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Abstract

Cognitive abilities are the key to success in almost all areas of life. Faster information processing and more
efficient recall, greater (working) memory capacity and stronger inhibition of irrelevant stimuli, higher men-
tal flexibility, and efficient associative memory, are some of the more specific cognitive processes underlying
not just academic and professional success, but also success in everyday activities. Dynamic everyday life with
an increasing flow of information places stronger and greater demands on our limited cognitive capacities.
Recently, a larger number of strategies and interventions have been proposed, which are aimed at augmen-
tation of brain functions and enhancement of processing capacities. Cognitive enhancement is relevant for
a wide range of “users” - from children with ADHD or those raised in poverty, professionals with cognitively
demanding workload, older adults with normative cognitive aging, to people with traumatic brain injuries or
neurodegenerative diseases. Not surprisingly, the brain-training industry is one of the fastest growing market
branches. Nevertheless, the (in)effectiveness of interventions has been the subject of long-standing controversy
and argumentation among researchers. A synthesis of research from different scientific fields suggests that
the answer to the effectiveness question requires a departure from the monolithic understanding of cognitive
enhancement as a one-dimensional construct. If we accept its multidimensionality, we can discuss the effec-
tiveness of interventions depending on their biochemical, physical, or behavioral nature, the targeted cognitive
domain or process, the characteristics and individual variables of the participants, the duration of the inter-
vention, and even the wider social acceptance of the idea of possible enhancement.
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The popularity of interventions aimed at cog-
nitive enhancement and maintenance of cognitive
abilities is widely evident in both scientific research
and professional practice. An abundance of theoret-
ical and empirical studies aimed at validation and
evaluation of numerous interventions has been pub-
lished in the past decades. This is well illustrated
by a literature search using the keyword “cognitive
training” or “cognitive intervention” in the PsychIN-
FO database, which yields 518 peer-reviewed em-
pirical articles, published between 2000 and 2010,
and 2979 articles published in the following ten

years. The reasons behind this surge are threefold:
1) evidence of cognitive and neural plasticity which
is not limited to infancy and early childhood, but ex-
tends throughout the lifespan, 2) technology burst,
which facilitates precision in capturing behavioral
and neural changes induced by cognitive training, as
well as the development of new and effective forms
of training, such as computerized cognitive training
(CCT) and video games, 3) the so-called greying of
the population with the ever-growing share of older
adults believed to show a decline in various cogni-
tive functions. These arguments are corroborated



by the observation that between ages 60-70 the de-
cline is more evident in cognitive rather than physi-
cal abilities (Salthouse, 2009).

Large demand for cognitive interventions has
opened various avenues of pursuing maintenance or
enhancement of cognitive abilities. Proposed inter-
ventions vary deeply from one another in terms of
implementation and the mere nature of intervention.
They can be broadly categorized by their strategic
approach into biochemical, physical and behavioral
interventions. Although not exclusively, psycholo-
gists mostly deal with behavioral strategies which are
based on new learning and cognitive engagement.
Since various proponents advocate and present evi-
dence in favor of their approach, it may seem that one
can benefit from whichever procedure.

When discussing factors related to post-inter-
vention gains in various aspects of cognition, stud-
ies point to different factors underlying these ben-
efits. These factors are the focus of this paper. First,
we will present the key findings which have led to
the inauguration of the idea of cognitive interven-
tion, i.e,, evidence of interindividual variability in
cognitive aging, and how different environments are
manifested in this variability. Next, we turn to the
brain industry and cognitive training as the most
prominent of behavioral interventions. In the final
chapter, we will discuss some predictors of training
efficacy, which indirectly signal the route towards
the personalization of cognitive interventions.

Cognitive development and
interindividual differences in plasticity

Probably the best-known finding in the field of
cognitive development is the dichotomy of fluid and
crystallized abilities (e.g., Cattell, 1963). Fluid abili-
ties are innate abilities of processing and assimilat-
ing information and solving problems. The culmi-
nation of the development of fluid abilities, such as
attention, working memory (WM), executive func-
tions (EF), speed of information processing, takes
place throughout the third decade of life, followed
by their decline at an average rate of -2% SD per
year (Salthouse, 2012). Crystallized knowledge and

abilities, such as vocabulary and general knowledge,
are more resistant to change, even to brain injuries
(Brown, 2016). Therefore, they are often used to
assess cognitive functioning before the injury itself.
Crystallized abilities are maintained well into older
adulthood. Since the initial findings, the fluid-crys-
tallized dichotomy has somewhat softened. The new
perspective is based on the evidence of: 1) crystal-
lized abilities, which are not only maintained, but
accumulated knowledge and experience, can even
promote their increase well into the sixth and sev-
enth decade (0.3-2% SD; Salthouse, 2012), 2) inten-
sive exercise, which can enhance fluid abilities (e.g.,
Jaeggi et al., 2008) and slow down their decline (e.g.,
Willis & Nesselroade, 1990; Anguera et al,, 2013).

The diverging age trajectories of the two types
of abilities, sustained by the marked intraindividual
changes in cognitive outcomes over time, have led to
the compensation hypothesis, which suggests that
individuals might compensate the decline in fluid
abilities by gains in the crystallized ones (Tuck-
er-Drob et al, 2022). This heterogeneity of abili-
ties in aging is indirectly corroborated by implicit
theories of aging; when asked to estimate the usu-
al course of cognitive abilities in aging, lay people
agree in the belief that abilities generally weaken,
but they still predict better cognitive future for their
parents rather than their parents’ peers (Vernon,
1996; Haimovitz et al., 2011). Long tradition of cog-
nitive aging research has led to the identification of
three classes of factors related to cognitive decline:
non-modifiable (e.g, genotype), modifiable (e.g.,
lifestyle, physical activity), and potentially control-
lable factors (e.g., health conditions such as sub-
stance abuse, obesity, hypertension). Interactively
or independent from one another, these factors can
modify our cognitive trajectories.

Early introduction of modifiable protective fac-
tors, such as educational stimulation, physical activ-
ity, or rich social network, into one’s lifestyle seems
to support latent level changes. Mimicking the latent
learning paradigm (Tolman, 1948) or the effects
of enriched environment (Rosenzweig & Barnes,
2003), the advantage of mental and physical activi-
ties, i.e,, healthy lifestyle, can be evidenced much lat-
er - when one is faced with age-related weakening



or loss of abilities, and even more so when affronted
with neurodegenerative diseases or some patho-
logical events and processes (e.g., lesions, damage).
The term cognitive reserve has been proposed to
describe the fascinating phenomenon in which ed-
ucation, stimulating activities and work enable the
aging brain to better cope with its losses, particu-
larly with dementia and pathological characteristics
of various types of dementia (Stern et al., 1994).
In older age, cognitive reserve can contribute to
the involvement in lifestyle activities and thus fur-
ther perpetuate itself (Martincevi¢ & Vrani¢, 2021).
Studies in clinical cognitive neuroscience have tak-
en the reserve terminology one step further; while
brain reserve constitutes a passive capacity, depend-
ent upon the brain structures, cognitive reserve rep-
resents a behaviorally expressed way of coping with
brain pathology (Stern, 2002).

The model of reserve is substantiated by the
findings of wide-spread age-related decreases in var-
ious neural parameters which are paired with the
increased frontal engagement. Increased prefrontal
engagement is related to a better behavioral perfor-
mance in older adults (e.g.,, Gutchess et al., 2005; de
Lange et al,, 2016). More specifically, neuroimaging
studies on aging show age-related volume shrink-
age in specific brain regions (e.g., cerebral ganglion
and cerebellum), decreases in cortical thickness and
white-matter integrity, lowered dopaminergic and
posterior brain activity (e.g., hippocampi and occip-
ital areas), yet increased functionality of prefron-
tal cortex (Cabeza et al., 2004; Reuter-Lorenz et al.,
2000). Although with much heterogeneity, destruc-
tive neurofibrillary plaques and volume reduction
in some brain structures can be found even in highly
functioning elderly people (Park & Reuter-Lorenz,
2009). In sum, neuroimaging studies reveal selective
changes in the aging brain that can reflect neural de-
cline, as well as compensatory neural recruitment.

To account for this phenomenon of slowed-
down decline in the abilities, i.e.,, a decrease in
specific neural parameters, and a compensatory
increase in prefrontal activity, the so-called scaffold-
ing theory of aging and cognition has been proposed
(STAC; Park & Reuter-Lorenz, 2009). Scaffolding

postulates a normative life-long circumvention of

neural decline via advancement of alternative neu-
ral routes to achieve cognitive goals. STAC postulates
that functional age-related changes are a part of a
life-long compensatory cognitive scaffolding, which
represents an attempt to alleviate cognitive decline
associated with aging. For example, well-function-
ing older adults with the greatest hippocampal re-
duction show greatest activation in the right PFC
(Persson et al., 2006).

Aging can be related to a number of neural
changes while the behavior stays intact. This has led
to the suggestion of functional reorganization which
occurs in the aging brain, i.e., older adults function-
ally adapt to the neural changes and consolidate
their brain interconnectivity with regard to these
changes. Available evidence suggests that the ability
to use functional reorganization is strengthened by
cognitive engagement (Zhang et al., 2015; Deng et
al,, 2019). In sum, STAC considers an aging mind to
be a result of neural challenges and functional de-
terioration, upon which compensatory scaffolding
(e.g., frontal recruitment, neurogenesis, distributed
processing) and scaffolding enhancement can be
exhibited. The interaction of these factors is a key
determinant of one’s level of cognitive functioning.

Brain-training industry

Scaffolding enhancement can be achieved via
different strategies and actions: new learning, cog-
nitive engagement, exercise and cognitive train-
ing. All these activities have a common denomi-
nator - active and consistent investment in one’s
own cognitive processes. Brain-training industry
(smartphone applications, computerized cognitive
training, even action video-game) rests upon this
notion. Although evidence of the efficacy of smart-
phone apps and casual games is ambiguous and re-
mains in question, an abundance of smartphone ap-
plications (apps) offer brain training to their users
(e.g., Martincevi¢ & Vrani¢, 2020). An online survey
conducted in 2015 has shown that nearly 56% of
smartphone users have used some brain training
app (Torous et al,, 2016). Interestingly, in the sub-
sample of participants over age 60, brain training
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apps were more downloaded by male participants.
Majority of them report that brain training has
helped them with different aspects of cognition;
66.9% have experienced aid with thinking process-
es, 69.3% with attention, 53.3% with mood, 65%
with memory. Still, 14.9% of app users have report-
ed that they felt there may be dangers with app use.
Two complementary points need to be considered
here: 1) the majority of sample was young (only
10% of participants were between ages 46-60, and
only 2% of participants were older than 60); 2)
smartphone ownership at the time of the study was
reaching saturation with younger participants. As
smartphone owners age, the positive relation of age
and brain training apps will increase. This relation
will be complemented by the next wave of growth
in brain training apps market which will undoubt-
edly target older population.

A sophisticated step further from the smart-
phone brain-training apps are cognitive computer-
ized trainings (CCT). CCT provide users with well-
known and often validated tasks taping specific
processes. These tasks are then implemented within
a personalized training protocol, and with the intent
to maintain and/or enhance targeted cognitive abil-
ity (e.g., attention, working memory, fluid reason-
ing) (e.g., von Bastian & Oberauer, 2014; Strobach &
Huestegge, 2017; Martincevi¢ & Vrani¢, 2019). CCT
is a multimillion dollar industry featuring popular
training platforms, such as Lumosity (Lumos Labs,
2007), Peak (Brainbow Limited, 2014), Elevate (Ele-
vate Inc, 2014), and CogniFit Brain Fitness (Cognifit,
1999). A recent online study, with the age-stratified
sample of 18-65-year-olds, has investigated atti-
tudes and beliefs toward CCT (Goghari et al., 2020).
The data analysis has shown that CCT was used by
half of the sample. Among the users, 72% of partic-
ipants have self-reported psychological or neuro-
logical conditions, and were therefore more likely
to use the CCT than participants who did not report
these difficulties. Furthermore, 45% of CCT users
have spent anywhere from one month to more than
ayear using these apps, and 65% have engaged with
brain apps two or more times per week.

The cognitive assessment and training market
are projected to grow from USD 3.2 billion in 2020

to USD 11.4 billion by 2025, at a compound annual
growth rate (CAGR) of 29.3% during this period. For
comparison purposes, CAGR for a well-known firm
like Microsoft and AstraZeneca is 13% and 10.21%,
respectively (Cognitive assessment and training mar-
ket size, share and global market forecast to 2025,
2020). Increased endorsement of gamification in
cognitive assessment, as well as e-learning prac-
tices associated with recommendations for social
distancing during the COVID-19 pandemic, are ex-
pected to push the endorsement of the cognitive as-
sessment and training market even further.

Predictors of training efficacy

Research on cognitive interventions, as well as
its market share is expanding rapidly. This expan-
sion is accompanied by the continuous develop-
ment of experimental designs, i.e., training designs,
which are determined by progress in various fields.
The main principles of learning, such as distributed
learning, adequate difficulty and its adaptivity, or
feedback, have always been the guiding principles of
training, but nowadays changes are reflected in how
technology enables these principles to be incorpo-
rated into interventions. Technology has enabled
the development of extremely immersive training
(e.g., VR) and the use of more complex measure-
ments. Training algorithms have been improved,
and gamification is a key element of more and more
training software. In addition to technology, the
development is aided by the emerging consensus
around the method itself (control group, selection
of tasks necessary for generalization of the conclu-
sion) (Green et al., 2019).

Despite this burst in knowledge and technol-
ogy, the results regarding the efficacy of interven-
tions are still ambiguous. What is it that determines
training success, what predicts one’s achievement
in the program? If we were to reach even far back
into classical works in the field, the answer on pre-
dictors of training efficacy would include cognitive
and non-cognitive factors alike. Galton has consid-
ered the importance of intelligence and diligence
for one’s achievement, and zeal and hard work
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would be in the core of Darwin’s thoughts on the
problem (Duckworth et al,, 2019). Today’s studies
on predictors of cognitive training efficacy can of-
ten be summed up under the umbrella term of the
so-called baseline dependency. In the following par-
agraphs, we will consider some cognitive factors
believed to have the baseline dependency with re-
gard to the training outcomes (e.g., cognitive ability,
sleep). We will then review the findings on non-cog-
nitive predictors, such as lifestyle, personality, moti-
vation and belief about intelligence, as either fixed
or incremental ability.

Cognitive factors. A key cognitive factor asso-
ciated with cognitive training gains is the baseline
cognitive performance. A recent systematic litera-
ture synthesis and meta-analysis confirms the base-
line dependency of the training efficacy upon the
pre-training level of cognitive abilities (e.g., Traut
et al,, 2021; Vrani¢ et al,, 2021). Participants with
initially lower abilities gain more from cognitive
training than those who were more proficient be-
fore the training. This is particularly so in the case of
executive function cognitive training (Lovdén et al.,
2012; Karbach & Unger, 2014), video games train-
ing (Whitlock et al,, 2012) and brain stimulation
(Habich et al,, 2017). Dependency of training gains
on the pre-training ability level brings to mind the
importance of the adaptivity of the training. Train-
ing difficulty must be set according to the baseline
performance and should be adjusted to the level of
acquired skills during the course of the training. It
is interesting to note that certain medications seem
to interact with the baseline cognitive ability result-
ing in differential training outcomes. For example,
some substances, such as amphetamine, modafinil,
and methylphenidate work mainly in individuals
with low baseline performance (Illieva et al., 2013;
Finke et al.,, 2010) and can sometimes even lead to
impairments in individuals with higher baseline
performance. These findings call for caution and in-
dicate the necessity of an anamnestic checkup at the
pretest of any intervention.

Lifestyle. Lifestyle, such as sleep, nutrition, so-
cioeconomic factors and their resulting health sta-
tus, also seems to be baseline dependent in terms
of training efficacy. Sleep appears to enhance mem-

ory performance in participants with a higher base-
line memory ability (Wilhelm et al.,, 2012), working
memory (Fenn et al,, 2012) or intelligence (Fenn at
al,, 2015). Genzel et al. (2012) found that cognitive
performance benefits from nap in men, while this is
evident in women only in the luteal phase of their
menstrual cycle (high progesterone, low estrogen).
As for nutrition, nutrition rich in omega-3 fatty acids
and curcumin appear to elevate levels of brain-de-
rived neurotrophic factor (BDNF), while saturat-
ed fats seem to do the opposite. BDNF is a neuro-
trophic which regulates neurogenesis (Numakava
et al, 2017) and stimulates plasticity in adult brain
(Miranda et al, 2019) by modulating the energy
metabolism of nerve cells. Furthermore, the overall
health status affects the level of cognitive benefit
derived from medications and cognitive enhancers,
mnemonics and sleep (Dresler et al., 2019; Genzel et
al,, 2015). Lastly, socioeconomic factors might play a
role in the outcomes of cognitive interventions since
studies strongly suggest that they moderate age-re-
lated differences in brain organization and function-
ality across the lifespan (Chan et al., 2018).

Personality. Studies on personality and their
impact on training success are not numerous, and
they yield unambiguous results. Double and Bir-
ney (2016) have investigated non-cognitive factors
in registered users of a commercial brain-training
platform with regard to their training success and
adherence to the program over an 18-month period.
Conscientiousness seems to have guided adherence
during shorter training period and, more often, with
a younger sample. It appears that individuals who
are more open and exhibit higher need for cognition
desire novel and challenging activities and are more
likely to discontinue the training. A systematic re-
view of 10 studies which have investigated the role
of personality in training outcomes have suggested
that: 1) Openness to experience and need for cog-
nition are positively related to improvement (e.g.,
Bekavac & Vrani¢, 2015); and 2) conscientiousness
and agreeableness have a positive moderating effect
on the response to intervention, i.e., conscientious
and agreeable participants improve significantly
more than those scoring low on these traits (Marr
etal, 2020).
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Beliefs about intelligence. Growth mindset -
the belief that intelligence is a malleable quality that
can increase through efforts - seems to be related
to training outcomes, but mostly regarding the ad-
herence and/or discontinuation of the training. Re-
gardless of their age, participants with fixed beliefs
regarding intelligence are more likely to withdraw
from participation and to perceive the tasks as too
demanding (e.g., Double & Birney, 2016; Grant &
Dweck, 2003). Regardless of use history, partici-
pants believe that attention and memory are most
amenable to positive change through CCT use, fol-
lowed by reasoning, multi-tasking, intelligence, and
social cognition. Recent studies suggest that train-
ing-related gains are unlikely due solely to a pla-
cebo effect (Liu et al.,, 2021; Tsai et al., 2018), and
expectations may increase motivation and attention
during training, which in turn, improves posttest re-
sults (Parong et al., 2022).

Motivation. Jaeggi et al. (2014) suggests that
intrinsic motivation, pre-training ability and need
for cognition determine whether a person will
choose to participate and remain engaged in a cog-
nitive training. The most commonly reported rea-
sons to engage in and continue to use CCT are cu-
riosity, cognition enhancement, cognitive decline
prevention and maintenance of cognitive abilities,
restoration of perceived cognitive losses and, fi-
nally, the pleasure of playing (Goghari et al., 2020).
Overall, highest training gains are found in partic-
ipants who are given no incentive or a very small
incentive for their participation (e.g., $20 in Jaeggi
et al,, 2010), with lower transfer gains found with
higher incentive, which operationalizes extrinsic
motivation (e.g, $150 in Anguera et al,, 2012, Exp.
2; Studer-Luethi et al.,, 2010). Substantiating these
findings, three other research groups, which have
motivated their participants with larger incentives
($130 - $800) have also found no training trans-
fer (Chooi & Thompson, 2012; Redick et al., 2013;
Thompson et al.,, 2013). Effect sizes of gains in train-
ing studies with low incentive is found twice the
size of the gains in the studies with high incentive.
In so far, studies seem to unequivocally agree on the
importance of intrinsic motivation to participate in

interventions.
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Conclusion

Future studies should address the extent and
type of generalization induced by training para-
digms while considering the many possible pat-
terns of improvements from training. Patterns of
benefits vary across training types as well as indi-
viduals, and understanding individual differenc-
es in training benefits will help advance the field.
Overall, general population perceives interventions
aimed at cognitive maintenance and enhancement
as relatively useful. This underlines the critical im-
portance of clear and precise communication of
the scientific status of the effectiveness of CCT, as
a large portion of population uses brain-training
apps and CCT and wants to participate in organ-
ized training sessions.

Acknowledgments

Funding: This manuscript was supported by
Croatian Science Foundation (Grant No. IP-2020-
02-6883).

References

Anguera, J., Boccanfuso, |, Rintoul, J., Al-Hashimi, O.,
Faraji, F, Janowich, |, et al. (2013). Video game
training enhances cognitive control in older
adults. Nature, 501, 97-101. doi: 10.1038/na-
ture12486

Bekavac, J., & Vrani¢, A. (2015). Cognitive training
in the elderly: The effect of cognitive train-
ing on dispositional variables and subjective
well-being [Kognitivni trening kod starijih oso-
ba: Utjece li kognitivna vjezba na neke osobine
licnosti i subjektivnhu dobrobit?], Drustvena
istrazivanja, 15(2), 259-279. doi: 10.5559/
di.24.2.05

Brainbow Limited (2014). Peak - Brain Training
[Computer Software]. Available online at:
https://www.peak.net/ (accessed September
23,2022).


http://dx.doi.org/10.5559/di.24.2.05
http://dx.doi.org/10.5559/di.24.2.05
https://www.peak.net/

Brown, R.E. (2016). Heb and Cattell: The genesis of
the theory of fluid and crystallized intelligence.
Frontiers in Human Neuroscience, 10, 606. doi:
10.3389/fnhum.2016.00606

Cabeza, R, Prince, S. E., Daselaar, S. M., Greenberg,
D. L., Budde, M., Dolcos, F.,, LaBar, K. S., & Ru-
bin, D. C. (2004). Brain activity during episod-
ic retrieval of autobiographical and laboratory
events: an fMRI study using a novel photo par-
adigm. Journal of Cognitive Neuroscience, 16(9),
1583-1594.doi: 10.1162/0898929042568578

Cattell, R. B. (1963). Theory of fluid and crystallized
intelligence: A critical experiment. Journal of
Educational Psychology, 54(1), 1. doi: 10.1037/
h0046743

Chan,M.Y, Na, ], Agres, P. E, Savalia, N. K,, Park, D. C,,
& Wig, G. S. (2018). Socioeconomic status mod-
erates age-related differences in the brain’s
functional network organization and anatomy
across the adult lifespan. Proceedings of the Na-
tional Academy of Sciences of the United States of
America, 115(22),E5144-E5153. doi: 10.1073/
pnas.1714021115

Cognifit (1999). Cognifit Brain Fitness [Computer
Software]. Available online at: https://www.
cognifit.com/brain-games (accessed Septem-
ber 23, 2022).

Cognitive assessment and training market size, share
and global market forecast to 2025. Market-
sandMarkets. (2020). Retrieved October 14,
2022,
kets.com/Market-Reports/cognitive-assess-
ment-market-1039html

Cujzek, M., & Vrani¢, A. (2016). Computerized tab-
letop games as a form of a video-game training

from https://www.marketsandmar-

for old-old, Aging, Neuropsychology & Cogni-
tion, doi: 10.1080/13825585.2016.1246649

Deng, L., Cheng, Y., Cao, X., Feng, W,, Zhu, H,, Jiang,
L., Wu, W, Tong, S., Sund, J. & Li, C. (2019). The
effect of cognitive training on the brain’s lo-
cal connectivity organization in healthy older
adults. Scientific Reports, 9,9033. doi: 10.1038/
s41598-019-45463-x

Double, K.S., & Birney, D.P. (2016). The effects of per-
sonality and metacognitive beliefs on cognitive

training adherence and performance. Person-

ality and Individual Differences, 102, 7-12. doi:
10.1016/j.paid.2016.04.101

Dresler, M., Sandberg, A, Bublitz, C., Ohla, K., Trena-
do, C., Mroczko-Wasowicz, A. Kihn, S, &
Repantis, D. (2019). Hacking the brain: Dimen-
sions of cognitive enhancement. ACS Chemical
Neuroscience, 10(3), 1137-1148. doi: 10.1021/
acschemneuro.8b00571

Duckworth, A. L., Quirk, A., Gallop, R,, Hoyle, R. H,,
Kelly, D. R., & Michael D. Matthews, M.D. (2019).
Cognitive and noncognitive predictors of suc-
cess, Proceedings of the National Academy
of Science, 116, 23499-23504. doi: 10.1073/
pnas.1910510116

Elevate Inc. (2014). Elevate [Computer Software].
Available online at: https://www.elevateapp.
com/ (accessed September 23, 2022).

Fenn K. M., & Hambrick D. Z. (2012). Individual dif-
ferences in working memory capacity predict
sleep-dependent memory consolidation. Jour-
nal of Experimental Psychology: General, 141,
404-410. doi: 10.1037/a0025268.

Fenn K. M., & Hambrick D. Z. (2015). General intel-
ligence predicts memory change across sleep.
Psychonomic Bulletin & Review, 22, 791-9. doi:
10.3758/s13423-014-0731-1.

Finke, K., Dodds, C. M., Bublak, P, Regenthal, R., Bau-
mann, F, Manly, T, & Miiller, U. (2010). Effects
of modafinil and methylphenidate on visual at-
tention capacity: A TVA-based study. Psychop-
harmacology, 210(3), 317-329. doi: 10.1007/
s00213-010-1823-x

Genzel L., Dresler M., Cornu M,, Jager E., Konrad B,
Adamczyk M, Friess E., Steiger A., Czisch M.,
& Goya-Maldonado R. (2015). Medial prefron-
tal-hippocampal connectivity and motor mem-
ory consolidation in depression and schizo-
phrenia. Biological Psychiatry, 77, 177-86. doi:
10.1016/j.biopsych.2014.06.004

Green, S., Bavelier, D., Kramer, A. F, Vinogradov, S.,
Ansorge, U, Ball, K. K, Bingel, U, Chein, J. M,,
Colzato, L. S., Edwards, ]. D., Facoetti, A., Gaz-
zaley, A., Gathercole, S. E., Ghisletta, P, Gori, S,
Granic, I, Hillman, C. H., Hommel, B., Jaeggi, S.
M., Kanske, P, Karbach, ., Kingstone, A., Kliegel,
M., Klingberg, T, Kiihn, S., Levi, S. M., Mayer, R.

11


https://doi.org/10.3389/fnhum.2016.00606
https://doi.org/10.1162/0898929042568578
https://psycnet.apa.org/doi/10.1037/h0046743
https://psycnet.apa.org/doi/10.1037/h0046743
https://doi.org/10.1073/pnas.1714021115
https://doi.org/10.1073/pnas.1714021115
https://www.cognifit.com/brain-games
https://www.cognifit.com/brain-games
https://www.marketsandmarkets.com/Market-Reports/cognitive-assessment-market-1039html
https://www.marketsandmarkets.com/Market-Reports/cognitive-assessment-market-1039html
https://www.marketsandmarkets.com/Market-Reports/cognitive-assessment-market-1039html
http://dx.doi.org/10.1080/13825585.2016.1246649
https://doi.org/10.1021/acschemneuro.8b00571
https://doi.org/10.1021/acschemneuro.8b00571
https://www.pnas.org/doi/10.1073/pnas.1910510116#con1
https://www.pnas.org/doi/10.1073/pnas.1910510116#con2
https://www.pnas.org/doi/10.1073/pnas.1910510116#con3
https://www.pnas.org/doi/10.1073/pnas.1910510116#con5
https://www.pnas.org/doi/10.1073/pnas.1910510116#con6
https://doi.org/10.1073/pnas.1910510116
https://doi.org/10.1073/pnas.1910510116
https://www.elevateapp.com/
https://www.elevateapp.com/
https://doi.org/10.1007/s00213-010-1823-x
https://doi.org/10.1007/s00213-010-1823-x

E., McLaughlin, A. C,, McNamara, D. S., Morris,
M. C.,, Nahum, M., Newcombe, N. S., Panizzutti,
R., Prakash, R. S., Rizzo, A., Schubert, T., Seitz,
A. R, Short, S. ], Singh, L, Slotta, ]. D., Strobach,
T, Thomas, M. S. C,, Tipton, E., Tong, X., Vlach,
H. A., Wetherell, ]. L., Wexler, A., & Witt, C. M.
(2019). Improving methodological standards
in behavioral interventions for cognitive en-
hancement. Journal of Cognitive Enhancement,
3(1), 2-29. doi: 10.1007/s41465-018-0115-y

Genzel, L., Kiefer, T, Renner; L., Wehrle, R,, Kluge, M,,
Grozinger, M., Steiger, A., & Dresler, M. (2012).
Sex and modulatory menstrual cycle effects
on sleep related memory consolidation. Psy-
choneuroendocrinology, 37(7), 987-998. doi:
10.1016/j.psyneuen.2011.11.006

Goghari, V. M., Krzyzanowski, D., Yoon, S., Daj, Y., &
Toews, D. (2020). Attitudes and beliefs toward
computerized cognitive training in the gener-
al population. Frontiers in Psychology, 11, 503.
doi: 10.3389/fpsyg.2020.00503

Gutchess, A. H., Welsh, R. C., Hedden, T, Bangert, A,
Minear, M., Liy, L. L., & Park, D. C. (2005). Aging
and the neural correlates of successful picture
encoding: frontal activations compensate for
decreased medial-temporal activity. Journal
of Cognitive Neuroscience, 17(1), 84-96. doi:
10.1162/0898929052880048

Habich A., Kléppel S., Abdulkadir A., Scheller E., Nis-
sen C,, & Peter ]. (2017). Anodal tDCS enhances
verbal episodic memory in initially low per-
formers. Frontiers in Human Neuroscience, 11,
542. doi: 10.3389/fnhum.2017.00542.

Haimovitz, K., Wormington, S. V,, & Corpus, J. H.
(2011). Dangerous mindsets: How beliefs
about intelligence predict motivational change.
Learning and Individual Differences, 21(6),
747-752. doi: 10.1016/j.1indif.2011.09.002

llieva, I. P, & Farah, M. ]. (2013). Enhancement stim-
ulants: perceived motivational and cognitive
advantages. Frontiers in Neuroscience, 7, 198.
doi: 10.3389/fnins.2013.00198

Jaeggi S. M., Buschkuehl M,, Jonides ]., & Perrig W. J.
(2008). Improving fluid intelligence with train-
ing on working memory. Proceedings of the
National Academy of Science, 105 (19), 6829-

12

6833. doi: 10.1073/pnas.0801268105.

Karbach, ., & Unger, K. (2014). Executive control
training from middle childhood to adolescence.
Frontiers in Psychology, 5, 390. doi: 10.3389/
fpsyg.2014.00390

Liu, P, Zhang, X., & Zhou, R. (2021). The mindset
of intelligence is not a contributor of place-
bo effects in working memory training. Fron-
tiers in Psychology, 12, 712309. doi: 10.3389/
fpsyg.2021.712309

de Lange, A. G., Brathen, A. C,, Grydeland, H., Sexton,
C., Johansen-Berg, H., Andersson, J. L., Rohani,
D. A, Nyberg, L., Fjell, A. M., & Walhovd, K. B.
(2016). White matter integrity as a marker for
cognitive plasticity in aging. Neurobiology of
Aging, 47, 74-82. doi: 10.1016/j.neurobiolag-
ing.2016.07.007

Lovdén, M., Brehmer, Y, Li, S. C,, & Lindenberger, U.
(2012). Training-induced compensation versus
magnification of individual differences in mem-
ory performance. Frontiers in Human Neurosci-
ence, 6, 141. doi: 10.3389/fnhum.2012.00141

Lovdén, M., Schaefer, S., Noack, H., Bodammer, N.
C., Kihn, S., Heinze, H. ], Diizel, E., Bickman,
L, & Lindenberger, U. (2012). Spatial nav-
igation training protects the hippocampus
against age-related changes during early and
late adulthood. Neurobiology of Aging, 33(3),
620.9-620.e22. doi: 10.1016/j.neurobiolag-
ing.2011.02.013

Lumos Labs (2007). Lumosity [Computer Software].
Available online at: https://www.lumosity.
com/en/ (accessed September 23, 2022).

Marr, C., Vaportzis, E., Dewar, M., & Gow, A. ]. (2020).
Investigating associations between person-
ality and the efficacy of interventions for cog-
nitive ageing: A systematic review. Archives of
Gerontology and Geriatrics, 87, 103992. doi:
10.1016/j.archger.2019.103992

Martincevi¢, M., & Vrani¢, A. (2019). Can vid-
eo-games enhance cognitive ability? [Mogu
li video-igre osnaziti kognitivhe sposobnos-
ti?], Psychological Topics, 28(3), 507-528. doi:
10.31820/pt.28.3.3

Martincéevi¢, M., & Vrani¢, A. (2020). Casual game
or cognitive gain: multitask casual game as


https://link.springer.com/article/10.1007/s41465-018-0115-y
https://doi.org/10.3389/fpsyg.2020.00503
https://psycnet.apa.org/doi/10.1016/j.lindif.2011.09.002
https://doi.org/10.1016/j.neurobiolaging.2016.07.007
https://doi.org/10.1016/j.neurobiolaging.2016.07.007
https://doi.org/10.3389/fnhum.2012.00141
https://www.lumosity.com/en/
https://www.lumosity.com/en/
http://dx.doi.org/10.31820/pt.28.3.3

a training for young adults, Journal of Cogni-
tive Enhancement, 4, 434-445. doi: 10.1007/
s41465-020-00173-5

Martincevi¢, M., & Vrani¢, A. (2021). The higher, the
better: Cognitive reserve contributes to life-
style activities in older age. Applied Neuropsy-
chology: Adult, 1-8. Advance online publication.
doi: 10.1080/23279095.2021.1950154

Miranda, M., Morici, J. F, Zanoni, M. B., & Bekin-
schtein, P. (2019). Brain-derived neurotroph-
ic factor: A key molecule for memory in the
healthy and the pathological brain. Frontiers in
Cellular Neuroscience, 13, 363. doi: 10.3389/
fncel.2019.00363

Numakawa, T., Odaka, H., & Adachi, N. (2017). Ac-
tions of brain-derived neurotrophic factor and
glucocorticoid stress in neurogenesis. Inter-
national Journal of Molecular Sciences, 18(11),
2312.doi: 10.3390/ijms18112312

Park, D. C,, & Reuter-Lorenz, P. (2009). The adaptive
brain: aging and neurocognitive scaffolding.
Annual Review of Psychology, 60, 173-196. doi:
10.1146/annurev.psych.59.103006.093656

Parong, ], Seitz, A. R, Jaeggi, S. M., & Green, C. S.
(2022). Expectation effects in working memo-
ry training. Proceedings of the National Acad-
emy of Sciences of the United States of Amer-
ica, 119(37), €2209308119. doi: 10.1073/
pnas.2209308119

Persson, ., Nyberg, L., Lind, ]., Larsson, A., Nilsson,
L. G, Ingvar, M., & Buckner, R. L. (2006). Struc-
ture-function correlates of cognitive decline
in aging. Cerebral Cortex, 16(7), 907-915. doi:
10.1093/cercor/bhj036

Repantis, D., Bovy, L., Ohla, K., Kiihn, S., & Dresler, M.
(2021). Cognitive enhancement effects of stim-
ulants: a randomized controlled trial testing
methylphenidate, modafinil, and caffeine. Psy-
chopharmacology, 238, 441-451. doi: 10.1007/
s00213-020-05691-w

Reuter-Lorenz, P. A, Jonides,]., Smith, E.E., Hartley, A.,
Miller, A., Marshuetz, C., & Koeppe, R. A. (2000).
Age differences in the frontal lateralization of
verbal and spatial working memory revealed
by PET. Journal of Cognitive Neuroscience, 12(1),
174-187.doi: 10.1162/089892900561814

Rosenzweig, E.S. & Barnes, C.A. (2003). Impact of
aging on hippocampal function: Plasticity, net-
work dynamics, and cognition. Progress in Neu-
robiology, 69, 143-179. doi: 10.1016/s0301-
0082(02)00126-0

Salthouse, T. A. (2009). When does age-related cog-
nitive decline begin?. Neurobiology of Aging,
30(4), 507-514. doi: 10.1016/j.neurobiolag-
ing.2008.09.023

Salthouse, T. (2012). Consequences of age-re-
lated cognitive declines. Annual Review of
Psychology, 63, 201-226. doi: 10.1146/an-
nurev-psych-120710-100328

Segretin M. S., Lipina S. ]., Hermida M. ]., Sheffield
T. D., Nelson ]. M., Espy K. A,, & Colombo ]. A.
(2014) Predictors of cognitive enhancement af-
ter training in preschoolers from diverse socio-
economic backgrounds. Frontiers in Psychology,
5, 205. doi: 10.3389/fpsyg.2014.00205.

Stern Y. (2002). What is cognitive reserve? Theory
and research application of the reserve con-
cept. Journal of the International Neuropsy-
chological Society: JINS, 8(3), 448-460. doi:
10.1017/S1355617702813248

Stern, Y., Gurland, B., Tatemichi, T. K,, Tang, M. X,
Wilder, D., & Mayeux, R. (1994). Influence of
education and occupation on the incidence of
Alzheimer’sdisease.JAMA,271(13),1004-1010.
doi: 10.1001/jama.1994.03510370056032

Strobach, T, & Huestegge, L. (2017). Evaluat-
ing the effectiveness of commercial brain
game training with working-memory tasks.
Journal of Cognitive Enhancement, 1(4), 539-
558. doi: 10.1007/s41465-017-0053-0

Studer-Luethi, B., Jaeggi, S. M., Buschkuehl, M., &
Perrig, W. ]J. (2012). Influence of neuroticism
and conscientiousness on working memo-
ry training outcome. Personality and Indi-
vidual Differences, 53, 44-49. doi: 10.1016/].
paid.2012.02.012

Tolman, E. C. (1948). Cognitive maps in rats and
men. Psychological Review, 55(4), 189. doi:
10.1037/h0061626

Torous, J., Staples, P, Fenstermacher, E., Dean, J., &
Keshavan, M. (2016). Barriers, benefits, and
beliefs of brain training smartphone apps:

13


https://link.springer.com/article/10.1007/s41465-020-00173-5
https://link.springer.com/article/10.1007/s41465-020-00173-5
https://doi.org/10.1080/23279095.2021.1950154
https://doi.org/10.3389/fncel.2019.00363
https://doi.org/10.3389/fncel.2019.00363
https://doi.org/10.3390/ijms18112312
https://doi.org/10.1093/cercor/bhj036
https://doi.org/10.1093/cercor/bhj036
https://doi.org/10.1016/s0301-0082(02)00126-0
https://doi.org/10.1016/s0301-0082(02)00126-0
http://dx.doi.org/10.1001/jama.1994.03510370056032
https://link.springer.com/article/10.1007/s41465-017-0053-0
https://psycnet.apa.org/doi/10.1016/j.paid.2012.02.012
https://psycnet.apa.org/doi/10.1016/j.paid.2012.02.012
https://psychclassics.yorku.ca/Tolman/Maps/maps.htm
https://psychclassics.yorku.ca/Tolman/Maps/maps.htm
https://psycnet.apa.org/doi/10.1037/h0061626

An internet survey of younger US consumers.
Frontiers in Human Neuroscience, 10, 180. doi:
/10.3389/fnhum.206.00180

Tsai, N., Buschkuehl, M., Kamarsu, S., Shah, P, Jon-
ides, J., & Jaeggi, S. M. (2018). (Un)Great expec-
tations: The role of placebo effects in cognitive
training. Journal of Applied Research in Memory
and Cognition, 7(4), 564-573. doi: 10.1016/j.
jarmac.2018.06.001

Tucker-Drob, E.M. de la Fuente, ]J., Kohncke, Y.
Brandmaier, A., Nyberg, L., & Lindenberger, U.
(2022). A strong dependency between changes
in fluid and crystallized abilities in human cog-
nitive aging, Science Advances, 8, doi: 10.1126/
sciadv.abj2422

Traut, H. ]., Guild, R.M, & Munakata, Y. (2021). Why
does cognitive training yield inconsistent ben-
efits? A meta-analysis of individual differences
in baseline cognitive abilities and training out-
comes, Frontiers in Psychology, 12,662139. doi:
10.3389/fpsyg.2021.662139

Vernon, P. E. (1969). Intelligence and cultur-
al environement. Londaon: Methuen. doi:
10.4324/9781315879949

Vrani¢, A., Martincevi¢, M., & Prpi¢, V. (2021). Predic-
tors of training efficacy during n-back training.
Psiholoska Obzorja/Horizons of Psychology, 30,
129-137. doi: 10.20419/2021.30.530

14

von Bastian, C. C., & Oberauer, K. (2014). Effects and
mechanisms of working memory training: a re-
view. Psychological Research, 78(6), 803-820.
doi: 10.1007/s00426-013-0524-6

Whitlock L. A, McLaughlin A. C., & Allaire J. C.
(2012) Individual differences in response
to cognitive training: Using a multi-modal,
attentionally demanding game-based inter-
vention for older adults. Computers in Human
Behavior, 28, 1091-1096. doi: 10.1016/j.
chb.2012.01.012.

Willis, S. L., & Nesselroade, C. S. (1990). Long-term
effects of fluid ability training in old-old age.
Developmental Psychology, 26(6), 905-910. doi:
10.1037/0012-1649.26.6.905

Wilhelm 1., Metzkow-Mészaros M., Knapp S., & Born
J. (2012). Sleep-dependent consolidation of
procedural motor memories in children and
adults: the pre-sleep level of performance mat-
ters. Developmental Science, 15, 506-15. doi:
10.1111/j.1467-7687.2012.01146.x.

Zhang, G., Yao, L., Shen, |, Yang, Y., & Zhao, X. (2015).
Reorganization of functional brain networks
mediates the improvement of cognitive per-
formance following real-time neurofeedback
training of working memory. Human Brain
Mapping, 36(5), 1705-1715. doi: 10.1002/
hbm.22731


https://doi.org/10.1016/j.jarmac.2018.06.001
https://doi.org/10.1016/j.jarmac.2018.06.001
https://www.science.org/doi/10.1126/sciadv.abj2422#con1
https://doi.org/10.1126/sciadv.abj2422
https://doi.org/10.1126/sciadv.abj2422
https://doi.org/10.3389/fpsyg.2021.662139
https://psycnet.apa.org/doi/10.1037/0012-1649.26.6.905
https://psycnet.apa.org/doi/10.1037/0012-1649.26.6.905
https://doi.org/10.1002/hbm.22731
https://doi.org/10.1002/hbm.22731

	_heading=h.30j0zll
	_heading=h.1fob9te

