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The use of commercial
computerised cognitive games
In older adults: a meta-analysis

Bruno Bonnechére'?*, Christelle Langley* & Barbara Jacquelyn Sahakian®

Brain training programs are currently one effective solution to prevent cognitive decline in

healthy aging. We conducted a meta-analysis of randomized controlled trials assessing the use of
commercially available computerised cognitive games to improve cognitive function in people aged
above 60 years old without cognitive impairment. 1,543 participants from sixteen studies were
included in the meta-analysis. Statistically significant improvements were observed for processing
speed (SMD increased 0.40 [95% CI 0.20-0.60], p <0.001), working memory (0.21 [95% CI 0.08-0.34],
p=0.001), executive function (0.21 [95% CI 0.06-0.35], p=0.006), and for verbal memory (0.12 [95%
Cl1 0.01-0.24, p=0.031), but not for attention or visuospatial abilities. No relationship between the
age of the participants and the amount of training was found. Commercially available computerised
cognitive games are effective in improving cognitive function in participants without cognitive
impairment aged over 60 years.

According to the World Health Organization (WHO), the number of people over the age of 60 years in the popu-
lation will double by 2050 and is estimated to include around 2 billion people’. As such, the WHO has suggested
that preventing cognitive decline and dementia is a global mental health priority. Dementia has a significant
impact, not only on patients and relatives, but also on society. The economic cost has been estimated at €232
billion for European countries in 2015 and is expected to double by 2040)%

Cognitive brain training methods have been developed for decades to preserve and increase cognitive func-
tions of young healthy people?, healthy older adults* and patients with Mild Cognitive Impairment (MCI)°.
Indeed, education and life-long learning are modifiable risk factors®” and enhance cognitive reserve, which
seems to provide some resilience against dementia®’. A recent systematic review summarized the current level
of evidence of brain training for healthy older adults and MCI. Currently, there is moderate-strength evidence
for improvement of cognitive performance after cognitive training in healthy older adults, however, the transfer
is low and the benefits are limited to the domain trained.

Thanks to the evolution of the technology, brain training exercises have been progressively integrated into
computerized training: computers, game consoles and more recently on smartphones and tablets. One systematic
review'’ and one meta-analysis!! have summarized the results of studies using computerized cognitive training
(CCT) or video games in healthy older adults. CCT was found to be modestly effective at improving cognitive
performance in healthy older adults, though efficacy varied across cognitive domains'%

Recently, Cochrane’s reviews have been published, summarizing the use of CCT in various populations. In
middle-aged cognitively healthy people (40-65 years old), the authors were unable to determine whether train-
ing was effective in maintaining global cognitive function'’. In cognitively healthy people aged 65 or older, 12
or more weeks of CCT may improve cognition but the level of evidence is moderate. There are a few limitations
in those studies: the first meta-analysis'? was published in 2014 and has not been updated since, the Cochrane’s
reviews'>'* only included studies with training lasting for at least 12 weeks; finally, the previous reviews mixed
different types of interventions (e.g., computerized training, specific games, commercial (video) games).

Recently, there has been a significant increase in the use and availability of mobile devices and apps. Amongst
the most popular is mHealth apps, which are applications for mental health (29% of the mHealth apps focus
on mental health diagnosis according to a WHO study)'®. The most apparent advantages of these apps are the
high availability, the level of enjoyment, usually higher compared to traditional exercises, and the possibility
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to monitor and visualize the evolution of the performance'®. A systematic review synthesises the commercially
available CCT solution available to prevent cognitive decline in older adults. The authors found that the study
showed high methodological quality but the authors did not perform a meta-analysis'’.

Currently, there is a lack of information about the efficacy of such kind of apps and, in more general, of
commercial brain training to improve cognition. Therefore, this study aims to summarize the current level of
evidence of brain training using commercial computerised cognitive games (ccCG) in healthy older adults. The
second aim is to determine if there is a dose-response relationship of the training and, finally, if the age of the
participants influences the outcomes.

Results

Sixteen studies have been included in this review representing 1,543 participants (774 in the intervention group
and 769 in the control group). The characteristics of the participants and interventions are presented in Table 1.
The mean age of the participants is 70 (5) years old. On average the studies lasted for a median duration of
28 [P25=20; P75 =40] sessions of 40 [P25=20; P75=60] min. The total duration of training is 15.3 [P25=9;
P75=34] h.

The quality of the studies have been assessed using the PEDro scale'$, we did not take into consideration the
question about the blinding of the therapist, since the intervention are not performed with therapists, the mean
scoreis 7.7 (1.1) out of 10. Individual results are presented in Table 1 and summarized in Fig. 1. We observed two
major weaknesses in the included studies: the assessors are rarely blinded (most of the studies are single-blinded
RCT) and the results of only 3 out of the 16 studies'®-?! were analyzed in intention-to-treat. In the majority of
included studies, the authors recorded drop-out at follow-up and participants did not finish the training session.
Of the 1,543 participants included 1,344 (87.1%) completed the majority of the exercises and were included in
the analyses (in most of the studies, the authors have defined a threshold at 80% of the amount of exercises). Of
the 199 participants that did not complete the intervention 83 were in the experimental group and 116 were in
the control group. There is no statistical difference in the drop-out (p=0.41).

Concerning the clinical efficacy, the results vary depending on the different cognitive functions evaluated.
The forest plot summarizing the different studies and cognitive functions is presented in Fig. 2.

For the domain of processing speed, 8 studies, with 403 participants, were included®**>-?%. The forest plot
revealed one outlier study?® that reported one extremely large SMD (2.93 [2.55-3.30]). This was considered
implausible (extremely large effect) and was removed from this analysis. The effect of ccCG on processing speed
was moderate and statistically significant (g=0.40 [95% CI 0.20-0.60], p <0.001), 0.37 [0.14-0.60] after adjust-
ing for publication bias. Heterogeneity across studies is low (tau?=0.030, p=0.20). The funnel plot did not show
significant asymmetry (Egger’s intercept=0.67, p=0.75).

For the domain of working memory, 9 studies, with 917 participants, were included?°-2%2, The forest plot
revealed two outlier studies?®*! that reported extremely large SMD (5.21 [3.62-6.80] and 2.93 [2.54-3.32]). This
was considered implausible (extremely large effect) and was removed from this analysis. The effect of ccCG on
working memory is small and statistically significant (g=0.21 [0.08-0.34], p=0.001), 0.28 [0.06-0.51] with
the adjusted model. Heterogeneity across studies is low (tau*=0.051, p=0.039). The funnel plot did not show
significant asymmetry (Egger’s intercept=1.02, p=0.28).

For the domain of executive function, 9 studies, with 582 participants, were include
effect of ccCG on executive function is small and statistically significant (g=0.21 [0.06-0.35], p=0.006) and
0.28 [0.08-0.45] for the adjusted model. Heterogeneity across studies is low (tau*=0.040, p=0.06). The funnel
plot did not show significant asymmetry (Egger’s intercept=1.76, p=0.40).

For the domain of verbal memory, 7 studies, with 907 participants, were included'?-212*273233 The effect of
ccCG on verbal memory is small and statistically significant (g=0.12 [0.01-0.24], p=0.031), and 0.13 [0.02-0.24]
for the adjusted model. There is not heterogeneity (tau?=0, p=0.98). The funnel plot did not show significant
asymmetry (Egger’s intercept=—0.17, p=0.93).

For the domain of attention, 4 studies, with 299 participants, were included*»*-***>. The effect of ccCG on
attention is not significant (g=0.06 [-0.16-0.29], p=0.59), the adjusted value is 0.12 [-0.34-0.58]. Furthermore,
the heterogeneity across studies is low (tau?=0.186, p =0.007). The funnel plot did not show significant asym-
metry (Egger’s intercept=0.7, p=0.90).

For the domain of visuospatial abilities, 4 studies, with 216 participants, were included*?*?**2 The effect of
ccCG on visuospatial abilities is not statistically significant (g=0.03 [-0.16-0.22], p=0.18), the adjusted value
is 0.11 [-0.27-0.50]. Heterogeneity across studies is low (tau*=0.011, p=0.016). The funnel plot did not show
significant asymmetry (Egger’s intercept=3.08, p=0.42).

The summary of the effects is presented in Fig. 3, the forest and funnel plots for the different cognitive func-
tions are presented in Supplementary Figs. S1-S6.

We then performed meta-regression to determine if the age of the participants and the amount of training
influence the outcomes. Due to the limited number of studies included (n=16), the meta-regression analysis
was conducted for the mean amongst the different cognitive functions, combined, for each study as an indicator
of all cognitive outcome!?. We did not find any significant associations between the age of the participants and
the outcome (f = —0.008, SE=0.020, p=0.69) or the total duration of the training and the outcome (f = - 0.007,
SE=0.006, p=0.24). The results are presented in Fig. 4. The results for the different cognitive functions are pre-
sented in Supplementary Table S3 and bubble plots in Supplementary Figs. S7-S12 but are underpowered due
to the small number of studies included (n< 10).
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Type | Study Participant | Intervention Cognitive function

N Age | Training Session | Length(min) | Frequency | Total | PEDRO | WM | PS | Att. | EF | Visuo.| VM
(n) (n/week) | (h)

Mahncke | 123 | 70.9 | Intervention (n | 40 60 5 40 10
et al. =62)
200619 (106}
ccCG using Wii
Big Brain +
Academy

Control (n =61)

Book reading

Smith et | 487 | 75.3 | Intervention (n | 40 60 5 40 9

al. 2009 =242)
(438)

ccCG using PS
Brain Fitness

Control (n =
245) +

Video-based
educational
programs  on
history, art, and
literature

Active control

Peretz et | 155 | 67.8 | Intervention (n | 36 25 3 15 8

al. 20113 = 84)
(121)

ccCG using
Cognifit

Control (n =71)

Classic
computer
games

Nouchi et | 32 69.1 | Intervention (n | 20 15 5 5 9

al. 20122 =16)
(28)

Nintendo Brain
Age +

Control (n = 16)

Tetris

Simpson et | 34 62.3 | Intervention (n | 21 20 7 7 7

al. 20122 =17)
(30)

My Brain
Trainer + | + = =
Control (n=17)

Solitaire

Active control

Table 1. (continued)
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Shatil et al. | 87 80.5 | Intervention (n | 48 40 3 32 7

20132 =45):
(62)

CogniFit

Control (n
42):

Book reading

Shatiletal. | 119 | 68.3 | Intervention (n | 24 20 3 8 7

20147 =60):
(119)

CogniFit

Control (n =
59):

Non-cognitive
activities

Strenziok | 42 69.2 | Intervention (n | 36 60 6 36 7
et al. =14):
201430 (42)
Brain Fitness

Control 1 (n = -
14):

Rise of Nation,
a real-time
strategy-game

Active control

Control 2 (n =
14):

Space Fortress,
a challenging
game to study
complex  skill
acquisition

Walton et | 28 64.2 | Intervention (n | 28 20 9.3 7 7

al. 2014 =16):
(28)

MyBrainTrainer

Control (n =
12):

Simple reaction
time exercises

Nouchi et | 72 69.1 | Intervention (n | 20 15 5 5 9

al. 20162 =36):
(71)

Nintendo Brain
Age 2

Control (n =
36):

Quiz  Training
Game

Table 1. (continued)
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Ballesteros | 75 65.0 | Intervention (n | 16 45 2 12 7

et al. =38)
20172 | (%5)
Lumosity

Control (n=37)

video  games - - - -
not designed to
train  specific
cognitive
domains
(SimCity  Build
& the Sims)

ten Brinke | 83 71.3 | Intervention (n | 48 60 6 48 8

et al. =41)
20192 | (79)
Fit Brain

Training
Control (n =42) +

Shame
cognitive and
exercises
training

Active control

Boot et al. | 42 72.5 | Intervention (n | 60 60 5 60 6 - X X
2013%7 =21):
(34)

Dakim Brain
Fitness

Control (n =
20):

Action Game

Miller et |84 81.9 | Intervention (n | 40 23 5 153 |7 + |- +

al. 20133 =42):
(74)

Dakim Brain
Fitness

Control (n =
42):

Simple reaction
time exercises

Mayas et | 40 68.6 | Intervention (n | 20 60 2 20 8 +

al. 2014% =20)
(27)

Lumosity

Control (n = 20)

General
discussion

Passive
control

Ballesteros | 40 69.0 | Intervention (n | 20 60 2 20 7

et al. =20)
20145 | (30)
Lumosity

Control (n = 20)

Three meeting
to discuss
general issues
related to aging

Table 1. Characteristics of the participants, the interventions and the cognitive function evaluated in the included
studies. For the numbers of participants the first number indicate the participants at the inclusion, the number in
italics within the parentheses is the number of participants who completed the studies. For the cognitive assessment
dark green with +* is used to indicate statistically significant results in favor of the intervention, light green with + for
no-statistically significant results in favor of the intervention, dark red with -* for statistically significant results for
the control group and light red with—for non-statistically significant results in favor of the control group. X indicates
that the cognitive function was assessed but the SMD was equal to 0. WM working memory, PS processing speed,
Att. attention, EF executive functions, Visuo. visuospatial abilities, VM verbal memory.
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Figure 1. Quality of the study, author’s judgement broken down for each question of the pedros scale across all
included studies.

Discussion

In this meta-analysis, despite the small numbers of studies currently published, we show that commercially
available cognitive games are effective in improving processing speed, working memory, executive functions
and, verbal memory of participants without cognitive impairment aged above 60 years old. However, not all
cognitive functions evaluated showed improvement. In the visuospatial and attention domains, there was no
statistically significant improvement compared to active or passive control interventions. It must be stressed that
for these two domains, only four studies were included in each domain. Therefore the absence of results may be
due to the small sample size. Our results are difficult to compare since we have highlighted the low number of
studies being carried out in this field. Furthermore, only a few meta-analyses have studied the effect of CCT on
different cognitive functions. In one study, authors also found a significant improvement of processing speed
(SMD: 0.50 [0.14-0.87]), but unlike our study, did not find significant improvement in the executive function
domain (SMD:-0.12 [-0.33-0.09])"".

There are commercial brain training games in the literature to successfully train visuospatial performance and
attention (e.g., Peak Wizard and Peak Decoder)**". Visuospatial memory is a cognitive domain that is affected
early in MCI and there are commercial brain training games (Peak Wizard game) shown to improve this form
of memory in patient groups. Attention is increasingly being disrupted by the intrusion from technology. Gaz-
zaley and Rosen (2016) suggest that much higher demands are now placed on our brains due to the increasingly
information-saturated world (smartphones, social media, etc.) together with a growing expectation of 24/7/365
availability and immediate responsiveness®®. The attention domain can be improved by the commercial brain
training game Peak Decoder”. Future studies may show that these domains can be improved with these brain
training games in healthy older adults people.

The biggest observed effect size, although not significantly different from the other cognitive function, was
found for the processing speed. This is particularly interesting since psychomotor slowing is the cognitive domain
most affected in the healthy aging process®, ccCG could potentially be used to slow down this decrease.

Despite the useful synthesis of the existing studies, several questions in the field of cognitive training remain.
One of the most important aspects is to determine how long the benefits of this kind of intervention last. In the
follow-up of the large sample size IMPACT study presented in this review?!, the authors found that three months
after completing the intervention, significant between-group differences were seen in the directly trained tasks,
as well as the secondary composite outcome measures®. In the ACTIVE study (Advanced Cognitive Training
for Independent and Vital Elderly), a large RCT on cognitive training with 2,832 participants, the authors found
that compared with the control group, cognitive training resulted in improved cognitive abilities specific to the
domains trained that continued 5 years after the initiation of the intervention*!. In a 10-year follow-up study,
the authors found that reasoning and speed, but not memory training, resulted in improved targeted cognitive
abilities*2. This study was partially conducted with CCT that has been now commercialized as Brain HQ. ACTIVE
is one of the few cognitive training studies with older adults to employ multiple booster training sessions at 1- and
3-years post-training. The study reported significant effects from the booster training at 5 years, for reasoning
and processing speed with small to moderate effects sizes (half of the magnitude of the initial training effect)®.
For example, a single booster session counteracted 4.9 months of age-related processing speed decline*.

Another approach is to maintain the training over a long period. In a large scale study including 1,007 healthy
older adults, the authors compared a short term intervention (32 sessions over a period of 11 weeks) and a long
term intervention (192 sessions over 192 weeks)*. The added value of the long term intervention was that the
participants had significantly improved everyday memory in contrast with the short term intensive programs
whose effects decay with time. For both approaches, boosting sessions or long term training, the training could
be, at least partially done, using brain games to maintain the progress obtained during conventional training
sessions. Similarly to physical training the conjecture ‘use it or lose it’ is of greater importance for cognitive train-
ing and it has been highlighted that individuals who engage in training to a greater degree are more protected
from relative decline®.
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Figure 2. Forest plot of the included studies assessing the different cognitive functions.
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Figure 3. Summary of the effects size across the different cognitive functions.
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Figure 4. Bubble plots of the relationship between the age of the participants and the effect of the intervention
(A), the total duration of the intervention and the effect of the intervention (B). Bubbles are proportional to the
study weight.

A second important question is to determine the minimum amount of training required to achieve statisti-
cal improvement. We do not find any correlation between the total amount of training and progress. Only one
study assessed the relationship between the amount of training and the progress but the authors did not find a
clear relationship between compliance and improvement?. According to this review, the median duration of the
intervention is 15 h. We could thus determine this arbitrary as the ideal duration for cognitive training. It must
be stressed that the duration of the training may also depend on the cognitive domain trained (e.g., processing
speed to benefit sooner than executive functions), and the ideal duration and the ideal duration for a significant
improvement still needs testing for the different cognitive functions.

Another important question is to identify the participants that are most likely to benefit from this kind
of intervention. In the ACTIVE study, the authors found that participants with higher education and better

SCIENTIFICREPORTS|  (2020)10:15276 | https://doi.org/10.1038/s41598-020-72281-3



www.nature.com/scientificreports/

self-rated health have greater changes in memory performance after training®, younger participants present
more gain®, racial disparities in training-related gains have also been observed in this study due to variation in
the external locus of control*. We do not have enough information about the characteristics of the participants
(e.g., education level, ethnicities) in the different studies to perform a sub-group analysis and could, therefore,
not confirm these findings. Besides the modifiable risk factors, genetics play an essential role in dementia and
Alzheimer’s disease, in particular, the variation of APOE. One study shows that the different variations of APOE
also influence the effect of cognitive training in older adults without cognitive impairment®’. It is well known
that APOE &4 is associated with an increased risk of cognitive impairment (i.e., executive function). Cognitive
training may attenuate e4-associated declines in processing speed’!. APOE €2 carriers, that present lower risk of
cognitive impairment, may also benefit from training, particularly on measures of executive function and verbal
memory, according to these authors.

In addition to the issue of clinical efficacy, it is essential to ensure the safety of an intervention. Only one
study reported adverse effects during brain training. In this study 487 participants trained for 40 sessions. 81
training-related adverse effects were reported (77% mild, 22% moderate, 1% severe) both physical symptoms
(musculoskeletal pain, fatigue, headache) or psychological symptoms (anxiety, boredom, depressed mood), but
no difference was observed between the intervention and control groups®!. Another study mentioned that they
did not record any adverse effects during the training®. The biggest issue with the training is that people are not
performing the training. This drop-out at follow up may lead to potential bias in the studies since, in most of
them, the results were not analysed in intention-to-treat. Only a few studies analysed the participants who did
not complete the study and did not find differences compared with the other participants****2. An important
aspect of long-term cognitive training is keeping the participants engaged and adhering to the training over long
periods. In a large study (Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and Disability
(FINGER)), including 631 participants with increased dementia risk, the authors indeed reported low adherence
to the long term (144 sessions) CCT program. More than 200 participants did not perform any training session,
63% of the participants participated in the CCT at least once, 20% completed at least half of the training, and
12% completed all sessions®. This may be addressed by taking into account the level of cognitive functioning
and gamification of cognitive training so that it is motivating and fun. For example, Sahakian et al.*® and Savulich
et al.”, individually titrated difficulty levels and gamified episodic memory and sustained attention training and
showed high levels of enjoyment and wanting to continue throughout the training.

Despite the significant results of this meta-analysis, there is a need for large sample size studies to increase
the level of evidence of this kind of training. Such a large scale study has been done online with young, healthy
participants (n=4,715)> but not yet with older adults. This raises the question as to whether this kind of training
can be done in the participant’s home without supervision. Several studies have been conducted suggesting that
home-based cognitive training was feasible and efficient with older adults®*-*". Even before the development of
brain training apps the efficacy of computer training and internet usage on cognitive abilities in older adults had
already been highlighted*®. Indeed compared to traditional brain training computers, smartphones, and virtual
environments offer interesting possibilities indeed computerized model could bring more complex environment
that will challenge and impact cognition more than traditional exercises®. Another potential positive aspect of
having the training on smartphones is that recent studies underlined the importance of digital devices as plat-
forms for cognitively stimulating activities in delaying cognitive decline in older adults®.

There are several limitations to this review. First, at the study level, some of the studies referred to have rela-
tively small sample sizes and are likely to be underpowered®. It would be useful to have more large scale studies
to examine the effects of cognitive training. There are other study-specific limitations (i.e., non-blinding of the
assessors, the statistical analysis not performed in intention to threat, only 4 out of the 16 included studies were
registered?*?>?*%). At the meta-analysis level, the first one is that we limited our analysis to commercially avail-
able ccCG while in the research plenty of training programs are being developed and tested but are, currently, not
largely available®-*°. We decided to include only those types of ccCG because we aimed to evaluate the efficacy
of training that is available for the general public. Furthermore, in studies using commercial ccCG all the partici-
pants received the same intervention, which is not the case in studies using specific training where the treatment
can be adjusted for every participant®. Additionally, the results from the meta-regression must be interpreted
cautiously due to the small number of available studies, with more large scale studies, there may be an effect of
age and the amount of training. However, the results from our meta-analysis do not provide evidence to support
an effect of the age of the participants or a dose-response relationship between the amount of training and the
outcome. From the clinical point of view, this is a better approach, but it is more difficult to set-up in real-life
situations and in practice not always the case due to restrictions of time and financial means®. Again this choice
has been made in the context of having the most simple solution to use, such kind of training does not require
health care professionals to set-up the training and could, therefore, be of particular interest in countries with
few healthcare professionals. We also limited our analysis to published papers and did not include grey literature,
which could have led to an increased in the precision of the pooled estimate with narrower confidence interval®,

From a clinical point-of-view, we limited this analysis to purely cognitive interventions while there is a grow-
ing body of evidence suggesting than combining cognitive and physical exercises could be an effective solution
to prevent cognitive decline and improve cognitive function in older adults®7!. A few studies also suggest that
doing cognitive tasks while doing aerobic physical exercises is feasible and effective in older adults’.

We showed that cognitive training using commercially available ccCG is effective in improving processing
speed, working memory, and executive function. The total amount of training does not seem to influence the
results. In addition, the age of the participants does not influence the results, indicating that the ability to learn

SCIENTIFIC REPORTS |

(2020) 10:15276 | https://doi.org/10.1038/s41598-020-72281-3



www.nature.com/scientificreports/

is preserved in healthy older adults. Only one study reported some minor adverse effects, suggesting that ccCG
is safe. Therefore, in support of the findings from a previous systematic review'’, the results of this meta-analysis
support the use of ccCG to challenge the brain and improve cognitive functions. ccCG training should be com-
bined with other methods of brain training and a healthy life-style”® to maintain optimal cognition and fight
against the decline of cognitive functions in older adults.

Other work should focus on the use of such training to improve or slow down the cognitive decline in MCI
patients as the level of evidence supporting such kind of intervention is still sparse’*”>. There are not enough
studies available to determine if ccCG can prevent clinical dementia or improve or maintain cognitive function
in patients’.

Methods

Search strategy and selection criteria. We searched the PubMed electronic database, Web of Sciences,
Embase, Scopus, and Sciences Direct for relevant articles published up to the 31st of December 2019. MeSH
terms and free words referring to brain training (“cognitive training”, “brain training”, “memory training”, “rea-
soning training’, “attention training”, “processing speed training”) and games (“video games”, “exergames’, “com-
puter training”, “games’, “mobile games’, “cognitive games”) were used as keywords. The details of the search
strategies are presented in Supplementary Table S1. References from selected papers and from other relevant
articles were screened for potential additional studies in accordance with the snowball principle. The search was

limited to journal articles published in English.

Eligibility criteria. The inclusion and exclusion criteria were as follows. No time period threshold was used
because ccCG training is a fairly recent paradigm. A PICOS approach (Population, Intervention, Control, Out-
come, and Study design) was used inclusion and exclusion criteria, which was predetermined and assessed by
the study team””.

® Population Cognitively healthy participants aged above 60 years old.

® [Intervention Studies using mobile devices or gaming consoles and using commercially available ccCG to
perform cognitive training. The duration of the training must be a minimum of 1 month. Studies using
action-video games or a combination of cognitive and physical rehabilitation exercises were not included.

® Control Active or passive brain training.

®  Qutcome Outcomes included performance on one or more cognitive tests that were not included in the
training program (i.e., untrained), administered both before and after training. This review is limited to the
changes in performance from baseline to immediately post-training. The primary outcomes are cognitive
tests not included in the training program, administered before and after training, that provides any validated
measure of on tests of verbal memory, working memory, processing speed, attention, visuospatial abilities,
and executive functions. The list of the different tests used to assess the different cognitive functions in the
studies is presented in Supplementary Table S2.

®  Study design Randomized Controlled Trials.

A flow diagram of the study selection with the screened articles and the selection process is shown in Fig. 5.

Statistical analysis. The measure of treatment effect was the effect size (standardized mean difference
(SMD)), defined as the between-group difference in mean values divided by the pooled SD computed using the
Hedge’s g method. In most of the studies, several tests are used to evaluate the same cognitive function, the dif-
ferent results were combined together to produce a single SMD according to the Cochrane’s recommendation’.
A positive SMD implies better therapeutic effects over time in the intervention group compared to the control
group.

To detect an extreme effect size (outliers) in the different cognitive functions, two methods were used. We
first checked the confidence interval of the individual studies and defined a study as an outlier if the confidence
interval did not overlap with the confidence interval of the pooled effect. We then performed an influence analysis
using leave-one-out method to confirm the results of the first method”.

We assessed the heterogeneity in stratified analyses by type of control (active or passive). We calculated the
variance estimate tau® as a measure of between-trial heterogeneity®’. We prespecified a tau® of 0.0 to represent no
heterogeneity, 0.0-0.2 to represent low heterogeneity, 0.2-0.4 to represent moderate heterogeneity, and above 0.4
to represent high heterogeneity between trials®!. To assess the risk of publication bias, funnel plots were checked
for asymmetry®? and Egger’s test for the intercept was applied for the different cognitive functions evaluated®.
Finally, trim-and-fill method to adjust for funnel plot asymmetry and publication biases were applied®*.

Random-effects meta-regression analysis quantified the association of the outcome and the amount of training
and the age of the participants. Studies were weighted by the inverse of the sum of the within- and between-
study variance®.

Statistical analyses were performed at an overall significance level of 0.05. Statistics were conducted in STATA
(15).
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Figure 5. Prisma flow diagram of the studies selections.

Ethical approval. The protocol of the present study was registered in the international prospective register
of systematic reviews PROSPERO (registration number CRD42020167321). This systematic review and meta-
analysis were reported in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) recommendations®. For the present study, no ethics committee approval was necessary.

Received: 4 May 2020; Accepted: 28 August 2020
Published online: 17 September 2020

References

1.

w

el

10.

Whiteford, H. A. et al. Global burden of disease attributable to mental and substance use disorders: Findings from the global
burden of disease study 2010. Lancet 382, 1575-1586 (2013).

. Cimler, R., Maresova, P, Kuhnova, J. & Kuca, K. Predictions of Alzheimer’s disease treatment and care costs in European countries.

PL0oS ONE 14, €0210958 (2019).

. Au, J. et al. Improving fluid intelligence with training on working memory: A meta-analysis. Psychon. Bull. Rev. 22, 366-377 (2015).
. Hudes, R,, Rich, J. B, Troyer, A. K., Yusupov, I. & Vandermorris, S. The impact of memory-strategy training interventions on

participant-reported outcomes in healthy older adults: A systematic review and meta-analysis. Psychol. Aging 34, 587-597 (2019).

. Sherman, D. S., Mauser, J., Nuno, M. & Sherzai, D. The efficacy of cognitive intervention in mild cognitive impairment (MCI): A

meta-analysis of outcomes on neuropsychological measures. Neuropsychol. Rev. 27, 440-484 (2017).

. Then, E S., Luck, T., Angermeyer, M. C. & Riedel-Heller, S. G. Education as protector against dementia, but what exactly do we

mean by education?. Age Ageing 45, 523-528 (2016).

. Xu, W. et al. Education and risk of dementia: Dose-response meta-analysis of prospective cohort studies. Mol. Neurobiol. 53,

3113-3123 (2016).

. Beddington, J. et al. The mental wealth of nations. Nature 455, 1057-1060 (2008).
. Wang, H.-X., MacDonald, S. W. S., Dekhtyar, S. & Fratiglioni, L. Association of lifelong exposure to cognitive reserve-enhancing

factors with dementia risk: A community-based cohort study. PLoS Med. 14, 1002251 (2017).
Kueider, A. M., Parisi, J. M., Gross, A. L. & Rebok, G. W. Computerized cognitive training with older adults: A systematic review.
PL0oS ONE 7, 40588 (2012).

SCIENTIFICREPORTS|  (2020) 10:15276 | https://doi.org/10.1038/s41598-020-72281-3



www.nature.com/scientificreports/

11.
12.
13.
14.

15.
. Chandrashekar, P. Do mental health mobile apps work: Evidence and recommendations for designing high-efficacy mental health

17.
18.
19.

20.

21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

33.

34.
35.
36.
37.
38.
. Michely, J. et al. Network connectivity of motor control in the ageing brain. Neuroimage Clin. 18, 443-455 (2018).

40.

41.
42.

43.
44.
45.
46.
47.
48.
49.
50.
51.

52.

Shao, Y. et al. Computer-based cognitive programs for improvement of memory, processing speed and executive function during
age-related cognitive decline: A meta-analysis. PLoS ONE 10, e0130831 (2015).

Lampit, A., Hallock, H. & Valenzuela, M. Computerized cognitive training in cognitively healthy older adults: A systematic review
and meta-analysis of effect modifiers. PLoS Med. 11, €1001756 (2014).

Gates, N. J. et al. Computerised cognitive training for maintaining cognitive function in cognitively healthy people in late life.
Cochrane Database Syst. Rev. 3, 012277 (2019).

Gates, N. J. et al. Computerised cognitive training for maintaining cognitive function in cognitively healthy people in midlife.
Cochrane Database Syst. Rev. 3, 012278 (2019).

Anthes, E. Mental health: There’s an app for that. Nature 532, 20-23 (2016).

mobile apps. Mhealth 4, 6 (2018).

Shah, T. M., Weinborn, M., Verdile, G., Sohrabi, H. R. & Martins, R. N. Enhancing cognitive functioning in healthly older adults:
A systematic review of the clinical significance of commercially available computerized cognitive training in preventing cognitive
decline. Neuropsychol. Rev. 27, 62-80 (2017).

Blobaum, P. Physiotherapy evidence database (PEDro). J. Med. Libr. Assoc. 94, 477-478 (2006).

Mahncke, H. W. et al. Memory enhancement in healthy older adults using a brain plasticity-based training program: A randomized,
controlled study. Proc. Natl. Acad. Sci. U.S.A. 103, 12523-12528 (2006).

Nouchi, R,, Saito, T., Nouchi, H. & Kawashima, R. Small acute benefits of 4 weeks processing speed training games on processing
speed and inhibition performance and depressive mood in the healthy elderly people: Evidence from a randomized control trial.
Front. Aging Neurosci. 8, 302 (2016).

Smith, G. E. et al. A cognitive training program based on principles of brain plasticity: results from the improvement in memory
with plasticity-based adaptive cognitive training (IMPACT) study. J. Am. Geriatr. Soc. 57, 594-603 (2009).

Nouchi, R. et al. Brain training game improves executive functions and processing speed in the elderly: A randomized controlled
trial. PLoS ONE 7, €29676 (2012).

Simpson, T., Camfield, D., Pipingas, A., Macpherson, H. & Stough, C. Improved processing speed: Online computer-based cogni-
tive training in older adults. Educ. Gerontol. 38, 445-458 (2012).

Shatil, E. 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 (2013).

Shatil, E., Mikulecka, J., Bellotti, F. & Bures, V. Novel television-based cognitive training improves working memory and executive
function. PLoS ONE 9, €101472 (2014).

Walton, C. C. et al. Online cognitive training in healthy older adults: A preliminary study on the effects of single versus multi-
domain training. Transl. Neurosci. 6, 13-19 (2015).

Boot, W. R. et al. Video games as a means to reduce age-related cognitive decline: Attitudes, compliance, and effectiveness. Front.
Psychol. 4, 31 (2013).

Ballesteros, S. et al. Brain training with non-action video games enhances aspects of cognition in older adults: A randomized
controlled trial. Front. Aging Neurosci. 6,277 (2014).

Ballesteros, S. et al. Effects of video game training on measures of selective attention and working memory in older adults: Results
from a randomized controlled trial. Front. Aging Neurosci. https://doi.org/10.3389/fnagi.2017.00354 (2017).

Strenziok, M. et al. Neurocognitive enhancement in older adults: Comparison of three cognitive training tasks to test a hypothesis
of training transfer in brain connectivity. Neuroimage 85(Pt 3), 1027-1039 (2014).

Leung, N. T. Y. et al. Neural plastic effects of cognitive training on aging brain. Neural Plast. https://doi.org/10.1155/2015/53561
8 (2015).

Miller, K. J. et al. Effect of a computerized brain exercise program on cognitive performance in older adults. Am. J. Geriatr. Psy-
chiatry 21, 655-663 (2013).

Ten Brinke, L. E et al. The effects of computerized cognitive training with and without physical exercise on cognitive function
in older adults: An 8-week randomized controlled trial. J. Gerontol. A Biol. Sci. Med. Sci. https://doi.org/10.1093/gerona/glz115
(2019).

Peretz, C. et al. Computer-based, personalized cognitive training versus classical computer games: A randomized double-blind
prospective trial of cognitive stimulation. Neuroepidemiology 36, 91-99 (2011).

Mayas, J., Parmentier, E B. R., Andrés, P. & Ballesteros, S. Plasticity of attentional functions in older adults after non-action video
game training: A randomized controlled trial. PLoS ONE 9, 92269 (2014).

Sahakian, B. J. et al. The impact of neuroscience on society: Cognitive enhancement in neuropsychiatric disorders and in healthy
people. Philos. Trans. R. Soc. Lond. B Biol. Sci. 370, 20140214 (2015).

Savulich, G. et al. Improvements in attention following cognitive training with the novel ‘Decoder’ game on an iPad. Front. Behav.
Neurosci. 13,2 (2019).

Gazzaley, A. & Rosen, L. D. The Distracted Mind: Ancient Brains in a High-Tech World (The MIT Press, Cambridge, 2016).

Zelinski, E. M. et al. Improvement in memory with plasticity-based adaptive cognitive training: Results of the 3-month follow-up.
J. Am. Geriatr. Soc. 59, 258-265 (2011).

Willis, S. L. et al. Long-term effects of cognitive training on everyday functional outcomes in older adults. JAMA 296, 2805 (2006).
Rebok, G. W. et al. Ten-year effects of the advanced cognitive training for independent and vital elderly cognitive training trial on
cognition and everyday functioning in older adults. J. Am. Geriatr. Soc. 62, 16-24 (2014).

Willis, S. L. & Caskie, G. I. L. Reasoning training in the ACTIVE study: How much is needed and who benefits?. J. Aging Health
25, 435-64S (2013).

Ball, K. K, Ross, L. A., Roth, D. L. & Edwards, J. D. Speed of processing training in the ACTIVE study: How much is needed and
who benefits?. J. Aging Health 25, 655-84S (2013).

Requena, C., Turrero, A. & Ortiz, T. Six-year training improves everyday memory in healthy older people. Randomized controlled
trial. Front. Aging Neurosci. https://doi.org/10.3389/fnagi.2016.00135 (2016).

Staff, R. T., Hogan, M. J., Williams, D. S. & Whalley, L. J. Intellectual engagement and cognitive ability in later life (the ‘use it or
lose it’ conjecture): Longitudinal, prospective study. BMJ 363, k4925 (2018).

Rebok, G. W. et al. Memory training in the ACTIVE study: How much is needed and who benefits?. J. Aging Health 25, 215-42S
(2013).

Jones, R. N. et al. The ACTIVE cognitive training interventions and trajectories of performance among older adults. J. Aging Health
https://doi.org/10.1177/0898264312461938 (2013).

Zahodne, L. B. et al. External locus of control contributes to racial disparities in memory and reasoning training gains in ACTIVE.
Psychol. Aging 30, 561-572 (2015).

van der Lee, S. . et al. The effect of APOE and other common genetic variants on the onset of Alzheimer’s disease and dementia:
A community-based cohort study. Lancet Neurol. 17, 434-444 (2018).

Feng, W. et al. APOE genotype affects cognitive training response in healthy Shanghai community-dwelling elderly individuals.
J. Alzheimers Dis. 47, 1035-1046 (2015).

Turunen, M. et al. Computer-based cognitive training for older adults: Determinants of adherence. PLoS ONE 14, €0219541 (2019).

SCIENTIFIC REPORTS |

(2020) 10:15276 | https://doi.org/10.1038/s41598-020-72281-3


https://doi.org/10.3389/fnagi.2017.00354
https://doi.org/10.1155/2015/535618
https://doi.org/10.1155/2015/535618
https://doi.org/10.1093/gerona/glz115
https://doi.org/10.3389/fnagi.2016.00135
https://doi.org/10.1177/0898264312461938

www.nature.com/scientificreports/

53.

54.

55.

56.

57.

58.

59.

60.

Hardy, J. L. et al. Enhancing cognitive abilities with comprehensive training: A large, online, randomized, active-controlled trial.
PLoS ONE 10, e0134467 (2015).

Payne, B. R. & Stine-Morrow, E. A. L. The effects of home-based cognitive training on verbal working memory and language
comprehension in older adulthood. Front. Aging Neurosci. https://doi.org/10.3389/fnagi.2017.00256 (2017).

Lee, H. K. et al. Home-based, adaptive cognitive training for healthy older adults: Initial efficacy trial. J. Gerontol. B Psychol. Sci.
Soc. Sci. https://doi.org/10.1093/geronb/gbz073 (2019).

Wilms, I. L. The computerized cognitive training alliance—A proposal for a therapeutic alliance model for home-based computer-
ized cognitive training. Heliyon 6, €03254 (2020).

Adcock, M., Thalmann, M., Schittin, A., Gennaro, F. & de Bruin, E. D. A pilot study of an in-home multicomponent exergame
training for older adults: feasibility, usability and pre-post evaluation. Front. Aging Neurosci. 11, 304 (2019).

Slegers, K., van Boxtel, M. & Jolles, J. Effects of computer training and internet usage on cognitive abilities in older adults: A
randomized controlled study. Aging Clin. Exp. Res. 21, 43-54 (2009).

Stine-Morrow, E. A. L. et al. Training versus engagement as paths to cognitive enrichment with aging. Psychol. Aging 29, 891-906
(2014).

Jin, Y., Jing, M. & Ma, X. Effects of digital device ownership on cognitive decline in a middle-aged and elderly population: Longi-
tudinal observational study. J. Med. Internet Res. 21, 14210 (2019).

61. Brydges, C. R. Effect size guidelines, sample size calculations, and statistical power in gerontology. Innov. Aging https://doi.
org/10.1093/geroni/igz036 (2019).

62. Barban, F. et al. Protecting cognition from aging and Alzheimer’s disease: A computerized cognitive training combined with
reminiscence therapy. Int. J. Geriatr. Psychiatry 31, 340-348 (2016).

63. Buitenweg, J. I. V., van de Ven, R. M., Prinssen, S., Murre, J. M. ]. & Ridderinkhof, K. R. Cognitive flexibility training: A large-scale
multimodal adaptive active-control intervention study in healthy older adults. Front. Hum. Neurosci. 11, 529 (2017).

64. Danassi, E. SOCIABLE: A surface computing platform empowering effective cognitive training for healthy and cognitively impaired
elderly. In GeNeDis 2014 (eds Vlamos, P. & Alexiou, A.) 129-130 (Springer, New York, 2015).

65. Roheger, M., Kessler, J. & Kalbe, E. Structured cognitive training yields best results in healthy older adults, and their ApoE4 state
and baseline cognitive level predict training Benefits. Cogn. Behav. Neurol. 32, 76-86 (2019).

66. Haimov, I. & Shatil, E. Cognitive training improves sleep quality and cognitive function among older adults with insomnia. PLoS
ONE 8, 61390 (2013).

67. Alberts, J. L. et al. A technology-enabled concussion care pathway reduces costs and enhances care. Phys. Ther. 100, 136-148
(2020).

68. Schmucker, C. M. et al. Systematic review finds that study data not published in full text articles have unclear impact on meta-
analyses results in medical research. PLoS ONE 12, e0176210 (2017).

69. van het Reve, E. & de Bruin, E. D. Strength-balance supplemented with computerized cognitive training to improve dual task gait
and divided attention in older adults: A multicenter randomized-controlled trial. BMC Geriatr. 14, 134 (2014).

70. Bamidis, P. D. et al. Gains in cognition through combined cognitive and physical training: The role of training dosage and severity
of neurocognitive disorder. Front. Aging Neurosci. 7, 152 (2015).

71. Karssemeijer, E. G. A. et al. Positive effects of combined cognitive and physical exercise training on cognitive function in older
adults with mild cognitive impairment or dementia: A meta-analysis. Ageing Res. Rev. 40, 75-83 (2017).

72. Barcelos, N. et al. Aerobic and cognitive exercise (ACE) pilot study for older adults: Executive function improves with cognitive
challenge while exergaming. J. Int. Neuropsychol. Soc. 21, 768-779 (2015).

73. Ngandu, T. et al. A 2 year multidomain intervention of diet, exercise, cognitive training, and vascular risk monitoring versus control
to prevent cognitive decline in at-risk elderly people (FINGER): A randomised controlled trial. Lancet 385, 2255-2263 (2015).

74. Butler, M. et al. Does cognitive training prevent cognitive decline? A systematic review. Ann. Intern. Med. 168, 63-68 (2018).

75. Gates, N. . et al. Computerised cognitive training for 12 or more weeks for maintaining cognitive function in cognitively healthy
people in late life. Cochrane Database Syst. Rev. 2, 012277 (2020).

76. Gates, N. J. et al. Computerised cognitive training for preventing dementia in people with mild cognitive impairment. Cochrane
Database Syst. Rev. 3, 012279 (2019).

77. Liberati, A. et al. The PRISMA statement for reporting systematic reviews and meta-analyses of studies that evaluate health care
interventions: Explanation and elaboration. PLoS Med. 6, €1000100 (2009).

78. Higgins, ]. P. T. et al. Cochrane Handbook for Systematic Reviews of Interventions 2nd edn. (Wiley, Hoboken, 2019).

79. Viechtbauer, W. & Cheung, M.W.-L. Outlier and influence diagnostics for meta-analysis. Res. Synth. Methods 1, 112-125 (2010).

80. Veroniki, A. A. et al. Methods to estimate the between-study variance and its uncertainty in meta-analysis. Res. Synth. Methods 7,
55-79 (2016).

81. Carter, E. C., Schénbrodt, E D., Gervais, W. M. & Hilgard, J. Correcting for bias in psychology: A comparison of meta-analytic
methods. Adv. Methods Pract. Psychol. Sci. https://doi.org/10.1177/2515245919847196 (2019).

82. Sterne, J. A. C. et al. Recommendations for examining and interpreting funnel plot asymmetry in meta-analyses of randomised
controlled trials. BMJ 343, d4002 (2011).

83. Pustejovsky, J. E. & Rodgers, M. A. Testing for funnel plot asymmetry of standardized mean differences. Res. Synth. Methods 10,
57-71 (2019).

84. Shi, L. & Lin, L. The trim-and-fill method for publication bias: Practical guidelines and recommendations based on a large database
of meta-analyses. Medicine 98, e15987 (2019).

85. Borenstein, M., Hedges, L. V., Higgins, J. P. T. & Rothstein, H. R. Introduction to Meta-analysis (Wiley, Hoboken, 2009).

86. Moher, D,, Liberati, A., Tetzlaff, ]. & Altman, D. G. Preferred reporting items for systematic reviews and meta-analyses: The PRISMA
statement. J. Clin. Epidemiol. 62, 1006-1012 (2009).

Acknowledgements

Dr. Bruno Bonnechere was funded by the Fondation Wiener-Anspach; Dr. Christelle Langley was funded by the
Wellcome Trust Collaborative Award 200181/Z/15/Z; and Professor Barbara J Sahakian receives funding from
the NIHR MedTech and in vitro diagnostic Co-operative (MIC) and the NIHR Cambridge Biomedical Research
Centre (BRC) Mental Health theme.

Author contributions
The study was conceived by B.B., C.L. and B.J.S. B.B. and C.L. did the literature search and summarized the
data. B.B. performed the analysis. B.B., C.L. and B.J.S. did the data interpretation and contributed to the writing.

Funding
The funders had no role in study design, data compilation, data analysis, data interpretation, or writing of the
report. All authors had access to the data, and had final responsibility for the decision to submit for publication.

SCIENTIFICREPORTS|  (2020) 10:15276 | https://doi.org/10.1038/s41598-020-72281-3


https://doi.org/10.3389/fnagi.2017.00256
https://doi.org/10.1093/geronb/gbz073
https://doi.org/10.1093/geroni/igz036
https://doi.org/10.1093/geroni/igz036
https://doi.org/10.1177/2515245919847196

www.nature.com/scientificreports/

Competing interests
Dr. Sahakian reports personal fees from Cambridge Cognition, personal fees from Greenfield BioVentures, per-
sonal fees from Cassava Sciences, outside the submitted work. The other authors declare no competing interest.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-72281-3.

Correspondence and requests for materials should be addressed to B.B.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:15276 | https://doi.org/10.1038/s41598-020-72281-3


https://doi.org/10.1038/s41598-020-72281-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The use of commercial computerised cognitive games in older adults: a meta-analysis
	Anchor 2
	Anchor 3
	Results
	Discussion
	Methods
	Search strategy and selection criteria. 
	Eligibility criteria. 
	Statistical analysis. 
	Ethical approval. 

	References
	Acknowledgements


