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Introduction

“It’s not about being the best. It’s about being better than 
you were yesterday”—this motivational quote may be 
found on the wall of many gyms and offices, and it seems 
to capture the essence of cognitive enhancement: to reach 
one’s personal (physical or mental) best without neces-
sarily outperforming others. Hence, cognitive enhance-
ment can be defined as the employment of any (legal) 
ways (e.g., through cognitive training, brain stimulation, 
nootropics, video games, or neurofeedback) to enhance 
human cognition and action in healthy individuals 
(Bostrom and Sandberg 2009). Meta-analyses show that 
different enhancing techniques seem to have a selective 
impact on enhancing cognition in healthy humans across 
the lifespan. Whereas physical exercise seems to be par-
ticularly effective in children (Verburgh and others 2014), 
noninvasive brain stimulation is apparently a good candi-
date to compensate for cognitive decline in aging (Hsu 
and others 2015), and playing action video games an effi-
cient way to improve cognitive performance in healthy 
young adults (Wang and others 2016). In the field of cog-
nitive enhancement, the focus on healthy people rely on 
the goal to boost, among others, working memory, which 
is essential for achievements in school and working envi-
ronments (Diamond 2013) but also for successful aging 
(Rowe and Kahn 1997). Indeed, boosting the accuracy of 
working memory can help, for example, the elderly to 

better remember the items to buy at the grocery store 
(Cowan 2010).

The appeal of cognitive enhancement has a strong eco-
nomic aspect: the progressively ageing population in 
Westerns societies increasingly challenges the sustain-
ability of the welfare system, which raises the question 
how aging can be made less costly (James 1995). 
Cognitive enhancement can be useful in this respect by 
delaying or compensating for the cognitive decline of 
senior citizens (Kramer and Willis 2002), which prolongs 
the time older individuals can autonomously reside in 
their homes—which combines increasing individual 
well-being with reducing societal welfare costs (Diener 
and Seligman 2004). Conversely, it is sometimes thought 
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that enhancing children and adolescents can help acceler-
ate the learning curve toward educational and profes-
sional success (Salkever 1995), which in turn makes 
education cheaper and education-dependent problematic 
behavior less likely (Kremer and others 2016).

In addition to financial reasons, ideological consider-
ations promote the relevance of cognitive enhancement. 
Especially Western societies are facing an apparently 
unstoppable development toward individualism, which 
highlights and is based on individual differences, at the 
expense of shared and reciprocal societal values (Santos 
and others 2017). These trends are closely related to a 
revival of a sociopolitical consensus gentium toward right 
wing neoliberalism in many European countries and the 
United States, which promotes a monetary perspective on 
societal institutions (presumably resulting in the disman-
tling of the welfare system) and a utilitarian view of the 
human being as creator of his or her own destiny (Fenger 
2018). While by far not all reasons to engage in and pro-
mote cognitive enhancement rely on such neoliberal con-
siderations, the field of cognitive enhancement has 
profited from these steady developments toward cost-
effective policies of the welfare system and more 
individual(istic) freedom and responsibility (Kelly and 
Morar 2019). For these and other reasons, we think that 
we are only seeing the beginning of attempts to enhance 
human cognition.

The availability of methods to enhance human cogni-
tion raises many questions, and some have led to heated 
debates about the ethical and societal implications of cog-
nitive enhancement (Bostrom and Sandberg 2009). As 
important as these discussions are for both ethical and 
societal reasons (Farah 2005; Kadosh and others 2012; 
Mohamed 2014; Sahakian and Morein-Zamir 2011; 
Turner and Sahakian 2006), they tend to overshadow 
other, more scientifically relevant implications of cogni-
tive enhancement that we would like to focus on here. 
Specifically, we argue that the enthusiasm about the pos-
sible pros of attempts to improve the cognitive abilities 
and skills of individuals has led to a widespread neglect 
of the possible cons. As we will try to show, truly under-
standing the possibly delicate relationship between pros 
and cons of enhancement and enhancement techniques 
requires much deeper insights into the functional and 
neural mechanisms underlying human cognition than 
many of the current approaches are based on.

Indeed, most current approaches are rather explorative 
and rarely guided by systematic theoretical frameworks 
and mechanistic insights into the functioning of the 
human cognitive system (Colzato and Hommel 2016). 
We believe that this mainly a-theoretical approach to cog-
nitive enhancement is both a cause and a consequence of 
a strong, if not exclusive focus on the benefits of proce-
dures suited to enhance human cognition. In contrast to 

this emphasis of the benefits of enhancement techniques, 
of which many indeed exist, we would like to call for a 
more balanced view that also takes the negative side of 
cognitive enhancement into account. Like there is no 
light without shadow, cognitive enhancement may not 
only be linked to mental gains but also to potential mental 
costs. These mental costs are, however, often neglected in 
contemporary use and research practices in the field of 
cognitive enhancement. In the following, we argue that 
mental costs are likely if two basic principles of cognitive 
enhancement are not sufficiently heeded: the principle of 
neural competition and the principle of nonlinearity.

Gains Come with Losses: The 
Principle of Neural Competition

One of the key characteristics of the human (but not only 
the human) brain is its competitive nature (Cisek 2019): 
Neurons and neural networks compete for the representa-
tion and processing of environmental and internal infor-
mation (Güntürkün and others 2000), attention to 
endogenous or exogenous events and representations 
(Fornito and others 2012), or the selection of actions 
(Bogacz 2007; Cisek 2007), which directly implies that 
where there are winners of such kinds of competition 
there must be losers. On a related note, Kurzban and oth-
ers (2013) propose that experiencing fatigue is linked to 
cost/benefit signals coded in the prefrontal cortex, the 
capacity of which is limited by the number of computa-
tional operations that it is able to carry out at any given 
time. Given that the brain and its subsystems are both 
logically and empirically limited in capacity, improving, 
or increasing the efficiency of one particular function or 
process or representation must imply some kind of loss 
associated with another function or process or representa-
tion. However, at present, the potentially inevitable loss 
is not considered in the scientific discussion of cognitive 
enhancement. The consideration that gains should come 
with losses is also consistent with assumptions based on 
game theory. As pointed out by Brem and others (2014), 
game theory suggests that one party’s gain corresponds to 
another party’s loss, in such a way that the net change in 
terms of benefit is always zero. Applying this net zero-
sum framework to the human brain suggests that enhanc-
ing one cognitive function (i.e., generating neural gains) 
would be likely to result in neural losses, so that the 
improvement of the targeted cognitive function would be 
expected to impair other cognitive functions (see Fig. 1). 
In other words, cognitive enhancement may be impossi-
ble without cognitive cost. As postulated by Brem and 
others (2014), it is important to keep in mind that cogni-
tive effects are not exclusively due to direct effects of a 
single stimulated brain area or neurotransmitter but the 
result of the activation or inhibition of an entire 
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interactive brain network. Furthermore, even if gains in a 
cognitive domain is found, a loss in another domain 
might not always be detectable because the gain does not 
reach a certain threshold (Aston-Jones and Cohen 2005; 
Servan-Schreiber and others 1990) or simply because 
other cognitive functions were not assessed.

A concrete application of the net zero-sum concept is 
the metacontrol hypothesis of cognitive control (Beste 
and others 2018; Goschke 2000; Hommel and Colzato 
2017). The hypothesis is based on the idea that cognitive 
control is not a unitary function but an emerging property 
of the interaction of (presumably prefrontal) (Stokes 
2015) systems promoting cognitive persistence, includ-
ing focusing on one goal and on relevant information, and 
(presumably striatal) (Kehagia and others 2010) systems 
promoting cognitive flexibility, as needed, for instance, 
for switching to other plans, opening up for other oppor-
tunities, and considering a broader range of possibilities. 
The actual challenge of cognitive control would thus con-
sist in determining the appropriate balance between cog-
nitive persistence and cognitive flexibility (Goschke and 
Bolte 2014; Hommel, 2015). Along the same lines, it has 
been argued that adaptive behavior requires finding the 
right balance between exploitation and exploration (Hills 
and others 2015) and between speed and accuracy 
(Bogacz and others 2010). The need to balance between 
these kinds of processing modes results from the fact that 
they exclude each other: the better one manages to focus 
on task-relevant information, the more likely one is to 
ignore information that is task-irrelevant but might signal 
a more interesting, rewarding, or appropriate action 
opportunity—and vice versa. Importantly, this means that 
any attempt to improve people’s ability to engage in one 
of the alternative processing modes could be expected to 
impair their ability to engage in the other. The ability to 
distinguish what is signal and what is noise is crucial for 
an effective balance between cognitive persistence and 

cognitive flexibility. The processing of neural noise and 
adaptation of the signal-to-noise ratio (SNR) during 
information processing (Adelhöfer and others 2018; 
Pertermann and others 2019b; Pertermann and others 
2019a; Salinas and Thier 2000; Servan-Schreiber and 
others 1990) and motor levels (Greenhouse and others 
2015; Thura and Cisek 2016) is the most plausible neural 
candidate underlying the metacontrol hypothesis of cog-
nitive control. Enhancing cognitive persistence requires 
the distinction between relevant and irrelevant informa-
tion which underlies less noise (i.e., high SNR) and bet-
ter/more stable cognitive performance across different 
cognitive domains (Aston-Jones and Cohen 2005; 
Bensmann and others 2018; Bensmann and others 2019). 
In contrast, higher noise (i.e., low SNR) might produce 
more behavioral variability (Gureckis and Love 2009) 
supporting cognitive flexibility. Hence, the trade-off 
between enhanced and nonenhanced cognitive functions 
might depend on the SNR: high SNR might enhance cog-
nitive persistence but at the costs of cognitive flexibility 
and the low SNR the other way round.

Some evidence for a tradeoff between enhanced and 
non-enhanced cognitive functions has been obtained by 
means of transcranial direct current stimulation (tDCS)—
a recognized cognitive enhancer (Filmer and others 2014) 
that is freely available to the general public, be it through 
commercial devices recently put on the market or do-it-
yourself devices easily assembled at home. tDCS 
increases brain excitability through weak, direct electric 
currents via electrodes positioned on the skull, ideally 
over brain areas related to the to-be-enhanced function 
(Nitsche and Paulus 2000). If the net zero-sum logic 
applies, stimulating the brain to achieve neural and func-
tional gains should produce neural and functional losses. 
Indeed, Iuculano and Cohen Kadosh (2013) demonstrated 
that cognitive enhancement and impairment can be 
achieved by means of the same stimulation protocol. In 

Figure 1. Illustration of the neural-competition principle. (A) The available neural/cognitive resources are shown in blue, the 
resources normally used by capacity X are shown in green, and the resources normally used by capacity Y are shown in red. 
Enhancing X is likely to increase the capacity used by X (see light-green area), which leaves less capacity to Y. (B) The result of 
this relationship: the more capacity X is enhanced, the more the nonenhanced capacity Y is impaired.
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particular, they showed that stimulating one brain area 
can facilitate numerical learning but impair automaticity 
of the learned material, while stimulating another brain 
area enhances automaticity while impairing the learning 
process. Hence, cognitive enhancement of one function 
can take place at the expense of another function. 
Consistent with this idea, other noninvasive brain stimu-
lation protocols (Najib & Pascual-Leone 2011) found 
similar results regarding other cognitive functions such as 
set-shifting performance (Leite and others 2011), mental 
calculation (Krause and others 2019), visual spatial atten-
tion (Hilgetag and others 2001; Jin and Hilgetag 2008), 
declarative and procedural consolidation (Galea and oth-
ers 2009), and verbal encoding (Kahn and others 2005). 
From a neurobiological perspective, it has been shown 
that tDCS can mimic the effects of neurotransmitters 
(particularly norepinephrine), which is why neuromodu-
latory effects exerted by such transmitters are unlikely to 
take place once a tDCS intervention has been conducted 
(Adelhöfer and others 2019).

Other observations of the same sort were obtained by 
using clinically relevant nootropic drugs to boost cogni-
tion, like the widely used drugs modafinil, methylpheni-
date, and amphetamine, but other psychoactive substances 
such as benzodiazepines and glucocorticoids are also rel-
evant to consider. Modafinil has already been established 
as cognitive enhancer in various occupations necessitat-
ing protracted wakefulness, such as soldiers and medical 
and paramedical personnel. Consistent with this picture, 
about 90% of modafinil consumers are healthy people 
with no sleep disorders who are using the medication to 
increase their attentional focus under fatigue (Baranski 
and others 2004). In sleep-deprived individuals, research 
has demonstrated that multiple small doses of modafinil 
over time or a single, large dose can successfully main-
tain cognitive performance and restore cognitive func-
tioning to near-baseline levels (Stivalet and others 1998). 
However, the enhancing effects come at the cost of sub-
jective overconfidence: people evaluate their own cogni-
tive performance to be better than their actual performance. 
That is, using modafinil impairs effective self-assessment 
and self-monitoring, which among other things might 
make unrealistic risk-taking more likely (Baranski and 
Pigeau 1997; Batéjat and Lagarde 1999; Gurtman and 
others 2008). Along the same lines, methylphenidate (pri-
marily known by its brand name Ritalin) is not only used 
as pharmacological treatment for attention deficit/hyper-
activity disorder (ADHD), but its nonmedical use has 
grown among healthy people, especially college students 
to enhance academic achievement. The drug is known to 
increase the stability of mental representations, but, at the 
same time to worsen the capability to flexibly update 
such representations (Fallon and others 2017). Notably, 
these effects strongly depend on prior learning 

experience (Mückschel and others 2020a; Mückschel and 
others 2020b) and thus a critical factor modulating the 
SNR and hence a balance between cognitive persistence 
and cognitive flexibility. In fact, prior learning can invert 
the effects of methylphenidate (Mückschel and others 
2020a; Mückschel and others 2020b). This suggests that 
the drug operates by biasing the person’s metacontrol 
state toward persistence (cf., Hommel, 2015), thereby 
preventing cognitive flexibility.

People Are Not the Same: The 
Principle of Nonlinearity

Enhancement techniques often operate, either directly or 
indirectly, by affecting neurotransmitters, like dopamine, 
noradrenaline, or serotonin (Husain and Mehta 2011). On 
the one hand, this explains why enhancement can show 
some degree of far transfer, in the sense that the interven-
tion can affect various kinds of performance. On the other 
hand, however, neurotransmitter levels are very unlikely 
to relate to cognitive performance in a linear fashion. This 
is also suggested by the interactive effects between drugs 
(e.g., methylphenidate) and prior learning experience 
(Mückschel and others 2020a; Mückschel and others 
2020b). Indeed, it is commonly medium neurotransmitter 
levels that are related to the best performance, as implied 
by the findings shown in Figure 2A, while very low and 
very high levels are often associated with poor perfor-
mance or even pathologies (Cools and D’Esposito 2011). 
This has two important implications for cognitive 
enhancement. For one, it means that whether a given inter-
vention improves or impairs the performance of a given 
person depends on the base level of this person: the closer 
an individual is to its theoretical optimum, the more likely 
an intervention will impair performance. For another, it 
means that whether a given intervention produces gains or 
losses depends on its dosage, as well as on the individual 
“starting point” that can depend on prior learning experi-
ence. Figure 2B combines these two implications, which 
have been tested by means of a divergent-thinking (brain-
storming) task that has been argued to rely on striatal 
dopamine (Ashby and others 1999; Hommel and Colzato 
2017). For one, performance in this task was found to 
relate to individual differences in spontaneous eye blink 
rates (a clinical marker of striatal dopamine levels; Karson 
1983) by means of an inverted-U-shape function: indi-
viduals with medium blink rates clearly outcompeted indi-
viduals with low or high blink rates (Akbari Chermahini 
and Hommel 2010). For another, inducing positive mood 
(a manipulation that is assumed to increase striatal dopa-
mine levels; Akbari Chermahini and Hommel 2012a) 
improved performance in low blinkers while not affecting 
performance in medium blinkers (Akbari Chermahini and 
Hommel 2012b).
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Along similar lines, Sarkar and others (2014) employed 
tDCS to study how the trade-off between enhancing some 
cognitive functions and impairing others depends on indi-
vidual differences. Taking into account individual differ-
ences is crucial because, as proposed by Krause and 
colleagues (Krause and others 2013; Krause and Cohen 
Kadosh 2014), the critical equilibrium between neural exci-
tation and inhibition, and corresponding cognitive enhance-
ment or impairment, varies between specific brain regions 
and individual factors, such as biological sex and hormonal 
concentrations, current brain state, preexisting cortical 
excitability, and age. That is, following the logic of an 
inverted U-shaped dose-effect relationship between neural 
excitation/inhibition and cognitive performance, the admin-
istration of anodal stimulation might produce a neural 
hyperexcitation and related cognitive costs in people with 
elevated regional excitability, but an optimal neural excita-
tion and associated cognitive enhancement in people with 
low regional excitability. Furthermore, it is important to 
keep in mind that different brain regions can display differ-
ent kinds of equilibrium between neural excitation and inhi-
bition, so that identical stimulation parameters in another 
brain area might produce opposite cognitive outcomes. In 
sum, following a net zero-sum logic, there is increasing evi-
dence (e.g., Iuculano and Kadosh, 2013; Sarkar and others 
2014) that cognitive enhancement and cognitive impair-
ment can take place in parallel and that the equilibrium 
between the two relies on individual biological traits.

Individual differences also play a key role in the 
enhancing effects of Adderall, an amphetaminergic drug 
used as cognitive enhancer: amphetamine intake enhances 
performance in people with low, but impairs it in people 
with high baseline functioning (Farah and others 2009). 
Similar findings were obtained from studies of dopamine-
relevant genetic profiles, as dopamine is the main neu-
rotransmitter enhanced by this drug: individuals with a 

genetic profile that is assumed to be associated with less 
efficient dopaminergic processing have been found to 
benefit from the intake of amphetamine, while no such 
effects were found for individuals with profiles associ-
ated with more efficient dopaminergic processing (Ilieva 
and others 2013; Mattay and others 2003).

Taken altogether, the available findings are in line 
with the net zero-sum concept by converging in suggest-
ing that cognitive enhancement and cognitive costs can 
coexist and that the balance between the two relies on 
several factors such as individual differences and learn-
ing, but potentially many more (for some evolutionary 
considerations, see Hills and Hertwig 2011). In addition, 
the balance between cognitive enhancement and impair-
ment also seems to depend on whether the intervention is 
carried out before or after a certain cognitive function 
takes place. For instance, valium, the most widely used 
benzodiazepine, impairs memory when provided before 
memory encoding (so-called anterograde amnesia) but 
promotes memory when provided after encoding (so-
called retrograde facilitation; Hinrichs and others 1984). 
Similarly, the administration of adrenal glucocorticoids 
cortisol can enhance or impair memory, depending on 
whether it takes place before learning or before retrieval 
(Het and others 2005). These observations suggest that 
successful cognitive enhancement requires a finer-
grained theoretical understanding of the to-be-enhanced 
processes than commonly found in enhancement studies. 
Interventions are likely to target particular functional or 
neural processes that may subserve a particular function, 
such as encoding and retrieval both subserve memory, 
but not the function as an undifferentiated whole. It is 
thus unlikely that interventions will be found that are 
good for perception, attention, memory, or thinking in 
general. More successful will be approaches that go 
deeper into the functional and neural underpinnings of 

Figure 2. Illustration of the nonlinearity principle. (A) Performance tends to relate to neurotransmitter levels in a nonlinear 
inverted-U-shaped fashion, so that medium levels are associated with best performance. (B) Enhancing neurotransmitter levels 
can boost or impair performance in different individuals, depending on their original level. Here, person X has a low level, Y a 
medium level, and Z a high level of the respective neurotransmitter. Increasing the level by the amount of Δ will thus improve 
performance in X, have little effect on Y, and impair performance in Z.
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each individual process that contributes to the overall 
function.

Conclusions

Current approaches to cognitive enhancement in humans 
have focused, too much we argue, on the positive aspects 
of enhancement techniques. This has been a consequence 
of pragmatic, effect-oriented research that was lacking 
theoretical guidance and insight into neural mechanisms. 
Taking the net zero-sum logic into account, we have pro-
vided a few, yet selective proofs-of-principle that cogni-
tive enhancement can come with cognitive impairments. 
While we do not deny that many positive enhancement 
effects exist, they are likely to be accompanied by nega-
tive aspects. In particular, we argue that any attempt to 
enhance human cognition needs to consider two basic 
principles: the neural-competition principle and the non-
linearity principle. Given the competitive nature of the 
brain, gains are likely to come with losses, and we have 
discussed findings from tDCS and drug studies support-
ing this assumption. The balance between gains and 
losses is also likely to be moderated by individual differ-
ences, targeted process, and time of administration—fac-
tors that are often neglected in enhancement studies. The 
mere fact that losses are possible should not be worrying, 
as the importance of gains and losses depend on the prob-
lem and the goals of the respective individual. In particu-
lar cases and for instance in clinical practice or cognitive 
rehabilitation, possible costs may well be outweighed by 
important benefits (Chang and others 2018; Husain and 
Mehta 2011). Nevertheless, the free availability of 
enhancers puts a lot of responsibility on science to pro-
vide a more comprehensive picture of the pros and cons 
of particular enhancement techniques. Taking this respon-
sibility, we argue, requires much stronger emphasis on 
mechanistic theorizing in guiding future research on both 
the upsides and the downsides of cognitive enhancement. 
There are, currently, only a few theoretical approaches 
that can provide an indication of the levels (or cognitive 
functions) at which antagonistic effects of cognitive 
enhancement in the sense of a net zero-sum framework 
can be expected. Here, the concept of metacontrol could 
be particularly helpful.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with 
respect to the research, authorship, and/or publication of this 
article.

Funding

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this 

article: This work was supported by a research grant from 
Deutsche Forschungsgemeinschaft SFB 940 project B8 and 
SFB TRR project B7 awarded to CB, by an Advanced Grant of 
the European Research Council (ERC-2015-AdG-694722) to 
BH, and by a 100 Talent Grant of the Province of Shandong, 
China, to all three authors.

ORCID iD

Bernhard Hommel  https://orcid.org/0000-0003-4731-5125

References

Adelhöfer N, Gohil K, Passow S, Teufert B, Roessner V, Li 
SC, Beste C. 2018. The system-neurophysiological basis 
for how methylphenidate modulates perceptual-attentional 
conflicts during auditory processing. Hum Brain Mapp 
39(12):5050–61. doi:10.1002/hbm.24344

Adelhöfer N, Mückschel M, Teufert B, Ziemssen T, Beste 
C. 2019. Anodal tDCS affects neuromodulatory effects 
of the norepinephrine system on superior frontal theta 
activity during response inhibition. Brain Struct Funct 
224(3):1291–300. doi:10.1007/s00429-019-01839-3

Akbari Chermahini S, Hommel B. 2010. The (b)link between 
creativity and dopamine: spontaneous eye blink rates predict 
and dissociate divergent and convergent thinking. Cognition 
115(3): 458–65. doi:10.1016/j.cognition.2010.03.007

Akbari Chermahini S, Hommel B. 2012a. Creative mood 
swings: divergent and convergent thinking affect mood in 
opposite ways. Psychol Res 76(5):634–40. doi:10.1007/
s00426-011-0358-z

Akbari Chermahini S, Hommel B. 2012b. More creative through 
positive mood? Not everyone! Front Hum Neurosci 6. 
doi:10.3389/fnhum.2012.00319

Ashby FG, Isen AM, Turken AU. 1999. A neuropsycho-
logical theory of positive affect and its influence on 
cognition. Psychol Rev 106(3):529–50. doi:10.1037/0033-
295x.106.3.529

Aston-Jones G, Cohen JD. 2005. An integrative theory of 
locus coeruleus-norepinephrine function: adaptive gain 
and optimal performance. Annu Rev Neurosci 28:403–50. 
doi:10.1146/annurev.neuro.28.061604.135709

Baranski JV, Pigeau RA. 1997. Self-monitoring cognitive per-
formance during sleep deprivation: effects of modafinil, 
d-amphetamine and placebo. J Sleep Res 6(2):84–91. 
doi:10.1111/j.1365-2869.1997.00032.x

Baranski JV, Pigeau R, Dinich P, Jacobs I. 2004. Effects of 
modafinil on cognitive and meta-cognitive performance. 
Hum Psychopharmacol 19(5):323–32. doi:10.1002/
hup.596

Batéjat DM, Lagarde DP. 1999. Naps and modafinil as counter-
measures for the effects of sleep deprivation on cognitive 
performance. Aviat Space Environ Med 70(5):493–8.

Bensmann W, Roessner V, Stock AK, Beste C. 2018. 
Catecholaminergic modulation of conflict control depends 
on the source of conflicts. Int J Neuropsychopharmacol 
21(10):901–9. doi:10.1093/ijnp/pyy063

Bensmann W, Zink N, Roessner V, Stock AK, Beste C. 2019. 
Catecholaminergic effects on inhibitory control depend on 
the interplay of prior task experience and working memory  

https://orcid.org/0000-0003-4731-5125


328 The Neuroscientist 27(4)

demands. J Psychopharmacol (Oxford) 33(6):678–87. 
doi:10.1177/0269881119827815

Beste C, Moll CKE, Pötter-Nerger M, Münchau A. 2018. 
Striatal microstructure and its relevance for cognitive 
control. Trends Cogn Sci 22(9):747–51. doi:10.1016/j.
tics.2018.06.007

Bogacz R. 2007. Optimal decision-making theories: linking 
neurobiology with behaviour. Trends Cogn Sci 11(3):118–
25. doi:10.1016/j.tics.2006.12.006

Bogacz R, Wagenmakers EJ, Forstmann BU, Nieuwenhuis 
S. 2010. The neural basis of the speed–accuracy trad-
eoff. Trends Neurosci 33(1):10–6. doi:10.1016/j.tins. 
2009.09.002

Bostrom N, Sandberg A. 2009. Cognitive enhancement: 
methods, ethics, regulatory challenges. Sci Eng Ethics 
15(3):311–41. doi:10.1007/s11948-009-9142-5

Brem AK, Fried PJ, Horvath JC, Robertson EM, Pascual-
Leone A. 2014. Is neuroenhancement by noninvasive 
brain stimulation a net zero-sum proposition? Neuroimage 
85(3):1058–68. doi:10.1016/j.neuroimage.2013.07.038

Chang CH, Lane HY, Lin CH. 2018. Brain stimulation in 
Alzheimer’s disease. Front Psychiatry 9. doi:10.3389/
fpsyt.2018.00201

Cisek P. 2007. Cortical mechanisms of action selection: 
the affordance competition hypothesis. Philos Trans R 
Soc Lond B Biol Sci 362(1485):1585–99. doi:10.1098/
rstb.2007.2054

Cisek P. 2019. A sensorimotor alternative to coding is 
possible. Behav Brain Sci 42:e222. doi:10.1017/
S0140525X19001468

Colzato LS, Hommel B. 2016. The future of cognitive training. 
In: Strobach T, Karbach J, eds. Cognitive training: an over-
view of features and applications. Springer International. p. 
201–11. doi:10.1007/978-3-319-42662-4_19

Cools R, D’Esposito M. 2011. Inverted-U–shaped dopamine 
actions on human working memory and cognitive control. 
Biol Psychiatry 69(12):e113–e125. doi:10.1016/j.bio-
psych.2011.03.028

Cowan N. 2010. The magical mystery four: how is working 
memory capacity limited, and why? Curr Dir Psychol Sci 
19(1):51–7. doi:10.1177/0963721409359277

Diamond A. 2013. Executive functions. Annu Rev Psychol. 
64:135–68. doi:10.1146/annurev-psych-113011-143750

Diener E, Seligman MEP. 2004. Beyond money: toward an 
economy of well-being. Psychol Sci Public Interest 5(1):1–
31. doi:10.1111/j.0963-7214.2004.00501001.x

Fallon SJ, van der Schaaf ME, Ter Huurne N, Cools R. 2017. 
The neurocognitive cost of enhancing cognition with meth-
ylphenidate: improved distractor resistance but impaired 
updating. J Cogn Neurosci 29(4):652–63. doi:10.1162/
jocn_a_01065

Farah MJ. 2005. Neuroethics: the practical and the philosophical. 
Trends Cogn Sci 9(1):34–40. doi:10.1016/j.tics.2004.12.001

Farah MJ, Haimm C, Sankoorikal G, Smith ME, Chatterjee A. 
2009. When we enhance cognition with Adderall, do we sac-
rifice creativity? A preliminary study. Psychopharmacology 
(Berl) 202(1–3):541–7. doi:10.1007/s00213-008-1369-3

Fenger M. 2018. The social policy agendas of populist radical 
right parties in comparative perspective. J Int Compar Soc 
Policy 34(3):188–209. doi:10.1080/21699763.2018.1483255

Filmer HL, Dux PE, Mattingley JB. 2014. Applications of tran-
scranial direct current stimulation for understanding brain 
function. Trends Neurosci 37(12):742–53. doi:10.1016/j.
tins.2014.08.003

Fornito A, Harrison BJ, Zalesky A, Simons JS. 2012. 
Competitive and cooperative dynamics of large-scale 
brain functional networks supporting recollection. Proc 
Natl Acad Sci U S A 109(31):12788–93. doi:10.1073/
pnas.1204185109

Galea JM, Albert NB, Ditye T, Miall RC. 2009. Disruption of 
the dorsolateral prefrontal cortex facilitates the consolida-
tion of procedural skills. J Cogn Neurosci 22(6):1158–64. 
doi:10.1162/jocn.2009.21259

Goschke T. 2000. Intentional reconfiguration and involuntary 
persistence in task-set switching. Control of Cognitive 
Processes: Attention and Performance XVIII. p. 331–
55. Available from: https://pure.mpg.de/pubman/faces/
ViewItemFullPage.jsp?itemId=item_723484_3

Goschke T, Bolte A. 2014. Emotional modulation of control 
dilemmas: the role of positive affect, reward, and dopamine 
in cognitive stability and flexibility. Neuropsychologia 
62:403–23. doi:10.1016/j.neuropsychologia.2014.07.015

Greenhouse I, Sias A, Labruna L, Ivry RB. 2015. Nonspecific 
inhibition of the motor system during response prepa-
ration. J Neurosci 35(30):10675–84. doi:10.1523/
JNEUROSCI.1436-15.2015

Güntürkün O, Diekamp B, Manns M, Nottelmann F, Prior H, 
Schwarz A, Skiba M. 2000. Asymmetry pays: visual later-
alization improves discrimination success in pigeons. Curr 
Biol 10(17):1079–81. doi:10.1016/s0960-9822(00)00671-0

Gureckis TM, Love BC. 2009. Learning in noise: dynamic 
decision-making in a variable environment. J Math Psychol 
53(3):180–93. doi:10.1016/j.jmp.2009.02.004

Gurtman CG, Broadbear JH, Redman JR. 2008. Effects of 
modafinil on simulator driving and self-assessment of driv-
ing following sleep deprivation. Hum Psychopharmacol 
23(8):681–92. doi:10.1002/hup.983

Het S, Ramlow G, Wolf OT. 2005. A meta-analytic review of the 
effects of acute cortisol administration on human memory. 
Psychoneuroendocrinology 30(8):771–84. doi:10.1016/j.
psyneuen.2005.03.005

Hilgetag CC, Théoret H, Pascual-Leone A. 2001. Enhanced 
visual spatial attention ipsilateral to rTMS-induced “virtual 
lesions” of human parietal cortex. Nat Neurosci 4(9):953–
7. doi:10.1038/nn0901-953

Hills T, Hertwig R. 2011. Why aren’t we smarter already: 
Evolutionary trade-offs and cognitive enhancement. Curr 
Direct Psychol Sci 20(6):373–377. doi:10.1177/0963721 
411418300

Hills TT, Todd PM, Lazer D, Redish AD, Couzin ID. 2015. 
Exploration versus exploitation in space, mind, and 
society. Trends Cogn Sci 19(1):46–54. doi:10.1016/j.
tics.2014.10.004

Hinrichs JV, Ghoneim MM, Mewaldt SP. 1984. Diazepam 
and memory: retrograde facilitation produced by interfer-
ence reduction. Psychopharmacology (Berl) 84(2):158–62. 
doi:10.1007/bf00427439

Hommel B. 2015. Between persistence and flexibility: The Yin 
and Yang of action control. In: Elliot AJ (ed), Advances in 
Motivation Science, Vol. 2. New York: Elsevier, pp. 33-67.

https://pure.mpg.de/pubman/faces/ViewItemFullPage.jsp?itemId=item_723484_3
https://pure.mpg.de/pubman/faces/ViewItemFullPage.jsp?itemId=item_723484_3


Colzato et al. 329

Hommel B, Colzato LS. 2017. The social transmission of meta-
control policies: mechanisms underlying the interpersonal 
transfer of persistence and flexibility. Neurosci Biobehav 
Rev 81(Pt A):43–58. doi:10.1016/j.neubiorev.2017.01.009

Hsu WY, Ku Y, Zanto TP, Gazzaley A. 2015. Effects of non-
invasive brain stimulation on cognitive function in healthy 
aging and Alzheimer’s disease: a systematic review 
and meta-analysis. Neurobiol Aging 36(8):2348–59. 
doi:10.1016/j.neurobiolaging.2015.04.016

Husain M, Mehta MA. 2011. Cognitive enhancement by drugs 
in health and disease. Trends Cogn Sci 15(1):28–36. 
doi:10.1016/j.tics.2010.11.002

Ilieva I, Boland J, Farah MJ. 2013. Objective and subjec-
tive cognitive enhancing effects of mixed amphetamine 
salts in healthy people. Neuropharmacology 64:496–505. 
doi:10.1016/j.neuropharm.2012.07.021

Iuculano T, Kadosh RC. 2013. The mental cost of cognitive 
enhancement. J Neurosci 33(10):4482–6. doi:10.1523/
JNEUROSCI.4927-12.2013

James E. 1995. Averting the old age crisis. Age Int 22(2):15–22. 
doi:10.1007/BF02681086

Jin Y, Hilgetag CC. 2008. Perturbation of visuospatial atten-
tion by high-frequency offline rTMS. Exp Brain Res 
189(1):121–8. doi:10.1007/s00221-008-1449-y

Kadosh RC, Levy N, O’Shea J, Shea N, Savulescu J. 2012. The 
neuroethics of non-invasive brain stimulation. Curr Biol 
22(4):R108–R111. doi:10.1016/j.cub.2012.01.013

Kahn I, Pascual-Leone A, Theoret H, Fregni F, Clark D, Wagner 
AD. 2005. Transient disruption of ventrolateral prefrontal 
cortex during verbal encoding affects subsequent memory 
performance. J Neurophysiol 94(1):688–98. doi:10.1152/
jn.01335.2004

Karson CN. 1983. Spontaneous eye-blink rates and dopami-
nergic systems. Brain 106 (Pt 3):643–53. doi:10.1093/
brain/106.3.643

Kehagia AA, Murray GK, Robbins TW. 2010. Learning and 
cognitive flexibility: frontostriatal function and monoami-
nergic modulation. Curr Opin Neurobiol 20(2):199–204. 
doi:10.1016/j.conb.2010.01.007

Kelly D, Morar N. 2019. Enhancement, authenticity, and social 
acceptance in the age of individualism. AJOB Neurosci 
10(1):51–3. doi:10.1080/21507740.2019.1599081

Kramer AF, Willis SL. 2002. Enhancing the cognitive vital-
ity of older adults. Curr Dir Psychol Sci 11(5):173–7. 
doi:10.1111/1467-8721.00194

Krause B, Cohen Kadosh R. 2014. Not all brains are created 
equal: the relevance of individual differences in respon-
siveness to transcranial electrical stimulation. Front Syst 
Neurosci 8. doi:10.3389/fnsys.2014.00025. Available from: 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3932631/

Krause B, Dresler M, Looi CY, Sarkar A, Cohen Kadosh R. 
2019. Neuroenhancement of high-level cognition: evidence 
for homeostatic constraints of non-invasive brain stimula-
tion. J Cogn Enhanc 3(4):388–95. doi:10.1007/s41465-
019-00126-7

Krause B, Márquez-Ruiz J, Kadosh RC. 2013. The effect of 
transcranial direct current stimulation: a role for corti-
cal excitation/inhibition balance? Front Hum Neurosci 7. 
doi:10.3389/fnhum.2013.00602. Available from: https://
www.ncbi.nlm.nih.gov/pmc/articles/PMC3781319/

Kremer KP, Flower A, Huang J, Vaughn MG. 2016. Behavior 
problems and children’s academic achievement: a test of 
growth-curve models with gender and racial differences. 
Child Youth Serv Rev 67:95–104. doi:10.1016/j.childy-
outh.2016.06.003

Kurzban R, Duckworth A, Kable JW, Myers J. 2013. An oppor-
tunity cost model of subjective effort and task performance. 
Behav Brain Sci 36(6). doi:10.1017/S0140525X12003196. 
Available from: https://www.ncbi.nlm.nih.gov/pmc/arti-
cles/PMC3856320/

Leite J, Carvalho S, Fregni F, Gonçalves ÓF. 2011. Task-
specific effects of tDCS-induced cortical excitability 
changes on cognitive and motor sequence set shifting per-
formance. PLoS One 6(9):e24140. doi:10.1371/journal.
pone.0024140

Mattay VS, Goldberg TE, Fera F, Hariri AR, Tessitore A, 
Egan MF, and others. 2003. Catechol O-methyltransferase 
val158-met genotype and individual variation in the brain 
response to amphetamine. Proc Natl Acad Sci U S A 
100(10):6186–91. doi:10.1073/pnas.0931309100

Mohamed AD. 2014. Neuroethical issues in pharmacological 
cognitive enhancement. WIREs Cogn Sci 5(5):533–549. 
doi:10.1002/wcs.1306

Mückschel M, Eggert E, Prochnow A, Beste C. 2020a. Learning 
experience reverses catecholaminergic effects on adap-
tive behavior. Int J Neuropsychopharmacol 23(1):12–9. 
doi:10.1093/ijnp/pyz058

Mückschel M, Roessner V, Beste C. 2020b. Task experience 
eliminates catecholaminergic effects on inhibitory con-
trol—a randomized, double-blind cross-over neurophysi-
ological study. Eur Neuropsychopharmacol 35:89–99. 
doi:10.1016/j.euroneuro.2020.03.013

Najib U, Pascual-Leone A. 2011. Paradoxical functional facili-
tation with noninvasive brain stimulation. In Pascual-Leone 
A, Ramachandran V, Cole J, Della Sala S, Manly T, Mayes 
A, et al. (Authors) & Kapur N (ed.), The Paradoxical Brain. 
Cambridge: Cambridge University Press, pp. 234–260. 
doi:10.1017/CBO9780511978098.015

Nitsche MA, Paulus W. 2000. Excitability changes induced 
in the human motor cortex by weak transcranial direct 
current stimulation. J Physiol (Lond) 527(Pt 3):633–9. 
doi:10.1111/j.1469-7793.2000.t01-1-00633.x

Pertermann M, Bluschke A, Roessner V, Beste C. 2019a. The 
modulation of neural noise underlies the effectiveness of 
methylphenidate treatment in attention-deficit/hyperactiv-
ity disorder. Biol Psychiatry Cogn Neurosci Neuroimaging 
4(8):743–50. doi:10.1016/j.bpsc.2019.03.011

Pertermann M, Mückschel M, Adelhöfer N, Ziemssen T, 
Beste C. 2019b. On the interrelation of 1/f neural noise 
and norepinephrine system activity during motor response 
inhibition. J Neurophysiol 121(5):1633–43. doi:10.1152/
jn.00701.2018

Rowe JW, Kahn RL. 1997. Successful aging. Gerontologist 
37(4):433–40. doi:10.1093/geront/37.4.433

Sahakian BJ, Morein-Zamir S. 2011. Neuroethical issues in 
cognitive enhancement. J Psychopharmacol 25(2):197–
204. doi:10.1177/0269881109106926

Salinas E, Thier P. 2000. Gain modulation: a major compu-
tational principle of the central nervous system. Neuron 
27(1):15–21. doi:10.1016/S0896-6273(00)00004-0

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3932631/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3781319/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3781319/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3856320/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3856320/


330 The Neuroscientist 27(4)

Salkever DS. 1995. Updated estimates of earnings benefits 
from reduced exposure of children to environmental lead. 
Environ Res 70(1):1–6. doi:10.1006/enrs.1995.1038

Santos HC, Varnum MEW, Grossmann I. 2017. Global 
increases in individualism. Psychol Sci 28(9):1228–39. 
doi:10.1177/0956797617700622

Sarkar A, Dowker A, Cohen Kadosh R. 2014. Cognitive 
enhancement or cognitive cost: trait-specific out-
comes of brain stimulation in the case of mathemat-
ics anxiety. J Neurosci 34(50):16605–10. doi:10.1523/
JNEUROSCI.3129-14.2014

Servan-Schreiber D, Printz H, Cohen JD. 1990. A network 
model of catecholamine effects: gain, signal-to-noise ratio, 
and behavior. Science 249(4971):892–5.

Stivalet P, Esquivié D, Barraud PA, Leifflen D, Raphel 
C. 1998. Effects of modafinil on attentional pro-
cesses during 60 hours of sleep deprivation. Hum 
Psychopharmacol Clin Exp 13(7):501–7. doi:10.1002/
( S I C I ) 1 0 9 9 - 1 0 7 7 ( 1 9 9 8 1 0 0 ) 1 3 : 7<5 0 1 : : A I D -
HUP26>3.0.CO;2-Z

Stokes MG. 2015. “Activity-silent” working memory in pre-
frontal cortex: a dynamic coding framework. Trends Cogn 
Sci 19(7):394–405. doi:10.1016/j.tics.2015.05.004

Thura D, Cisek P. 2016. Modulation of premotor and pri-
mary motor cortical activity during volitional adjustments 
of speed-accuracy trade-offs. J Neurosci 36(3):938–56. 
doi:10.1523/JNEUROSCI.2230-15.2016

Turner DC, Sahakian BJ. 2006. Neuroethics of cognitive 
enhancement. BioSocieties 1(1):113–23. doi:10.1017/
S1745855205040044

Verburgh L, Königs M, Scherder EJA, Oosterlaan J. 2014. 
Physical exercise and executive functions in preado-
lescent children, adolescents and young adults: a meta-
analysis. Br J Sports Med 48(12):973–9. doi:10.1136/
bjsports-2012-091441

Wang P, Liu HH, Zhu XT, Meng T, Li HJ, Zuo XN. 
2016. Action video game training for healthy adults: 
a meta-analytic study. Front Psychol. 7. doi:10.3389/
fpsyg.2016.00907. Available from: https://www.frontier-
sin.org/articles/10.3389/fpsyg.2016.00907/full

https://www.frontiersin.org/articles/10.3389/fpsyg.2016.00907/full
https://www.frontiersin.org/articles/10.3389/fpsyg.2016.00907/full

