 (r’s ≥ -0.188, p’s 

≥ .401, N = 22). These results were consistent with the findings reported by Kaltefleiter 

et al. (2022), indicating a cross-sectional but not a longitudinal correlation between 

implicit false belief understanding and explicit false belief task sum score. 
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Table 12. Correlations between resting-state EEG alpha asymmetry scores and false 

belief task scores in Study 2. 

 AsymF AsymP 

Implicit FB task DLS score 

at T1 (N = 38) 
0.159, p = .340 -0.382*, p = .018 

Implicit FB task FF&LL 

score at T1 (N = 38) 
0.160, p = .338 -0.531**, p < .001 

Implicit FB task DLS score 

at T2 (N = 25) 
-0.311, p = .130 -0.070, p = .740 

Implicit FB task FF&LL 
score at T2 (N = 25) 

-0.175, p = .402 -0.243, p = .241 

Explicit FB sum score at 

T2 (N = 22) 
-0.444*, p = .039 -0.016, p = .944 

Note: † p < .10; * p < .05; ** p < .01; *** p < .001 (two-tailed). FB = false belief. EF 

= executive function. Sample sizes are presented in parentheses.  

 

Table 13. Correlations between implicit and explicit false belief understanding in Study 

2. 

 Implicit FB 

DLS score at 

T1 

Implicit FB 

FF&LL score 

at T1 

Implicit FB DLS score 

at T2 

Implicit FB FF&LL 

score at T2 

Explicit 

FB sum 

score at 

T2 

-0.290, p 

= .190 (N = 

22) 

-0.188, p 

= .401 (N = 

22) 

0.438*, p = .047 (N = 

21) 

0.534*, p = .013 (N 

= 21) 

Note: † p < .10; * p < .05; ** p < .01; *** p < .001 (two-tailed). FB = false belief. EF = executive 

function. Sample sizes are presented in parentheses. 
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3.4. Interim discussion on Study 2 

In Study 2, we conducted a longitudinal exploration of the relationships 

between resting-state EEG alpha asymmetry and the development of Theory 

of Mind abilities, specifically implicit and explicit false belief understanding, in 

children aged 3 to 4 years. Our study employed a longitudinal design to assess 

resting-state EEG alpha asymmetry at 34 months (T1) and examine its 

relationship with explicit false belief task performance at 52 months (T2), 

thereby tracing the predictive value of early neural activity patterns for later false 

belief understanding. Implicit false belief tasks were assessed at both time 

points. Results indicate that resting-state EEG alpha asymmetry correlated 

both with implicit and explicit false belief understanding: Firstly, greater relative 

right than left parietal activity was associated with better performance in an 

implicit false belief task at T1. Secondly, greater relative right than left frontal 

activity was significantly correlated with enhanced performance in explicit false 

belief tasks at T2. Importantly, these correlations (i.e., the correlation between 

implicit and explicit false belief understanding and resting-state EEG alpha 

asymmetry) were noted independently of age and other cognitive abilities 

commonly associated with false belief understanding, including language skills 

and executive function.  

These results showed correlations between false belief understanding 

and resting-state EEG alpha asymmetry, indicating that there may be 

hemispheric asymmetry in false belief understanding processing. Furthermore, 

such asymmetry may manifest early in development, even before the 

emergence of false belief understanding. The distinctions we observed 

between the neurodevelopmental trajectories of implicit and explicit false belief 

understanding delineate a nuanced relationship between resting-state EEG 

alpha asymmetry and false belief understanding during early childhood. 

Nevertheless, given the relatively small sample size in Study 2, these findings 
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should be regarded as preliminary evidence pointing potentially to early-

appearing neural precursor underlying false belief understanding between ages 

3 and 4. Further research with an independent dataset will be crucial to 

substantiate and extend initial findings.  

3.5. Study 3 and combined samples 

To further support the preliminary evidence from Study 2 concerning 

explicit false belief understanding in a limited cohort, another independent 

longitudinal dataset 9  was included. We then analyzed Study 3 and the 

combined samples from Study 2 and Study 3 to replicate and strengthen the 

initial findings on the relationship between resting-state EEG alpha asymmetry 

and explicit false belief understanding. 

3.6. Study 3 methods 

In Study 3, resting-state EEG data collection took place with 14-month-

old infants. Furthermore, the age at which the explicit false belief tasks (i.e., a 

content false belief task and a location false belief task) were administered 

aligned with that in Study 2, that is, around the age of 51 months. No implicit 

false belief understanding was assessed in this study. In both Study 2 and Study 

3, language skills and executive function measures were employed. 

3.6.1. Participants 

The final sample for Study 3 comprised 37 children (18 girls, Mage = 13.99 

months, SD = 0.22 months, age range = 13.60 – 14.43 months) at Time 1 and 

35 children (17 girls, Mage = 50.72 months, SD = 0.99 months, age range = 

49.70 – 54.57 months) at Time 2. An additional three children participated in the 

resting-state EEG recording but were excluded from the final sample due to 

fussiness. These children were drawn from a larger cohort in a longitudinal 

study, Theory of Mind in Infancy and Early Childhood (TOMII/TOMEC) study, 

 
9 Longitudinal Study on Theory of Mind in Infancy and Early Childhood, see Sodian et al. (2020). 
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which assessed Theory of Mind across multiple time points (see Kloo et al., 

2022; Kloo & Sodian, 2017; Osterhaus et al., 2022, for a further description of 

the sample). Parental written consent was obtained before participation. The 

local ethics committee approved the study based on the ethical principles of the 

European Federation of Psychologists’ Associations. 

3.6.2. Electrophysiological assessment at T1 

3.6.2.1. EEG recording 

The EEG recording setup for the resting state in Study 3 paralleled that 

of Study 2, adjusted for a younger cohort with an EEG cap sized for 14-month-

old infants. Data were collected from 17 electrode sites (Fp1, Fp2, F3, F4, F7, 

F8, F9, F10, C3, Cz, C4, T7, T8, P3, P4, O1, O2) using an infant-specific cap 

with Ag/AgCl active electrodes (ActiCap, Brain Products, Gilching, Germany), 

following the 10/20 system guidelines. 

3.6.2.2. EEG analysis 

EEG data were examined and analyzed using BrainVision Analyzer 

Software (Brain Products, Gilching, Germany). Offline, all electrodes were re-

referenced to the common average reference, and a digital bandpass filter of 1 

to 20 Hz (4th order) Hz was applied. The EEG data were segmented into equal-

sized epochs of 1024 ms (512 time points). To ensure that EEG was only 

analyzed from epochs in which the children were attending to the bubble 

stimulus, epochs with artifacts were detected through visual inspection and a 

semiautomatic artifact rejection function (Minimal-maximal difference ± 300 μV, 

amplitude exceeding ± 120 μV), and were eliminated from further analyses if 

they contained eye movements, blinks, or motor artifacts. Data rejection was 

done blind to conditions by the experimenter. On average, 56.39 % of all epochs 

were included from subsequent analyses, providing on average 149.51 (SD = 

48.07, value range = 68 - 249) epochs per infant.  
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Artifact-free epochs were extracted through a Hanning window and 

power spectra were calculated using the Fast Fourier Transform. To analyze 

asymmetries in activation, power (μV2) was computed for the 6 – 9 Hz (alpha) 

frequency band. A grand average of the FFTs was calculated for every 

participant. Subsequently, an asymmetry score for frontal sites (AsymF) was 

calculated by subtracting the average natural logarithm (ln) left power (F3, F7) 

from the average ln right power (F4, F8). Similarly, asymmetry scores for 

parietal sites (AsymP) were calculated by subtracting left power (P3) from right 

power (P4). 

3.6.3. Behavioral assessment 

The assessed explicit false belief tasks (i.e., a content false belief task 

and a location false belief task) and the language skill assessment (i.e., SETK4) 

were the same as in Study 2. 

We used the ‘Simon Says’ task to measure executive function 

(Strommen, 1973). Children were engaged in a game with clear instructions: 

“Now, we are playing a game. I’ll do all the exercises. Sometimes you are to do 

them with me and sometimes you are not. Only if I say, ‘Simon says,’ you do 

them. If I don’t, you don’t do them.” Children initially practiced through one 

Simon and one non-Simon trial with corrective feedback to ensure 

understanding. This was followed by 20 test trials, evenly split between Simon 

and non-Simon types, without feedback. The experimenter executed all actions 

(e.g., ‘touch your nose’, ‘stamp your feet’) in a predetermined yet randomized 

order, with a rule reminder after the first 10 trials. Performance was rated on a 

0-2 scale per trial: a ‘2’ for correctly following or ignoring commands based on 

trial type, a ‘1’ for partial or incorrect responses, and a ‘0’ for failing to adhere 

to instructions. Scores were summed for each trial type, allowing a maximum 

of 20 points per type. Only non-Simon trial scores were evaluated for analysis. 
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3.6.4. Statistical analysis 

All data analyses were the same as in Study 2. 

3.7. Results in Study 3 and combined samples 

3.7.1. Descriptive statistics in Study 3 

Descriptive performance on all tasks is presented in Table 14. 

Independent sample t-tests were conducted to examine potential gender effects 

on performance in all false belief task scores. No significant gender effect was 

observed (p > .05; see the supplementary materials S2 for detailed results). 

 

Table 14. Descriptive statistics of resting-state EEG alpha asymmetry and 

behavioral tasks performance in Study 3. 

 N M SD Value Range p 

Content FB task at T2 35 0.31 0.47 0 - 1 p = .242 a 

Location FB task at T2 32 0.41 0.50 0 - 1 p = .038 a 

Explicit FB sum score at T2 32 0.72 0.73 0 - 2  

SETK mean score 34 55.88 10.55 32 - 74  

EF (Simon Says task score) 31 6.16 6.25 0 - 18  

AsymF 37 -0.07 0.24 -0.78 – 0.40  

AsymP 37 -0.02 0.47 -1.97 – 0.88  

Note: FB = false belief. EF = executive function. a Binomial test against chance 

performance. 

3.7.2. Correlations between resting-state EEG alpha asymmetry scores 

and explicit false belief sum scores in Study 3 

For the correlation between resting-state EEG alpha asymmetry scores 

and explicit false belief sum score (see Table 15), results showed a significant 

negative correlation between resting-state EEG alpha asymmetry scores of 

frontal sites at T1 and explicit false belief sum score at T2 (r = -0.450, p = .010, 

N = 32). The greater the relative right than left frontal activity, the higher the 

explicit false belief sum score. The partial correlation analyses, controlling for 
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age, co-developing language skills, and executive function simultaneously, 

yielded a marginal significance (r-partial = -0.344, p = .092, N = 28). 

 

Table 15. Longitudinal correlations between resting-state EEG alpha 

asymmetry scores at 14 months and explicit false belief sum score at 51 months 

in Study 3. 

 AsymF AsymP 

Explicit FB sum 

score at T2 (N = 32) 
-0.450

**
, p = .010 -0.190, p = .298 

Note: FB = false belief. EF = executive function. * p < .05; ** p < .01; *** p < .001 

(two-tailed). In bold font: p < .05 FDR corrected. 

3.7.3. Results on explicit false belief understanding from combined data 

of Study 2 and Study 3 

Study 3 is an independent longitudinal dataset regarding the explicit 

false belief understanding and resting-state EEG alpha asymmetry. To 

consolidate these findings in Study 2 regarding the explicit false belief 

understanding, we further combined the samples from Study 2 and Study 3, 

resulting in a total of N = 80 children (42 girls, Mage = 24.63 months, SD = 9.97 

months, age range = 13.60 – 37.03 months) who completed the resting-state 

EEG recording, and 54 children (29 girls, Mage = 51.34 months, SD = 1.14 

months, age range = 49.70 – 54.57 months) who completed the explicit false 

belief tasks. Analysis of this combined sample revealed a significant negative 

correlation between resting-state EEG alpha asymmetry scores of frontal sites 

and the explicit false belief sum score, indicating that greater relative right than 

left frontal activity correlates with a higher explicit false belief sum score (see 

Table 16. r = -0.282, p = .039, N = 54). After controlling for age, language, and 
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executive function10, the partial correlation between frontal resting-state EEG 

alpha asymmetry and explicit false belief sum score still persisted (r-partial = -

0.327, p = .031, N = 47).  

 

Table 16. Longitudinal correlations between resting-state EEG alpha 

asymmetry scores and explicit false belief performance in combined samples. 

 AsymF AsymP 

Explicit FB sum score (N = 54) -0.282
*
, p = .039 -0.109, p = .434 

Note: FB = false belief. EF = executive function. * p < .05; ** p < .01; *** p 

< .001 (two-tailed).  

 

To further explore the relationship between resting-state EEG alpha 

asymmetry and explicit false belief understanding, hierarchical linear 

regression models 11  were conducted to examine whether AsymF explained 

additional variance in explicit false belief understanding after accounting for age, 

language skills, and executive function (see Table 17). Model 1, which included 

age, language skills, and executive function, was significant, F(3,43) = 5.959, p 

= .002, and explained approximately 24.4% of the variance in explicit FBU 

(Adjusted R2 = .244). Model 2, which added AsymF to the predictors, was also 

significant, F(4,42) = 6.139, p < .001, and explained 30.9% of the variance in 

explicit false belief understanding (Adjusted R2 = .309). The inclusion of AsymF 

in Model 2 significantly improved the explained variance in explicit false belief 

 
10 Given the differing assessments of executive function in Study 2 and Study 3, we utilized the 

Z-score of executive function for the combined sample analyses. 
11 A commonly cited rule of thumb for sample size in multiple regressions suggests a minimum 

of 10 observations per predictor variable (Howell, 2010). With 4 predictor variables, this would 

require a minimum sample size of 40. Therefore, the regression model, incorporating age, 

language skills, executive function, and resting-state EEG alpha asymmetry, was conducted 

using the combined samples (N = 47). Due to the limited sample sizes of Study 2 and Study 3 

individually, separate regression analyses were not included in the current manuscript.  
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understanding (∆R2 = .075, ∆F(1, 42) = 5.012, p = .031). This suggests that 

frontal asymmetry contributes unique variance to the prediction of explicit false 

belief understanding beyond age, language skills, and executive function. 

These findings from the combined dataset are consistent with those of 

Study 2 and Study 3, strengthening the evidence that superior explicit false 

belief understanding is associated with greater right than left frontal activity. 

Although these results are promising, they should be viewed as supplementary, 

as using different EEG cap sizes for the 34-month-old and 14-month-old 

children introduced challenges in defining consistent resting-state EEG alpha 

asymmetry across age groups. Despite these limitations, the overall pattern of 

results aligns with our initial hypotheses. 

 

Table 17. Results of hierarchical linear regression predicting the explicit false 

belief sum score at T2 from resting-state EEG alpha asymmetry score at T1 in 

combined samples. 

Model Variable Estimate SE Beta t p 
Adjusted 

R2 

Model1 

(Intercept) -1.007 0.708  -1.423 .162 

.244** 
Age 0.045 0.011 0.524 4.047 < .001 

Language 0.018 0.011 0.198 1.535 .132 

EF 0.098 0.104 0.121 0.940 .353 

Model2 

(Intercept) -0.744 0.687  -1.083 .285 

.309*** 

Age 0.049 0.011 0.568 4.535 < .001 

Language 0.010 0.011 0.116 0.901 .373 

EF 0.067 0.100 0.082 0.663 .511 

AsymF -1.290 0.576 -0.294 -2.239 .031 

Note: * p < .05; ** p < .01; *** p < .001. EF = executive function. 
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3.8. Discussion of results on explicit false belief understanding from 

Study 3 and the combined samples 

Results analyses from Study 3 and the combined data confirmed that 

superior explicit false belief performance at age 4 years was associated with 

greater right than left frontal activity at a younger age. However, the partial 

correlation in Study 3 decreased to marginal significance when controlling for 

age, language, and executive function simultaneously. We attribute this 

reduction to the limited sample size, which may affect statistical power. This 

interpretation was supported by the results from the combined sample, where 

right frontal activity remained significantly related to representational false belief 

performance when age, language, and executive function were controlled for 

simultaneously. Nevertheless, to support this assumption, a replication with a 

larger sample is required. These findings highlight the potential influence of 

individual differences in task-independent frontal activity on the development of 

explicit false belief understanding; however, it is important to interpret these 

findings with caution due to the limited sample size. In the following Discussion, 

we will synthesize these results to discuss the relationship between resting-

state EEG alpha asymmetry and false belief understanding development more 

comprehensively. 

3.9. Discussion on Studies 2 and 3 

Around the age of 4 years, children begin to develop the representational 

Theory of Mind, enabling them to understand others’ false beliefs and the 

influence of these beliefs on actions. The present study explored the neural 

mechanisms underlying the representational Theory of Mind during early 

childhood and offers preliminary evidence of longitudinal continuity in the brain 

systems that support Theory of Mind reasoning. Specifically, through two 

independent longitudinal studies, this study explored the relationship between 

resting-state EEG alpha asymmetry and behavioral false belief competence 
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during early childhood. Results identified a pattern in which greater right frontal 

activity at 14 and 34 months is longitudinally associated with better performance 

on explicit false belief tasks at age 4. This pattern tentatively suggests that the 

brain lateralization in resting-state EEG alpha power emerges before the 

observable behavioral manifestations of Theory of Mind. Additionally, superior 

implicit false belief understanding correlated with greater right parietal activity, 

which could preliminarily suggest that the neural mechanisms underlying 

implicit and explicit false belief understanding may be partly distinct. For a visual 

summary of the results please see Figure 22. 

 

Figure 22. Visual summary of the correlations between T1 and T2 in Study 2 

and Study 3. Solid lines indicate statistically significant correlations, while 

dotted lines denote correlations that did not reach statistical significance. 

 

It is important to highlight that the present findings are preliminary and 

exploratory due to limitations in statistical power because of the low sample 

size. Although we augmented our sample size by combining data from two 

studies, future research is necessary to include larger samples to replicate and 

confirm these findings. Nevertheless, given the limited focus of previous 
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research on neural activity during the sensitive periods of false belief 

understanding development in infancy/toddlerhood, we think our longitudinal 

study provides valuable insights into the potential relationship between resting-

state EEG alpha asymmetry and false belief understanding development. In the 

following sections, we will discuss and cautiously interpret the key findings of 

this research and offer suggestions for future research. All our interpretations 

should be read in light of the small sample size.  

 The finding that greater right than left frontal activity, observable in 

infancy and toddlerhood, predicts explicit false belief understanding 

competence by age 4 tentatively supports the view that the lateralization 

involved in the functional specialization of Theory of Mind reasoning in the brain 

is a neural marker that appears prior to the behavioral development of Theory 

of Mind. Our results suggest longitudinal continuity and align with previous, 

albeit limited, cross-sectional studies that identified the right MPFC as 

associated with the representational Theory of Mind reasoning in children. 

Notably, Bowman et al. (2012) observed right mid-frontal activations linked to 

mental-state reasoning in 7- to 8-year-old children, suggesting a shared neural 

pattern across tasks involving reasoning about beliefs and desires. While the 

functional asymmetry of Theory of Mind activity may not directly correspond to 

its anatomical asymmetry, developmental neural research indicates that false 

belief competence correlates with anatomical changes, including increased 

fractional anisotropy in the white matter of the right MPFC around ages 3 to 4 

(Grosse Wiesmann et al., 2017b). Our data extended these prior findings and 

carefully suggest that task-independent right frontal brain activity in children 

younger than 3 years old is associated with better Theory of Mind behavioral 

responses at age 4. 

Furthermore, our longitudinal data showed a stable correlation between 

early-appearing right frontal activity and later explicit false belief understanding 
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across early childhood. Previous research using the resting-state EEG 

technique has demonstrated high individual stability of frontal alpha asymmetry 

from 14 to 83 months of age (Müller et al., 2015). Based on these findings, we 

propose that neural stability in frontal asymmetry is likely to persist from 14 to 

34 months. Our results support this proposition, suggesting that explicit false 

belief understanding at age 4 exhibits significant longitudinal correlations with 

frontal resting-state EEG alpha asymmetry, regardless of whether it is assessed 

at 14 months or 34 months. Intriguingly, the stability on the neural level occurs 

despite notable advancements in explicit false belief understanding, as 

demonstrated by behavioral tests where 4-year-olds performed above chance, 

even though they had not developed explicit false belief understanding 1 or 3 

years earlier. The neural consistency observed in our data, amid changes in 

conceptual performance, suggests that the cognitive capacities supported by 

frontal regions are probably established earlier in development and remain 

stable into early childhood. Importantly, Bowman et al. (2019) found that frontal 

resting-state EEG brain activity by age 4 correlates with specialized neural 

responses in the same brain regions at 7.5 years. This finding provided 

preliminary evidence that the early developments in the region of dorsal MPFC 

that are important for Theory of Mind in 4-year-olds are also associated with the 

extent of functional specialization of that same region for Theory of Mind 

reasoning 3.5 years later, suggesting early stability in the neural system for 

Theory of Mind reasoning, and longitudinal continuity in this neural system 

despite behavioral-cognitive advancements (Bowman et al., 2019). Our study 

extends this implication for neural longitudinal continuity of explicit false belief 

understanding prior to age 4, although these results remain tentative and call 

for further investigation to confirm these early findings. 

One key aspect of our study design at both T1 and T2 is that the 

continuities in frontal resting-state EEG alpha asymmetry relate to Theory of 
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Mind reasoning. We controlled for age, language skills, and executive function 

in our design, acknowledging that these factors are known to co-develop and 

can potentially influence children’s performance on explicit false belief tasks. 

Our results demonstrated that right frontal activity was significantly associated 

with representational false belief performance, even when these co-developing 

factors were taken into account. This suggests that the observed longitudinal 

correlation between frontal resting-state EEG alpha asymmetry and Theory of 

Mind performance is unlikely to be merely a byproduct of these co-developing 

constructs. However, to further validate these results, we recommend that 

future studies incorporate larger sample sizes to ensure adequate statistical 

power and thereby strengthen the credibility of the evidence. 

To briefly summarize, our findings regarding the potential relationship 

between frontal asymmetric activity and explicit false belief understanding 

extend prior research on the role of the frontal cortex in explicit false belief 

understanding. The observed longitudinal association between increased right 

frontal activity and enhanced explicit false belief understanding provides 

preliminary insights into the developmental onset and progression of explicit 

false belief understanding in young children. Nevertheless, considerable 

caution is warranted when interpreting these results due to the small sample 

size and the potential for spurious correlations. It is imperative to conduct 

further research with larger and more generalizable samples, as well as 

additional evaluation time points along the developmental trajectory, to confirm 

and expand upon these findings. Additionally, further investigation is required 

to elucidate the role of right frontal activity in the explicit false belief 

understanding during early childhood. This inquiry could extend to examining 

the relationship between right frontal activity and a wider variety of early-

emerging socio-cognitive skills, such as perspective-taking (Tullett et al., 2012), 
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self-other distinctions 12  (Schuwerk et al., 2014), and cognitive empathy 

(Rueckert & Naybar, 2008), which previous research has linked to Theory of 

Mind. It is pertinent to explore whether right frontal activity might underpin a 

broader spectrum of ToM-related functions from an early age (Krause et al., 

2012; Schuwerk et al., 2014; Sebastian et al., 2012).  

Additionally, our study investigated the relationship between task-

independent brain activity and implicit false belief understanding (assessed with 

an anticipatory looking task; see Grosse Wiesmann et al., 2017a; Kaltefleiter et 

al., 2022). We found a significant correlation between superior performance on 

the implicit false belief task at the age of 3 years and greater right than left 

parietal-related activity. This finding is in line with earlier research showing 

sensitivity to others’ beliefs in the parietal regions in 7-month-olds (Hyde et al., 

2018). Further emphasizing the importance of the right parietal region in Theory 

of Mind, Grosse Wiesmann et al. (2020) identified a correlation between implicit 

false belief competence and increased cortical thickness in the right SMG—a 

critical part within the parietal regions—among 3- to 4-year-olds. While the 

spatial resolution of EEG limits direct structural comparisons with brain imaging 

studies, our results align with the previous research and support the 

involvement of right parietal activity in the early age range of implicit false belief 

understanding development.   

Findings by Grosse Wiesmann et al. (2017b) and by Sabbagh et al. 

(2009) also observed right hemispheric activity in parietal regions like the TPJ 

and precuneus gyrus during resting-state EEG recordings linked to explicit 

Theory of Mind reasoning in 4-year-olds. These findings are partially 

inconsistent with the present findings, which suggested a dissociation between 

 
12 The definition of self-other distinction is “the process by which one distinguishes between 

self- and other-related representations (cognitive, affective, sensorimotor, etc.)” (Quesque et 

al., 2024). 
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explicit and implicit false belief reasoning, showing that frontal alpha asymmetry 

was associated with explicit false belief understanding while parietal alpha 

asymmetry was associated with implicit false belief understanding. This finding 

might be seen as tentative support for the view that two distinct neural systems 

support implicit and explicit false belief understanding development. However, 

previous research has emphasized the correlation of right parietal activity in 

both explicit false belief understanding (e.g., Sabbagh et al., 2009; Saxe & 

Wexler, 2005) and implicit false belief understanding (e.g., Boccadoro et al., 

2019; Hyde et al., 2018), though these processes were associated with distinct 

subregions of the parietal cortex (Grosse Wiesmann et al., 2020). In our study, 

greater right parietal activity was significantly correlated with better 

performance in implicit false belief tasks but not explicit false belief tasks. 

Caution is warranted, however, in interpreting nonsignificant correlations 

between parietal resting-state EEG alpha asymmetry scores and explicit false 

belief understanding. It is important to note that a relatively small sample size 

may limit the statistical power to detect a significant effect if one exists. 

Therefore, it is impossible to draw a definitive conclusion about the existence 

of a relationship based on nonsignificant results, and we suggest future 

research with a larger sample to further investigate this question. Additionally, 

the absence of significant longitudinal correlations between parietal asymmetry 

and explicit false belief understanding at age 4 may also reflect the potential 

instability of parietal asymmetry (Bowman et al., 2019; Müller et al., 2015). 

Future investigations should also clarify the stability and influence of parietal 

asymmetry in implicit and explicit false belief understanding across a broader 

age range.  

While our findings underscore the correlations between resting-state 

EEG alpha asymmetry and behavioral false belief competencies, they also 

point to several unresolved questions. It remains unclear to what extent the 
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distinct neural correlates are independent of variations in task formats, 

particularly between anticipatory looking in implicit false belief tasks and 

verbally elicited responses in explicit false belief tasks. Furthermore, the precise 

nature of the observed asymmetrical cortical activity—greater relative right than 

left activity in parietal regions for implicit false belief tasks and that in frontal 

regions for explicit false belief tasks—warrants further exploration. Future 

research should, therefore, directly contrast brain activation during the nuanced 

processes of the implicit and explicit false belief understanding to determine 

how neural correlates vary independently of task formats in early childhood. 

In summary, drawing on previous neural research, which highlighted 

asymmetry in functional activation patterns related to Theory of Mind reasoning, 

our study represents the first exploration into the potential connection between 

resting-state asymmetric brain activity and false belief understanding during 

early childhood. Across two independent longitudinal studies and combined 

samples, we observed preliminary evidence that a greater relative right than 

left frontal activity at 34 months and even at 14 months was associated with 

better performance in explicit false belief tasks at 4 years of age. Additionally, 

enhanced performance in implicit false belief tasks at age 3 appeared to 

correlate with greater relative right versus left parietal activity. While these 

findings provide preliminary evidence of potential relationships between 

resting-state EEG alpha asymmetry in the frontal and parietal regions and false 

belief understanding, limitations in power and sample size warrant that these 

results be interpreted as exploratory. We attempted to alleviate concerns 

related to limited sample size by combining samples; however, further research 

is needed to confirm and refine these findings. Nonetheless, given the rarity of 

resting-state EEG data collected from infants and toddlers, these results may 

serve as a valuable initial exploration for future research in this field. 
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Supplementary materials 

S1. An overview of the task stimuli and two AOIs in the implicit false belief task 

of Study 2. 

 

Figure S1. Schematic diagram of implicit false belief task (Anticipatory-looking 

false belief task) (Kaltefleiter et al., 2022). 

 

 

Figure S2. Region of Interest (ROI) in the implicit false belief task (Kaltefleiter 

et al., 2022). 
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S2. Independent sample t tests were conducted to examine potential gender 

effects on performance in all false belief task scores. 

Table S1. Independent sample t tests for gender effect in Study 2. 

Dependent Variables t df p (two-tailed) 

1. Implicit FB task DLS score at T1 -0.19 36 .850 

2. Implicit FB task FF&LL score at T1 -0.70 36 .491 

3. Implicit FB task DLS score at T2 -1.22 23 .235 

4. Implicit FB task FF&LL score at T2 -1.67 23 .109 

5. Explicit FB sum score at T2 -0.55 20 .592 

Note: FB = false belief. 

 

Table S2. Independent sample t tests for gender effect in Study 3. 

Dependent Variables t df p (two-tailed) 

Explicit FB sum score at T2 0.59 30 .562 

Note: FB = false belief. 

 

Table S3. Independent sample t tests for gender effect in combined samples. 

Dependent Variables t df p (two-tailed) 

Explicit FB sum score at T2 -1.23 52 .224 

Note: FB = false belief. 
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S3. The correlations between co-developing variables, behavioral false belief 

task scores, and resting-state EEG alpha asymmetry scores 

Table S4. The correlation between co-developing variables (T1), behavioral 

false belief task scores (T1), and resting-state EEG alpha asymmetry scores in 

Study 2. 

 Age Language 

Implicit FB task DLS score at T1 0.17, p = .305 0.03, p = .880 

Implicit FB task FF&LL score at T1 0.04, p = .835 0.00, p = .984 

AsymF -0.04, p = .783 0.12, p = .455 

AsymP -0.05, p = .777 0.17, p = .290 

 

Table S5. The correlation between co-developing variables (T2), behavioral 

false belief task scores (T2), and resting-state EEG alpha asymmetry scores in 

Study 2. 

 Age Language 
Executive 

function 

Implicit FB DLS 

score at T2 
-0.10, p = .632 -0.25, p = .235 0.26, p = .226 

Implicit FB FF&LL 

score at T2 
0.12, p = .579 -0.37, p = .079 0.33, p = .124 

Explicit FB sum 

score at T2 
0.40, p = .060 -0.16, p = .477 0.32, p = .163 

AsymF 0.11, p = .574 0.12, p = .572 -0.30, p = .159 

AsymP -0.05, p = .814 0.23, p = .265 -0.31, p = .135 

Note: * p < .05; ** p < .01; *** p < .001 (two-tailed). 
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Table S6. The correlation between co-developing variables, explicit false belief 

sum score, and resting-state EEG alpha asymmetry scores in Study 3. 

  Age Language 
Executive 

function 

Explicit FB sum score at 

T2 
-0.24, p = .192 0.44*, p = .011 -0.04, p = .828 

AsymF 0.28, p = .109 -0.35*, p = .042 -0.11, p = .541 

AsymP 0.03, p = .858 -0.01, p = .977 -0.04, p = .824 

Note: * p < .05; ** p < .01; *** p < .001 (two-tailed). 

 

Table S7. The correlation between co-developing variables, explicit false belief 

sum score, and resting-state EEG alpha asymmetry scores in combined 

samples. 

  Age Language 
Executive 

function 

Explicit FB sum score 0.40**, p = .003 0.18, p = .193 0.08, p = .577 

AsymF 0.15, p = .191 -0.29*, p = .022 -0.15, p = .272 

AsymP 0.04, p = .756 0.01, p = .960 -0.09, p = .516 

Note: * p < .05; ** p < .01; *** p < .001 (two-tailed). 
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Chapter 4: General Discussion 

The ability to attribute mental states to others, known as Theory of Mind, 

is fundamental to human social cognition. A quintessential measure of Theory 

of Mind ability is understanding others’ false beliefs about the world. This 

dissertation comprises three empirical studies that collectively aim to make 

novel contributions to identifying the neural correlates of false belief 

understanding in children under the age of 4 years, an under-researched area. 

These studies are the first to investigate task-dependent ERP correlates of false 

belief understanding in toddlers and the first to explore the task-independent 

longitudinal relationship between resting-state EEG alpha asymmetry and 

behavioral false belief understanding from infancy to early childhood. Findings 

from Study 1 provide evidence of brain-behavior connections related to false 

belief understanding in children younger than 3 years of age. Studies 2 and 3 

examined task-independent neural correlates of false belief understanding, 

specifically exploring whether resting-state EEG alpha asymmetry could serve 

as an early neural marker to predict subsequent behavioral manifestations of 

false belief understanding at age 4. These three studies reveal potential neural 

correlates of false belief understanding in toddlerhood and suggest that early-

appearing task-independent brain activities may support later false belief 

understanding ability.  

This final chapter synthesizes the dissertation’s findings and aims to 

answer the research questions posited in Section 1.6.1. In Section 4.1, the 

primary results of the studies are concisely summarized. Section 4.2 discusses 

these findings in relation to the neural correlates of false belief understanding 

from infancy to early childhood. Section 4.3 discusses the theoretical 

implications. Section 4.4 outlines the research limitations and proposes future 

research directions. The discussion concludes with a summary in Section 4.5. 
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4.1. Summary of the three studies 

In the traditional developmental view, a milestone of Theory of Mind is 

achieved around age 4, when children start passing the traditional explicit false 

belief tasks. However, recent research involving explicit false belief tasks with 

reduced cognitive demands has shown that even before their third birthday, 

toddlers display correct behavioral prediction of an agent who acts based on a 

false belief (Grosso et al., 2019; Setoh et al., 2016; Sodian et al., 2024). 

Furthermore, studies using spontaneous-response paradigms suggested that 

toddlers under 2 years old and infants as young as 1 year of age can make 

action predictions based on others’ beliefs (e.g., Kaltefleiter et al., 2022; Onishi 

& Baillargeon, 2005; Southgate et al., 2007). If toddlers and even infants are 

already sensitive to others’ false beliefs in low-demands explicit false belief 

tasks or novel implicit false belief tasks, it is plausible that cortical regions 

supporting Theory of Mind are functioning as early as in toddlerhood or even 

infancy. Although the existing literature suggests the presence of a specialized 

neural system for processing false belief reasoning, further evidence is needed 

to clarify the existence of such a system, particularly in young children. Key 

questions remain: What are the neural correlates of false belief understanding 

in children younger than 3 years? What task-independent neural activities 

emerge early on and pave the way for later success in behavioral false belief 

tasks? What are the characteristics of potential early-emerging precursors that 

correlate with implicit and explicit false belief understanding? Exploring these 

questions could enhance our understanding of the development of social 

cognition and the neural underpinnings of Theory of Mind in early childhood. 

In Study 1, we tested children cross-sectionally at approximately 34 

months of age using a low-demands false belief task (Grosso et al., 2019; Setoh 

et al., 2016) on the behavioral level, and a standard explicit false belief task on 

the neural level (Wellman & Bartsch, 1988; Wellman & Liu, 2004), to investigate 

brain-behavior connections related to false belief understanding in toddlers 
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under 3 years old. In Study 2, we acquired resting-state EEG alpha asymmetry 

at 34 months, assessed explicit false belief tasks at 4 years, and measured 

implicit false belief tasks at both time points to study their interrelations 

longitudinally. To further support the preliminary evidence from Study 2 

concerning explicit false belief understanding in a limited cohort, Study 3 

analyzed data from an independent longitudinal dataset to test the generality of 

the relationship between resting-state EEG alpha asymmetry assessed at 14 

months and behavioral explicit false belief understanding at age 4. Studies 2 

and 3 aim to explore the development of task-independent brain activity during 

early childhood, particularly from infancy to toddlerhood, and to investigate its 

potential correlation with behavioral implicit and explicit false belief competence.  

In Study 1, a total of 128 toddlers participated in an ERP belief task 

(Leo’s belief task), adapted from the behavioral “explicit false belief task” 

(Wellman & Bartsch, 1988; Wellman & Liu, 2004), which explicitly informed 

children about both reality and the protagonist’s belief and asked them where 

the protagonist would look for the target object. Data obtained from 70 toddlers 

met the criteria for artifact-free ERP segment inclusion. Of these, 45 toddlers 

who met the criteria for ERP artifact rejection and completed the low-demands 

false belief task concurrently were included in the final sample for data analysis. 

We found that a late positive waveform over the occipital electrode sites 

distinguished between false belief and true belief conditions only in toddlers 

who passed the low-demands behavioral false belief task. In contrast, a late 

negative waveform over the slightly right frontocentral electrode sites 

consistently distinguished between false belief and true belief conditions 

regardless of low-demands behavioral false belief competence. These findings 

raise the possibility that a sensitive neural system supporting false belief 

understanding may emerge early in brain development. Specifically, the late 

positive waveforms observed over the occipital electrode sites appear to be a 

potential neural marker for false belief understanding in toddlers.  
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In Study 2, we employed a longitudinal design to examine the potential 

relationship between early resting-state EEG alpha asymmetry and behavioral 

false belief understanding during the critical developmental period traditionally 

associated with the explicit comprehension of false beliefs, specifically between 

the ages of 3 and 4 years. Study 2 assessed resting-state EEG alpha 

asymmetry across frontal and parietal electrode sites at around age 34 months. 

Since 4-year-olds already start succeeding in explicit false belief tasks, explicit 

false belief understanding was assessed at age 4. Considering that implicit 

false belief understanding was presented at a younger age than 3 years, we 

measured implicit false belief understanding at both 34 months and 4 years old. 

Additionally, we assessed a battery of standard language skill assessments and 

executive functions. We found a significant longitudinal correlation between 

greater right than left frontal activity at 34 months old and better performance 

in explicit false belief tasks at 4 years of age, which suggests the resting-state 

right frontal activities may serve as an early-appearing neural marker of 

children’s later explicit false belief understanding. However, greater right than 

left parietal activity correlated with superior performance on an implicit false 

belief task only at 34 months old but not at 4 years of age, showing significant 

cross-sectional but no longitudinal correlations. This implies that resting-state 

EEG alpha asymmetry in parietal regions may reflect implicit false belief 

competence in younger children, yet its reliability as a consistent neural marker 

does not extend throughout early childhood. 

Furthermore, Study 3 analyzed data with a more extensive age range 

from another independent longitudinal dataset to test the generality of the 

relationship between resting-state EEG alpha asymmetry assessed at 14 

months and explicit false belief understanding at age 4. We found that superior 

explicit false belief understanding at age 4 was predicted by greater right than 

left frontal activity even at 14 months, a pattern that aligns with the results 

observed in Study 2. All these significant correlation results were independent 
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of age and other confounding cognitive abilities (i.e., language, executive 

function). To further substantiate these findings regarding the relationship 

between right frontal activity and better explicit false belief understanding, we 

combined the samples from Study 2 and Study 3, yielding a total of N = 80 

children who completed the resting-state EEG recordings and 54 children who 

participated in the explicit false belief tasks. Intriguingly, this analysis revealed 

a pattern consistent with the results observed in Studies 2 and 3, indicating that 

greater right than left frontal activity at an earlier age predicted superior explicit 

false belief understanding at age 4. 

4.2. Discussion of the findings on neural correlates of false belief 

understanding from infancy to early childhood 

4.2.1. Neural correlates of explicit false belief understanding may 

emerge earlier than assumed 

This dissertation aims to contribute to our understanding of the 

developmental origins of Theory of Mind in the brain, with a particular focus on 

the neural correlates of false belief understanding from infancy to early 

childhood. Explicit elicited-response reasoning about false beliefs develops 

between ages 3 and 4 (Gonzales et al., 2018, p. 208; Gopnik & Graf, 1988; 

Wellman et al., 2001; Yu & Wellman, 2024). However, a new low-demands false 

belief task produced evidence of explicit false belief reasoning already in 2.5-

year-olds (Grosso et al., 2019; Kaltefleiter et al., 2021; Setoh et al., 2016) and 

performance on this task at 33 months was significantly correlated with 

standard content false belief task performance at 52 months, independent of 

co-developing cognitive abilities (Sodian et al., 2024). These findings suggest 

that explicit false belief understanding may emerge earlier than previously 

assumed and support the view of conceptual continuity in the development of 

early Theory of Mind. 

Conceptual continuity views propose that false belief reasoning emerges 

early in life and gradually becomes more efficient and more nuanced with age 
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and experience (Baillargeon et al., 2016; Scott & Baillargeon, 2017). They 

assume that children understand false beliefs already before age 4, but 

traditional elicited-prediction false belief tasks are subject to greater processing 

difficulties (Scott & Baillargeon, 2017). In Study 1, we assessed explicit false 

belief understanding abilities with a reduced processing demands task and the 

participants’ neural response to false beliefs and true beliefs in a novel ERP 

explicit belief paradigm. Behaviorally, we confirmed that toddlers younger than 

3 years old succeed at a traditional false belief task when overall processing 

demands are reduced, supporting the substantial continuity in false belief 

understanding from infancy to childhood. Early difficulties with traditional false 

belief tasks are primarily due to these tasks’ heavy processing demands (Bloom 

& German, 2000; Carruthers, 2013; Roth & Leslie, 1998; Scott & Baillargeon, 

2009). In addition to above-chance performance in the explicit low-demands 

false belief task, we found corresponding brain-behavior connections in 

children younger than 3. Our findings revealed that occipital late waveforms 

differentiated between false belief and true belief conditions only in toddlers 

who demonstrated behavioral false belief understanding competence. These 

findings add to the literature (Liu et al., 2009b) suggesting that, even at around 

33 to 36 months, toddlers possess a sensitive neural system associated with 

false belief processing, and the corresponding neural response had a 

significant connection to their behavioral false belief competence. The 

connection between neural response to false beliefs and behavioral 

competence in the traditional false belief tasks speaks to substantial continuity 

in explicit false belief understanding, both on the behavioral and neural levels. 

Our reference to “conceptual continuity” pertains to the developmental 

trajectory of false belief understanding abilities from an earlier age (around 3 

years) to the preschool age (4-6 years). Specifically, we propose that if children 

exhibit false belief understanding abilities on the behavioral level before 36 

months, this may suggest an earlier onset of the cognitive mechanisms 
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underlying false belief understanding, which could be reflected in their neural 

responses. Toddlers aged 33 to 36 months who pass the low-demands 

behavioral false belief task exhibit distinct late waveform neural patterns over 

occipital sites when comparing false belief to true belief conditions. This finding 

suggests that toddlers may have established a neural foundation for false belief 

understanding comparable to that observed in older children aged 4–6 years. 

The presence of such neural distinctions in toddlers aligns with their behavioral 

competence in false belief understanding, highlighting the early development 

of cognitive processes associated with this ability. These results provide 

evidence supporting the notion of developmental continuity in conceptual 

understanding. 

The common neural responses across passers and failers over slightly 

right frontal areas appear to indicate that behavioral failers do not differ 

significantly from passers on the neural level. The theoretical account assumes 

that both groups distinguish between the false and true belief conditions on the 

level of representing an agent as mentally connected to a state of the world. 

What distinguishes passers and failers on the neural level seems to be a 

metarepresentational understanding of false belief (i.e., understanding that an 

agent genuinely believes that X is true while I know that X is false). False belief 

understanding requires a representational view of the mind because false 

beliefs are mental misrepresentations of reality. This understanding 

necessitates a clear distinction between sense and reference, since they guide 

actions in the real situation (referent) as if it were a different situation (sense) 

(see Section 1.1.2 “Meta-representation view”). In this context, the neural 

correlates of false belief understanding in 33- to 36-month-old toddlers may be 

viewed as part of the same conceptual system of Theory of Mind, rather than 

representing a radical conceptual change. 

Furthermore, several researchers noted that successful performance on 

false belief tasks requires not only reasoning about mental states but also the 
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engagement of domain-general cognitive resources, such as reorienting 

attention and inhibitory control (Bloom & German, 2000; Devaney, 2018; Leslie 

et al., 2004; Perner & Lang, 1999; Sabbagh et al., 2006). The degree of cortical 

overlap between reorienting attention and Theory of Mind has been widely 

debated, with empirical studies producing contradictory findings. Some studies 

indicate no significant overlap (Scholz et al., 2009), while others suggest 

substantial overlap (J. P. Mitchell, 2008). In Study 1, we observed distinct 

patterns of late waveforms over occipital sites across groups and conditions. 

This led us to preliminarily speculate about the allocation of attentional and 

cognitive resources during explicit false belief understanding. In the current 

ERP paradigm, children participated in a specialized location false belief task 

that explicitly described the protagonist’s true or false beliefs, eliminating the 

need for participants to infer these beliefs. In both false belief and true belief 

conditions, participants initially focused on the actual location of the target 

object (i.e., reality). In the false belief condition, they subsequently reoriented 

their attention to address the inconsistency between the initial reality and the 

protagonist’s subsequent belief about the object’s location, integrating this 

inconsistency over time. In contrast, the true belief condition did not require 

reorienting attention to any inconsistencies, as the protagonist’s belief was 

consistent with the initial reality. Our findings indicate that participants who 

successfully passed the false belief task exhibited higher amplitude positive 

waveforms over occipital sites in the false belief condition compared to the true 

belief condition, suggesting greater allocation of cognitive resources—such as 

attention and working memory—to the false belief condition. This likely reflects 

enhanced engagement in distinguishing between true and false scenarios. 

Conversely, participants who failed to pass the task showed no significant 

differences in waveform amplitude between the false and true belief conditions, 

as evidenced by a convergence of subtle late waveform amplitudes across both 

scenarios. The amplitude of these late waveforms among those who failed, 
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when compared to the distinct amplitudes observed among passers, suggests 

that failers allocate a similar but limited level of cognitive resources across both 

conditions. This pattern may reflect a reduced ability to effectively allocate 

cognitive resources and differentiate between true and false beliefs. As ERP 

amplitude changes are indicative of differences in the magnitude of neural or 

cognitive responses (Dinteren et al., 2014; Riggins & Scott, 2020), these 

findings imply that understanding false beliefs is associated with a more flexible 

allocation of cognitive resources, particularly with respect to reorienting 

attention to discrepancies between false beliefs and reality. This observation 

aligns with theories positing that successful belief reasoning involves the ability 

to shift attention and working memory in order to reconcile conflicting 

perspectives, underscoring the crucial role of attentional mechanisms in the 

development of Theory of Mind (Bartholow & Dickter, 2007; Hopfinger & 

Mangun, 2001). Existing meta-analytic and review studies revealed that co-

activation within the TPJ during both attention and mentalizing tasks may 

indicate a shared cognitive component (Schuwerk et al., 2017), such as 

contextual updating (Geng & Vossel, 2013) or bottom-up attentional processes 

(Cabeza et al., 2012). Future research should incorporate additional cognitive 

assessments, such as measurements of attention and working memory, and 

explore whether interventions aimed at enhancing attentional control might 

facilitate earlier or more robust development of false belief understanding in 

children. 

Executive function, particularly inhibitory control, is crucial for children’s 

Theory of Mind abilities (Sabbagh et al., 2006; Sai et al., 2021). In our study, 

we used the low-demands false belief task by Setoh et al. (2016), which is a 

location false belief task following the “Max and the chocolate” format. This task 

provides information on belief formation while decreasing the processing 

demands of inhibitory control and response generation. In contrast, the ERP 

false belief task known as “Leo’s belief task” specifically examines the causal 
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influence of beliefs on actions, akin to the “Paul and the backpack” paradigm. 

Understanding the isolated causal relationship between beliefs and actions 

remains challenging for young children aged 4. This challenge may largely stem 

from the executive demands imposed by the task, which interact with its 

conceptual content (see Sodian et al., 2024). Because executive function is 

closely associated with frontal cortex development, differences in inhibitory 

control demands between the two false belief tasks may partially explain the 

lack of a significant correlation between neural responses to false belief in the 

frontal region and behavioral competence in the low-demands false belief task. 

Future research should incorporate high-demand false belief tasks that match 

the inhibitory control demands of the ERP belief task in neural studies with 

young children, to further clarify the role of inhibitory control in the brain-

behavior relationship underlying false belief understanding. Another promising 

direction is to explore the potential neural correlation between false belief 

understanding and inhibitory control during toddlerhood. In addition to 

assessing false belief understanding on the neural level in the current Study 1, 

future research could also assess inhibitory control using paradigms such as 

the go/no-go task. For instance, in an fMRI study, Rothmayr et al. (2011) 

identified significant overlapping activation in regions associated with both 

belief reasoning and inhibitory control, including the right superior dorsal MPFC, 

the right TPJ, the dorsal part of the left TPJ, and lateral prefrontal areas. As 

previously noted in Section 1.4, ERP techniques offer a significant advantage 

in precisely characterizing the timing of specific neurocognitive processes with 

high temporal resolution. Therefore, investigating the potential relationship 

between false belief understanding and inhibitory control at the 

electrophysiological level remains an intriguing direction for advancing our 

understanding of Theory of Mind development in children. 

Additionally, Study 1 used independent tasks to assess false belief 

understanding on both the neural and behavioral levels. The behavioral task, 
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designed with low response-generation and inhibitory-control demands, 

enabled the categorization of toddlers into false belief passers and failers. 

Concurrently, the ERP belief task provided explicit information about reality and 

the protagonist’s beliefs, eliciting toddlers’ neural responses. The deliberate 

differentiation between the two tasks ensured that the identified brain-behavior 

connections reflected substantive cognitive processes in false belief 

understanding rather than superficial task characteristics. However, it can be 

argued that tasks measuring the same ability should still correlate even when 

they have different difficulties, which Setoh et al. achieved by asking the two 

practice where-questions. Hence, the lack of correlation between false belief 

competence in the ERP belief task and the low-demands false belief task raises 

questions about whether the two tasks assess the same ability. Firstly, recent 

findings from a longitudinal behavioral study on false belief understanding 

(Sodian et al., 2024) demonstrated a predictive relationship between the low-

demands false belief task by Setoh et al. (2016) at 33 months and a standard 

content false belief task, as well as the sum score of the content and location 

false belief tasks at 52 months, independent of language and executive function. 

Further results from the study by Sodian et al. (2024) are consistent with the 

present findings, indicating that the low-demands false belief task and the 

explicit location false belief task from the Theory of Mind scale by Wellman & 

Liu (2004) may be unrelated. The location false belief task (referred to as “Paul 

and the backpack”) is of the same type as Leo’s belief task in Study 1. The task 

does not provide explicit information about the sources of the agent’s false 

belief but rather informs participants of what the agent believes—for example, 

“Paul thinks his mittens are in the backpack” and “Leo thinks (the target object) 

is in the bucket/box.” Furthermore, participants are informed about the state of 

reality. The test question, “Where will (the agent) look for (the target object)?” 

specifically assesses understanding of the causal impact of beliefs on actions 

when the agent’s beliefs are counterfactual.  
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In summary, false belief understanding is not a discrete, all-or-none skill; 

rather, different false belief tasks assess distinct dimensions of belief 

comprehension while placing varied demands on general cognitive abilities. 

The findings from Study 1, which reveal brain-behavior connections in two 

different types of false belief tasks, suggest that toddlers’ understanding of false 

beliefs may revolve around a conceptual core involving the interplay between 

perceptual access, knowledge or belief, and action. Moreover, this ability for 

false belief understanding appears to manifest earlier in development, both in 

behavioral and neural terms, than previously assumed. 

4.2.2. Task-independent EEG alpha asymmetry may be a stable 

precursor to the development of explicit, rather than implicit, false 

belief understanding 

Building on the task-dependent neural responses to false and true 

beliefs observed in Study 1, we extended our research in Studies 2 and 3 by 

tracking resting-state EEG activity and false belief reasoning longitudinally over 

early childhood. Our findings revealed early-emerging neural substrates 

associated with later explicit false belief understanding. Specifically, frontal 

resting-state EEG alpha asymmetry measured at 34 months—and even as 

early as 14 months—predicted behavioral explicit false belief understanding at 

around age 4. These findings align with previous studies on the reliability of 

frontal resting-state EEG alpha asymmetry. Earlier research has demonstrated 

stable frontal alpha asymmetry in infants and children across a period of nearly 

six years (N. A. Fox et al., 1992; Jones et al., 1997; Kim & Bell, 2006; Müller et 

al., 2015; Vuga et al., 2006). However, these previous studies did not explore 

the potential relationship between the longitudinal stability of frontal alpha 

asymmetry and socio-cognitive abilities. The present study is the first to 

investigate the potential stability of alpha asymmetry in conjunction with 

behavioral false belief competence during early infancy and toddlerhood. 

Notably, the significant longitudinal correlation between right frontal alpha 
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asymmetry and explicit false belief understanding persists even after controlling 

for age, language, and executive function. 

The longitudinal relationship between resting-state right frontal activity 

and 4-year-olds’ explicit false belief understanding may arise from its 

association with other early-emerging socio-cognitive abilities. It is plausible 

that other aspects of Theory of Mind, which develop alongside frontal activity, 

serve as precursor abilities to explicit false belief understanding around the age 

of 4 (Brooks & Meltzoff, 2015; Kloo et al., 2021; Sodian et al., 2016; Yeung et 

al., 2019). For example, previous studies found that significant aspects of 

Theory of Mind, such as understanding self versus others (Kaltefleiter et al., 

2021; Rochat & Striano, 2002) and grasping others’ goals and intentions 

(Wellman et al., 2004, 2008; Yamaguchi et al., 2009), which manifest by age 2, 

are underpinned by neural activity in the frontal regions. Some longitudinal 

studies found that infants’ early understanding of intentional action predicts their 

later explicit false belief competence (Kaltefleiter et al., 2022; Sodian et al., 

2016; Wellman et al., 2004, 2008; Yamaguchi et al., 2009; Yott & Poulin-Dubois, 

2016), suggesting that early perception and later reasoning about other people 

may rely on common cognitive mechanisms. Furthermore, previous studies 

also found that right frontal activity is linked to enhanced perspective-taking 

(Tullett et al., 2012) and cognitive empathy (Rueckert & Naybar, 2008), both of 

which are closely related to the representational Theory of Mind. 

Additionally, we found a stable longitudinal relationship between resting-

state EEG alpha asymmetry and explicit false belief understanding only for 

frontal alpha asymmetry but not for parietal alpha asymmetry. In other task-

dependent neural studies, researchers usually found that right TPJ activity is 

associated with explicit false belief understanding. The absence of a significant 

correlation between resting-state parietal asymmetry and explicit false belief 

understanding in our research may be due to the limited sample size or the 

potential instability of parietal asymmetry (Müller et al., 2015). Given the small 
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sample size, we were unable to draw a definite conclusion. One possibility is 

that the results suggest the unreliability of parietal resting-state EEG alpha 

asymmetry as a neural marker of explicit false belief competence. Supporting 

this hypothesis, Xiao et al. (2016) found significant developmental changes 

specifically in the posterior subsystem but not in the frontal subsystem, 

suggesting distinct developmental trajectories for resting-state neural systems. 

Further supporting evidence comes from G. Li et al. (2014), who observed 

developmental changes in parieto-occipital asymmetry. At birth, a small cluster 

of rightward asymmetry was identified in the parieto-occipital sulcus, which 

expanded to encompass a larger portion of the parieto-occipital sulcus and 

cuneus cortex by ages 1 and 2. Another possibility is that task-independent 

brain activity and task-dependent brain activity should not be considered 

equivalent. Resting-state EEG typically examines spontaneous neural activity 

without specific tasks or external stimuli. It reflects the intrinsic functional 

organization of the brain, including power spectra, and is often used to assess 

brain states like alertness or pathology. On the other hand, ERPs are time-

locked responses to specific sensory, cognitive, or motor events, capturing how 

the brain processes these stimuli. In this case, it is reasonable to find 

differences between resting-state EEG right parietal activity and task-

dependent ERP or fMRI right parietal activity associated with explicit false belief 

understanding.  

Nevertheless, parietal resting-state EEG alpha asymmetry was found to 

be cross-sectionally correlated only with implicit false belief understanding at 

34 months. However, no longitudinal correlation was found between resting-

state EEG right parietal activity at 34 months and implicit false belief 

understanding at 52 months. On the behavioral level, there is also a cross-

sectional correlation between implicit and explicit false belief understanding at 

52 months, but no longitudinal correlation between implicit false belief 

understanding from 34 months to 52 months. Although children’s performance 
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in the implicit false belief task did not improve with age, there may underlie a 

systematic change in implicit false belief understanding over time rather than 

an indication of stability (Kaltefleiter et al., 2022). By 52 months, children begin 

to develop explicit false belief understanding, and it is possible that they use 

similar strategies to complete implicit tasks at this age, which may be difficult 

for us to detect accurately. For example, in neurotypical children aged 4 to 8 

years, performance in non-verbal anticipatory looking tasks was able to predict 

that an agent with a false belief about an object’s location will search 

erroneously for the target object (Meristo et al., 2016).  

Furthermore, the observed correlations with linguistic abilities provide 

additional insights for interpreting our findings. Specifically, we identified a 

significant association between explicit false belief performance and language, 

as well as between explicit false belief performance and resting-state EEG 

alpha asymmetry in frontal regions. In contrast, no significant correlation was 

found between implicit false belief performance and language. This pattern of 

correlations suggests the involvement of partly distinct neural mechanisms in 

implicit and explicit false belief understanding, while also supporting a shared 

conceptual basis between explicit false belief understanding and language 

development. It could be argued that performance in explicit false belief tasks 

is influenced primarily by task-related linguistic demands rather than reflecting 

Theory of Mind. However, it is crucial to highlight that enhanced performance 

on explicit false belief tasks, as predicted by greater right frontal activity 

compared to the left, was independent of age, linguistic abilities, and executive 

function (Studies 2 and 3). This suggests that while co-developing factors 

contribute to the development of explicit false belief understanding, they are not 

solely responsible for advancements in explicit false belief tasks. Moreover, the 

implicit false belief task showed no correlation with any language assessments 

or measures of executive function, indicating that early anticipation of an 

agent’s actions based on a false belief does not rely on these general cognitive 
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abilities. These findings imply that implicit and explicit false belief understanding 

may be underpinned by distinct neural mechanisms during early development. 

The present findings support the hypothesis that frontal alpha 

asymmetry may serve as a stable trait marker in childhood, whereas parietal 

alpha asymmetry does not demonstrate similar stability (Harmon-Jones et al., 

2010; G. Li et al., 2014; Müller et al., 2015; Xiao et al., 2016). For instance, 

Müller et al. (2015) reported positive correlations between frontal asymmetry 

scores measured at 14 and 83 months of age, while Xiao et al. (2016) found 

evidence of stronger right hemispheric lateralization at age 3, with analyses of 

intrinsic activity revealing significant developmental reliability in the MPFC 

subsystem of the default mode network. These findings extend these previous 

neuroimaging studies that focused on isolated developmental characteristics of 

the resting-state neural system to their implications for socio-cognitive abilities, 

particularly false belief understanding. Resting-state EEG alpha asymmetry is 

influenced by multiple mechanisms along the rostral-caudal plane, and these 

asymmetries predict task performance in a manner consistent with lesion and 

neuroimaging studies (Hoptman & Davidson, 1998). Such methods may serve 

as a valuable tool for assessing neural correlates of cognition in populations for 

whom longer, more involved methods (e.g., fMRI) are less feasible, such as 

infants and toddlers. Our results indicate that individual differences in false 

belief competence during early childhood (approximately 4 years of age) can 

be predicted by resting-state EEG frontal alpha asymmetry as early as 14 and 

34 months of age. Therefore, employing frontal alpha asymmetry measures to 

explore the processes underlying false belief understanding in childhood may 

further enhance our understanding of resting-state EEG as a potential trait 

marker in the development of Theory of Mind. 

In summary, in addition to the task-dependent ERP technique discussed 

above, the task-independent resting-state EEG technique can also enhance 

our understanding of the development of children’s false belief understanding. 
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Although we identified a potential neural marker—frontal alpha asymmetry in 

resting-state EEG—that predicts explicit false belief understanding over a span 

of more than three years in two independent datasets, the influence of age, 

language, and executive function was also considered. Nevertheless, due to 

the limited sample size, these findings should be regarded as a preliminary 

exploration in this field. 

4.3. Theoretical implications 

Integrating behavioral false belief competence with electrophysiological 

neural responses during early childhood informs theoretical perspectives on 

early Theory of Mind development. Proponents of conceptual continuity 

theories propose that false belief reasoning develops from infancy through a 

single underlying system, and that infants’ reasoning is qualitatively similar to 

that of older children and adults (Baillargeon et al., 2016; Scott & Baillargeon, 

2017). They posit that young children struggle with traditional false belief tasks 

primarily due to increased processing demands, which impede their 

performance (Scott et al., 2022; Scott & Baillargeon, 2017). The findings from 

Study 1, demonstrating brain-behavior connections in low-demands false belief 

competence in 33- to 36-month-old toddlers, support this account. Specifically, 

the significant correlation between toddlers’ behavioral false belief competence 

in a low-demands false belief task and their neural responses to belief 

information in an independent ERP task bolsters conceptual continuity claims. 

This indicates that behavioral explicit false belief competence might be present 

from an early age and has corresponding brain-behavior connections 

associated with false belief processing. 

The longitudinal relationships found in Studies 2 and 3 between greater 

right frontal activity in infants and toddlers during resting-state EEG recordings 

and behavioral explicit false belief competence at age 4 align with the 

conceptual continuity view but may also support a developmental enrichment 

view. Regarding the longitudinal relationships between resting-state EEG alpha 
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asymmetry and explicit false belief understanding, future studies should 

investigate whether Theory of Mind precursor abilities—such as perspective-

taking and metacognition (Kaltefleiter et al., 2021)—that develop during infancy 

support later explicit false belief understanding. Examining these precursor 

abilities may help future research elucidate the development of false belief 

reasoning during early childhood. 

Moreover, the observed cross-sectional relationships between greater 

parietal activity and implicit false belief understanding at age 3, along with the 

associations between implicit and explicit false belief reasoning at age 4, may 

indicate developmental changes in children’s response to the implicit false 

belief stimuli between ages 3 and 4. By age 4, children begin to develop explicit 

false belief understanding, and it is possible that they use strategies similar to 

explicit reasoning to complete implicit tasks at this age, which may not be 

accurately detected. In this context, implicit false belief understanding may 

undergo a functional shift in specialization between ages 3 and 4. However, we 

did not find overlapping characteristics of resting-state EEG alpha asymmetry 

between implicit and explicit false belief understanding. This suggests that, at 

early age ranges, implicit and explicit false belief understanding may develop 

based on partly distinct neural mechanisms, supporting the two-system 

accounts. For subsequent developmental stages after children develop explicit 

false belief understanding, whether implicit and explicit false belief 

understanding share overlapping neural underpinnings or develop distinctly 

remains to be investigated in future studies. 

4.4.  Limitations and suggestions for future research 

A constraint impacting the research discussed in this dissertation was 

the relatively small sample size. In Study 1, although the original sample size 

for the ERP task was 128 toddlers who completed Leo’s belief task, and the 

original sample size for the behavioral low-demands false belief task was 75 

toddlers who completed Lily’s belief task, we ultimately obtained data from only 
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45 toddlers who completed both the ERP belief task and met the artifact-free 

criteria for pre-processing, while also completing the low-demands false belief 

task. In Studies 2 and 3, while the original sample size for behavioral false belief 

tasks in the Crossing project and TOMEC/TOMII project was over 80 

participants, fewer than 30 participants completed both the resting-state EEG 

recording and the behavioral false belief tasks. Although the exclusion rate in 

Study 1 was 41.18%, which is similar to other EEG studies with young children 

(Hoehl & Wahl, 2012; Stets et al., 2012), and we combined data from Studies 

2 and 3 to form a larger sample to mitigate concerns about small sample sizes, 

we must acknowledge the significant data loss due to high artifact rates in the 

electrophysiological data and low participation in the behavioral data. Despite 

our efforts, these factors represented a limitation that should be considered 

when interpreting the findings. Future research could explore the integration of 

offline laboratory methods with remote web-based tools for testing toddlers and 

infants, thereby enhancing the recruitment of larger and more diverse samples 

(Kaletsch & Liszkowski, 2024; Steffan et al., 2024). 

In Study 1, we recruited only 33- to 36-month-old toddlers to complete 

false belief tasks at both the behavioral and neural levels, allowing us to 

examine the neural correlates of false belief understanding in toddlers younger 

than 3 years old. However, to gain a more comprehensive developmental 

picture of infants’ and toddlers’ neural correlates of false belief competence, we 

should systematically explore the neural correlates of false belief understanding 

across a wider age range, including at age 4, using both behavioral and neural 

measures. The current finding that behavioral passers below 36 months 

exhibited neural distinctions over occipital sites, whereas 4- to 6-year-olds in 

Liu et al.’s (2009b) study showed corresponding distinctions over frontal sites, 

warrants further investigation. It is important to note that the behavioral false 

belief task used by Liu et al. (2009b) was not a low-demands task like that of 

Setoh et al. (2016). Therefore, the correlation between behavioral competence 
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and frontal neural responses in 4- to 6-year-olds may reflect an interaction 

between inhibitory control (and other cognitive demands) and belief 

understanding rather than belief understanding alone. Future research should 

explore systematic relationships between neural responses to belief 

information and the varying demands of false belief tasks (i.e., low-demands 

versus high-demand) around age 4. This would help clarify developmental 

differences in the performance of 3- and 4-year-olds in low-demands and high-

demand false belief tasks, providing valuable insights into whether explicit false 

belief reasoning undergoes substantial developmental changes and how 

processing demands influence the neural correlates of false belief competence. 

Further research should also extend beyond the neural correlates of 

false belief understanding to examine Theory of Mind precursor abilities. This 

dissertation explored various types of false belief tasks, including explicit (i.e., 

low-demands false belief, location false belief, content false belief) and implicit 

false belief tasks. However, a more comprehensive approach to understanding 

how children develop mental state reasoning should also investigate precursor 

abilities, such as goal-directed attention, visual perception, and desire 

reasoning on the neural level. Previous research has demonstrated a link 

between early goal-directed attention in infancy and later Theory of Mind 

abilities (Aschersleben et al., 2008; Peterson et al., 2005; Wellman, 2002; 

Wellman et al., 2004, 2008; Wellman & Liu, 2004; Yamaguchi et al., 2009). For 

example, a significant correlation was found between 6-month-olds’ attention 

to goal-directed action and their ability to solve false belief tasks at age four, 

independent of language abilities (Aschersleben et al., 2008). Similarly, 14-

month-olds’ habituation to human intentional action significantly predicted later 

mentalistic reasoning in preschool (Wellman et al., 2004), and 11-month-olds’ 

social attention predicted their later false belief understanding, highlighting a 

continuity in social cognition (Wellman et al., 2008). In this dissertation, we 

found significant relationships between early resting-state EEG alpha 
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asymmetry and later false belief understanding. However, it remains unclear 

whether early Theory of Mind precursor abilities contribute to the observed EEG 

asymmetry and, if so, how these abilities might shape the relationship between 

early EEG markers and later false belief competence. Understanding how 

neural and behavioral correlates of beliefs and other Theory of Mind precursor 

abilities interact will provide valuable insights into the development of a fully 

formed Theory of Mind. 

Moreover, when comparing the findings from Study 1 with those from 

subsequent Studies 2 and 3, we observe that all studies identified right frontal 

neural activity associated with false belief understanding—either elicited by 

false belief stimuli (Study 1) or observed in the absence of external stimuli 

(Studies 2 and 3). Specifically, Study 1 found a late negative waveform over 

slightly right-lateralized frontocentral electrode sites (e.g., FC2, FC6, C4) that 

consistently differentiated between false belief and true belief conditions, 

independent of performance on low-demands behavioral false belief tasks. 

However, it is not possible to determine whether this neural activity reflects a 

non-mentalistic match–mismatch detection process or a non-representational 

mental state attribution process occurring over the right frontocentral electrode 

sites. Combined with the finding that early-appearing resting-state EEG right 

frontal activity predicts later explicit false belief understanding at age 4, the 

potential relationship between task-dependent frontal activity and task-

independent frontal activity remains unclear. How these neural processes 

synergize to facilitate the development of false belief understanding is an 

intriguing question for future research. 

4.5. Conclusion 

In summary, our results demonstrate neural correlates of false belief 

understanding from infancy to early childhood, utilizing both task-dependent 

and task-independent electrophysiological methods. Together with previous 

behavioral findings (e.g., Grosso et al., 2019; Setoh et al., 2016; Sodian et al., 
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2024) and neural findings (e.g., Grosse Wiesmann et al., 2020; Liu et al., 2009b; 

Richardson et al., 2018) associated with false belief understanding in early 

childhood, our findings reveal: 

1) The existence of a sensitive neural system over posterior regions for 

explicit false belief understanding, even in toddlers under 3 years old (Study 1). 

2) Resting-state EEG alpha asymmetry over frontal regions shows 

reliable individual neural differences over time that relate to behavioral explicit 

false belief competence, and early measurements of this marker predict 

subsequent explicit false belief understanding ability at 4 years of age (Studies 

2 and 3). 

Given that this research is a preliminary exploration of the developmental 

origins of Theory of Mind in the brain during early childhood using 

electrophysiological techniques, future studies should recruit larger sample 

sizes to replicate these findings. Further investigations should explore the 

development of false belief understanding—including both explicit and implicit 

forms—in infants and toddlers across multiple time points. Moreover, future 

studies should examine the underlying psychological mechanisms and related 

cognitive processes to improve our understanding of the early development of 

Theory of Mind abilities. 
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Appendix 

Appendix A: Translations of the example sentences 

English translations of the German sentences in behavioral low-demands false 

belief task (Chapter 2) 

 

 

English translations of the German sentences in ERP belief task (i.e., Leo’s 

belief task) (Chapter 2) 
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Appendix B: Procedures of the experimental tasks 

Procedure of the explicit false belief task (Chapter 3) 

Procedure of the content false belief task 
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Procedure of the location false belief task 
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Procedure of the day-night Stroop task (Chapter 3) 
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Procedure of the “Simon Says” task (Chapter 3) 
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Appendix C: Coding schemes 

Video coding scheme for ERP belief task (Leo’s belief task) (Chapter 2) 
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Coding scheme of the explicit false belief task (Chapter 3) 

Coding scheme of the content false belief task 
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Coding scheme of the location false belief task 
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