
1 Introduction

De cades of research have shown that training on a task typically leads to enhanced per-
for mance, provided certain task par ameters remain consistent across training (for an 
example in the motor domain, see Schmidt and Wrisberg 2008). This line of work has 
paved the way for entire programs of research focusing on task- specific improvements 
and their neural correlates (e.g., Ericsson, Krampe, and Tesch- Römer 1993). When con-
sidering cognitive enhancement, however, a more exciting prospect is for training to 
elicit improvements on a dif fer ent task (i.e., transfer). Finding effective means of transfer 
could have tremendous implications both in refining theoretical models of cognition 
and in terms of applications to clinical fields (e.g., Hertzog et al. 2008).

With this in mind, it is not surprising that brain training programs have flour-
ished in the past few years. Often compared with physical exercise regimens, the 
idea of enhancing brain function through cognitive training is appealing, and has 
the potential to impact a wide range of real- life activities. Yet, as attractive as the 
premise is, findings have remained mixed so far (Au et al. 2014; Harrison et al. 2013; 
Hovik et al. 2013; Jaeggi et al. 2008; Jaeggi et al. 2011; Lampit, Hallock, and Valen-
zuela 2014; Redick et al. 2013; Rudebeck et al. 2012; Shipstead, Redick, and Engle 
2012; Thompson et al. 2013), and have yet to demonstrate meaningful transfer. In 
line with mixed evidence, one consideration that has gained traction in recent dis-
cussions is the idea of opportunity costs (e.g., Moreau and Conway 2014): Is time 
spent playing training games wisely invested?

 Here, we provide a tentative answer to this legitimate question, with a discussion 
of cognitive training regimens based on physical activity. Specifically designed to be 
challenging at the cognitive and physical levels, such regimens have the potential to 
elicit core improvements. Before presenting the rationale for this approach, we briefly 
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discuss the mechanisms under lying the effect of physical exercise on cognition, as well 
as the fundamental aspects of effective learning. We conclude with a broader discus-
sion of the impact of this line of research to cognitive training paradigms.

2 Physical Exercise, Neurogenesis, and Cognition

Physical exercise has been related to changes in neurobiological components, brain 
structure, brain function, and be hav ior.  These have been documented for de cades, 
both via animal and  human experiments.  Here, we provide a description of each of 
 these,  going from lower to higher levels (i.e., from neurobiology to be hav ior).

2.1 Neurobiological Mechanisms
Physical exercise is associated with myriad of benefits, some of which can be mea sured 
at the neurobiological level. For instance, exercise facilitates ce re bral vascularization 
(Black et al. 1990) and brain insult re sis tance (Stummer et al. 1994) and increases con-
centrations of specific proteins and neurotransmitters (Mora, Segovia, and del Arco 
2007). Exercise also affects neurogenesis and angiogenesis (Black et al. 1990; Praag et al. 
2002; Praag, Kempermann, and Gage 1999) and contributes to neuronal survival and 
enhanced synaptic metabolism (Vaynman et al. 2006). Together,  these pro cesses suggest 
that exercise directly contributes to the maintenance of healthier, more efficient neural 
systems.

More specifically, brain- derived neurotrophic  factor (BDNF) is thought to medi-
ate many of the benefits of exercise on cognition. Evidence for the role of BDNF in 
this pro cess originated in animal models (Neeper et al. 1995). BDNF concentration is 
typically increased  after exercise (Ferris, Williams, and Shen 2007; Griffin et al. 2011; 
Schmolesky, Webb, and Hansen 2013), from within minutes to days, and can last up 
to several weeks (Berchtold et al. 2001). This effect appears to be most notable in the 
hippocampus, the caudal neocortex, and the dentate gyrus (Neeper et al. 1996). Impor-
tantly, Neeper and colleagues note that  these regions are not primarily involved in 
motor control, and thus that increases in BDNF concentrations directly influence areas 
involved in cognitive function (Neeper et al. 1996).

It has been suggested that the increase in BDNF concentrations post- exercise is itself 
triggered by the release of insulin- like growth factor-1 (IGF-1; Cotman and Berchtold 
2002), a growth  factor involved in neuronal development (Arsenijevic and Weiss 1998). 
 Because IGF-1 plays a role in cell proliferation and survival (Huat et al. 2014), it is also 
thought to be a very impor tant contributor to memory consolidation and enhancement 
(Chen et al. 2011). Similarly, fibronectin type III domain- containing protein 5 (FNDC5) 
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is suspected to mediate some of the effects of BDNF on brain function, particularly 
on hippocampal cell proliferation, via an effect on the activation of the BDNF gene 
(Boström et al. 2012). A detailed account of the neurobiological mechanisms under-
lying exercise is beyond the scope of this chapter, yet overall  these findings suggest 
that physical exercise triggers a cascade of complex molecular pro cesses via direct and 
indirect pathways, with significant impact on brain function and thus on cognition.

Beside direct positive effects, physical exercise also leads to benefits through down-
regulation of harmful  factors. For example, exercise counteracts some of the deleterious 
effects of stress. When unaddressed, prolonged stress leads to the release of corticoste-
roids, hormones that negatively affect BDNF levels in the brain and can lead to neuro-
nal degradation and dendritic atrophy (Gould et al. 1990). Exercise acts as a protective 
mechanism, an effect particularly pronounced in the hippocampus (Russo- Neustadt 
et al. 2001). The benefit of physical exercise on the concentration of several neurotrans-
mitters has also been documented; in par tic u lar, monoamine (e.g., dopamine, epineph-
rine, norepinephrine) and tryptamine neurotransmitters (e.g., serotonin, melatonin) 
play a critical role in a wide range of neural pro cesses.  These neurobiological effects are 
thought to be associated with many of the observed effects on cognition (Praag et al. 
1999; Winter et al. 2007), although pinpointing the exact mechanisms and inter actions 
between neurotransmitters remains particularly difficult. Regardless, this body of work 
clearly underlines the importance of neurobiological  factors in mediating the relationship 
between physical exercise and cognition.

2.2 Functional and Structural Changes
Additional exercise- induced changes at the structural and functional levels further 
demonstrate the potency of the neurobiological mechanisms aforementioned. Sev-
eral randomized- controlled experiments have shown that physical exercise engenders 
wide benefits on brain function, often demonstrated with EEG or fMRI techniques 
(Chaddock- Heyman et al. 2013; Davis et al. 2011; Hillman et al. 2014; Kamijo et al. 
2011). For example, Chaddock- Heyman and colleagues (2013) reported that  children 
who engaged in sixty minutes of physical activity  every week day for a school year 
showed decreases in BOLD signal in areas of the right anterior prefrontal cortex when 
performing a cognitive control task. Importantly,  these changes in fMRI activation 
 were also associated with behavioral improvements on this par tic u lar task. Davis and 
colleagues, on the other hand, found that thirteen weeks of exercise, half an hour 
a day, led to improved executive functions but increased bilateral prefrontal activity 
(Davis et  al. 2011). Apparently disparate,  these results suggest that complex  factors 
are associated with cortical activity and enhanced per for mance on behavioral tasks, 
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mirroring corroborating findings in more general lit er a tures (e.g., Xu, Calhoun, and 
Potenza 2015).

Other, coarser brain changes have also been documented. For example, diffusion 
tensor imaging (DTI) studies in  children suggest that physical exercise interventions 
leads to greater white- matter integrity, especially in the uncinate fasciculus (Schaeffer 
et al. 2014) and the superior longitudinal fasciculus (Krafft et al. 2014).  These two tracts 
are fundamental networks involved in connecting the limbic system and the prefron-
tal cortex, and the temporal and parietal lobes, respectively. Observational evidence 
corroborates  these findings, with noticeable white- matter integrity differences among 
 children of vari ous fitness levels (Chaddock- Heyman et al. 2014).

Further dramatic neural changes can typically be observed in older populations. 
For example, exercise regimens can potentially alleviate age- related brain atrophy and 
loss of brain tissue density (Colcombe et al. 2003), and it has been suggested that such 
direct relationship might explain the correlation between indices of reported aerobic 
fitness and cognitive function, especially executive pro cesses (Weinstein et al. 2012). 
This potential for exercise to counteract the effects of aging on the brain is particu-
larly significant when considering that brain atrophy is associated with both normal 
cognitive decline (Kooistra et al. 2014) and dementia (Bilello et al. 2015). Higher fit-
ness is also correlated with larger hippocampus (Weinstein et al. 2012) and cortical 
areas (Erickson et al. 2009; Makizako et al. 2015), findings that are consistent with 
experimental evidence based on training designs (Colcombe et al. 2006; Erickson et al. 
2011; Ruscheweyh et al. 2011). Fi nally, physical fitness also correlates with long- term 
potentiation (LTP), assessed through changes in the N1b component of visual- evoked 
potentials (Smallwood et al. 2015), suggesting that physical exercise may have a direct 
impact on  human LTP.

2.3 Cognitive and Behavioral Improvements
Directly in line with the functional and structural changes previously described, indi-
viduals showing better self- reported fitness also tend to outperform less fit individuals 
on mea sures of executive functions and of spatial reasoning (Colcombe and Kramer 
2003; Hillman, Erickson, and Kramer 2008). Some studies have suggested that the rela-
tionship between physical exercise and cognitive per for mance may be restricted to 
executive function tasks, at least in older adults (e.g., Kramer, Hahn, and Gopher 1999), 
yet broader lit er a ture would suggest that this link goes well beyond executive functions, 
with a wide range of cognitive abilities being associated with physical exercise habits 
and fitness indices.  These include perceptual and spatial abilities, both fundamental to 
many of our day- to- day activities (see, for a review, Moreau and Conway 2013).
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Adding to this line of research, complementary studies have sought to identify 
causal relationships between exercising and cognitive outcomes. For example, exercise 
interventions have been shown to improve attention in  children with developmental 
coordination disorders (Tsai, Wang, and Tseng 2012) and in individuals with attention- 
deficit/hyperactivity disorder (ADHD, Archer and Kostrzewa 2012). Perhaps even more 
remarkable, a training intervention by Davis and colleagues found dose- response ben-
efits of exercise on executive functions and mathe matics achievement (2007). This 
finding is corroborated by other studies, which have found an association between 
physical fitness and both mathe matics and reading achievement (Castelli et al. 2007), 
as well as between physical activity and overall academic grades (Coe et al. 2006).  These 
studies reflect a general trend showing consistent associations between physical exer-
cise, physical activity, fitness indices, and academic achievement (Donnelly et al. 2016; 
Keeley and Fox 2009).

Physical exercise is also associated with lower risks for  mental and neurological con-
ditions. A review by Penedo and Dahn (2005) found that many conditions, among 
them autism, ADHD, schizo phre nia, dementia, and Alzheimer’s disease, appear to ben-
efit from exercise interventions, and poor physical fitness tends to exacerbates their 
associated symptoms. Consistent with the findings reported in this review, studies of 
older populations have found that exercise is linked to emotional stability (Blumenthal 
et  al. 1991), better associative learning (Fabre et  al. 2002), and improved cognition 
(Cancela Carral and Ayán Pérez 2007). We should point out, however, that the direct 
influence of exercise interventions in older  people without cognitive impairment was 
recently questioned in a meta- analysis by the Cochrane Collaboration, which found 
“no evidence in the available data from RCTs that aerobic physical activities, including 
 those which successfully improve cardiorespiratory fitness, have any cognitive benefit 
in cognitively healthy older adults” (Young et al. 2015, abstract).  Because physical exer-
cise interventions encompass a wide, often disparate range of training regimens, this 
finding highlights the need to further specify which interventions are the most effec-
tive to elicit robust and meaningful cognitive changes.

3 Learning and Synaptogenesis

One aspect that is often left out when seeking cognitive enhancement via physical exer-
cise is the role of learning. As we have alluded to in the previous section, the  human 
brain can produce up to tens of thousands of new cells  every day, a pro cess facilitated 
by physical exercise. Many of  these, however, die out within a few weeks (Gould et al. 
1999). This pro cess may seem wasteful, yet it ensures that new cells are available when 
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needed. Undoubtedly, physical exercise is a critical  factor in the genesis of neural 
cells, but  these are dif fer ent from functional neurons. Many of  these new cells may 
never mature into functional neurons,  unless the right conditions are in place for their 
development. In par tic u lar, cell survival requires neurons to make contact with one 
another, a pro cess called synaptogenesis, which is largely enhanced when physical 
exercise is accompanied by learning (Gould et al. 1999; Leuner et al. 2004). Thus, 
targeting cognitive enhancement based solely on physical exercise appears to be insuf-
ficient. An optimal solution may reside in combination with effortful learning, as we 
discuss hereafter.

3.1 Core Mechanisms and Function
In the adult  human brain, many of the new neurons are generated in the hippocam-
pus, a brain structure associated with vari ous components of learning. Such localized 
pro cess suggests that certain aspects of hippocampal- dependent learning can greatly 
benefit from a pool of continuously renewed neurons. Interestingly, the beneficial 
aspect of hippocampal neurogenesis was questioned a few de cades ago by Pasko Rakic, 
who hypothesized that adult neurogenesis was not found in the primate brain for the 
purpose of network stability (Rakic 1985). Known as the stability- plasticity dilemma, 
his postulate was based on the assumption that systems that emphasize plasticity  will 
learn easily, but storage  will be compromised. At the other end of what can be thought 
of as a continuum, systems that  favor stability can maintain information for a long 
time, but at the detriment of novel learning. Therefore, it follows that dif fer ent systems 
may  favor dif fer ent positions on the stability- plasticity continuum, and Rakic’s argu-
ment against adult neurogenesis was based on the idea that new neurons would be 
too disruptive to network stability in  humans. Although plausible, this hypothesis has 
since been discarded, and neurogenesis is now thought of as part of the solution to the 
stability- plasticity dilemma, rather than as a fundamental prob lem irreconcilable with 
the notion of neurogenesis (Kempermann, Wiskott, and Gage 2004).

Provided that, over time, evolution has favored a plentiful supply of neurons in the 
hippocampus to facilitate learning (Amrein and Lipp 2009), it seems plausible that 
the act of learning itself would  favor neuron survival. Note that  these two pro cesses 
operate on substantially dif fer ent timescales, and therefore that the direct effect of learn-
ing on neuron survival needed experimental validation. More than fifteen years ago, 
Gould and colleagues provided that missing link. They reported that new neurons in 
the hippocampus of adult rodents could be rescued from death by learning and that 
new hippocampal neurons  were involved in memory formation (Gould et al. 1999). 
Subsequent experiments have consistently demonstrated that not all types of learning 
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are created equal when it comes to neuron survival (Curlik and Shors 2011; Waddell, 
Anderson, and Shors 2011): specific components appear to be critical in this complex 
pro cess.

3.2 Enhancing Cell Survival via Effortful Learning
Research with animal models indicates that learning that depends on the hippocam-
pus, such as conditioning or spatial navigation tasks, tend to increase neuron survival 
(Anderson et al. 2011). This is consistent with the idea that most new neurons origi-
nate in the hippocampus (Praag et al. 2002), although additional findings indicate that 
neuron survival can sometimes be dissociated from hippocampal involvement (Shors 
2014). Together, this line of work suggests that effort might be the common feature 
in all tasks that  favor neuron survival— difficulty forces neural adaptations in order to 
cope with new demands. The under lying rationale is that the neural system needs to 
be stressed up to a point where it needs additional resources (e.g., new neurons) to per-
form adequately. Interestingly, this rationale is also consistent with behavioral studies 
in  humans, which have found that training on complex tasks offering sustained diffi-
culty induces greater cognitive improvements than less complex regimens (e.g., Moreau, 
Morrison, and Conway 2015).

Moreover, individuals who find tasks more difficult and therefore need more time 
to reach a given level of per for mance rescue more neurons from death than  those who 
reach that same level of per for mance easily (Nokia et al. 2012). Importantly, this is 
predicated on the fact that the individual is continuously learning (Curlik and Shors 
2011). This is in ter est ing  because it suggests that effortful learning might mitigate ini-
tial disparities, by reducing gaps and differences. Once new neurons have been rescued 
from death, they can remain in the hippocampus several months (Curlik and Shors 
2013).  These neurons are also functional, which means that they have made contact 
with other neurons and can produce action potentials (Praag et al. 2002). The idea that 
learning can  favor neuron survival has influenced research in many areas, including in 
the recent field of cognitive training.

3.3 Cognitive Training
Stemming from studies in the field of neurogenesis, the rationale for cognitive training 
is rather straightforward. Generally, training cognition involves focused, often repeti-
tive, practice of a single or a set of cognitive tasks. What differentiates this form of 
training from typical learning following deliberate practice (Ericsson et al. 1993) is that 
in the case of cognitive training the regimen is designed to elicit improvements in 
other, dif fer ent tasks (i.e., transfer). That this form of training leads to improvements 
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in the ability or abilities targeted (near- transfer) is commonly accepted, even by skeptics 
of this approach (e.g., Harrison et al. 2013), provided adequate training design. Such 
improvements have also been correlated with functional and structural changes in the 
brain, for example regarding connectivity in the frontoparietal network (Caeyenberghs 
et al. 2016). What remains a  matter of discussion, however, is the potential for such 
regimens to elicit substantial improvements outside of the trained abilities, particularly 
in ecological situations. Early findings of transfer (   Jaeggi et al. 2008, 2014; Rudebeck 
et al. 2012) have failed to replicate in several subsequent studies (Redick et al. 2013; 
Thompson et al. 2013), resulting in some degree of skepticism over the validity of the 
rationale (Melby- Lervåg and Hulme 2013; Moreau and Conway 2014). In this context, 
more recent studies have emphasized the need to understand the under lying mecha-
nisms of such discrepancies (   Jaeggi et al. 2014; Moreau, Kirk, and Waldie 2016; Moreau 
2014), so as to offer better, more potent interventions (Moreau and Waldie 2016).

4 Movement, Learning, and Cognition across the Lifespan

One par tic u lar approach that has shown promise is based on movement. Arguably, the 
recent surge of studies in the field of cognitive training has largely left out de cades of 
research linking physical exercise and cognitive enhancement. Based on the current 
understanding of the under lying mechanisms mediating this relationship, such segre-
gation seems unwise. Beyond a mere juxtaposition of research paradigms, and in order 
to understand the added value of situations involving complex motor coordination, 
it is helpful to describe the role of movement across the lifespan. We illustrate the rel-
evance of this line of research to cognitive training in the following discussion.

4.1 Movement and Early Learning
Three long- standing lines of research and inquiry have focused on cognitive develop-
ment: psychologists have concentrated on  children’s  mental development, physical 
educators have observed and assessed the development and maturation of fundamen-
tal movement skills, and teachers have created pedagogical approaches to maximize 
learning. For over a  century, considerable theoretical advances have been made within 
each of  these areas; however,  until recently, relatively  little cross- disciplinary discus-
sions have emerged. Currently, several researchers have emphasized the importance of 
understanding how cognitive development may be explained in terms of the interplay 
among  these three lines of inquiry (Pesce et al. 2016).

The  mental world of the infant has long intrigued parents and scientists alike. 
 William James, who influenced the emergence of modern psy chol ogy, considered 



Complex Motor Activities to Enhance Cognition 281

infancy to be a situation in which the baby’s impression of the world was “one  great 
blooming, buzzing confusion” (   James [1890] 1981, 462). Modern research has revealed 
that James’s view of infancy may not be entirely accurate; rather, as expressed by the 
influential developmental psychologist Esther Thelen, “The foundations of complex 
 human thought and be hav ior have their origins in action and are always embedded in 
a history of acting” (Thelen 2004, 49). Infant learning is grounded in action that pro-
vides information concerning the infant’s movements in space. Sensory experiences 
that occur with movement provide the bases of learning via action and perception.

During reaching movements, the infant’s neural networks develop that  later pro-
vide the basis for self- generated arm movements that provide  viable solutions to task 
demands. Self- initiated responses reflect the biomechanics of the body, speed, and 
force of the action, and of environmental conditions presented at a par tic u lar point in 
time (Spencer et al. 2006). The contraction and lengthening of skeletal muscle build 
and refine neural networks that serve as the building blocks of skilled movement.  These 
emerging networks also receive input from multiple sensory systems that provide 
information concerning the location of objects in the infant’s world. Early research 
by Thelen and her colleagues demonstrated that the integration of sensory informa-
tion from skeletal muscles and other systems is critical for infants’ normal cognitive 
development (Thelen 1995). Indeed,  children who lack sufficient interactions with 
their environment may fail to acquire the predictive control of actions that is vital for 
meeting the challenges faced during the first few years of life. For example,  children 
with pervasive developmental delay (e.g., the autism spectrum) often show deficits in 
many areas of daily- life functioning (clumsiness, poor language, inappropriate social 
be hav ior). For  these  children,  mental development may be supported by engaging in 
physical activities that lead to the generation of novel physical actions, thus favoring 
successful prob lem solving.

4.2 Movement and Executive Functions
The observation that young  children diagnosed with autism and other developmen-
tal disorders often show poor motor coordination, high movement variability, and 
difficulty in predicting the sensory consequences of actions led several researchers 
in the fields of psy chol ogy (Diamond 2000) and motor development (Ben- Soussan, 
Glicksohn, and Berkovich- Ohana 2015) to consider the neurological development of 
the central ner vous system: in par tic u lar, the emerging relation between the cerebel-
lum and prefrontal cortex. Diamond’s influential paper summarized existing neuro-
physiological evidence for a close interrelationship between the developing prefrontal 
cortex and the cerebellum (Diamond 2000). The cerebellum,  because of its role in the 
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control of discrete, rapid movements, was long considered to be involved primarily 
in motor skills. Similarly, the prefrontal cortex was viewed to be involved primarily in 
complex cognitive pro cesses. Developmental neurophysiological evidence, however, 
suggests that bidirectional communication between the dorsolateral cortex and cerebel-
lum via connection in the basal ganglia is critical for both executive pro cessing and 
motor control. While the specific role of the relationship between cerebellum and 
prefrontal cortex has been debated (Leiner, Leiner, and Dow 1986, 1989, 1993), con-
temporary research in motor development tends to substantiate bidirectional views 
(Ben- Soussan et al. 2015).

The emergence of executive functions during early childhood has received consid-
erable study and debate (Diamond 2013). During early childhood,  children evidence 
changes in the ability to keep information in working memory, inhibit be hav iors when 
appropriate, and to alternate actions when environmental conditions change.  These 
be hav iors are taken to reflect the emergence of the basic components of executive 
functions: updating, inhibition, and switching (Miyake et al. 2000). As addressed above, 
brain imaging studies reveal that specific neural prefrontal networks in the prefron-
tal cortex are established and circuitry with other brain structures is developed dur-
ing childhood. Given the nature of executive functions, the cognitive- motor linkages 
between the dorsolateral prefrontal cortex and the cerebellum are essential. Executive 
control requires timed motor coordination and movement control when a child is faced 
with the need to allocate attention to a new task, when task conditions change, and 
when rapid actions are needed (Diamond 2000). Executive functions are particularly 
impor tant when  children encounter novel conditions that promote learning. Through 
planned actions,  children experience and store the memories of their actions, the con-
sequences of the actions, and the context in which the actions occurred. For  these rea-
sons, play, games, and sports provide unique contexts to promote  mental development 
and learning.

4.3 Movement and Cognition beyond Development
Beside its impact on cognitive development, movement also has impor tant implica-
tions across the lifespan. In par tic u lar, recent research in the field of embodied cogni-
tion has underlined the fundamental aspect our bodies, actions, and movements play in 
shaping cognition, and how action and cognition are inherently intertwined (Barsalou 
2008; Gallese and Sinigaglia 2011; Glenberg 2010).

This interrelation has been studied in vari ous contexts. For example, it has been dem-
onstrated that expertise in a par tic u lar motor skill is typically associated with enhanced 
per for mance on a range of motor pro cessing tasks (Güldenpenning et al. 2011), but also 
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with other abilities outside the motor domain.  These include cognitive abilities such 
as working memory capacity and spatial ability (Lehmann and Jansen 2012; Moreau 
2012a, 2013), but also language (Holt and Beilock 2006), a skill thought to be removed 
from so- called lower- order motor mechanisms  until recently.

The notion that the motor system is involved in many cognitive pro cesses is further 
supported by research on the mirror system. Mirror neurons fire both when one per-
forms an action and when one observes the same action being performed (Rizzolatti 
and Craighero 2004). This bidirectional neural mechanism has been put forward to 
explain our capacity to learn by observation and imitation (Oztop, Kawato, and Arbib 
2006), and has been proposed as a central component mediating the influence of motor 
simulation to shape repre sen ta tions in the motor system (   Jeannerod 2001). Indeed, 
motor simulation allows control over malleable motor repre sen ta tions, in the absence 
of overt movement (   Jeannerod and Decety 1995), and motor actions allows alterations 
in the  mental repre sen ta tions of movement (de Lange, Roelofs, and Toni 2008), there-
fore emphasizing the interdependent relationship between imagery and movement.

In addition, the mirror system has been established as a fundamental pillar of our 
ability to understand  others’ actions (Gallese 1998), and thus of our ability to navigate 
in social contexts (Schulkin 2000). Although it should be mentioned that the influence 
of the mirror system might have been exaggerated in some instances (Hickok 2009), 
the basic mechanisms under lying the relationship between action and cognition remain 
largely informative, especially for understanding the consequences of movement on 
 human cognitive abilities. Together, this body of work supports the idea that motor 
actions ground  mental repre sen ta tion in action (Beilock and Goldin- Meadow 2010), 
and therefore that movement itself is central to cognition. That is not to say that all 
cognition is embodied, as it cannot be excluded that some forms of thinking have 
evolved to be disembodied (Dove 2010), but it suggests that the role of movement in 
shaping and maintaining cognitive abilities cannot be dismissed and, more importantly, 
should be capitalized on.

5 Movement- Based Interventions to Enhance Cognition

Several researchers have proposed that optimal enhancement could be achieved 
through a form of exercise that incorporates difficult and challenging tasks. Possibili-
ties are numerous, but results have been particularly promising when complex motor 
learning is combined with exercise (Curlik et al. 2013; Moreau, Morrison, and Conway 
2015; Tomporowski, Lambourne, and Okumura 2011). In this section, we describe the 
findings of intervention studies that have coupled physical and cognitive demands.
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5.1 In  Children
Two explanations for the relationship between exercise and  children’s  mental function-
ing have been offered: one focused on a quantitative approach, with exercise interven-
tions based primarily on considerations of intensity and duration, and another, more 
qualitative, approach that manipulates physical activity in terms of the type of exer-
cise and the cognitive abilities involved during movement (Pesce 2012). Based on the 
assumption that exercise directly affects brain health (Hillman et al. 2008), the majority 
of randomized controlled  trials have focused on the manipulation of “dosage” (i.e., fre-
quency, duration, and intensity). In  these studies, vari ous forms of aerobic exercise have 
been utilized to bring about changes in physical fitness as mea sured by cardiorespira-
tory capacity. Central to the quantitative approach is the notion that gains in cognitive 
function obtained from chronic exercise training would decay with reductions of the 
level of exercise activities.

From a qualitative perspective, it has been argued that interventions should focus on 
physical activities that include planning and prob lem solving, such as  those involved 
in games or sport (Pesce 2012; Tomporowski et al. 2015). Through movement, it is 
hypothesized, individuals acquire knowledge about the actions that  were performed, 
the consequences of  those actions, and their context. Central to the qualitative approach 
is the assumption that executive functions can be enhanced with practice and expe-
rience, and that gains obtained from physical activity performed in complex envi-
ronments  will be maintained even as physical activity levels decline. Support for the 
benefits of mentally engaging physical activity interventions on cognitive function 
and learning has emerged over the past de cade (Best 2010; Diamond and Lee 2011; 
Tomporowski et al. 2015). Drawing from con temporary motor- learning and rehabilita-
tion research, greatest gains are achieved when tasks are based on the “optimal chal-
lenge point” hypothesis (Guadagnoli and Lee 2004), which posits that skill learning is 
facilitated when the skill level of the performer, the complexity of the task, and the task 
environment are taken into consideration. Convergent support comes from research 
that has examined the phenomena of contextual interference, which demonstrates 
superior motor and verbal learning when the order of training conditions are manipu-
lated in ways that require an individual to vary the se lection and execution of actions 
or  mental pro cessing from trial to trial (Tomporowski, McCullick, and Horvat 2010).

Maximizing the effects of physical activity interventions requires developing spe-
cific activities that are developmentally appropriate and cognitively and physically 
challenging, with target- specific outcome mea sures (Pesce 2012; Tomporowski et al. 
2015). For example, younger  children typically benefit from activities that are play-
ful (Bjorklund and Brown 1998). Play includes activities that are freely chosen and 
intrinsically motivating and pleas ur able.  Children can engage in solitary play, parallel 
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play, or cooperative play. During play,  children are often engaged in make- believe and 
distortions of real ity. As  there are no exterior rules of play,  children are provided the 
freedom to construct their own forms of real ity. Play provides the opportunity to exer-
cise and practice ways of physically and mentally altering the world.  Children can 
construct, deconstruct, and reconstruct goal- directed activities (Scibinetti, Tocci, and 
Pesce 2011). Older  children may benefit from game activities that are more structured 
and skill- based. As such, physical activity games are forms of competitive play char-
acterized by established rules and set goals. Central to  every game are challenges and 
obstacles to overcome. Indeed, successful games,  whether they are video games, chess, 
or tag, are hallmarked by challenges that require very specific actions to be successful 
(Moreau 2015a; Tomporowski, McCullick, and Pesce 2015). As  children’s fundamental 
movement skills emerge, many  children are introduced to sports, which are forms of 
competitive physical activity. Regardless of  children’s age, developmental level, and 
maturation, however, gains in cognitive outcomes hinge on involvement in sport or 
game conditions that place challenging, but manageable, problem- solving demands.

Successful interventions are characterized not only by the developmentally appro-
priate physical activity and exercise programs but also by the se lection of outcome 
mea sures that are also developmentally appropriate and sensitive to change (Tom-
porowski 2009). The consensus drawn from recent comprehensive reviews of studies 
conducted with  children, which examine the effects of chronic exercise and physical 
activity interventions on cognition and academic achievement, is that interventions 
influence specific  mental pro cess as opposed to exerting global widespread effects, such 
as general intelligence (Tomporowski, Naglieri, and Lambourne 2012).

5.2 In Young Adults
In contrast with early developmental stages, the potential for meaningful changes 
in the cognitive abilities of young adult populations was not fully recognized  until 
recently. Young adults are usually thought to be at a cognitive peak (Salt house and 
Davis 2006), thus leaving  little room for improvement. Yet in recent years novel findings 
have shown that, although subtle, cognitive gains are still pos si ble in adulthood. This 
line of work is rooted in de cades of research showing the interrelation between motor 
pro cesses and both spatial ability (Amorim, Isableu, and Jarraya 2006; Janczyk et al. 
2012; Moreau 2012a; Steggemann, Engbert, and Weigelt 2011; Wraga et al. 2003) and 
working memory capacity (Moreau 2013), but also with language (Beilock et al. 2008), 
prob lem solving (Broaders et al. 2007), and reasoning (Beilock and Goldin- Meadow 
2010; Cook, Mitchell, and Goldin- Meadow 2008). Corroborating evidence comes from 
studies of motor expertise, in which experts have been found to perform above average 
in assessments of perception (Wright et al. 2011), working memory capacity (Furley 
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and Memmert 2010), attention (Memmert and Furley 2007), long- term memory 
(Dijkstra, MacMahon, and Misirlisoy 2008), and decision making (Raab and Johnson 
2007).

Importantly, the implied directionality of  these correlational findings has been con-
firmed by training studies, some of which have shown that forms of complex physi-
cal exercise trump more impoverished exercise workouts. Vari ous approaches have 
been documented, including physical exercise, cognitive training, and hybrid forms of 
training (see, for a review, Moreau and Conway 2013). For example, wrestling, a sport 
that involves complex, unusual motor coordination, appears to elicit greater improve-
ments in mea sures of spatial ability and working memory capacity than  running, an 
activity largely automatized in adults (Moreau et al. 2012). We further replicated and 
extended  these findings, with a training study that directly compared aerobic exer-
cise, computerized cognitive training, and a hybrid condition we labeled designed sport, 
which combined high physical and cognitive demands in a single activity (Moreau, 
Morrison, and Conway 2015). Echoing the findings we described in the lit er a ture on 
 children, we hypothesized that typical neurophysiological changes induced by exercise 
could be complemented by direct cognitive demands to maximize benefits. Not only 
did designed sport lead to larger cognitive gains in spatial ability and working memory 
capacity constructs, it also favored significant health improvements as mea sured by 
physiological markers such as resting heart rate and blood pressure. The holistic nature 
of  these improvements confirmed our initial assumption: that is, complex motor activ-
ities are a potent way to elicit cognitive gains, with additional health benefits.

Crucially, one of the central points of this line of work is that designed sport can be 
adapted to individual affinities and demands, so that motivation and plea sure remain 
part of the equation. For example,  there is extensive evidence that dance can be par-
ticularly well- adapted to cognitive training design, given the tremendous cognitive 
demands associated with the activity (Bläsing et al. 2012; Cross et al. 2013). Similarly, 
training simpler motor skills such as juggling has shown to induce gains in  mental 
rotation per for mance (Lehmann and Jansen 2012), as does practicing sports or musical 
instruments, two types of activities including complex motor coordination (Moreau 
2012b; Pietsch and Jansen 2012). Altogether, this body of evidence suggests that cogni-
tive enhancement based on ecological activities might be preferable to so- called brain 
training programs, in the size and range of the effects (Moreau and Conway 2014).

5.3 In Older Adults
 Because of the natu ral cognitive decline associated with age, older adult populations 
offer additional possibilities for enhancement. A large body of lit er a ture has looked at 
the impact of aerobic exercise interventions (Hertzog et al. 2008), for obvious reasons: 
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moderate- intensity exercise allows reducing risks of injury or cardiovascular complica-
tions, and such regimens are therefore more likely to obtain approval from medical and 
ethics boards. It is impor tant to note, however, that the greater health safety of aero-
bic exercise interventions does not mean that they are the most suitable or the most 
optimal for every one. When suitable, research to find alternative forms of exercise 
should be encouraged, so as to refine theoretical models of exercise- induced cognitive 
enhancement and to diversify the range of possibilities for consumers. Such studies 
are less common, but this body of work has been steadily growing over the past few 
years, and is expected to increase in the  future.

Oftentimes, physical and cognitive components have been isolated and targeted in 
a sequential manner (Fabre et al. 2002; Legault et al. 2011; Oswald et al. 1996), with the 
advantages that implementation is typically easier, risks are restricted, and direct com-
parison of experimental conditions is more straightforward. Other forms of interven-
tion have aimed at combining the two si mul ta neously (Eggenberger et al. 2015; Forte 
et al. 2013; Theill et al. 2013), with potential added improvements due to increased 
competition for cognitive resources. For example, a study by Eggenberger and colleagues 
found greater attention and working memory improvements  after an intervention com-
bining cognitive and physical components via distinct means than with physical exer-
cise alone (Eggenberger et al. 2015).

Beyond the combination of separate tasks or activities, interventions that include 
adaptations of some form of complex motor activities have also been trialed, with 
encouraging results. For example, virtual real ity videogames have been used to com-
bine physical and cognitive training in single activities, setting the stage for a promis-
ing line of research (Pichierri et al. 2012; Pichierri, Murer, and de Bruin 2012).

Perhaps in a more ecological manner, a six- month dance intervention was found to 
enhance the cognitive per for mance of older adults, while no change was found in physi-
ological markers of general health, thus suggesting that improvements  were induced 
by motor demands, social engagement, or both, rather than by neurophysiological 
changes (Kattenstroth et al. 2013). Altogether,  these findings are remarkably consistent 
with work in  children (Pesce et al. 2016) and in young adults (Moreau, Morrison, and 
Conway 2015), further validating the rationale for a combined approach to maximize 
training outcomes (Moreau 2015a, 2015b).

6  Conclusion

The use of complex motor activities to enhance cognition is an exciting field of research 
with encouraging new developments. We have highlighted, throughout this chapter, 
some of the areas that have shown promising findings and applications. Although not 
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exhaustive, the lit er a ture discussed herein provides solid grounds for understanding 
the mechanisms and the potential of this line of work.

We would like to leave the reader with a few thoughts, in the hope that  these can 
stir the field in what we believe are in ter est ing directions. First, it should be noted that 
blending training contents has potent implications, but also comes with challenges—it 
typically blurs the respective contribution of a given  factor in an experimental design 
(Moreau, Kirk, and Waldie 2016). This in itself is not a valid argument against com-
binations of training regimens, but it emphasizes the need for additional research to 
correctly identify the under lying mechanisms and interactions of training- induced 
improvements. Research in this area  will benefit from both tightly controlled but 
impoverished laboratory experiments and more- ecological but noisy interventions.

Second, whenever considering the implications of this line of research to society, 
one needs to consider opportunity costs, that is, what could I have done, as an indi-
vidual, instead of training on a par tic u lar regimen. Not unlike current practices in 
phar ma ceu ti cal  trials, where novel treatments need to demonstrate superiority over a 
placebo and over current drugs, if a given cognitive training program appears to be less 
effective than an existing regimen, its relevance should be questioned. The point is not 
to discourage novel interventions, as variety is critical to offer approaches suited to a 
wide range of individuals.

Yet one of the prob lems associated with computerized forms of cognitive training is 
that, despite dismissive attitudes  toward potential risks of non- pharmaceutical or non-
invasive interventions, the cost of in effec tive ness is high—if training improvements do 
not transfer to real- life abilities, time spent on the training regimen is wasted, and no 
useful skill or physiological by- product can be noted. The use of complex motor activi-
ties as a means of enhancing cognition is therefore appealing in that side effects are 
rewarding in and of themselves— improved physiological markers, general health, self- 
esteem, or stress reduction are hardly minimal outcomes (see, for a review, Moreau and 
Conway 2013). From  there, risks are extremely mitigated, as time and effort invested in 
a program or an activity are more likely to be rewarded.

A challenge that remains, nevertheless, concerns the personalization of cognitive 
interventions. We now understand that not every one  will benefit equally from a given 
regimen, if at all, and therefore that finding the right intervention for an individual 
requires precise knowledge of the under lying mechanisms of improvement. Once cogni-
tive training is based on sound and testable theoretical grounds, one can then envision 
apprehending enhancement probabilistically, with transparent information available 
to each individual regarding the likelihood and projected size of improvement. This 
is possibly the next frontier in the field of cognitive enhancement— individualized, 
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dynamic, and information- rich content, so as to offer optimal interventions for every-
one, at all times, in light of all the evidence available.
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