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The development of executive function (EF) has become a central focus in early cognitive development research. While movement is frequently used to measure EF in young children and may significantly contribute to its development, many leading EF theories do not fully explore the role of movement. This review investigates the critical role of movement in the development of EF during early childhood through the framework of embodied cognition, particularly drawing on the central themes outlined by Lawrence Shapiro. By applying Shapiro's themes, this narrative review examines whether and how these embodied cognition concepts are integrated into leading theories of EF development. The analysis identifies key gaps where current theories could benefit from a deeper incorporation of embodied cognition. This work aims to support future research that emphasizes the importance of movement in fostering EF during early childhood.
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1 Introduction

Young children rely heavily on motor skills and bodily interaction with the environment to communicate, learn, and explore (Piaget, 1959; Thelen and Smith, 1994; Hohmann et al., 1995; Pellegrini and Smith, 1998). Observing children's bodily actions and goal-directed behaviors forms a cornerstone of studying cognition in the first few years of life as motor skill development and cognition are intrinsically intertwined. Despite the significance of motor skill development in understanding the development and emergence of cognitive processes during preschool years, relatively few theoretical perspectives focus on the role of motor actions and bodily capabilities in the development of controlled cognition, specifically termed executive function (EF). EF, encompassing skills such as working memory, inhibitory control, and cognitive flexibility, undergoes rapid development during the preschool years (3–5 years; Zelazo and Carlson, 2012), a period still heavily influenced by movement and the transition from motor-based thought to symbolic thought. Thus, considering the specific relationships between EF, motor skill development, and bodily interaction with the environment is crucial (Lux et al., 2021). This paper addresses the research question: How do radical embodied cognition theories inform our understanding of executive function (EF) development in early childhood, and how do they complement or challenge existing EF frameworks?

While perspectives emphasizing the role of bodily action and motor skill competence within cognition often fall under the research program known as embodied cognition (Shapiro and Stolz, 2019; Varela et al., 2016), there is limited integration of these theories within developmental EF models. Embodied cognition research often suggests that EF and corresponding goal-directed behaviors are grounded in the ability to plan and control motor actions (Gottwald et al., 2016; Ridler et al., 2006). However, the field of embodied cognition is broad with somewhat vague and varied definitions (Da Rold, 2018; Shapiro and Spaulding, 2021), which complicates its application to EF theory. This review focuses specifically on Lawrence Shapiro's work, which provides three concrete concepts for defining EF (Shapiro, 2011, 2012; Shapiro and Stolz, 2019). While Shapiro's framework is not the only approach within embodied cognition and may not be the predominant theory, it offers a manageable basis for comparison with EF theories.

The aim of this review is to critically evaluate how embodied cognition, particularly Shapiro's work, integrates into existing developmental theories of EF. We assess how these perspectives complement or challenge traditional EF frameworks and summarize the implications of these differences for understanding EF development in early childhood. By providing a detailed comparison of the key concepts in both EF and embodied cognition, we offer a critical analysis of how motor skills and body-environment interactions contribute to the development of EF. This review also distinguishes key terms—movement, action, motor skill development, and body—to provide a more nuanced foundation for the discussion (Lux et al., 2021). Through this lens, the paper explores the interplay between movement and EF, emphasizing how their mutual influence shapes cognitive growth in preschool children. By integrating radical embodied cognition with traditional EF theories, we offer new insights into how physical movements and sensory experiences fundamentally shape EF development, highlighting the importance of including embodied perspectives in early EF research.

While cognitive development encompasses a range of mental processes and skills, this review specifically focuses on how body-environment interactions and motor skill development contribute to the development of executive functions (EF). It offers a unique perspective on the interplay between movement and EF, highlighting their mutual influence on cognitive growth. We concentrate on early childhood, particularly children aged 3 to 5 years, while also referencing broader EF theories that extend into later childhood and adulthood for a comprehensive view. The review explores how mental representation, embodied cognition, and information-processing perspectives enhance our understanding of EF in preschool children. By examining various theories—including neurocognitive, attentional, representational, and dynamic systems theories—this review contextualizes EF development during the preschool years. This approach introduces a novel perspective by integrating radical embodied cognition with traditional EF theories, offering new insights into how physical movements and sensory experiences fundamentally shape EF development and highlighting the importance of emphasizing movement in early EF research.



2 Embodied cognition

Embodied cognition is often viewed as a challenger to traditional information-processing views of cognition. The latter compares the brain to a computer or calculator, translating sensory input into a code that the brain manipulates for behavioral output (Lachman et al., 2015; Shapiro, 2007). This manipulation, termed mental representation, forms the basis of cognition. According to this approach, the brain internally collects, stores, and modifies environmental information over time, with some processes taking longer than others (Lachman et al., 2015). The development of cognitive control and problem-solving processes is thought to occur internally with maturation of the brain, as suggested by many theories of EF development (Stuss and Benson, 1984; Diamond and Goldman-Rakic, 1985; Miyake et al., 2000; Moriguchi and Hiraki, 2013; Perone et al., 2018; Zelazo, 2020).

Recent research, however, has broadened the examination of cognition to include mechanisms outside of purely mental processes, suggesting a more significant role for the body and environment than traditional information-processing approaches suggest. While there is general acceptance of the influence of the body and environment on cognition, research diverges on how these factors interact to contribute to or replace mental processing (Wilson, 2002; Shapiro, 2011; Marshall, 2016). These divergent approaches replace the need for mental representation, representing extreme or radical views of embodied cognition (Wilson and Golonka, 2013; Chemero, 2011). Instead of viewing the brain as a computer that interprets and transmits codes to produce thought and action (Pellegrino and Goldman, 1987), embodied perspectives consider the brain as one component in a dynamic cognitive system.

An early illustration of radical embodied cognition's divergence from traditional information-processing models can be seen in Gibson's theory of perception (Gibson, 1979). Gibson proposed an alternative to the dominant explanation of visual perception by incorporating the mind, body, and their interactions with the environment. He hypothesized that perception is direct, meaning that enough environmental information is provided to obviate the need for computation within the brain. Perception, according to Gibson, is intended to guide action, enabling individuals to act in their environment. This direct perception relies on affordances, directly perceivable environmental opportunities, highlighting the importance of embodiment. Gibson's theory laid part of the foundation for radical embodied cognition by recognizing the role of action and environment in cognition.

Building on Gibson's foundational work, recent theorists have challenged the brain-as-computer hypothesis and expanded the scope of embodied cognition. Shapiro and Spaulding (2021) characterized embodied cognition as “a research program with no clear defining features other than the consensus that computational cognitive science has failed to appreciate the body's significance in cognitive processing…” (Shapiro and Spaulding, 2021). Although this definition does not clearly define components of embodied cognition, much of Shapiro's work (2011; 2012; 2019) has focused on identifying the central questions of embodied cognition (Martiny, 2011). These questions derive from three concepts (Table 1). Shapiro's first concept, Conceptualization, refers to the idea that concepts are formed through our interactions with the world, though it does not specify the neural mechanisms underlying this process. The next concept, Replacement, posits that mental concepts can be represented or simulated through bodily actions, suggesting that cognition can be achieved through embodied experiences. Finally, Constitution suggests that cognitive processes are embedded within the dynamic interactions between the body, environment, and neural systems.


TABLE 1 Approaches to answering questions related to embodied cognition (Shapiro, 2011).
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Thus, radical embodied cognition addresses three central questions: the relationship between the body and concepts as mental objects, the need for mental representation to reconstruct stimuli from the environment, and what mechanisms should be considered part of the cognitive system (Shapiro, 2011). These questions serve as a starting point for establishing how embodied perspectives fit into existing theories of cognitive development.


2.1 Extending information-processing through embodiment

Many current information-processing approaches address aspects of the three questions posed by Shapiro's radical embodied cognition (see Table 1; Shapiro, 2011). However, these approaches tend to prioritize internal processing states (i.e., mental representations) even while engaging with questions similar to those raised by radical embodied cognition. For instance, Wilson (1994) proposed “wide computationalism,” which suggests that cognition is a byproduct of an information-processing mechanism that extends beyond the brain. According to this view, the brain can offload certain mental tasks onto the environment—such as writing a grocery list on paper instead of memorizing it. Critics, however, argue that while such approaches acknowledge the body's role, they do not constitute true embodied cognition. Instead, they represent forms of “situated,” “extended,” or “embedded” cognition. For example, wide computationalism resembles extended cognition, where cognitive processes are externalized to the environment, aiding in problem-solving and task execution. Situated cognition, on the other hand, posits that while cognitive processes occur within the brain (e.g., formation and storage of mental representations), the body's engagement with the environment continuously feeds information back into these processes, influencing behavior and action (Wilson, 2002). Meanwhile, embedded cognition suggests that cognitive processes within the brain are influenced by external factors such as culture, environment, and other organisms (Clark, 2008; Hutchins, 1995; Kirsh, 1995, 2010; Wilson, 2002).

Despite these differing perspectives, the integration of embodied cognition into information-processing theories has led many researchers to explore how movement and environmental factors contribute to the building, maintaining, and updating of mental states. This “softer” interpretation of embodied cognition underscores the crucial role of the body and environment in cognition, challenging traditional information-processing models that may have overlooked their significance (Shapiro, 2011; Clark, 1999).

While radical embodied cognition opposes the notion of mental representation, it currently does not offer a clear alternative role for the brain. Thus, while information-processing approaches cannot be entirely replaced by radical embodied cognition, there is potential to integrate radical views with extended information-processing theories to gain a deeper understanding of the interplay between the mind, body, and environment in cognition.



2.2 Embodied cognition in early development

One area where radical embodied cognition and extensions of information-processing can provide insight is in EF development, particularly during preschool when children are rapidly developing both motor and cognitive skills (Thelen et al., 2001; Smith and Gasser, 2005). Children at this age are transitioning from learning primarily through active engagement with the environment. Therefore, there has been an increase in work aimed at understanding how the body and movement within the environment can improve social, academic, and cognitive domains for children.

Although early theories of EF development, such as those by Piaget, acknowledged the importance of a child's actions and interactions with their environment, they may not fully encapsulate the principles of embodied cognition. Piaget's sensorimotor stage (0 to 2 years) highlights how infants gain knowledge by actively engaging with their surroundings, developing mental representations through these interactions (Piaget, 1959, 1971). However, as children transition to the preoperational stage, Piaget suggested a shift toward symbolic thinking, with less emphasis on physical interaction (Piaget, 1936, 1959).

In contrast, more recent research within the framework of embodied cognition emphasizes the continuous and dynamic interaction between motor development and cognitive processes across all stages of development. Hoch and Adolph (2019) provide a comprehensive review of motor development, illustrating how motor skills are integral to cognitive development from infancy through childhood. Their work, along with that of Lockman, Thelen, and Smith, underscores the perception-action perspective, which posits that EF development is deeply intertwined with the ability to perceive and act within one's environment (Lockman, 2000; Thelen and Smith, 1994). For example, Thelen's dynamic systems theory (1994) argues that motor development is not just a backdrop for cognitive development but a central component that influences and is influenced by cognitive processes. This theory suggests that the development of motor skills can provide the scaffolding for the emergence of more complex cognitive functions. Additionally, Vygotsky's cognitive development theory also acknowledged the importance of active engagement with the environment, emphasizing the sociohistorical context and the role of social interaction in cognitive development (Vygotsky, 1962, 1978). However, Vygotsky's theory still prioritized mental representations and symbolic thought.

Marshall (2016) advocates for an embodied perspective of human development through a systems approach, emphasizing that the mutually influential interactions between the agent and the context are what make development adaptive (Lerner and Schmid Callina, 2013; Brandtstädter, 1998). This perspective aligns with the concept of plasticity, which encourages systematic change within the interaction between the environment and the agent. By integrating these perspectives, we can better understand how the body and environment play a crucial role in the development of executive function (EF) during the preschool years.



2.3 Embodied cognition in early executive function development

The literature has increasingly examined embodied perspectives within the development of conscious control of thoughts, behaviors, and actions, recognizing the crucial role of the body and environment in EF development. Preschool age (3–5 years) has been of particular interest to early EF researchers, as it is a period of rapid development for both EF and motor skills, with implications for social competence, academic achievement, and later quality of life (Diamond, 2013; Lerner et al., 2017; Devine et al., 2019). This section will explore how embodied cognition provides a more comprehensive framework for understanding the interplay between motor and cognitive development, moving beyond the limitations of traditional information-processing models.

Embodied frameworks offer a promising avenue to enhance current explanations of EF skill emergence by considering the interaction between the mind, body, and environment in cognition. For example, Gottwald et al. (2016) demonstrate how movement guides early EF development, proposing that EF development is rooted in prospective motor control—the ability to plan and guide actions. This theory suggests that EF begins to develop in infancy as the need to control movement through prospective motor control, which is related to the body's preconditions for action. As children age, EF ability differentiates into a separate domain of higher-order action control, with an emphasis on competence in performing motor tasks. Gottwald et al. (2016) support this theory by measuring 18-month-olds' ability to plan actions through the velocity of the first motor unit in reaching within a set of EF tasks, finding a significant link between motor planning and EF task performance. Similar findings linking EF with drawing ability (Riggs et al., 2013; Panesi and Morra, 2016; Simpson et al., 2019) and hand gestures (Rhoads et al., 2018; Zelazo, 2004) in preschoolers further support the role of movement in EF development, especially when considering the developmental trajectory from basic motor actions to more complex cognitive tasks.

Despite promising findings, there is a lack of embodied frameworks for EF development in early childhood (see Thelen and Smith, 1994). This section addresses this gap by examining how existing EF frameworks incorporate embodiment, using Shapiro's (2004, 2007, 2011) three concepts of radical embodied cognition as a guiding structure. These concepts—conceptualization, replacement, and constitution—offer a systematic way to explore how the body, brain, and environment interact in EF development.




3 Current frameworks of EF and the role of embodiment

During the preschool years, motor development plays a vital role in cognitive development, particularly in the rapid advancement of EF. EF is broadly understood as a domain-general ability crucial for controlling behavior, thought, and emotion across various contexts (Blair, 2016; Zelazo et al., 1996; Shah and Miyake, 1999). Theoretical frameworks explaining EF development in young children vary in their emphasis on the role of motor skills and bodily preconditions in cognition. These frameworks can be categorized into four main groups: neurocognitive theories, attentional theories, representational theories, and systems theories. This section will:

1. Describe the existing theories of EF,

2. Examine whether these theories address the questions posed by Shapiro's (2011) hypotheses of radical embodied cognition (Table 2), and

3. Evaluate if the current evidence leans more toward perspectives aligned with traditional information-processing or with a more radical embodied cognition approach.


TABLE 2 Description of early EF frameworks and questions of embodied cognition Shapiro, 2011.
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3.1 Neurocognitive theories of EF development

Perhaps the earliest approaches to understanding EF focused on the underlying neurocognitive connections that drive EF development. Such neurocognitive theories of early EF suggest that developmental changes in EF are due to the development of the prefrontal cortex (PFC) of the brain (Diamond, 1988; Diamond and Goldman-Rakic, 1985; Müller and Kerns, 2015; Luria, 1979; Stuss and Benson, 1986; Zelazo and Carlson, 2020; Zelazo, 2020; Perone et al., 2018). The PFC is a region in the anterior portion of the frontal lobe and serves as a key structure for EF (Barbas and Pandya, 1991; Müller and Kerns, 2015; Bjorklund, 1995). This region of the brain is one of the last to reach full maturity with initial rapid development appearing from birth to 2 years of age, and then again between 4 and 7 years, and continued, gradual growth through adolescence followed by a period of neural pruning during early adulthood (Zelazo et al., 2008; Bjorklund, 1995). The role of the brain in the development of EF is integral and cannot be overlooked. As Diamond (2013) and Stuss and Alexander (2000) highlight, neural processes are foundational to executive function. However, EF development does not occur in isolation from bodily actions or environmental contexts. Smith and Gasser (2005) and Wilson (2002) underscore how embodied actions contribute to cognitive processes, while Bronfenbrenner and Morris (2006) and Fisher et al. (2014) demonstrate how environmental interactions shape developmental trajectories. This triadic relationship aligns with Shapiro's (2011) embodied cognition framework, which emphasizes the need to consider brain, body, and environment in a holistic manner when examining EF development.


3.1.1 Body and concept

Neurocognitive theories of EF have traditionally focused on the role of the prefrontal cortex (PFC) in cognitive development (Diamond, 1988; Diamond and Goldman-Rakic, 1985), often neglecting the role of bodily actions. However, to fully understand EF development, it is crucial to examine how bodily actions and sensory experiences specifically shape EF abilities. For instance, Thelen and Smith (1994) highlight that EF, like other cognitive processes, emerges from the intricate interplay between sensory-motor experiences and neural development. They argue that EF development cannot be fully understood without considering how motor actions and sensory interactions with the environment contribute to neural growth and cognitive processes. Thus, the development of EF is deeply interconnected with bodily actions and sensory experiences. The development of the PFC and EF is not isolated from these embodied experiences but is shaped by them. This perspective challenges traditional views that separate brain mechanisms from embodied experiences and supports Shapiro's notion that cognitive functions, including EF, are not solely brain-based but are significantly influenced by interactions between neural processes and bodily actions.



3.1.2 Need for representation

Neurocognitive theories posit a need for internal mediating states (i.e., mental representations) that transform input into behavioral output (Lachman et al., 2015; Shapiro, 2007). While these theories suggest a form of representation in the brain, it is important to clarify that this representation is not necessarily a traditional “mental representation” of a goal. Instead, it may involve distributed elements that concern the body and its interactions with the environment (Wilson, 2002; Chemero, 2011). This form of representation can be considered embodied, as it involves neural processes that are closely linked to bodily experiences and actions (Foglia and Wilson, 2013; Clark, 1999). Therefore, the representation in neurocognitive theories may be more nuanced and distributed than a simple mental representation, and it can be seen as an embodiment of cognitive processes within the brain (Shapiro and Spaulding, 2021).



3.1.3 Cognitive mechanisms

Neurocognitive theories predominantly attribute EF to brain regions, often overlooking the body and environment as significant cognitive factors (Shapiro, 2011). Early neurocognitive models of EF, such as Stuss and Benson's (1986), emphasize the role of the prefrontal cortex (PFC) and surrounding areas in behavioral control and alertness. These models describe how interactions and information processing within these brain regions enable planning, attentional control, monitoring, and response to external stimuli to achieve a goal (Stuss and Benson, 1986; Stuss et al., 1995). Consequently, impairments in executive functioning are often linked to damage in these brain areas (Benton, 1968; Milner, 1963; Stuss and Alexander, 2000).

While early theories emphasize neural activation in the brain as central to EF development, Diamond (1999) highlights the importance of movement and environmental interaction in shaping the neural regions critical for complex cognition. However, much of the literature on EF in early childhood continues to focus primarily on brain mechanisms, with studies like Moriguchi and Hiraki (2013) demonstrating correlations between prefrontal activation and EF abilities in young children. These studies often show abnormal functioning in the prefrontal areas in children with EF-related conditions like attention deficit hyperactivity disorder (ADHD) and autism spectrum disorder (ASD; Moriguchi and Hiraki, 2013).

Although some efforts have been made to integrate movement into neurocognitive theories, these attempts typically serve as extensions to information-processing models. For instance, theories like that of Koziol et al. (2012) and Koziol and Lutz (2013) suggest that the brain evolved to support action, emphasizing interactions between motor-based brain regions (e.g., cerebellum, basal ganglia) and the PFC. While these perspectives acknowledge the importance of the body in cognitive development, they still prioritize internal processing through mental representations as the primary cognitive mechanism. This alignment with information-processing approaches suggests that according to neurocognitive theories, brain processes like those in the PFC primarily drive EF development, regardless of the body's role in environmental interaction and movement.




3.2 Attentional theories of development

While neurocognitive theories focus on brain regions, attentional theories of EF development highlight the role of a central attention system in shaping EF abilities (Baddeley, 1986; Norman and Shallice, 1986; Shallice, 1988; Garon et al., 2008; Rothbart et al., 2003). According to Garon et al. (2008), attentional development underpins EF abilities in early childhood. They describe attention as a complex system with two essential subsystems supporting EF development during preschool (Posner and Fan, 2008; Garon et al., 2008, 2014).

The first subsystem, the orienting system, enables shifting attention between stimuli in the environment, allowing for focused attention on specific aspects of an EF task. The second subsystem, the anterior attention system, selects and processes information according to internal representations, aiding in inhibiting irrelevant information and focusing on task-relevant aspects (Ruff and Rothbart, 2001). As these mechanisms develop, children can focus attention longer and process internal and external information more effectively, contributing to EF development (Garon et al., 2008).


3.2.1 Body and concept

Attentional theories of early executive function (EF) development emphasize the role of attention as a mechanism for improving the internal processing of mental representations. These theories suggest that the activation of an attentional system is necessary for acquiring rule representations, which guide behavior (Shallice, 1988). While attentional theories focus on the mental processes of attention and representation, they pay less attention to the relationship between the body and concepts (Shapiro, 2011). Recent research has highlighted the connection between information gathering driven by attention and cognitive skills, such as problem-solving (Ossmy et al., 2020, 2022). This research suggests that attention plays a crucial role in gathering information from the environment to support cognitive processes. By directing attention to relevant stimuli and inhibiting irrelevant information, individuals can enhance their ability to focus on specific aspects of a task (Garon et al., 2008).



3.2.2 Need for representation

Furthermore, attentional theories prioritize attention as a mechanism for improving the internal processing of mental representations (Posner and Petersen, 1990; Rothbart et al., 2003). In attentional theories of EF development, the activation of an attentional system is necessary for acquiring a rule representation (Garon et al., 2008; Diamond, 2013; Zelazo, 2020; see Table 2). Therefore, any errors in executive function may arise when an individual fails to signal a mental representation for attending to appropriate stimuli in the environment and instead relies on a previously learned rule (Perner and Lang, 2002; Munakata et al., 2011.



3.2.3 Cognitive mechanisms

Attentional theories of early executive function (EF) development emphasize an attention network of neural connections that regulate multiple brain regions in service of a goal (Rueda et al., 2004; Garon et al., 2008). While bodily action is not directly accounted for in attentional theories of EF, recent research suggests that embodiment may influence attention and EF development (Wunsch, 2013; Lockman, 2005, 2008; Ossmy et al., 2020).

The development of a core attentional system may rely heavily on motor skill development and engagement with the environment (Friedman et al., 2007; Lempers, 1979). For example, Smith and Gasser (2005) describe the development of attention systems through the coupling of sensory mechanisms, such as when infants look at an event that is producing sound. This interaction between sensory input and motor response highlights that attention is not solely a mental process but requires interactions between the body, mind, and environment to develop (Thelen et al., 2001).

Garon et al. (2014) and Diamond (2013) provide evidence that children's ability to perform more complex EF tasks improves with the development of attentional mechanisms. Many simpler EF tasks are motor-based, requiring the shifting of motor responses based on changes in the environment (Posner and Rothbart, 2007). As tasks become more complex, children utilize attention shifting, which involves shifting between mental representations of the environment. Tasks requiring high motor control may demand lower levels of attentional development, whereas tasks with higher internal processing may rely on the development of both the orienting and the anterior attentional systems (Posner and Rothbart, 2007). While attentional theories do not align with radical embodied perspectives, they may benefit from extending information-processing to incorporate the influence of movement in the development of a central attention system. However, empirical work examining movement within an attentional framework is limited.




3.3 Representational theories of EF development

Representational accounts of early EF propose that a primary factor in controlling behavior is representational ability (i.e., mentally describing the environment to link to semantic memory) and reflection (i.e., reprocessing representations to be utilized in working memory). Representational theories propose that internal representations are processed through consciousness in a hierarchical manner (Zelazo, 2004). At the bottom of the hierarchy lies an innate minimal consciousness in that one is aware of the present experience. However, with this level alone, one cannot recall the experience once it has passed. Zelazo (2004) describes minimal consciousness as the process guiding implicit or automatic behaviors as individuals age. The development of the next level of the hierarchy, recursive consciousness, explains the rapid emergence of abilities related to labeling and reflecting on experiences. Specifically, the labeling of an experience allows for the label or information to be stored in working memory and potentially long-term memory. Once the labels are stored, they can be reflected on even when the initial experience has passed. Reflection continues to develop as children gain self-consciousness and abstract rule structure (Zelazo, 2004). Zelazo and colleagues proposed a few reflection based accounts that suggest that reflecting on task relevant representations reduces the likelihood of making an EF error (Marcovitch and Zelazo, 2006, 2009; Zelazo, 2004; Zelazo et al., 2003; Zelazo and Carlson, 2020). For example, Miller and Marcovitch (2011) incorporated labeling cues and visual aids to encourage 2-year-olds' use of representations during an EF task to serve as environmental factors that may enhance reflection on established mental representations of the task. More recently Moriguchi et al. (2015), implemented a paradigm in which preschoolers were randomly assigned to either teach a puppet the rules of an EF task or listen to the rules from an experimenter a second time before completing the critical point of that EF task themselves. The authors hypothesized that children in the conditions that required teaching a puppet the rules of an EF game may have to represent and reflect on the task in different ways than if they were just provided instructions. The results of the study did indicate that children who taught the puppet before playing the game demonstrated an increased performance on the EF task. Perhaps due to the notion that teaching someone requires the development, maintenance, and reflections on mental representations (Moriguchi et al., 2015).


3.3.1 Body and concept

A relationship between the body and concepts as mental representations have started to emerge within representational frameworks (see Table 2). For example, empirical work has examined movement as a method for encouraging the use of representation when cognitive control is needed (e.g., altering reaching patterns to encourage conscious reflection during EF tasks; Marcovitch et al., 2002; Clearfield et al., 2006), which advocates that the body and its interactions with external stimuli influence children's' ability to consciously direct behavior, so much so that movement may need to be included as a component within existing representational frameworks. However, the model does not currently recognize the ability to reflect and maintain mental representations as being body-dependent, which is the premise of conceptualization and the relationship between concepts and the body.



3.3.2 Need for representation

The representational theories of EF development generally oppose radical embodied cognition, primarily because the mechanism underlying EF development within representational theories is mental representation (see Table 2). Specifically, the formation and active retrieval of task-relevant information are stored and activated in the prefrontal cortex of the brain as mental representations. Any errors in executive function are a result of a failure to form an abstract representation and instead rely on a stimulus-specific representation (Munakata, 1998; Morton and Munakata, 2002).



3.3.3 Cognitive mechanisms

Additionally, work has identified that early changes in motor skills may influence children's ability to form representations, therefore directly influencing the development of certain EF ability (Carlson et al., 2005; McClelland and Cameron, 2019), however, the model would identify the constituent of EF as mental representation with movement and contextual factors merely serving as a supplement to internal processing, therefore the cognitive system is composed of internal processes that store and manipulate mental representations (see Table 2).

Although there is evidence supporting components of radical embodied cognition, it is in its early stages and therefore, the role of the body has not been included in the existing representational frameworks. Furthermore, Shapiro (2011) notes that the three themes of radical embodied cognition are not individually exclusive and therefore because replacement is opposed in representational theories of EF development, these theories do not fall under a radical embodied perspective. They do, however, have the potential to incorporate some embodied perspectives within an existing information-processing model, but more work is needed to examine how movement can influence the formation and manipulation of mental representations.




3.4 Systems theories of EF development

Systems theories of EF may be the most likely to accommodate radical embodied cognition perspectives. Systems theories of EF development propose that the conscious control of behavior should always be understood in context. More specifically, at the heart of these theories are multiple interacting systems (i.e., genetic, neural, social, motor, etc.) driving behavioral control and developmental change (Perone et al., 2021; Spencer et al., 2012, 2001; Thelen and Smith, 1994; Smith, 2005). A recent systems approach to early EF development proposed by Perone et al. (2021) emphasizes the multi-causal and multi-faceted aspects of goal-directed behavior, stating, for example, that no single factor contributes to proper execution of goal-directed behavior. Thus, systems theories provide a perspective that connects movement to multiple areas of development to describe early EF.


3.4.1 Body and concept

Like Shapiro's radical hypothesis of conceptualization, systems theories suggest that bodily movement within the environment is critical for cognition (see Table 2). Under systems theories, an organism's body and the surrounding environment directly influence whether concepts can be acquired and therefore a multi-component cognitive system is necessary. Specifically, Thelen and Smith (2006) developed a dynamic systems lifespan approach with the foundation being that knowledge is gained from everyday actions. They suggested that behavior is guided by multiple interacting systems that are inherently flexible and self-organize into habit-forming states. Ultimately, proposing that behavior is built around habit (Spencer et al., 2012; Thelen and Smith, 1994). In many EF tasks for example, children receive multiple sources of input (i.e., task demands, context, experimenter cues) to gradually develop a pattern of task behavior. Once there is a change in the task demands, children's behavior is already grounded in a habit, therefore reducing the likelihood of carrying out conscious goal-directed behavior (Thelen et al., 2001).



3.4.2 Need for representation

Furthermore, replacement of the need for mental representations to guide behavior is evident in systems theories (see Table 2). For example, Smith (2005) posits that cognition is embedded within a physical body and world, reducing the need for all knowledge to be stored in the brain through representations. However, it is important to note that the authors of the dynamic systems approach to EF development are strong proponents of mental representation when defined as the mental actions or events that change with changes to the surrounding environment (Thelen et al., 2001).



3.4.3 Cognitive mechanisms

Given the systemic nature of dynamic systems theories, multiple components can be identified as part of the cognitive system (see Table 2). These theories align closely with the hypothesis of constitution in radical embodied cognition, which posits that cognition is the temporal coupling of the body, world, and mental processing (Smith, 2005). Without this real-time interaction among an individual and features of its environment, many cognitive processes cannot be adequately explained.

Dynamic systems theories are particularly robust in conceptualizing the interplay between motor and cognitive systems. Empirical work supporting these theories highlights the bidirectional relationships between motor control and EF. For instance, Gottwald et al. (2016) suggest that EF and motor control develop in the first few years of life with the shared goal of controlling action. Their study, which examined relationships between EF tasks and a prospective motor control task, found significant correlations between simpler EF tasks (e.g., inhibition, working memory) and motor control, supporting the notion that movement is integral to linking higher-order cognition to the current context.

However, dynamic systems theories differ from more traditional EF theories, such as those proposed by Diamond (2013) and Stuss and Alexander (2000), which emphasize the neural and representational mechanisms underlying EF development. These theories prioritize the role of the prefrontal cortex (PFC) and adjacent brain regions in supporting EF but are less explicit in addressing how motor actions and environmental interactions contribute to cognitive development. Embodied cognition perspectives, in contrast, argue for a more integrated view, wherein bodily actions are constitutive of cognition itself rather than merely supportive.

Radical embodied cognition frameworks take this integration further by suggesting that cognitive processes, including EF, cannot be understood in isolation from the agent's active engagement with its environment. While traditional EF theories often conceptualize cognition as occurring “in the head,” dynamic systems and embodied cognition frameworks emphasize the distributed nature of cognition across neural, bodily, and environmental systems.

Despite these advancements, work is still limited in evaluating the integral role movement plays within dynamic systems and radical embodied cognition perspectives of EF development. This gap is particularly evident when considering how these frameworks account for the persistence of EF abilities across the lifespan. Unlike traditional theories, which focus on age-related changes in neural structures, embodied cognition approaches could offer unique insights into how movement-based interventions might support EF at different developmental stages.

Although the theories discussed in this section are separated for the purposes of the proposed review, they share substantial overlap and are not necessarily in conflict. For example, all theories acknowledge the roles of cognitive mechanisms (e.g., attention and representations) and brain regions such as the PFC. However, they differ in the degree to which they incorporate the role of motor control and interaction with the environment. Understanding how an agent's movement within the environment is essential to EF development not only during the critical preschool years but also throughout the lifespan will require further theoretical and empirical exploration.





4 Conclusions addressing movement in EF development

Aspects of radical embodied cognition have clearly influenced the four developmental EF theories described in this review, but they vary greatly in the incorporation of the three themes of radical embodied cognition argued to be necessary for truly embodied cognitive research (Shapiro's, 2011). Radical embodied cognition emphasizes the role of bodily actions and environmental interactions in cognitive development, challenging traditional theories that focus predominantly on neural mechanisms (Shapiro's, 2011). Despite its influence, the application of radical embodied cognition to EF development remains relatively nascent (McKenna, 2014).

The integration of radical embodied perspectives with traditional information-processing models reveals both points of convergence and divergence. For instance, dynamic systems theory and traditional information-processing models both recognize the role of cognitive development, but while dynamic systems theory aligns with radical embodied views by emphasizing the interplay of motor actions and cognitive processes (Thelen and Smith, 1994), traditional information-processing models tend to overlook the body's involvement in cognition (Gordon et al., 2021; Lutz and Huitt, 2003). However, one divergence is seen in how working memory is conceptualized: traditional EF theories tend to emphasize internal mental processes, whereas embodied cognition frameworks argue that physical engagement with the environment is fundamental to cognitive control (Shapiro's, 2011). These theoretical differences underscore the need for a more nuanced approach that integrates both embodied and mental representations of EF.

Additionally, while the traditional information-processing models focus heavily on cognitive control mechanisms, they often fail to account for the influence of bodily actions in the development of these skills. For example, embodied cognition frameworks suggest that motor actions not only provide a foundation for cognitive flexibility but also serve as the means by which inhibitory control develops in real-world contexts (Shapiro and Stolz, 2019). This contrast suggests that future research should examine not just the theoretical underpinnings of EF development but also the empirical evidence regarding how these theories apply in different developmental contexts.

Future research should focus on how integrating movement and environmental interactions into EF theories can refine our understanding of cognitive development. This includes exploring how motor activities influence the formation and use of mental representations and assessing the practical implications of these interactions in educational and developmental contexts. Advances in neuroconstructivism and dynamic systems theories could further elucidate the dynamic relationships between the brain, body, and environment (Karmiloff-Smith, 2009). Furthermore, incorporating radical embodied cognition into EF frameworks can provide new insights into how early EF development might be influenced by sensory and motor experiences, which are often overlooked in traditional cognitive models.

While empirical evidence currently does not fully support a radical opposition to traditional information-processing models (Mahon and Caramazza, 2008; Shapiro, 2011), there is growing recognition of the importance of bodily and environmental factors in EF development. This review has highlighted both the strengths and limitations of the current models and has pointed to key areas where these models could benefit from a more integrated approach. Future research should aim to blend insights from both radical embodied cognition and information-processing perspectives, leading to a more comprehensive understanding of cognitive development that acknowledges the interconnectedness of neural, bodily, and environmental factors.
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Relationship between body and concepts

Extended

nformation-proces

Development and changes of an organism’s body (i.c., brain and
sensory organs) influence the type of interaction that organism will
have with the environment, therefore, acknowledging that the
concepts an organism can acquire (and process) are dependent on
changes to both body and environment (Lally and
Valentine-French, 2019).

Radical embodied cognitio

Conceptualization: An organism’s body directly
influences whether concepts can be acquired. The way an
organism understands the environment depends on its
body (Shapiro, 2011).

Need for representations

Human cognition is a stage-like system that processes
environmental stimuli to execute behavior. The process begins
with input from the environment via senses. Relative information
is then processed and encoded as representations that can be
stored and manipulated later on. The role of body and action in
information-processing models may help explain how organisms
form and maintain mental representations. The interaction
between the body and environment is influential to mental
processing.

Replacement: There is a need to completely replace
computational concepts like symbol, representation, and
inference with bodily-informed cognitive systems. An
organism's body and actions do enough of the work
required to achieve higher-level goals, replacing the need
for complex mental representations (Wilson and
Golonka, 2013; Shapiro and Spaulding, 2021).

Mechanisms Involved in Cognition

Cognition consists of higher-level functions of the brain. The
body and environment serve as secondary resources for acquiring
input for internal structures to process. The roles of the body and
interactions with the environment can guide internal structures
(Clark, 1999).

Constitution: The brain is inherently linked with the
environment, such that the input and output systems are
integrated, as a dynamic system, rather than as separated
elements. The body and environment are a part of the
cognitive system (Chiel and Beer, 1997; Shapiro and
Spaulding, 2021).
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Neurocognitive

The ability to carry out higher-order
cognitive processes (i
problem-solving, behavioral control)
depends primarily on the

development of an organism’s brain.

Attentional

The ability to carry out
higher-order cognitive
processes (i.e.,
problem-solving, behavioral
control) depends largely on
the development of an
organism’s internal attention
system.

Representational

The ability to carry out
higher-order cognitive processes
(i.e., problem-solving, behavioral
control) primarily depends on the
development of an organism’s
representational ability.

amic systems

An organism’s body and the
surrounding environment directly
influence whether concepts can be
acquired. Specifically, organisms
will utilize multiple systems
(movement, internal components,
environment) to behave in a
particular context (Thelen, 1992;
Thelen and Smith, 1994).

Need for
representations

Mechanisms
Involved in
Cogition

To execute goal-directed activities,
like problem-solving, the prefrontal
cortex maintains an internal
representation of the goal to send
signals for suppressing behaviors that
may hinder goal acquisition and
coordinate a series of correct
behaviors (Funahashi and Andreau,
2013).

EF is a set of higher-order internal
processes that develop in conjunction
with developing regions of the brain,
primarily the prefrontal cortex (Luria,
1966; Anderson, 2010).

Executive functions require
the activation of an
attentional system for
acquiring a rule
representation. Errors in
executive function may arise
when an individual fails to
attend to a new rule
representation in the
environment and instead
relies on a previously learned
rule.

The development of EF and a
central attention system
emerge through the input of
coupling sensory mechanisms
(e.g., looking in the direction
that you hear a sound).
Therefore, the body serves an
assistive role in providing a
source of input from the
environment.

Executive functions require the
formation and active retrieval of
task-relevant information which
are stored and activated in the
prefrontal cortex of the brain.
Errors in executive function are a
result of a failure to form an
abstract representation and instead
rely on a stimulus-specific
representation (Munakata, 1998;
Morton and Munakata, 2002).

The key component of executive
function is representational ability,
of which can be enhanced by
external factors like movement,
language, and environmental cues.
Therefore, the body and
environment serve as secondary
resources in developing,
maintaining, and manipulating
mental representations.

Representations (i.e., symbols that
stand for what is being represented
that are distinct from the
computational forces that operate
on them) do not include
sensorimotor processes, and
therefore, do not fit into a dynamic
system. Thus, it is not
representation guiding behavior, bu:
rather multiple interacting systems
including action, the current
environment, and neural
connections.

Cognition is the event of several
systems binding together in real
time. Therefore, temporal coupling
of the body, world, and mind is
necessary for understanding
cognitive processes like executive
functioning (Smith, 2005).
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