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Introduction

Perhaps counterintuitively, one of the most effective ways to look after one’s 
brain is physical exercise. This idea is not yet fully engrained in common views of 
cognition –  despite current scientific efforts emphasizing the interplay between 
brain and body, the Cartesian notion of a duality between the two is long- lived. 
However, evidence showing the importance of a healthy body for a healthy 
mind is rapidly accumulating, and the influence of physical fitness and exercise 
in this regard is well documented. Combining behavioral, neural, and neurobio-
logical findings, this line of research is complemented by theoretical frameworks 
in cognitive science, together providing convincing support for the relationship 
between cognitive and motor systems. In this chapter, we review the evidence 
for the effect of physical exercise on cognition and the brain, discuss current 
trends of work exploring the potential of physical  exercise –  and particularly of 
complex motor activities –  to enhance cognition and to remediate learning diffi-
culties, and finally suggest promising directions for future research.

Cognitive Benefits of Physical Exercise

Numerous benefits of physical exercise have been documented over the last few 
decades, including a wide range of physical and mental health improvements. 
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For example, in observational studies, physical fitness appears to be associated 
with reduced occurrences of potentially fatal conditions, such as cardiovascular 
diseases, cancers, strokes, and diabetes (Blair 1995). Even more aligned with 
the perspective of this chapter, reduced risks in several cognitive or neurological 
conditions have also been reported. Neurological conditions such as autism, 
attention deficit/ hyperactive disorder (ADHD), schizophrenia, dementia, and 
Alzheimer’s disease all appear to be worsened by poor physical fitness, and 
to benefit from exercise interventions (Penedo & Dahn 2005). Importantly, 
this effect is not contingent on preexisting deficits, and can be generalized to 
non- clinical populations –  physical exercise seems to be related to better cog-
nitive function regardless of cognitive impairment. As such, individuals with 
better indices of physical fitness tend to perform above average on executive 
function tasks and spatial reasoning problems (Colcombe & Kramer 2003; 
Hillman, Erickson, & Kramer 2008). Although a few studies have suggested 
that the association between physical activity and performance is weaker when 
considering tasks that do not primarily tap executive function (Kramer, Hahn, 
& Gopher 1999), complementary findings support the idea of a strong rela-
tionship between physical exercise and a wide range of cognitive tasks (see for 
a review Moreau & Conway 2013).

Building upon this line of research, additional work has intended to elu-
cidate the mechanisms underlying the association between physical fitness 
and cognitive health. In particular, and consistent with typical concerns when 
considering findings from observational studies, an important question is 
whether the link is causal or driven by confounding factors. Several studies 
have attempted to shed light on this issue. For example, exercise interventions 
have led to attention improvements in children with developmental coord-
ination disorders (Tsai, Wang, & Tseng 2012) and in overweight children 
(Davis et al. 2007). A substantial body of research has also explored the rela-
tionship between physical activity and academic performance. Students who 
follow physical activity guidelines tend to have better grades than those who 
do not (Coe, Pivarnik, Womack, Reeves, & Malina 2006), while reading and 
mathematics competencies tend to correlate with measures of physical fitness 
(Castelli, Hillman, Buck, & Erwin 2007). These are not isolated cases –  the 
literature concerning the relationship between physical exercise and academic 
achievement is well documented, with clear and robust findings (Keeley & 
Fox 2009).

Therefore, and perhaps contrary to popular belief, decreases in the amount 
of physical activity at school negatively impacts academic performance (see 
for a review Trudeau & Shephard 2008). Common responses to poor school 
achievement such as replacing physical education classes with so- called core 
academic components (i.e. English, mathematics) are thus profoundly coun-
terproductive and worsen the problem they are intended to fix (Goh, Hannon, 
Webster, Podlog, & Newton 2016; Mahar et al. 2006; Trudeau & Shephard 
2008). This is an important point of this chapter, since the work linking phys-
ical exercise and cognition is perhaps not appreciated as much as it deserves 
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outside of exercise science and kinesiology, especially considering the vast 
amount of work that has been dedicated to explaining its mechanisms and 
ramifications.

At the other end of the lifespan continuum, physical exercise has also been 
found to be fundamental to healthy aging, leading to better associative learning 
(Fabre, Chamari, Mucci, Massé- Biron, & Préfaut 2002), better quality of life 
and general cognition (Cancela Carral & Ayán Pérez 2007), and enhanced 
mood and emotional stability (Blumenthal et al. 1991), although it should 
be noted that these findings have been questioned by a recent meta- analysis 
(Young, Angevaren, Rusted, & Tabet 2015). To be fair, we should point out 
that exercise interventions is an umbrella term and that these regimens come 
in many different flavors, in terms of type of training, duration, frequency, 
sample population, outcome measures, and several other factors. Therefore, 
pooling such disparate interventions together using meta- analytic techniques 
is only informative up to a point –  eventually, what needs to be determined is 
not so much the absolute effectiveness of exercise interventions but the poten-
tial mediators of sizeable effects (Moreau 2014). What works and for whom, 
and under which circumstances, remains to be informed by future research.

When examined in isolation, the literature on young and middle- aged 
adults is slightly less consistent, for several reasons. Arguably, such individuals 
might be at their natural cognitive peak, thus making any large improvement 
difficult (Salthouse & Davis 2006). Given the lack of power most interven-
tion studies suffer from by design, effects often need to be quite substantial to 
be detected. Adults typically experience environments that are typically com-
plex and stimulating  –  these provide naturally enriched conditions, leaving 
little room for cognitive gains. From a research standpoint, there might also 
be smaller incentives to target non- clinical adult populations, as opposed to 
children, the elderly, or clinical populations, who all can greatly benefit from 
exercise interventions.

Structural and Functional Changes in the Brain

Importantly, cognitive improvements are typically accompanied by changes 
in brain structure and function. Due to the aforementioned difficulties of 
detecting such changes in adult populations, this line of research is mostly 
based on evidence in children and the elderly. For example, several studies 
indicate that children show greater integrity in two main neural networks after 
a physical exercise intervention: the uncinate fasciculus (Schaeffer et al. 2014), 
a white matter tract connecting parts of the limbic system and the prefrontal 
cortex; and in the superior longitudinal fasciculus (Krafft et al. 2014), a long 
bundle of axons linking frontal and occipital lobes, and part of parietal and 
temporal lobes. This line of research is based on Diffusion Tensor Imaging 
(DTI), an MRI technique that allows probing the brain’s white matter tracts 
through detailed mapping of water molecules diffusion. Cross- sectional studies 
support the hypothesis of an effect of physical exercise on brain structure, via 
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evidence for differences in white matter integrity between higher and lower fit 
children (Chaddock- Heyman et al. 2014).

In older adults, studies have shown that exercise interventions can coun-
teract age- related brain atrophy (Colcombe et al. 2003), and that this effect 
might mediate the association between aerobic fitness and executive function 
(Weinstein et al. 2012). Higher physical fitness has also been associated with 
larger cortical areas, especially frontal regions (Weinstein et  al. 2012), and 
larger hippocampus (Erickson et al. 2009; Makizako et al. 2015). Training 
interventions corroborate these findings, showing volume increases in frontal 
(Colcombe et al. 2006; Ruscheweyh et al. 2011) and hippocampal (Erickson 
et al. 2011; Ruscheweyh et al. 2011) areas after undergoing physical exercise 
training.

More subtle functional changes have also been documented. Until 
recently, most of this evidence in children was based on correlational findings, 
reporting an association between aerobic fitness or physical exercise and brain 
function mostly based on fMRI and EEG techniques (Chaddock et al. 2012; 
Moore, Drollette, Scudder, Bharij, & Hillman 2014). However, this line of 
research has also been strengthened by experiments (RCTs) highlighting the 
benefits of a physical exercise intervention on brain function (Chaddock- 
Heyman et al. 2013; Davis et al. 2011; Hillman et al. 2014; Kamijo et al. 
2011). In parallel, cross- sectional evidence for the relationship between phys-
ical exercise and brain function is available for older populations (Berchicci, 
Lucci, Perri, Spinelli, & Di Russo 2014; Prakash et al. 2011; Smith et al. 
2011), and these are also supported by more direct experimental findings 
(Chapman et  al. 2013; Colcombe et  al. 2004; Smith, Nielson, Woodard, 
Seidenberg, & Rao 2013). Specifically, physical exercise is associated with 
increased connectivity between prefrontal, cingulate, and hippocampal areas, 
which results in better performance on several cognitive tasks (Burdette et al. 
2010; Voss et al. 2010).

Besides promising evidence at the behavioral and neural levels, the associ-
ation between physical exercise and cognition is also consistent with findings 
at the neurobiological level, which help explain the mechanisms responsible 
for the observed correlations or improvements. Seeking corroborating evi-
dence at the neurophysiological level is akin to zooming in further, from 
overt behaviors and neural correlates at the system level to their underlying 
mechanisms. This line of work is discussed in the next section.

Neurobiological Mechanisms of Exercise- Induced  
Improvements

Most of the neurobiological correlates of exercise- induced cognitive enhance-
ment are now well understood (for a detailed account of the changes associated 
with exercise, see McMorris & Corbett 2016). Physical exercise leads to an 
increase in cerebral vascularization (Black, Isaacs, Anderson, Alcantara, & 
Greenough 1990), proteins and neurotransmitters (Mora, Segovia, & del Arco 
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2007), heightened insult resistance (Stummer, Weber, Tranmer, Baethmann, 
& Kempski 1994), enhanced neurogenesis (van Praag et al. 2002), synaptic 
metabolism (Vaynman, Ying, Yin, & Gomez- Pinilla 2006), angiogenesis 
(Black et al. 1990), neuronal survival (Vaynman et al. 2006), and enhanced 
overall brain volume (Colcombe et al. 2006). More specifically, brain- derived 
neurotrophic factor (BDNF) appears to play an active role in mediating the 
effect of physical exercise on cognition. Animal studies have found increases in 
hippocampal BDNF post- exercise (Neeper, Gómez- Pinilla, Choi, & Cotman 
1995), particularly significant considering the central role of the hippocampus 
in learning and memory and its deterioration in many degenerative diseases 
including Alzheimer’s. These effects have been found to last at least several 
weeks (Berchtold, Kesslak, Pike, Adlard, & Cotman 2001), therefore poten-
tially playing a critical role in exercise- induced neural plasticity. Besides its 
effect on hippocampal areas, BDNF also increases post- exercise in the spinal 
cord (Gómez- Pinilla, Ying, Opazo, Roy, & Edgerton 2001), the cerebellum 
and several cortical regions (Neeper, Gómez- Pinilla, Choi, & Cotman 1996), 
possibly through increased levels of Insulin- like Growth Factor- 1 (IGF- 1), a 
growth factor involved in neuronal development (Arsenijevic & Weiss 1998). 
Based on this evidence, it has been suggested that IGF- 1 might be a key 
determinant in the effect of physical exercise on BDNF levels (Cotman & 
Berchtold 2002), and thus on cognition more generally.

Increased BDNF levels in cortical areas are consistent with the documented 
effects of exercise on serum BDNF (sBDNF). Several studies have found 
that exercise induces an augmentation in sBDNF levels (Griffin et al. 2011; 
Schmolesky, Webb, & Hansen 2013), typically within a few hours, with the 
magnitude of the increase dependent on exercise intensity (Ferris, Williams, 
& Shen 2007). Thus, these findings provide additional support for the idea 
that aerobic exercise might not be the most optimal way to target cognitive 
improvement in healthy individuals, and that more intense forms of exercise 
could induce larger gains.

Overall, the remarkable consequence of these potent underlying  
mechanisms is that physical exercise provides a powerful way to stimulate  
general health. In addition to favoring positive changes, exercise also allows 
controlling harmful factors, such as stress. Corticosteroids, or stress hormones, 
have a damaging effect on BDNF concentration, and can therefore, if 
sustained, lead to neuronal degradation and dendritic atrophy (Gould, Woolley, 
Frankfurt, & McEwen 1990). Exercise prevents this debilitating effect by 
blocking downregulations of BDNF, particularly in the hippocampus (Russo- 
Neustadt, Ha, Ramirez, & Kesslak 2001). Further evidence has highlighted 
the impact of exercise on levels of monoamine neurotransmitters (e.g. dopa-
mine, epinephrine, norepinephrine) and tryptamine neurotransmitters (e.g. 
serotonin, melatonin), which could be responsible for some of the benefits 
typically observed after physical training (Winter et  al. 2007). This line of 
research therefore provides compelling evidence for the role of neurobiological 
factors in mediating the behavioral changes typically observed post- exercise.
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The Embodied Cognition Framework

The coherent view emerging from the integration of behavioral, neural, and 
neurobiological findings also resonates well with motor theories currently 
getting traction in cognitive science (e.g. Jeannerod 2001). In particular, the 
embodied cognition framework (e.g. Barsalou 2008; Gallese & Sinigaglia 
2011; Glenberg 2010) argues that the motor system is involved in most of 
our actions, and that motor processes influence cognitive function drastically.1 
Although legitimate criticisms have been raised against several findings and 
their embodied interpretation (Wilson 2002) or about the way the embodied 
framework is typically defined (Wilson & Golonka 2013), the framework 
remains informative to further understand the link between physical exercise, 
motor activities, and cognition.

Moreover, the embodied cognition framework is corroborated by 
numerous compelling findings, which indirectly support the link between 
exercise and cognition, and by extension the potential of motor activities to 
enhance cognition. For example, prior work has shown that different levels 
of motor expertise are associated with differences in performance on motor 
processing (Güldenpenning, Koester, Kunde, Weigelt, & Schack 2011). These 
findings also extend beyond motor tasks –  spatial ability (Moreau 2012) and 
working memory capacity tasks (Moreau 2013), good indicators of cognitive 
abilities known to be central to human cognition (Carroll 1993) and to have 
tremendous ramifications on numerous everyday tasks (Hegarty & Waller 
2005; Kane et al. 2004), are also influenced positively by motor expertise.

In addition, other components of cognition, such as the ability to solve 
complex problems, are improved when gestures are consistent with the motor 
actions naturally associated with a particular task, suggesting that gestures 
ground mental representation in action (Beilock & Goldin- Meadow 2010). 
Further research indicates that such associations are also found in linguistic 
domains, with motor actions influencing language comprehension (Holt & 
Beilock 2006), a finding corroborated by neural changes in language compre-
hension depending on motor experience (Beilock, Lyons, Mattarella- Micke, 
Nusbaum, & Small 2008).

Beyond these correlational associations, experimental evidence has also 
demonstrated that the link is causal –  motor training leads to enhanced per-
formance on spatial ability and working memory capacity tasks (Moreau, Clerc, 
Mansy- Dannay, & Guerrien 2012; Moreau, Morrison, & Conway 2015), and 
these behavioral changes are mediated by cortical changes (Adkins, Boychuk, 
Remple, & Kleim 2006). This line of research paves the way for interesting 
applications intended to target cognitive gains via behavioral interventions, 
which we discuss in the next section.

Beyond Mere Physical Exercise: Complex Motor Activities

The effect of physical exercise on cognition is well documented and largely 
replicated –  alternative forms of cognitive enhancement based on behavioral 
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interventions can hardly compare with the extensive literature linking physical 
exercise and cognition (see for a review Moreau & Conway 2013). However, 
that physical exercise appears to be one of the most effective ways to trigger 
substantial and durable changes does not mean that it should be exclusive –  
adequate combinations can provide interesting benefits over interventions 
solely based on physical exercise.

Approaches seeking to combine cognitive training activities have flourished 
in the past few years. For example, research has investigated the potential of 
combining physical exercise with meditation (Astin et al. 2003), with cogni-
tive training (Shatil 2013), or with transcranial Direct Current Stimulations 
(tDCS; Ditye, Jacobson, Walsh, & Lavidor 2012; Madhavan & Shah 2012; 
Martin et al. 2013; Moreau, Wang, Tseng, & Juan 2015). These approaches 
all have merit of their own, as they represent a step toward more advanced 
frameworks of cognitive enhancement. Yet they typically combine two 
successful approaches separately –  interventions focus on the different types 
of regimen either successively or in an interleaved fashion. This approach 
might be suboptimal considering the opportunity costs associated with cog-
nitive training and techniques of enhancement (Moreau & Conway 2014). 
In addition, the potential side effects of these interventions can possibly be 
concerning, whether it is the psychiatric risks of mindfulness meditation 
(Lazarus 1976; Shapiro 1992) or the inherent blur over techniques that 
stimulate the brain with direct current (Davis 2014).

In a recent study, we tested the idea of integrating cognitive demands 
within a physical exercise regimen as an optimal solution to cognitive enhance-
ment (Moreau, Morrison, & Conway 2015). The rationale was that aerobic 
workouts, typically favored in cognitive training interventions based on phys-
ical exercise (Hillman et al. 2008), might benefit from additional cognitive 
challenges. Because aerobic exercise is merely demanding cognitively, most 
of the cognitive gains typically observed post- training are due to neuro-
physiological mechanisms, either direct (e.g. BDNF, IGF- 1) or in response 
to changes in a mediating factor, such as sleep or stress. These types of gains 
are potent, yet in our view they could be further maximized by the addition 
of specific components directly tapping cognitive abilities. Following this idea, 
we presented participants with perceptive, motor, and cognitive problems, to 
solve in a movement- based framework, while continuously sustaining moderate 
physical activity. Specifically, perceptive problems included situations where 
participants had to rely on different sensory inputs to make decisions, often 
including limited visual inputs. In everyday life, most of our motor actions 
are typically vision- centered; therefore, we hypothesized that depriving indi-
viduals of this source of information had the potential to improve processing 
quality of alternate inputs (see also Landry, Shiller, & Champoux 2013), along 
with favoring complex computations to circumvent atypical demands. Motor 
problems were intended to promote unusual motor coordination in three- 
dimensional space, for example with transitions from different levels of motion 
(e.g. standing, kneeling, lying). In a way, the underlying idea is somewhat 
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similar to that used in Constraint- Induced (CI) therapy, either in stroke 
recovery or in motor impairment (Taub, Uswatte, & Mark 2014). Ad hoc 
motor problems prompted unfamiliar situations that had to be dealt with in 
a timely manner, based on little prior experience. Finally, cognitive problems 
included memorizing sequences of movements for subsequent recall and exe-
cution, or the presentation of situations where different strategies had to be 
considered and evaluated in order for participants to respond successfully. 
Throughout the program, difficulty was adjusted to participants’ performance 
to ensure sustained motivation and continuously challenging material.

Consistent with our initial hypothesis, we found that an integrated 
approach combining physical and cognitive demands within a single activity 
was the most effective to induce cognitive and physiological gains. Specifically, 
we looked at transfer to working memory capacity and spatial ability, cogni-
tive constructs with important ramifications to numerous activities (Moreau 
2015). For both of these constructs, the integrated approach based on com-
plex motor activities was superior to either cognitive or physical exercise 
components alone. In addition to cognitive changes, complex motor training 
also induced improvements in biomarkers associated with general health, 
namely blood pressure and resting heart rate, similar to those following the 
aerobic exercise regimen.

This training intervention lies within a broader line of research, with encour-
aging early findings. For example, a study assessing the potential for games 
combining exercise and cognitive challenges has shown promises in school 
settings, and provide additional evidence for the relevance of an integrated 
approach (Tomporowski, Lambourne, & Okumura 2011). In addition, sev-
eral studies have demonstrated that a combination of executive function and 
physical demands (e.g. martial arts) might be particularly beneficial, especially 
in children (see for a brief review Diamond & Lee 2011).

Clearly, combining interventions also has pitfalls  –  researchers need to 
identify the effect of components in isolation, and a combined regimen can 
obscure their respective effects or require large sample sizes to compensate for 
the additional cells in a factorial design. Good experiments allow a comparison 
of the integrated approach with all the components in isolation –  for example, 
a combination of physical and cognitive training compared with either phys-
ical or cognitive training alone, as described previously (Moreau et al. 2015). 
Obviously, this approach is costly in terms of sample size to achieve adequate 
power, and brings up problems of its own, such as matching duration, fre-
quency, and motivational factors between regimens. Yet in our view it represents 
a necessary line of research if this field is to impact society meaningfully.

Taking Advantage of Developmental Plasticity: 
Applications in the Classroom

As we alluded to in the previous section, adopting an integrated approach 
also has ramifications in the classroom. In a period of intense neural plasticity, 
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the influence of environmental factors on children is potentially greater than 
at any other age across the lifespan. This brings tremendous possibilities to 
teachers, educators, and the educational system in general, but also important 
responsibilities:  the type and strength of learning children experienced will 
have large effects and repercussions on their lives.

Situations that favor multi- sensory integration of motor and cognitive 
demands in the classroom should therefore be encouraged. For example, 
research at the intersection of spatial and embodied cognition shows that the 
addition of passive or active motor features (e.g. action observation, gestures) 
helps reinforce learning and ensure it is integrated meaningfully with existing 
knowledge (Broaders, Cook, Mitchell, & Goldin- Meadow 2007; Cook, 
Mitchell, & Goldin- Meadow 2008). In addition, structured plays combining 
cognitive challenges and physical motion are also essential to optimal cogni-
tive development, and school environments are especially suitable to this type 
of learning. This can come from blends across subjects –  for example, physical 
exercise with mathematics, physics or biology, to understand and experience 
the concepts that are being taught. Facilitating these kinds of translational 
approaches also provide additional motivational components. More than at 
any other age, children are interested in novel and diverse items, a feature 
largely exploited in the preferential looking paradigm on which most psych-
ology research in infants is based (Golinkoff, Hirsh- Pasek, Cauley, & Gordon 
1987). Thus, an approach emphasizing diversity in learning content has the 
potential to remain more appealing to children in the long run.

Finally, through the process of knowledge generalization, transfer emerges 
given sufficient encounters with particular content (Christiansen & Curtin 
1999). This means that multiple explanations of the same ideas are often needed 
before an idea or a concept is well understood and can be applied more generally. 
In the context of school learning, it follows that the process of extracting rules 
can be favored by concurrent or subsequent presentation of the same principle 
in different situations, either across subjects (gravitational forces in physics and 
mathematics, heart rate in biology and PE), or within a particular subject (e.g. 
concept introduced through geometry and further strengthened with algebra). 
The approach proposed here can help diversify learning content in this regard, 
a facet that increases chances of proposing content adapted to each individual, 
based on individual abilities and preferences. The implementation of original 
pedagogical situations requires creativity, willingness, and effort, but can have 
tremendous impact on children’s experience in the classroom.

Other novel approaches are promising and could contribute further to 
bringing physical exercise to the classroom (e.g. High Intensity Training, 
HIT; see Moreau 2015). Most importantly, it is worth reiterating that 
common reductions in physical exercise classes in favor of “core” subjects 
are profoundly ill- conceived, and have shown disastrous consequences when 
implemented (Strong et  al. 2005). On the contrary, more time should be 
dedicated to activities that challenge children cognitively and physically, and 
that encourage the development of complex motor coordination.
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Concluding Remarks: Toward Personalized Regimens

The line of research discussed in this chapter comes at a time of sizeable excite-
ment and promises, but also of greater awareness concerning the subtleties of 
the interaction between physical exercise, brain, and cognition. As the field of 
cognitive training matures, researchers are transitioning from dichotomous 
beliefs about the absolute effectiveness of training regimens toward a finer 
understanding of the inherent mechanisms at play in such complex dynamics. 
In particular, many would now argue that the possibility to impact cognitive 
abilities through training is not the core of the debate, which rather is currently 
focused on the effectiveness of respective components for given populations 
(e.g. Moreau 2015). This idea implies that cognitive abilities thrive in environ-
ments that are individualized, and thus underline the need to deliver content 
adapted to specific deficits and imbalances (Moreau 2014).

In addition, if the neurobiological and neural correlates of the association 
between physical exercise and cognitive improvement are well understood, the 
meaning of cognitive enhancement in general is not. What are the underlying 
mechanisms leading to improvement in cognitive abilities? Can gains last? 
Why do some individuals fail to improve at all? Are there potential tradeoffs? 
These are just a few of the numerous questions this trend of work is bound to 
explore and try to answer. Limitations of the current picture have been raised 
elsewhere (e.g. Hills & Hertwig 2011), and can be circumvented only with 
the establishment of a theoretical framework of cognitive enhancement. Until 
then, cognitive training studies will remain a heterogeneous collection of work 
with no clear common mechanism and connection.

Eventually, one important goal for research at the crossroad of cognitive 
neuroscience and exercise science is to inform policies more directly, so that 
individuals can have access to the tools and knowledge they need to make 
more informed choices when it comes to cognitive health and to maximizing 
their cognitive potential. Advances in this regard, although less dramatic than a 
novel drug or a groundbreaking treatment in the eyes of the public, are none-
theless critical, as they can allow dysfunctions or disorders to be alleviated, 
postponed, or even prevented by early interventions.

Note

 1 Caution is required when defining such a broad field, because this oversimplifi-
cation has often led to a misperception of embodied theories and of their core 
differences with more traditional models of cognition. One particular point that 
has done a disservice to the field of embodied cognition is the recurrent tendency 
to promote embodied theories by opposition to outdated approaches of cognitive 
processing. Some researchers still present embodied cognition as an alternative 
to purely amodal and propositional models of cognition, implicitly or explicitly 
suggested as the current state admitted in cognitive science. This approach is 
clearly misleading and does not make a compelling case for an embodied alterna-
tive to more traditional cognitive theories.

 

 

 

 

 

 

 

 



Physical Exercise and Cognitive Enhancement 181

181

References

Adkins, D. L., J. Boychuk, M. S. Remple, & J. A. Kleim. 2006. “Motor training induces 
experience- specific patterns of plasticity across motor cortex and spinal cord.” Journal 
of Applied Physiology 101 (6): 1776– 82. doi:10.1152/ japplphysiol.00515.2006

Arsenijevic, Y., & S. Weiss. 1998. “Insulin- like growth factor- I is a differentiation factor 
for postmitotic CNS stem cell- derived neuronal precursors: Distinct actions from 
those of brain- derived neurotrophic factor.” Journal of Neuroscience : The Official 
Journal of the Society for Neuroscience 18 (6): 2118– 28.

Astin, J. A., B. M. Berman, B. Bausell, W.- L. Lee, M. Hochberg, & K. L. Forys. 
2003. “The efficacy of mindfulness meditation plus Qigong movement therapy 
in the treatment of fibromyalgia: A randomized controlled trial.” J Rheumatol 30 
(10): 2257– 62.

Barsalou, L. W. 2008. “Grounded cognition.” Annual Review of Psychology 59: 617– 45. 
doi:10.1146/ annurev.psych.59.103006.093639

Beilock, S. L., & S. Goldin- Meadow. 2010. “Gesture changes thought by grounding it in 
action.” Psychological Science 21 (11): 1605– 10. doi:10.1177/ 0956797610385353

Beilock, S. L., I. M. Lyons, A. Mattarella- Micke, H. C. Nusbaum, & S. L. Small. 2008. 
“Sports experience changes the neural processing of action language.” Proceedings of 
the National Academy of Sciences of the United States of America 105 (36): 13269– 73. 
doi:10.1073/ pnas.0803424105

Berchicci, M., G. Lucci, R. L. Perri, D. Spinelli, & F. Di Russo. 2014. “Benefits of 
physical exercise on basic visuo- motor functions across age.” Frontiers in Aging 
Neuroscience 6: 48. doi:10.3389/ fnagi.2014.00048

Berchtold, N. C., J. P. Kesslak, C. J. Pike, P. A. Adlard, & C. W. Cotman. 2001. 
“Estrogen and exercise interact to regulate brain- derived neurotrophic factor mRNA 
and protein expression in the hippocampus.” European Journal of Neuroscience 14 
(12): 1992– 2002.

Black, J. E., K. R. Isaacs, B. J. Anderson, A. A. Alcantara, & W. T. Greenough. 1990. 
“Learning causes synaptogenesis, whereas motor activity causes angiogenesis, in 
cerebellar cortex of adult rats.” Proceedings of the National Academy of Sciences of the 
United States of America 87 (14): 5568– 72.

Blair, S. N. 1995. “Changes in physical fitness and all- cause mortality.” JAMA 273 
(14): 1093. doi:10.1001/ jama.1995.03520380029031

Blumenthal, J. A., C. F. Emery, D. J. Madden, S. Schniebolk, M. Walsh- Riddle, 
L. K. George,… R. E. Coleman. 1991. “Long- term effects of exercise on psy-
chological functioning in older men and women.” Journal of Gerontology 46 (6): 
P352– 61.

Broaders, S. C., S. W. Cook, Z. Mitchell, & S. Goldin- Meadow. 2007. “Making children 
gesture brings out implicit knowledge and leads to learning.” Journal of Experimental 
Psychology. General 136 (4): 539– 50. doi:10.1037/ 0096- 3445.136.4.539

Burdette, J. H., P. J. Laurienti, M A. Espeland, A. Morgan, Q. Telesford, C. D. 
Vechlekar,… W.  J. Rejeski. 2010. “Using network science to evaluate exercise- 
associated brain changes in older adults.” Frontiers in Aging Neuroscience 2:  23. 
doi:10.3389/ fnagi.2010.00023

Cancela Carral, J. M., & C. Ayán Pérez. 2007. “Effects of high- intensity combined 
training on women over 65.” Gerontology 53 (6): 340– 6. doi:10.1159/ 000104098

Carroll, J. 1993. Human cognitive abilities:  A survey of factor- analytical studies. 
New York: Cambridge University Press.

  



182 David Moreau

182

Castelli, D. M., C. H. Hillman, S. M. Buck, & H. E. Erwin. 2007. “Physical fitness and 
academic achievement in third-  and fifth- grade students.” Journal of Sport & Exercise 
Psychology 29 (2): 239– 52.

Chaddock, L., K. I. Erickson, R. S. Prakash, M. W. Voss, M. VanPatter, M. B. 
Pontifex,…A. F. Kramer. 2012. “A functional MRI investigation of the association 
between childhood aerobic fitness and neurocognitive control.” Biological Psychology 
89 (1): 260– 8. doi:10.1016/ j.biopsycho.2011.10.017

Chaddock- Heyman, L., K. I. Erickson, J. L. Holtrop, M. W. Voss, M. B. Pontifex, L. B. 
Raine, …A. F. Kramer. 2014. “Aerobic fitness is associated with greater white matter 
integrity in children.” Frontiers in Human Neuroscience 8:  584. doi:10.3389/ 
fnhum.2014.00584

Chaddock- Heyman, L., K. I. Erickson, M. W. Voss, A. M. Knecht, M. B. Pontifex, 
D. M. Castelli, …A. F. Kramer. 2013. “The effects of physical activity on func-
tional MRI activation associated with cognitive control in children: A randomized 
controlled intervention.” Frontiers in Human Neuroscience 7:  72. doi:10.3389/ 
fnhum.2013.00072

Chapman, S. B., S. Aslan, J. S. Spence, L. F. Defina, M. W. Keebler, N. Didehbani, 
& H. Lu. 2013. “Shorter term aerobic exercise improves brain, cognition, and car-
diovascular fitness in aging.” Frontiers in Aging Neuroscience 5: 75. doi:10.3389/ 
fnagi.2013.00075

Christiansen, M., S. & Curtin. 1999. “Transfer of learning: Rule acquisition or statis-
tical learning?” Trends in Cognitive Sciences 3 (8): 289– 90.

Coe, D. P., J. M. Pivarnik, C. J. Womack, M. J. Reeves, & R. M. Malina. 2006. 
“Effect of physical education and activity levels on academic achievement in chil-
dren.” Medicine and Science in Sports and Exercise 38 (8): 1515– 9. doi:10.1249/ 
01.mss.0000227537.13175.1b

Colcombe, S. J., K. I. Erickson, N. Raz, A. G. Webb, N. J. Cohen, E. McAuley, & A. F. 
Kramer. 2003. “Aerobic fitness reduces brain tissue loss in aging humans.” Journals 
of Gerontology. Series A, Biological Sciences and Medical Sciences 58 (2): 176– 80.

Colcombe, S. J., K. I. Erickson, P. E. Scalf, J. S. Kim, R. Prakash, E. McAuley, 
…A. F. Kramer. 2006. “Aerobic exercise training increases brain volume in aging 
humans.” Journals of Gerontology. Series A, Biological Sciences and Medical Sciences 
61 (11): 1166– 70.

Colcombe, S. J., & A. F. Kramer. 2003. “Fitness effects on the cognitive function of 
older adults: A meta- analytic study.” Psychological Science 14 (2): 125– 30.

Colcombe, S. J., A. F. Kramer, K. I. Erickson, P. Scalf, E. McAuley, N. J. Cohen,…  
S. Elavsky. 2004. “Cardiovascular fitness, cortical plasticity, and aging.” Proceedings 
of the National Academy of Sciences of the United States of America 101 (9): 3316– 21. 
doi:10.1073/ pnas.0400266101

Cook, S. W., Z. Mitchell, & S. Goldin- Meadow. 2008. “Gesturing makes learning 
last.” Cognition 106 (2): 1047– 58. doi:10.1016/ j.cognition.2007.04.010

Cotman, C. W., & N. C. Berchtold. 2002. “Exercise:  A behavioral intervention to 
enhance brain health and plasticity.” Trends in Neurosciences 25 (6): 295– 301.

Davis, C. L., P. D. Tomporowski, C. A. Boyle, J. L. Waller, P. H. Miller, J. A. Naglieri, 
& M. Gregoski. 2007. “Effects of aerobic exercise on overweight children’s cogni-
tive functioning: a randomized controlled trial.” Research Quarterly for Exercise and 
Sport 78 (5): 510– 9. doi:10.1080/ 02701367.2007.10599450

Davis, C. L., S. Tomporowski, J. E. McDowell, B. P. Austin, P. H. Miller, N. E.  
Yanasak,…J. A. Naglieri. 2011. “Exercise improves executive function and 



Physical Exercise and Cognitive Enhancement 183

183

achievement and alters brain activation in overweight children: A randomized, con-
trolled trial.” Health Psychology : Official Journal of the Division of Health Psychology, 
American Psychological Association 30 (1): 91– 8. doi:10.1037/ a0021766

Davis, N. J. 2014. “Transcranial stimulation of the developing brain: A plea for extreme 
caution.” Frontiers in Human Neuroscience 8: 600. doi:10.3389/ fnhum.2014.00600

Diamond, A., & K. Lee. 2011. “Interventions shown to aid executive function devel-
opment in children 4 to 12 years old.” Science 333 (6045): 959– 64. doi:10.1126/ 
science.1204529

Ditye, T., L. Jacobson, V. Walsh, & M. Lavidor. 2012. “Modulating behavioral inhib-
ition by tDCS combined with cognitive training.” Experimental Brain Research, 219 
(3): 363– 8. doi:10.1007/ s00221- 012- 3098- 4

Erickson, K. I., R. S. Prakash, M. W. Voss, L. Chaddock, L. Hu, K. S. Morris,…A. F. 
Kramer. 2009. “Aerobic fitness is associated with hippocampal volume in elderly 
humans.” Hippocampus, 19 (10): 1030– 9. doi:10.1002/ hipo.20547

Erickson, K. I., M. W. Voss, R. S. Prakash, C. Basak, A. Szabo, L. Chaddock,…A. 
F. Kramer. 2011. “Exercise training increases size of hippocampus and improves 
memory.” Proceedings of the National Academy of Sciences of the United States of 
America, 108 (7): 3017– 22. doi:10.1073/ pnas.1015950108

Fabre, C., K. Chamari, P. Mucci, J. Massé- Biron, & C. Préfaut. 2002. “Improvement of 
cognitive function by mental and/ or individualized aerobic training in healthy elderly 
subjects.” International Journal of Sports Medicine 23 (6): 415– 21. doi:10.1055/ 
s- 2002– 33735

Ferris, L. T., J. S. Williams, & C.- L. Shen. 2007. “The effect of acute exercise on serum 
brain- derived neurotrophic factor levels and cognitive function.” Medicine and 
Science in Sports and Exercise 39 (4): 728– 34. doi:10.1249/ mss.0b013e31802f04c7

Gallese, V., & C. Sinigaglia. 2011. “What is so special about embodied simulation?” 
Trends in Cognitive Sciences 15 (11): 512– 9. doi:10.1016/ j.tics.2011.09.003

Glenberg, A. M. 2010. “Embodiment as a unifying perspective for psychology.” Wiley 
Interdisciplinary Reviews. Cognitive Science 1(4): 586– 96. doi:10.1002/ wcs.55

Goh, T. L., J. Hannon, C. Webster, L. Podlog, & M. Newton. 2016. “Effects of a 
TAKE 10!® classroom- based physical activity intervention on 3rd to 5th grades 
children’s on- task behavior.” Journal of Physical Activity & Health. doi:10.1123/ 
jpah.2015- 0238

Golinkoff, R. M., K. Hirsh- Pasek, K. M. Cauley, & L. Gordon. 1987. “The eyes 
have it: Lexical and syntactic comprehension in a new paradigm.” Journal of Child 
Language 14 (1): 23– 45.

Gómez- Pinilla, F., Z. Ying, P. Opazo, R. R. Roy, & V. R. Edgerton. 2001. “Differential 
regulation by exercise of BDNF and NT- 3 in rat spinal cord and skeletal muscle.” 
European Journal of Neuroscience 13 (6): 1078– 84.

Gould, E., C. S. Woolley, M. Frankfurt, & V. McEwen. 1990. “Gonadal steroids regu-
late dendritic spine density in hippocampal pyramidal cells in adulthood.” Journal 
of Neuroscience : The Official Journal of the Society for Neuroscience 10 (4): 1286– 91.

Griffin, É. W., S. Mullally, C. Foley, S. A. Warmington, S. M. O’Mara, & A. M. Kelly. 
2011. “Aerobic exercise improves hippocampal function and increases BDNF in the 
serum of young adult males.” Physiology and Behavior 104 (5): 934– 41. doi:10.1016/ 
j.physbeh.2011.06.005

Güldenpenning, I., D. Koester, W. Kunde, M. Weigelt, & T. Schack. 2011. “Motor 
expertise modulates the unconscious processing of human body postures.” 
Experimental Brain Research 213 (4): 383– 91. doi:10.1007/ s00221- 011- 2788- 7



184 David Moreau

184

Hegarty, M., & D. A. Waller. 2005. “Individual differences in spatial abilities.” In P. 
Shah & A. Miyake (Eds.), The Cambridge Handbook of Visuospatial Thinking (pp. 
121– 69). New York: Cambridge University Press.

Hillman, C. H., K. I. Erickson, & A. F. Kramer 2008. “Be smart, exercise your 
heart:  Exercise effects on brain and cognition.” Nature Reviews Neuroscience 9 
(1): 58– 65. doi:10.1038/ nrn2298

Hillman, C. H., M. B. Pontifex, D. M. Castelli, N. A. Khan, L. B. Raine, M. R. 
Scudder,…K. Kamijo. 2014. “Effects of the FITKids randomized controlled trial on 
executive control and brain function.” Pediatrics 134 (4): e1063– 71. doi:10.1542/ 
peds.2013– 3219

Hills, T., & R. Hertwig. 2011. “Why aren’t we smarter already: Evolutionary trade- 
offs and cognitive enhancements.” Current Directions in Psychological Science 20 
(6): 373– 7. doi:10.1177/ 0963721411418300

Holt, L. E., & S. L. Beilock. 2006. “Expertise and its embodiment: Examining the 
impact of sensorimotor skill expertise on the representation of action- related text.” 
Psychonomic Bulletin and Review 13 (4): 694– 701.

Jeannerod, M. 2001. “Neural simulation of action: A unifying mechanism for motor 
cognition.” NeuroImage 14 (1 Pt 2): S103– 9. doi:10.1006/ nimg.2001.0832

Kamijo, K., M. B. Pontifex, K. C. O’Leary, M. R. Scudder, C.- T. Wu, D. M. Castelli, 
& C. H. Hillman. 2011. “The effects of an afterschool physical activity program on 
working memory in preadolescent children.” Developmental Science 14 (5): 1046– 
58. doi:10.1111/ j.1467- 7687.2011.01054.x

Kane, M. J., D. Z. Hambrick, S. W. Tuholski, O. Wilhelm, T. W. Payne, & R. Engle. 
2004. “The generality of working memory capacity:  A latent- variable approach 
to verbal and visuospatial memory span and reasoning.” Journal of Experimental 
Psychology. General 133 (2): 189– 217. doi:10.1037/ 0096- 3445.133.2.189

Keeley, T. J. H., & K. R. Fox. 2009. “The impact of physical activity and fitness on 
academic achievement and cognitive performance in children.” International Review 
of Sport and Exercise Psychology 2 (2): 198– 214. doi:10.1080/ 17509840903233822

Krafft, C. E., N. F. Schwarz, L. Chi, A. L. Weinberger, D. J. Schaeffer, J. E. Pierce,…J. 
E. McDowell. 2014. “An 8- month randomized controlled exercise trial alters brain 
activation during cognitive tasks in overweight children.” Obesity 22 (1): 232– 42. 
doi:10.1002/ oby.20518

Kramer, A. F., S. Hahn, & D. Gopher. 1999. “Task coordination and aging: Explorations 
of executive control processes in the task switching paradigm.” Acta Psychologica 101 
(2– 3): 339– 78.

Landry, S. P., D. M. Shiller, & F. Champoux. 2013. “Short- term visual deprivation 
improves the perception of harmonicity.” Journal of Experimental Psychology: Human 
Perception and Performance 39 (6): 1503– 7.

Lazarus, A. A. 1976. “Psychiatric problems precipitated by transcendental meditation.” 
Psychological Reports 39 (2): 601– 2. doi:10.2466/ pr0.1976.39.2.601

McMorris, T., & J. Corbett. 2016. “Neurobiological changes as an explanation 
of benefits of exercise.” In H. Budde & M. Wegner (Eds.), Exercise and mental 
health:  Neurobiological mechanisms of the exercise effect on depression, anxiety, and 
well- being. Oxford: Taylor & Francis.

Madhavan, S., & B. Shah. 2012. “Enhancing motor skill learning with transcranial 
direct current stimulation –  a concise review with applications to stroke.” Frontiers 
in Psychiatry 3: 66. doi:10.3389/ fpsyt.2012.00066



Physical Exercise and Cognitive Enhancement 185

185

Mahar, M. T., S. K. Murphy, D. A. Rowe, J. Golden, A. T. Shields, & T. D. 
Raedeke. 2006. “Effects of a classroom- based program on physical activity and 
on- task behavior.” Medicine and Science in Sports and Exercise 38 (12): 2086– 94. 
doi:10.1249/ 01.mss.0000235359.16685.a3

Makizako, H., T. Liu- Ambrose, H. Shimada, T. Doi, H. Park, K. Tsutsumimoto,…T. 
Suzuki. 2015. “Moderate- intensity physical activity, hippocampal volume, and memory 
in older adults with mild cognitive impairment.” Journals of Gerontology. Series A, 
Biological Sciences and Medical Sciences 70 (4): 480– 6. doi:10.1093/ gerona/ glu136

Martin, D. M., R. Liu, A. Alonzo, M. Green, M. J. Player, P. Sachdev, & C. K. Loo. 
2013. “Can transcranial direct current stimulation enhance outcomes from cogni-
tive training? A randomized controlled trial in healthy participants.” International 
Journal of Neuropsychopharmacology /  Official Scientific Journal of the Collegium 
Internationale Neuropsychopharmacologicum (CINP) 16 (9): 1927– 36. doi:10.1017/ 
S1461145713000539

Moore, R. D., E. S. Drollette, M. R. Scudder, A. Bharij, & C. H. Hillman. 2014. 
“The influence of cardiorespiratory fitness on strategic, behavioral, and electro-
physiological indices of arithmetic cognition in preadolescent children.” Frontiers in 
Human Neuroscience 8: 258. doi:10.3389/ fnhum.2014.00258

Mora, F., G. Segovia, & A. del Arco. 2007. “Aging, plasticity and environmental enrich-
ment: Structural changes and neurotransmitter dynamics in several areas of the brain.” 
Brain Research Reviews 55 (1): 78– 88. doi:10.1016/ j.brainresrev.2007.03.011

Moreau, D. 2012. “The role of motor processes in three- dimensional mental rota-
tion:  Shaping cognitive processing via sensorimotor experience.” Learning and 
Individual Differences 22 (3): 354– 9.

Moreau, D. 2013. “Motor expertise modulates movement processing in working 
memory.” Acta Psychologica 142 (3): 356– 61.

Moreau, D. 2014. “Making sense of discrepancies in working memory training 
experiments: A Monte Carlo simulation.” Frontiers in Systems Neuroscience 8: 161. 
doi:10.3389/ fnsys.2014.00161

Moreau, D. 2015. “Brains and brawn: Complex motor activities to maximize cogni-
tive enhancement.” Educational Psychology Review 27 (3): 475– 82. doi:10.1007/ 
s10648- 015- 9323- 5

Moreau, D., J. Clerc, A. Mansy- Dannay, & A. Guerrien. 2012. “Enhancing spatial 
ability through sport practice: Evidence for an effect of motor training on mental 
rotation performance.” Journal of Individual Differences 33 (2): 83– 8. doi:10.1027/ 
1614- 0001/ a000075

Moreau, D., & A. R.  A. Conway. 2013. “Cognitive enhancement:  A comparative 
review of computerized and athletic training programs.” International Review of 
Sport and Exercise Psychology 6 (1): 155– 83. doi:10.1080/ 1750984X.2012.758763

Moreau, D., & A. R.  A. Conway. 2014. “The case for an ecological approach to 
cognitive training.” Trends in Cognitive Sciences 18 (7):  334– 6. doi:10.1016/ 
j.tics.2014.03.009

Moreau, D., A. Morrison, & A. R.  A. Conway. 2015. “An ecological approach to 
cognitive enhancement: Complex motor training.” Acta Psychologica 157: 44– 55. 
doi:10.1016/ j.actpsy.2015.02.007

Moreau, D., A. Wang, P. Tseng, & C.- H. Juan. 2015. “Blending transcranial direct 
current stimulations and physical exercise to maximize cognitive improvement.” 
Frontiers in Psychology 6: 678. doi:10.3389/ fpsyg.2015.00678



186 David Moreau

186

Neeper, S. A., F. Gómez- Pinilla, J. Choi, & C. Cotman. 1995. “Exercise and brain 
neurotrophins.” Nature 373 (6510): 109. doi:10.1038/ 373109a0

Neeper, S. A., F. Gómez- Pinilla, J. Choi, & C. W. Cotman. 1996. “Physical activity 
increases mRNA for brain- derived neurotrophic factor and nerve growth factor in rat 
brain.” Brain Research 726 (1– 2): 49– 56.

Penedo, F. J., & J. R. Dahn. 2005. “Exercise and well- being:  a review of mental 
and physical health benefits associated with physical activity.” Current Opinion in 
Psychiatry 18 (2): 189– 93.

Prakash, R. S., M. W. Voss, K. I. Erickson, J. M. Lewis, L. Chaddock, E. Malkowski, 
…A. F. Kramer. 2011. “Cardiorespiratory fitness and attentional control in the aging 
brain.” Frontiers in Human Neuroscience 4: 229. doi:10.3389/ fnhum.2010.00229

Ruscheweyh, R., C. Willemer, K. Krüger, T. Duning, T. Warnecke, J. Sommer,… 
Flöel. 2011. “Physical activity and memory functions:  An interventional study.” 
Neurobiology of Aging 32 (7): 1304– 19. doi:10.1016/ j.neurobiolaging.2009.08.001

Russo- Neustadt, A., T. Ha, R. Ramirez, & J. P. Kesslak. 2001. “Physical activity- 
antidepressant treatment combination: Impact on brain- derived neurotrophic factor 
and behavior in an animal model.” Behavioural Brain Research 120 (1): 87– 95.

Salthouse, T., & H. Davis. 2006. “Organization of cognitive abilities and neuro-
psychological variables across the lifespan.” Developmental Review 26 (1): 31– 54. 
doi:10.1016/ j.dr.2005.09.001

Schaeffer, D. J., C. E. Krafft, N. F. Schwarz, L. Chi, A. L. Rodrigue, J. Pierce,… 
McDowell. 2014. “An 8- month exercise intervention alters frontotemporal 
white matter integrity in overweight children.” Psychophysiology 51 (8):  728– 33. 
doi:10.1111/ psyp.12227

Schmolesky, M. T., D. L. Webb, & S. Hansen. 2013. “The effects of aerobic exer-
cise intensity and duration on levels of brain- derived neurotrophic factor in healthy 
men.” Journal of Sports Science and Medicine 12 (3): 502– 11.

Shapiro, D. H. 1992. “Adverse effects of meditation: A preliminary investigation of 
long- term meditators.” International Journal of Psychosomatics : Official Publication 
of the International Psychosomatics Institute 39 (1– 4): 62– 7.

Shatil, E. 2013. “Does combined cognitive training and physical activity training 
enhance cognitive abilities more than either alone? A  four- condition randomized 
controlled trial among healthy older adults.” Frontiers in Aging Neuroscience 5: 8. 
doi:10.3389/ fnagi.2013.00008

Smith, J. C., K. A. Nielson, J. L. Woodard, M. Seidenberg, & S. M. Rao. 2013. 
“Physical activity and brain function in older adults at increased risk for Alzheimer’s 
disease.” Brain Sciences 3 (1): 54– 83. doi:10.3390/ brainsci3010054

Smith, J. C., K. A. Nielson, J. L. Woodard, M. Seidenberg, M. D. Verber, S. 
Durgerian,…S. M. Rao. 2011. “Does physical activity influence semantic memory 
activation in amnestic mild cognitive impairment?” Psychiatry Research 193 (1): 60– 2. 
doi:10.1016/ j.pscychresns.2011.04.001

Strong, W. B., R. M. Malina, C. J.  R. Blimkie, S. R. Daniels, R. K. Dishman, B. 
Gutin,…F. Trudeau. 2005. “Evidence based physical activity for school- age youth.” 
Journal of Pediatrics 146 (6): 732– 7. doi:10.1016/ j.jpeds.2005.01.055

Stummer, W., K. Weber, B. Tranmer, A. Baethmann, & O. Kempski. 1994. “Reduced 
mortality and brain damage after locomotor activity in gerbil forebrain ischemia.” 
Stroke; a Journal of Cerebral Circulation 25 (9): 1862– 9.

Taub, E., G. Uswatte, & V. W. Mark. 2014. “The functional significance of cortical 
reorganization and the parallel development of CI therapy.” Frontiers in Human 
Neuroscience 8: 396. doi:10.3389/ fnhum.2014.00396



Physical Exercise and Cognitive Enhancement 187

187

Tomporowski, P. D., K. Lambourne, & M. S. Okumura. 2011. “Physical activity 
interventions and children’s mental function:  An introduction and overview.” 
Preventive Medicine 52 Suppl 1: S3– 9. doi:10.1016/ j.ypmed.2011.01.028

Trudeau, F., & R. J. Shephard. 2008. “Physical education, school physical activity, 
school sports and academic performance.” International Journal of Behavioral 
Nutrition and Physical Activity 5: 10. doi:10.1186/ 1479- 5868- 5- 10

Tsai, C.- L., C.- H. Wang, & Y.- T. Tseng. 2012. “Effects of exercise intervention on 
event- related potential and task performance indices of attention networks in chil-
dren with developmental coordination disorder.” Brain and Cognition 79 (1): 12– 
22. doi:10.1016/ j.bandc.2012.02.004

van Praag, H., Schinder, A. F., Christie, B. R., Toni, N., Palmer, T. D., & Gage, F. H. 
2002. “Functional neurogenesis in the adult hippocampus.” Nature, 415(6875), 
1030– 4. doi:10.1038/ 4151030a

Vaynman, S. S., Z. Ying, D. Yin, & F. Gomez- Pinilla. 2006. “Exercise differentially 
regulates synaptic proteins associated to the function of BDNF.” Brain Research 
1070 (1): 124– 30. doi:10.1016/ j.brainres.2005.11.062

Voss, M. W., R. S. Prakash, K. I. Erickson, C. Basak, L. Chaddock, J. S. Kim,…A. F. 
Kramer. 2010. “Plasticity of brain networks in a randomized intervention trial of 
exercise training in older adults.” Frontiers in Aging Neuroscience 2. doi:10.3389/ 
fnagi.2010.00032

Weinstein, A. M., M. W. Voss, R. S. Prakash, L. Chaddock, A. Szabo, S. White,…K. I. 
Erickson. 2012. “The association between aerobic fitness and executive function is 
mediated by prefrontal cortex volume.” Brain, Behavior, and Immunity 26 (5): 811– 
9. doi:10.1016/ j.bbi.2011.11.008

Wilson, A. D., & S. Golonka. 2013. “Embodied cognition is not what you think it is.” 
Frontiers in Psychology 4: 58. doi:10.3389/ fpsyg.2013.00058

Wilson, M. 2002. “Six views of embodied cognition.” Psychonomic Bulletin and Review 
9 (4): 625– 36.

Winter, B., C. Breitenstein, F. C. Mooren, K. Voelker, M. Fobker, A. Lechtermann … S. 
Knecht. 2007. “High impact running improves learning.” Neurobiology of Learning 
and Memory 87 (4): 597– 609. doi:10.1016/ j.nlm.2006.11.003

Young, J., M. Angevaren, J. Rusted, & N. Tabet. 2015. “Aerobic exercise to improve 
cognitive function in older people without known cognitive impairment.” Cochrane 
Database of Systematic Reviews 4, CD005381. doi:10.1002/ 14651858.CD005381.
pub4


	Cover
	Half Title
	Title Page
	Copyright Page
	Table of Contents
	List of Figures
	List of Tables
	Notes on Contributors
	Preface
	Section 1 The Benefits of Exercise – a Theoretical Introduction (Mechanisms)
	1 Epidemiology of Common Mental Disorders
	Prevalence and Incidence
	Sociodemographic Risk Factors
	Gender
	Age
	Marital Status
	Social Economic Status
	Life Events
	Stigma and Discrimination

	Comorbidity
	Psychiatric Comorbidity
	Physical Comorbidity
	Physical Activity

	Course of Major Depression
	Child and Adolescent Studies
	Societal Cost
	Global Burden of Disease
	Treatment Gap
	Conclusion
	References

	2 Neurobiological Changes as an Explanation of Benefits of Exercise
	Introduction
	Neurochemical Hypotheses for Depression and Anxiety
	Catecholamines Hypothesis
	Monoamine Hypothesis
	Hypothalamic-Pituitary-Adrenal Axis Hormones, and Depression and Anxiety
	Brain-Derived Neurotrophic Factor Hypothesis and Morphological Considerations

	Physiological Changes Caused by Acute and Chronic Exercise
	Neurochemicals, Exercise and Depression, Anxiety and Well-Being
	Catecholamines
	Synthesis and Release
	Catecholamines During Exercise
	Evidence for Acute Exercise-Induced Increases in Brain Concentrations of Catecholamines
	Long-Term Effects of Exercise-Induced Changes in Brain Catecholamines Concentrations

	5-Hydroxytryptamine
	Synthesis and Release
	5-Hydroxytryptamine and Exercise

	Hypothalamic-Pituitary-Adrenal Axis Hormones
	Synthesis and Release

	Evidence for Acute Exercise-Induced Increases in Brain Concentrations of HPA Axis Hormones
	Long-Term Effects of Exercise-Induced Changes in Brain HPA Axis Hormones


	Growth Factors, Exercise and Depression, Anxiety and Well-Being
	Brain-Derived Neurotrophic Factor
	Synthesis and Release
	Brain-Derived Neurotrophic Factor and Exercise
	Evidence for Exercise-Induced Increases in Brain Concentrations of BDNF

	Other Growth Factors
	Interactions Between Growth Factors
	Morphology


	Empirical Evidence for an Exercise-Neurobiology-Depression/Anxiety/Psychological Well-Being Interaction
	Conclusion
	References

	3 Causality in the Associations Between Exercise, Personality, and Mental Health
	Introduction
	Causality in the Association Between Exercise and Mental Health
	Randomized Controlled Exercise Training Studies
	Longitudinal Studies in Population-Based Samples
	Causality in Genetically Informative Designs
	Exercise and Anxiety/Depression
	Exercise and Well-Being


	Causality in the Association Between Personality and Exercise
	Neuroticism and Exercise
	Extraversion and Exercise

	Summary of Findings and Conclusions
	Relevance to Exercise Intervention Programmes
	Limitations and Directions for Future Research

	References

	4 Treating Depression with Exercise: An Immune Perspective 
	Introduction: Depression and Inflammation
	Treating Depression with Exercise: The Role of IL-6
	Treating Depression with Exercise: The Hypothalamic–Pituitary–Adrenal Axis
	Summary
	References


	Section 2 Age-Related Effects of Exercise on Mental Health
	5 The Exercise Effect on Mental Health in Children and Adolescents
	Introduction
	The Exercise Effect on Psychological Well-Being in Children and Adolescents
	Chronic Effects
	Acute Effects

	The Exercise Effect on Anxiety in Children and Adolescents
	Chronic Effects
	Acute Effects

	The Exercise Effect on Depression in Children and Adolescents
	The Exercise Effect on Cognitive Functions in Children and Adolescents
	Chronic Effects
	Acute Effects

	Physiological Mechanisms Underlying the Positive Effects of Exercise in Children and Adolescents
	Hypothalamic-Pituitary-Adrenal (HPA) Axis
	Sex Hormones
	Brain Structure
	Serotonergic System
	Brain-Derived Neurotrophic Growth Factor (BDNF)

	References

	6 The Exercise Effect on Mental Health in Older Adults
	Introduction
	Cognition
	Healthy Aging of Cognitive Functions and the Brain
	Cognitive and Neuronal Plasticity
	Dementia and Mild Cognitive Impairment
	Physical Activity to Prevent or Postpone MCI and Dementia
	Types of Exercise and Doses
	Mechanisms of the Exercise Effect on MCI and Dementia
	Neuroplasticity
	Neurotrophic Factors
	Brain ß-Amyloid and Microtubule-Associated Protein Tau (MAPT)
	Vascular Contributions



	Psychological Well-Being
	Depression and Anxiety
	Interaction of Dementia and Depression
	Depression
	Which Types and Doses of Exercises Lead to Reductions in Depression?
	Anxiety Disorders
	Types of Exercise and Doses
	Mechanisms of the Exercise Effect on Depression and Anxiety
	Neurotransmitter
	HPA Axis Activity
	Inflammation and Oxidative and Nitrogen Stress
	Neurotrophic Factors


	Self-Efficacy and Self-Esteem
	Types of Exercise and Doses
	Mechanisms of the Exercise Effect on Self-Efficacy and Self-Esteem


	Conclusion and Future Directions
	References


	Section 3 Exercise Effects in Cognition and Motor Learning
	7 Physical Exercise and Cognitive Enhancement
	Introduction
	Cognitive Benefits of Physical Exercise
	Structural and Functional Changes in the Brain
	Neurobiological Mechanisms of Exercise-Induced Improvements
	The Embodied Cognition Framework
	Beyond Mere Physical Exercise: Complex Motor Activities
	Taking Advantage of Developmental Plasticity: Applications in the Classroom
	Concluding Remarks: Toward Personalized Regimens
	Note
	References

	8 Exercise-Induced Improvement in Motor Learning
	Introduction
	Exercise- and Motor Learning-Induced Adaptations of the Central Nervous System
	Systems Level
	Transcranial Magnetic Stimulation (TMS)
	Structural and Functional Magnetic Resonance Imaging

	Cellular Level
	Molecular Level

	Behavioral Evidence
	Acute Exercise
	Acute Exercise Before Learning
	Acute Exercise After Learning

	Long-Term Exercise

	Hypothetical Mechanisms for Exercise-Induced Improvement in Motor Learning
	Future Directions
	References
	Acknowledgments

	9 Exercise Effects in Cognition and Motor Learning
	Introduction
	Learning and Memory
	Neurocircuitry of Learning and Memory
	The Hippocampus and Declarative Memory

	Exercise and Declarative Learning and Memory
	Acute Exercise and Learning and Memory in Humans
	Chronic Exercise in Animals and Humans

	Conclusions and Future Directions
	References


	Section 4 Sport vs. Exercise and Their Effects on Emotions and Psychological Diseases
	10 Exercise in the Prevention, Treatment, and Management of Addictive Substance Use
	Introduction
	Prevalence, Health Consequences, and Treatment Options for Cigarette Smoking
	Prevalence, Health Consequences, and Treatment Options for Alcohol and Substance Use Disorders
	Other Possible Addictions of Relevance to the Chapter
	A Model for Understanding the Role of Exercise as a Treatment Option for Addictions

	Exercise and Addictions: What is the Evidence?
	Physical Activity, Smoking, and Nicotine Use
	Physical Activity, Alcohol Use, and Alcohol Use Disorders
	Physical Activity and Other Substance Use Disorders
	Physical Activity and Uncontrolled Snacking

	Possible Mechanisms
	Biological Mechanism

	Future Research Questions
	Practical Implications
	References

	11 Morbid Exercise Behavior: Addiction or Psychological Escape?
	Introduction: Definition and Terminology
	Primary and Secondary Exercise Addiction
	Diagnosis and Risk Assessment of Exercise Addiction
	The Obligatory Exercise Questionnaire (OEQ)
	The Exercise Dependence Questionnaire (EDQ)
	The Exercise Dependence Scale (EDS)
	The Exercise Addiction Inventory (EAI)
	Other Less Frequently Used Tools in the Assessment of Exercise Addiction
	A Note of Caution on the Interpretation of Scalar Tools

	Theoretical Explanations for Exercise Addiction
	The Sympathetic Arousal Hypothesis
	The Cognitive Appraisal Hypothesis
	The Four Phase Model
	The Biopsychosocial Model
	The Interleukin Six (IL-6) Model
	The Monoamine Model
	The Endorphin Model
	The Pragmatics, Attraction, Communication, Expectation (PACE) Model
	The Interactional Model of Exercise Addiction

	Research Trends in Exercise Addiction
	The Prevalence of Risk for Exercise Addiction

	Co-Morbidities and Predisposing Factors in Exercise Addiction
	Eating Disorders
	Narcissism
	Perfectionism
	Self-Esteem
	Neuroticism and Extraversion

	Addiction or Psychological Escape?
	Conclusions
	Note
	References

	12 Aerobic Exercise in People with Schizophrenia: From Efficacy to Effectiveness 
	Introduction
	Methods
	Search Strategy
	Eligibility Criteria
	Data Extraction
	Data Analysis

	Results
	Search Results
	Characteristics of the Aerobic Exercise Interventions
	Physical and Mental Health Outcomes of Aerobic Exercise
	Cardio-Metabolic Risks
	Cardiorespiratory Fitness
	Psychiatric Symptoms
	Brain Health and Neurocognition
	Medical Clearance Guidelines
	Drop-Out Rates Exercisers
	Motivational Strategies Used


	Discussion
	General Findings
	A Standardized Risk Stratification
	Evidence-Based Strategies for Improving Motivation and Adherence to Aerobic Exercise in People with Schizophrenia
	Points to Consider

	Conclusions
	References

	13 Exercise and Anxiety Disorders
	What Is Anxiety?
	Treatment
	Incidence of Anxiety Disorders in Physically Active Subjects
	Exercise and Anxiety: Current State of Research
	Panic Disorder with/without Agoraphobia
	Post-Traumatic Stress Disorder
	Obsessive-Compulsive Disorder
	Social Anxiety Disorder
	Generalized Anxiety Disorder
	Mixed Samples
	Meta-Analysis

	Kind of Exercise
	Different Kinds of Exercise
	Additional Exercise vs. Monotherapy
	Extent of Exercise
	Intensity of Exercise
	Control Groups

	Mechanisms of Action
	Psychological Mechanisms
	Biological Mechanisms

	Is Exercise Safe for Panic Patients?
	Conclusion
	References

	14 Exercise and ADHD: Implications for Treatment 
	Introduction
	What Is ADHD?
	Current Treatment for ADHD
	Exercise as Treatment for ADHD

	The Underlying Mechanisms of Change by Physical Activity
	Exercise Effects on Behavioral Symptoms
	Exercise Effects on Both Behavioral Symptoms and Cognitive Functions
	Randomized Controlled Trials and Exercise Effects on EF Processes
	Acute Studies
	Chronic Studies


	Conclusions and Recommendations for Future Research
	References

	15 Can Physical Activity Prevent or Treat Clinical Depression?
	Chapter Aims
	Introduction
	Physical Activity and Exercise
	Defining “Clinical” Depression
	Prevalence of Depression
	Depression Is Linked to Physical Health Problems
	Prevention of Depression by Physical Activity and Exercise

	Reviewing the Evidence Base for Physical Activity as a Treatment for Depression
	Systematic Reviews
	Challenges for Researchers Conducting Trials with Physical Activity or Exercise as a Treatment for Depression
	Further Systematic Reviews in Relation to Exercise and Depression

	Physical Activity and Depression: What Are the Potential Neurobiological Mechanisms?
	Neurotransmitters and Neuropeptides
	Stress and the Hypothalamic-Pituitary-Adrenal Axis (HPA)
	Pro-Inflammatory Cytokines and Exercise
	Metabolism, Blood Flow, and Angiogenesis
	Neurogenesis and Neurotrophic Factors
	Neurobiological Mechanisms: Conclusions

	Published Guidelines
	Increasing Acknowledgment from Mental Health Professionals of the Role of Physical Activity and Exercise
	Chapter Summary
	Note
	References


	Section 5 Implications for the Health Sector and School
	16 Prescribing Exercise for Mental Health: Mode and Dose-Response Considerations 
	Introduction
	Mode of Exercise
	Aerobic
	Resistance
	Integrated Mind and Body

	Dose-Response Considerations
	Evidence for Exercise and Depression
	Aerobic Exercise Evidence
	Resistance Exercise Evidence
	Meta-Analytic Evidence

	Evidence for Exercise and Anxiety
	Aerobic Exercise Evidence
	Resistance Exercise Evidence
	Meta-Analytic Evidence

	Evidence for Exercise and Cognitive Functioning
	Aerobic Exercise Evidence
	Resistance Exercise Evidence
	Meta-Analytic Evidence

	Mind-and-Body Exercise for Health
	General Recommendations
	References

	17 Acute vs. Chronic Effects of Exercise on Mental Health
	Introduction
	Stress
	Defining Stress
	Acute Exercise and Stress
	Chronic Exercise and Stress
	Implications for the Health Sector and School

	Anxiety
	Acute Exercise and Anxiety
	Anaerobic Exercise (e.g. Resistance Exercise)

	Chronic Exercise and Anxiety
	Aerobic Exercise
	Resistance Exercise

	Implications for the Health Sector and School

	Depression
	Resistance Exercise and Depression
	Aerobic Exercise and Depression
	Implications for the Health Sector and School

	Cognitive Function
	Acute Exercise and Cognitive Function
	Chronic Exercise and Cognitive Function
	Implications for the Health Sector and School

	Psychological Well-Being
	Acute Exercise and Psychological Well-Being
	Chronic Exercise and Psychological Well-Being
	Implications for the Health Sector and School

	Conclusion
	Note
	References

	18 Can Physical Activity Prevent Mental Illness?
	Introduction
	Does Physical Activity Prevent Dementia?
	Search Strategy
	Inclusion/Exclusion Criteria
	Study Identification and Selection
	Study Characteristics

	Does Being Physically Active Prevent Dementia?
	How Much Physical Activity Is Needed to Prevent Dementia?
	Gene–Environment Interaction to Prevent Dementia
	Methodological Issues and Future Research
	What Mechanisms Could Explain the Preventive Effect of Physical Activity on Dementia?

	Conclusion
	Physical Activity and the Prevention of Depression
	Search Strategy
	Inclusion/Exclusion Criteria
	Study Identification and Selection
	Study Characteristics

	Can Physical Activity Help Prevent Depression?
	How Much PA Is Needed to Help Prevent Depression?
	Can Fluctuating Levels of Physical Activity Over Time Influence Outcomes in Depression?
	What Mechanisms Explain Physical Activity’s Preventive Effect on Depression?
	Methodological Issues and Future Research

	Conclusion
	A Final Overview
	References


	Index

