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Introduction

The relation between cognition and movement is often highlighted and taken for granted, especially in popular science. However, this relationship is not as straightforward as it appears. One first reason for this might be the imprecise definition of the concepts of cognition and movement across the studies. The word cognition comes from the Latin word “cognoscere,” which means something like “discover, know, learn;” the word movement is from the Latin word “movere”, which means to move. Cognition includes, among others, the processes of perception, attention, thinking, problem-solving, memory, mental imagery, and language processing (Eysenck and Keane, 2020). As described in (Lewthwaite and Wulf, 2010), “Movement is a product of the events and processes of the mind, brain, and body, as well as a reflection of diverse influences, from the physical, social and cultural environment to the body's structure and function.” From the broad term movement, the concepts of motor control, motor learning, and physical activity are distinguishable. Motor control describes the production of purposeful movement initiated by the central nervous system, CNS (Latash et al., 2010), motor learning, the changing of a person's motor skills (Wulf, 2012), and physical activity, any bodily movement that requires energy expenditure (Caspersen et al., 1985).

In my view, significant challenges in the research area on cognition and movement are:

1. Further development of a theoretical framework, including the role of the brain.

2. Investigating the relation of cognition and movement over the life span.

3. Creating training tools for enhancing motor and cognitive processes.



Further development of a theoretical framework, including the role of the brain

Different approaches are required for further development of a theoretical framework, as it is the elaboration on embodiment cognition theory (Wilson and Golonka, 2013), dual-tasks theories (e.g., Tomporowski and Qazi, 2020) or the importance of skill-acquisition (Tomporowski and Pesce, 2019). Embodied cognition theories describe the interaction between cognition, perception, and movement. Several taxonomies (e.g., Six-View) exist (Raab and Raab, 2022). For example, the grounded-cognition taxonomy can differentiate the three theory groups of common coding, internal model, and simulation theories. The three approaches differ according to the conceptual tools they use. They further operate on different levels and interfaces between domains of action cognition (Gentsch et al., 2016). The performance decline in dual-task conditions when two continuous tasks must be executed simultaneously can be explained in resource- or stage accounts or within the theory of event coding (Hommel, 2020). Skill-acquisition theory emphasizes that the largest cognitive benefit could be retrieved by the allocation of mental resources during the skill-learning process (Tomporowski and Pesce, 2019). This hints that not only exercise but also for example performance arts can benefit cognition.

A further promising approach is to investigate the role of the brain concerning cognition and movement in more detail (Jost and Jansen, 2022). Using new methods, like functional near-infrared spectroscopy, will allow further insight into the brain activity during the concurrent execution of a motor and cognitive task. The reticular-activating hypofrontality model of acute exercise can explain both the facilitating and detrimental effects of exercise during cognitive tasks (Dietrich and Audiffren, 2011). It assumes that physical activity severely strains the limited information-processing capacity. Nevertheless, due to increased activity of catecholamines, procedural or “implicit” tasks tend to be facilitated. In contrast, executive or “explicit” tasks are impaired because exercise affects, for example, the prefrontal cortex, which is also relevant for executive functions (Dietrich and Audiffren, 2011).

Physical activity or movement can be seen as a model for health neuroscience (Stillman and Erickson, 2018). In most studies, the brain can not only be seen as the outcome while investigating movement interventions on brain processes. It can also be a mediator or a predictor (Stillman and Erickson, 2018). The brain as a mediator was challenged by a review (Erickson et al., 2014) demonstrating that parts of gray matter volume mediate the relationship between physical activity and cognitive function. However, it is still possible that the change in brain structure and cognitive abilities are independent of each other (Diamond and Ling, 2019a). A third possibility is that specific brain characteristics predict engagement in physical activity. There is a need to investigate those neural circumstances in depth, considering the crosstalk between muscles and the brain (Pedersen, 2019) and the use of biomarkers (Hillman et al., 2017). Additionally, investigating individual differences due to environmental circumstances and possible gene differences (Aasdahl et al., 2021) must be integrated into those theories as this integration has been missing until now.

The presentation of the different theoretical approaches (and these are only some) shows that the biggest challenge is working on a common theoretical framework for the relation between cognition and movement. The different aspects of cognition and movement (plus their interaction) and the role of the brain must be considered. A first approach would be to relate theories from other domains within the research topic without losing depth: For example, one might want to ask if there is a relation between dual-tasks theories and the reticular-activating hypofrontality model of acute exercise. A central question would be how we encourage more abstract and concrete theories that mention changes in different brain regions or the changing in brain-related mechanisms. However, even though brain imaging studies are important, their value for explaining cognitive processes besides structural aspects must be discussed.



Investigating the relation of cognition and movement over the life span

In randomized controlled trials, the evidence of exercise on cognition depends on the age and the mechanism investigated (Stillman et al., 2020). Stillman et al. mention three different levels of mechanism: Level 1 points to cellular and molecular signaling pathways. There is an increase in the brain-derived neurotrophic factor (BDNF) in children older than 6 years, young-middle, and older adults. There seems to be also an increase in the insulin-like growth factor (IGF)-1 in older adults, even though studies exist that did not show an increase (Stein et al., 2018). Level 2 includes the changes in brain structure and function. According to Stillman et al., there is a change in white matter and brain function in children between 6 and 13 years old and a change in hippocampal volume in adolescents. In older adults, hippocampal and cortical volume, white matter, and brain structure change. In level 3, psychosocial effects, like improving mood through physical activity, are described, which have a salutary impact on the brain and cognition. There is evidence of an improvement in mood up from 14 years old. In older adults, physical activity also affects sleep. On all three levels, studies with very young children are missing.

On a behavioral level, the relation between motor abilities and executive functions (EF, working memory, inhibition, and cognitive flexibility, Miyake et al., 2000) is pronounced. A meta-analysis confirmed the small acute effect of aerobic exercise on executive functions. When the reaction time is considered, children before adolescence and older adults benefit most (Ludyga et al., 2016). Nevertheless, aerobic exercise and resistance training interventions seemed to be the least effective ways to improve executive functions (Diamond and Ling, 2019a). The evidence is not as straightforward as widely assumed in any case. However, the different methodological approaches and the quality of the interventions seemed to be very important for the different results (Vazou et al., 2019). The importance of the methodological approach is another hint at the fragile relationship between movement and cognition.

Executive functions are not the only cognitive domain investigated concerning movement. One of the other cognitive domains is spatial cognition (Voyer and Jansen, 2017). In 9-month-old infants, manual rotation and crawling experience help to build an internal spatial representation of an object (Kelch et al., 2021). One component of spatial cognition, mental rotation, could be trained by physical activity programs in school-aged children (Pietsch et al., 2017) and adults (Jansen et al., 2009). Furthermore, balance training improves a total spatial cognition score (composed of an orienting and perspective-taking test, a figure orientation, and a mirror image test) in older adults (Rogge et al., 2017). Because different spatial tests are used, the results could not be directly related to the results with younger children. Also, the physical activity interventions differ.

As mentioned above, studies focused mainly on the relationship between movement and visual-spatial and executive functional processes. Studies on long-term memory, learning, and academic achievement are rare. However, executive functions and visual-spatial processes can be seen as more basic cognitive functions related to higher functions; for example, executive functions are related to academic achievement (Best et al., 2011). To summarize, studies regarding cognition and movement over the lifespan leave more questions than answers. This drawback could be overcome using comparable interventions and outcome measurements and planning longitudinal studies.

Further research will investigate the underlying cellular, molecular, and psychosocial mechanisms in different age groups for the effects of movement on cognition (Stillman et al., 2020). Furthermore, the methodological differences between the various studies must be overcome. Besides those suggestions, a more holistic approach might be valuable also because, for example, childhood development is complex, and discipline-related research does not cover its whole complexity. In this sense, Stodden et al. (2021) propose “exploration” as a principal component of any intervention.



Creating training tools for enhancing motor and cognitive processes

Due to the abovementioned issue that the relation between cognition and movement is not entirely understood in different age groups, it is not easy to develop the appropriate (motor) training tools. For example, Diamond and Ling (2019b) predict that activities that will most successfully improve executive functions (EF) must include elements that challenge EF in new and different ways and are meaningful to the own person. Furthermore, they should have an emotional involvement. A person who believes in their effectiveness should guide them, and the intervention must provide joy while reducing stress. Diamond and Ling (2019b) see these points in real-world (physical) activities, which must last longer to see beneficial effects. This point of view differs from some physical activity investigations that only focus on executive function, ignoring influential emotional and social factors. The importance of social and emotional factors claimed by Diamond and Ling (2019b) can be seen in line with the third level of evidence by Stillman et al. (2020). Some support for this comes from intervention studies with older people (Rieker et al., 2022), demonstrating that performing interactive training like exergames (a combination of exercise and video games with a fun factor) leads to significant gains in executive functions. Furthermore, subjective cognitive effort should be considered, too (Jost et al., 2022).

Another critical research focus should concentrate on developing movement training for cognition for specific subgroups. These subgroups might be, for example, patients with attention- deficit hyperactivity disorder (ADHD; Ziereis and Jansen, 2015), Parkinson's disease (Dahmen-Zimmer and Jansen, 2017), or cancer, where cognitive decline can develop through chemotherapy (Ahles et al., 2012). Next to the beneficial effect on the general cognitive decline in aging (Erickson et al., 2022), patients with mild cognitive decline (Lautenschlager et al., 2019) and dementia (e.g., de Almeida et al., 2020) benefit from physical activity. For each of the subgroups, it must be evaluated which cognitive ability can be strengthened most by which type of movement. This evaluation should also be accompanied by further theoretical development.

The development of the appropriate motor training for different cognitive abilities in different subgroups is a grand challenge dependent on the theoretical advances in this field. However, the effectiveness of those motor training must be compared with other interventions like musical training (Bigand and Tillmann, 2022) or meditation (Sumantry and Stewart, 2021), which also have beneficial training effects on some cognitive abilities. Individual preferences for one of them shall be considered.



Concluding remarks

It seems to be clear that the relation between movement and cognition is far from being understood. One reason for this is undoubtedly the broad definition of movement and cognition: Movement ranges from single motor tasks (like finger tapping) to complex movements that also put a cognitive strain on the person, such as in some sports. Cognition ranges from low-level sensory tasks (e.g., visual search) to complex ones, such as problem-solving or creativity. The investigation of cognition cannot be entirely isolated from the movement because a motor reaction (pressing a key in a cognitive experiment) is often necessary. To close the research gap, a wide range of scientific methods, from experimental psychology, brain imaging, electrophysiology, eye tracking, virtual reality, biomechanical measurements, neuropharmacology, and genetic analysis, are needed.

Nevertheless, it is not enough to complete this grand challenge using different methods. Most importantly, research groups from other areas must work together to complete well-powered studies, developing the research agenda from different points of view but using the same methodological approaches in different labs worldwide. Each researcher (but not only close to the field of cognition and movement) should commit not only to open science practice but also to the necessity of cooperation instead of competition to enhance the research. Due to the replication crisis in psychology, researchers are sensitive to this. However, still, studies are underpowered (Brysbaert, 2019). Experiments with more power due to cooperation will stimulate theoretical development.
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