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Can you make yourself smarter? For over a century, cognitive enhancement has been an
elusive endeavor in cognitive psychology. Training on a particular task meant specific, hardlytransferable, improvements (e.g., Ericsson et al., 1993). Recent findings, however, provide reasons
to believe that some interventions can induce more general gains. For example, training programs
based on physical exercise have shown remarkable benefits (Hillman et al., 2008), in line with
recommendations for ecological interventions (Moreau and Conway, 2014). Other non-invasive
interventions also appear to be promising—not only to experimental purposes, but also in
terms of direct applications to clinical and non-clinical populations (e.g., mindfulness/meditation
techniques, interactions with natural environments, cognitive training, brain stimulations).
In particular, research based on transcranial Direct Current Stimulation (tDCS) has shown
encouraging findings. Here, we address the promise of combining propitious interventions such
as tDCS and physical exercise to maximize cognitive improvement.
Before we delve into the means to maximize cognitive enhancement, let us rationalize our idea
of combining interventions. The field of cognitive training has been at the core of fairly heated
debates in the past few years; for example, what should count as evidence for the effectiveness of an
intervention has brought much disagreement (see for example Boot et al., 2013). In theoretical
approaches of cognition, the experimental group is usually compared with an active control
group—a control group that engages in an equally challenging and interesting training condition,
only not in the ability targeted (e.g., Redick et al., 2013). This is often difficult in practice and is
source of differences in opinion over what is an adequate control for a given training condition,
especially to limit the influence of potential confounding variables (e.g., motivation, Duckworth
et al., 2011). Conversely, in clinical settings a novel treatment is usually compared with the best
current treatment—what needs to be established in the superiority of the novel intervention over
the traditional approach. Such studies are less informative in terms of theoretical understanding
of human cognition, but their application is more direct, as they provide clear directions within
ecological environments. Eventually, the effectiveness of an intervention and the understanding of
its underlying processes converge as more data and knowledge is accumulated—the gap between
what is known to work and how it is known to work closes.
From a theoretical point of view, therefore, combining different interventions often obscures
experimental results, as each combination needs to be compared against each single treatment
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physical exercise can improve brain health and plasticity via
a variety of mechanisms from cellular to system levels, such
as brain-derived neurotrophic factor (BDNF) and insulin-like
growth factor (IGF-1) concentrations (Cotman and Berchtold,
2002), brain volume (Erickson et al., 2011), complexity of
neuronal activity (Wang et al., 2014), and white matter integrity
(Burzynska et al., 2014). Beyond aerobic fitness, studies have also
shown that skill sets that are associated with a specific sport can
also modulate cognitive performance (Jacobson and Matthaeus,
2014). For example, tennis players possess better temporal
processing than fitness-matched athlete controls (Overney et al.,
2008; Wang et al., 2013), badminton players have superior visuospatial skills and greater modulations on neural oscillations
than naïve controls (Jin et al., 2011; Wang et al., 2015), and
wrestlers are better at solving mental rotation problems than
runners (Moreau et al., 2012). These findings suggest that beyond
the general effect of aerobic fitness on cognition, there also is
an additional domain-specific benefit to be gained from sports
training (Voss et al., 2010; Moreau and Conway, 2014). Thus,
sport can be one type of cognitive training that, over a reasonable
amount of time, results in more efficient brain functioning
(Yarrow et al., 2009; Voss et al., 2010). Given the known effects
of tDCS on motor learning, it appears that, if appropriately
utilized (e.g., timing of stimulation), tDCS could maximize the
effectiveness of sports interventions, either by aiding cognitive or
motor learning (see Table 1).

it contains. However, when the goal is to benefit human
populations, such combinations can be particularly powerful. For
example, this idea has led to training programs bridging together
physical and cognitive demands, either separately (Shatil, 2013)
or within single interventions (Moreau and Conway, 2014).
Here, we discuss the potential of combining tDCS with physical
exercise—one of the most reliable and well-documented means
to trigger general cognitive improvement—and the extent to
which such combination can favor long-term neural changes and
durable cognitive improvement.

Combining Transcranial Direct Current
Stimulations with Physical Exercise
The past decade has seen the rise of brain stimulation techniques
not only as a way to gain a more accurate understanding of
human neural circuitry but also to alter patterns of neural
activation. In essence, tDCS is a non-invasive stimulation
technique that can either facilitate or suppress brain excitability
by applying anodal or cathodal electrical stimulation through
surface electrodes (Nitsche et al., 2003). Although, the precise
mechanisms at play are not well understood yet (Bestmann et al.,
2015), the potential of tDCS for cognitive enhancement has been
emphasized in numerous research publications (e.g., Banissy and
Muggleton, 2013; Richmond et al., 2014; but see also Davis, 2014).
One of the most effective uses of tDCS might be in
combination with other methods of cognitive enhancement.
In particular, recent research has shown that cognitive training
can improve cognitive task performance (Anguera et al., 2013;
Mishra et al., 2014), while further enhancement has been
reported when cognitive training is combined with tDCS
stimulation (Martin et al., 2014). In addition to cognitive
training, others have revealed the utility of tDCS in motor skill
learning (Reis et al., 2009; Tecchio et al., 2010; Stagg et al.,
2011). For example, Stagg et al. (2011), employing tDCS during
an explicit motor learning task, found that anodal stimulation
was related to faster learning while cathodal stimulation led to
slower learning. Notably, delivery of both types of stimulation
before the task produced a disruption of learning speed, whereas
administration of anodal stimulations following motor training
resulted in motor improvement (Tecchio et al., 2010). These
findings thus highlight the importance of timing in tDCS
stimulation of the motor cortex, depending on the intended
purpose (e.g., acquisition, performance, or consolidation; Banissy
and Muggleton, 2013). In addition, this suggests that anodal
tDCS modulates cortical excitability associated with motor
learning (Stagg et al., 2011), thus emphasizing the potential of
tDCS to increase neuroplasticity following motor skill learning
(Liebetanz et al., 2002).
Given the promising results of non-invasive brain stimulation
in the laboratory, one might ask whether there is any way to
further maximize the size and the durability of improvements.
We argue that one possible approach is to combine brain
stimulation with physical exercise. Cognitive enhancement has
recently been associated with sport and exercise experience
(Hillman et al., 2008; Yarrow et al., 2009; Alves et al., 2013;
Moreau and Conway, 2013). There is increasing evidence that
Frontiers in Psychology | www.frontiersin.org

Future Prospects and Challenges
The impact of a combination of brain stimulations and
physical training will ultimately depend on the identification of
their precise neural underpinnings. To our knowledge, limited

TABLE 1 | Comparison of the principal neural and behavioral changes
following tDCS and physical exercise.
Level of observation

tDCS

Physical exercise

Neurobiological

Acetylcholine ↑

Growth factors (e.g., BDNF,
IGF-1, VEGF) ↑

GABA ↓

Dopamine ↑

Dopamine ↑

Glutamate ↑

Glutamate ↑

Norepinephrine ↑

Cortical activation ↑

Serotonin ↑
Brain vascularization ↑
Neurogenesis ↑
Synaptogenesis ↑
Brain structure (e.g., cerebral
cortex, hippocampus) ↑

Behavioral

Learning ↑

Attention ↑

Perception ↑

Inhibition ↑

Response selection ↑

Visuo-spatial cognition ↑

Motor ↑

Executive control ↑

Inhibition ↑

Long-term memory ↑

Working memory ↑

Working memory ↑

Error awareness ↑

Academic performance ↑

Rehabilitation ↑

Daily living ↑
Stress, Anxiety ↓
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research has investigated the effect of combining physical exercise
and brain stimulation, presumably because studies often aim
to single out one source of facilitation instead of combining a
variety of variables for maximized gain. However, studies have
shown that the beneficial effect of aerobic fitness on cognition
is most evident in the integrity of white matter (Voss et al.,
2013), especially in low-fit elderly adults (Burzynska et al.,
2014), a finding compelling with the domain-general effect of
aerobic exercise. In contrast, the effect of brain stimulation
is regionally specific, limiting its effect to superficial cortical
(i.e., gray matter) areas. Since the cognitive benefits of physical
exercise and tDCS share little common neural areas, it is plausible
that effects from combination of both interventions could be
additive. Although, contingent on successfully blending several
experimental constraints (e.g., retaining adequate statistical
power, despite the inclusion of physical exercise only and tDCS
only conditions), this idea represents a very promising area of
research, with numerous direct applications.
When considering more complex activities such as sports,
predicting the outcome of a combination with tDCS becomes
slightly more complicated. This is because the cognitive demands
of sustained sports training mostly tap long-term changes in
cortical areas, and thus adding tDCS to stimulate the same
areas might not produce an additive effect. This rationale is
supported by a recent study by Bortoletto et al. (2015), where
anodal tDCS facilitated learning only when applied concurrently
during a non-learning task, and anodal tDCS actually impaired
learning when applied during an active learning task that induced
cortical excitability. Similar conclusion can also be drawn from a
comparison between low and high performers in a study by Tseng
et al. (2012), where the authors reported that only low performers
benefited from tDCS. Therefore, if a trainee or athlete has already
optimized the activation level of a brain region (or network) and
reached a high level of performance, the facilitating effect of tDCS
may be minimal. Interestingly, several studies have demonstrated
that the effect of tDCS can be greater when applied concurrently
during the practice session. If we view the practice session as
a form of cognitive training, these studies might suggest that
there is much to be gained by combining cognitive training with
brain stimulation (e.g., Ditye et al., 2012). Note that the two ideas
are not mutually exclusive—it is possible that brain stimulation
could speed up learning rates in cognitive training, while still
lacking the ability to overcome plateauing. This emphasizes the
importance of considering individual differences in cognitive
training (Jaeggi et al., 2014; Moreau, 2014), to offer potent
interventions for everyone.
Moreover, one study recently demonstrated that tDCSrelated enhancement in motor learning and temporal processing

involves BDNF secretion that regulates synaptic plasticity
(Fritsch et al., 2010) and increased neuronal complexity (Liang
et al., 2014), both of which have been associated with longterm physical exercise (Erickson et al., 2011; Wang et al.,
2014). It might therefore be advantageous to test the effect of
sport training combined with tDCS stimulation by observing
endocrinological and neurophysiological responses, as both
may help uncover additional mechanisms behind cognitive
changes. Clearly, these arguments need to be experimentally
validated before further claims can be made about the efficacy
of combining tDCS and physical exercise. Considering the
current lack of definitive findings in this area, studies should
take advantage of these technological advances to optimize
stimulation parameters and training program for maximized
cognitive gains.

Concluding Remarks
We have presented herein our views on combining tDCS
with other well-established interventions such as physical
exercise. The rationale we advocated goes beyond this particular
combination, and others have been presented as valid, such as
tDCS with cognitive training (e.g., Martin et al., 2013). However,
there are unique advantages in considering a combination
with physical exercise rather than with cognitive training, as
interventions based on the former do not suffer the skepticism
associated with the latter. We believe this field of research is
promising and will open venues for numerous applications,
including healthy aging. In this endeavor, we should keep in
mind that long-term consequences of transcranial stimulations
are not well understood—scholars have recently been calling for
caution regarding the use of these techniques (Davis, 2014), while
others have pointed out that the lack of behavioral, physiological,
and computational models undermines their clinical applications
(Bestmann et al., 2015). With these current limitations in
mind, the promise of careful investigations far outweighs the
associated risks, and the potential to treat or alleviate numerous
conditions remains exciting. If the field of cognitive enhancement
is to make a substantial impact on human lives, it needs to
incorporate personalized combinations of the most promising
interventions.

Acknowledgments
CHJ work was supported by the Ministry of Science and
Technology, Taiwan (MOST-104-2420-H-008-001-MY2). CHW
was supported by the Ministry of Science and Technology,
Taiwan (MOST-103-2410-H-006-127-).

References

Banissy, M. J., and Muggleton, N. G. (2013). Transcranial direct current
stimulation in sports training: potential approaches. Front. Hum. Neurosci.
7:129. doi: 10.3389/fnhum.2013.00129
Bestmann, S., de Berker, A. O., and Bonaiuto, J. (2015). Understanding the
behavioural consequences of noninvasive brain stimulation. Trends Cogn. Sci.
19, 13–20. doi: 10.1016/j.tics.2014.10.003
Boot, W. R., Simons, D. J., Stothart, C., and Stutts, C. (2013). The pervasive
problem with placebos in psychology: why active control groups are not

Alves, H., Voss, M. W., Boot, W. R., Deslandes, A., Cossich, V., Salles, J. I., et al.
(2013). Perceptual-cognitive expertise in elite volleyball players. Front. Psychol.
4:36. doi: 10.3389/fpsyg.2013.00036
Anguera, J. A., Boccanfuso, J., Rintoul, J. L., Al-Hashimi, O., Faraji, F., Janowich,
J., et al. (2013). Video game training enhances cognitive control in older adults.
Nature 501, 97–101. doi: 10.1038/nature12486

Frontiers in Psychology | www.frontiersin.org

3

May 2015 | Volume 6 | Article 678

Moreau et al.

Combining tDCS with physical exercise

Moreau, D. (2014). Making sense of discrepancies in working memory training
experiments: a Monte Carlo simulation. Front. Syst. Neurosci. 8:161. doi:
10.3389/fnsys.2014.00161
Moreau, D., Clerc, J., Mansy-Dannay, A., and Guerrien, A. (2012). Enhancing
spatial ability through sport practice: evidence for an effect of motor training on
mental rotation performance. J. Individ. Differ. 33, 83–88. doi: 10.1027/16140001/a000075
Moreau, D., and Conway, A. R. A. (2013). Cognitive enhancement: a
comparative review of computerized and athletic training programs.
Int. Rev. Sport Exerc. Psychol. 6, 155–183. doi: 10.1080/1750984X.2012.
758763
Moreau, D., and Conway, A. R. A. (2014). The case for an ecological
approach to cognitive training. Trends Cogn. Sci. 18, 334–336. doi:
10.1016/j.tics.2014.03.009
Nitsche, M. A., Liebetanz, D., Lang, N., Antal, A., Tergau, F., and Paulus, W.
(2003). Safety criteria for transcranial direct current stimulation (tDCS) in
humans. Clin. Neurophysiol. 114, 2220–2222. doi: 10.1016/S1388-2457(03)
00235-9
Overney, L. S., Blanke, O., and Herzog, M. H. (2008). Enhanced temporal but
not attentional processing in expert tennis players. PLoS ONE 3:e2380. doi:
10.1371/journal.pone.0002380
Redick, T. S., Shipstead, Z., Harrison, T. L., Hicks, K. L., Fried, D. E., Hambrick,
D. Z., et al. (2013). No evidence of intelligence improvement after working
memory training: a randomized, placebo-controlled study. J. Exp. Psychol. Gen.
142, 359. doi: 10.1037/a0029082
Reis, J., Schambra, H. M., Cohen, L. G., Buch, E. R., Fritsch, B., Zarahn,
E., et al. (2009). Noninvasive cortical stimulation enhances motor skill
acquisition over multiple days through an effect on consolidation.
Proc. Natl. Acad. Sci. U.S.A. 106, 1590–1595. doi: 10.1073/pnas.080
5413106
Richmond, L. L., Wolk, D., Chein, J., and Olson, I. R. (2014). Transcranial direct
current stimulation enhances verbal working memory training performance
over time and near transfer outcomes. J. Cong. Neurosci. 26, 2443–2454. doi:
10.1162/jocn_a_00657
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. Front. Aging Neurosci.
5:8. doi: 10.3389/fnagi.2013.00008
Stagg, C. J., Jayaram, G., Pastor, D., Kincses, Z. T., Matthews, P. M.,
and Johansen-Berg, H. (2011). Polarity and timing-dependent effects
of transcranial direct current stimulation in explicit motor learning.
Neuropsychologia 49, 800–804. doi: 10.1016/j.neuropsychologia.2011.
02.009
Tecchio, F., Zappasodi, F., Assenza, G., Tombini, M., Vollaro, S., Barbati, G., et al.
(2010). Anodal transcranial direct current stimulation enhances procedural
consolidation. J. Neurophysiol. 104, 1134–1140. doi: 10.1152/jn.00661.
2009
Tseng, P., Hsu, T. Y., Chang, C. F., Tzeng, O. J., Hung, D. L., Muggleton, N. G., et al.
(2012). Unleashing potential: transcranial direct current stimulation over the
right posterior parietal cortex improves change detection in low-performing
individuals. J. Neurosci. 32, 10554–10561. doi: 10.1523/JNEUROSCI.036212.2012
Voss, M. W., Erickson, K. I., Prakash, R. S., Chaddock, L., Kim, J. S., Alves,
H., et al. (2013). Neurobiological markers of exercise-related brain plasticity
in older adults. Brain Behav. Immun. 28, 90–99. doi: 10.1016/j.bbi.2012.
10.021
Voss, M. W., Kramer, A. F., Basak, C., Prakash, R. S., and Roberts, B. (2010).
Are expert athletes’ expert in the cognitive laboratory? A meta-analytic review
of cognition and sport expertise. Appl. Cogn. Psychol. 24, 812–826. doi:
10.1002/acp.1588
Wang, C. H., Chang, C. C., Liang, Y. M., Shih, C. M., Muggleton, N. G., and
Juan, C. H. (2013). Temporal preparation in athletes: a comparison of tennis
players and swimmers with sedentary controls. J. Mot. Behav. 45, 55–63. doi:
10.1080/00222895.2012.740522
Wang, C. H., Tsai, C. L., Tseng, P., Yang, A. C., Lo, M. T., Peng, C. K., et al. (2014).
The association of physical activity to neural adaptability during visuo-spatial
processing in healthy elderly adults: A multiscale entropy analysis. Brain Cogn.
92, 73–83. doi: 10.1016/j.bandc.2014.10.006

sufficient to rule out placebo effects. Perspect. Psychol. Sci. 8, 445–454. doi:
10.1177/1745691613491271
Bortoletto, M., Pellicciari, M. C., Rodella, C., and Miniussi, C. (2015).
The interaction with task-induced activity is more important than
polarization: a tDCS study. Brain Stimul. 8, 269–276. doi: 10.1016/j.brs.2014.
11.006
Burzynska, A. Z., Chaddock-Heyman, L., Voss, M. W., Wong, C. N., Gothe, N.
P., Olson, E. A., et al. (2014). Physical activity and cardiorespiratory fitness are
beneficial for white matter in low-fit older adults. PLoS ONE 9:e107413. doi:
10.1371/journal.pone.0107413
Cotman, C. W., and Berchtold, N. C. (2002). Exercise: a behavioral intervention
to enhance brain health and plasticity. Trends Neurosci. 25, 295–301. doi:
10.1016/S0166-2236(02)02143-4
Davis, N. J. (2014). Transcranial stimulation of the developing brain: a plea
for extreme caution. Front. Hum. Neurosci. 8:600. doi: 10.3389/fnhum.2014.
00600
Ditye, T., Jacobson, L., Walsh, V., and Lavidor, M. (2012). Modulating behavioral
inhibition by tDCS combined with cognitive training. Exp. Brain Res. 219,
363–368. doi: 10.1007/s00221-012-3098-4
Duckworth, A. L., Quinn, P. D., Lynam, D. R., Loeber, R., and Stouthamer-Loeber,
M. (2011). Role of test motivation in intelligence testing. Proc. Natl. Acad. Sci.
U.S.A. 108, 7716–7720. doi: 10.1073/pnas.1018601108
Erickson, K. I., Voss, M. W., Prakash, R. S., Basak, C., Szabo, A., Chaddock, L.,
et al. (2011). Exercise training increases size of hippocampus and improves
memory. Proc. Natl. Acad. Sci. U.S.A. 108, 3017–3022. doi: 10.1073/pnas.
1015950108
Ericsson, K. A., Krampe, R. T., and Tesch-Römer, C. (1993). The role of deliberate
practice in the acquisition of expert performance. Psychol. Rev. 100, 363–406.
doi: 10.1037/0033-295X.100.3.363
Fritsch, B., Reis, J., Martinowich, K., Schambra, H. M., Ji, Y., Cohen, L. G.,
et al. (2010). Direct current stimulation promotes BDNF-dependent synaptic
plasticity: potential implications for motor learning. Neuron 66, 198–204. doi:
10.1016/j.neuron.2010.03.035
Hillman, C. H., Erickson, K. I., and Kramer, A. F. (2008). Be smart, exercise your
heart: exercise effects on brain and cognition. Nat. Rev. Neurosci. 9, 58–65. doi:
10.1038/nrn2298
Jacobson, J., and Matthaeus, L. (2014). Athletics and executive functioning:
how athletic participation and sport type correlate with cognitive
performance. Psychol. Sport Exerc. 15, 521–527. doi: 10.1016/j.psychsport.2014.
05.005
Jaeggi, S. M., Buschkuehl, M., Shah, P., and Jonides, J. (2014). The role of individual
differences in cognitive training and transfer. Mem. Cognit. 42, 464–480. doi:
10.3758/s13421-013-0364-z
Jin, H., Xu, G., Zhang, J. X., Gao, H., Ye, Z., Wang, P., et al. (2011).
Event-related potential effects of superior action anticipation in professional
badminton players. Neurosci. Lett. 492, 139–144. doi: 10.1016/j.neulet.2011.
01.074
Liang, W. K., Lo, M. T., Yang, A. C., Peng, C. K., Cheng, S. K., Tseng,
P., et al. (2014). Revealing the brain’s adaptability and the transcranial
direct current stimulation facilitating effect in inhibitory control by
multiscale entropy. Neuroimage 90, 218–234. doi: 10.1016/j.neuroimage.2013.
12.048
Liebetanz, D., Nitsche, M. A., Tergau, F., and Paulus, W. (2002). Pharmacological
approach to the mechanisms of transcranial DC-stimulation-induced aftereffects of human motor cortex excitability. Brain 125, 2238–2247. doi:
10.1093/brain/awf238
Martin, D. M., Liu, R., Alonzo, A., Green, M., and Loo, C. K. (2014).
Use of transcranial direct current stimulation (tDCS) to enhance cognitive
training: effect of timing of stimulation. Exp. Brain Res. 232, 3345–3351. doi:
10.1007/s00221-014-4022-x
Martin, D. M., Liu, R., Alonzo, A., Green, M., Player, M. J., Sachdev, P., et al.
(2013). Can transcranial direct current stimulation enhance outcomes from
cognitive training? A randomized controlled trial in healthy participants.
Int. J. Neuropsychopharmacol. 16, 1927–1936. doi: 10.1017/S1461145713
000539
Mishra, J., de Villers-Sidani, E., Merzenich, M., and Gazzaley, A. (2014).
Adaptive training diminishes distractibility in aging across species. Neuron 84,
1091–1103. doi: 10.1016/j.neuron.2014.10.034

Frontiers in Psychology | www.frontiersin.org

4

May 2015 | Volume 6 | Article 678

Moreau et al.

Combining tDCS with physical exercise

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Wang, C. H., Tsai, C. L., Tu, K. C., Muggleton, N. G., Juan, C.
H., and Liang, W. K. (2015). Modulation of brain oscillations
during fundamental visuo-spatial processing: a comparison between
female collegiate badminton players and sedentary controls.
Psychol. Sport Exerc. 16, 131–129. doi: 10.1016/j.psychsport.2014.
10.003
Yarrow, K., Brown, P., and Krakauer, J. W. (2009). Inside the
brain of an elite athlete: the neural processes that support high
achievement in sports. Nat. Rev. Neurosci. 10, 585–596. doi: 10.1038/
nrn2672

Frontiers in Psychology | www.frontiersin.org

Copyright © 2015 Moreau, Wang, Tseng and Juan. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

5

May 2015 | Volume 6 | Article 678

