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Abstract

Introduction: The potential positive impact of computer game playing on cognitive function and its potential role in reducing
the risk of Alzheimer’s disease (AD) has been suggested. However, current observational studies have certain limitations. We
utilized Mendelian randomization (MR) alongside extensive genome-wide association study (GWAS) data to examine the
relationship between computer game playing, cognitive function, risk of AD, and levels of brain-derived neurotrophic factor
(BDNF).

Methods: We collected datasets on computer game playing, cognition function, risk of AD, and BDNF level from the IEU Open
GWAS project. Causal effects were assessed using various MR methods, including inverse variance weighted (IVW), weighted
median, MR-Egger, simple mode, and weighted mode. To ensure the accuracy of the results, sensitivity analyses were
conducted.

Results: Our analysis revealed a significant association between computer game playing and cognitive function (β = 0.801,
95% CI: 0.351, 1.328, P = 0.001). There was no statistically significant association between computer game playing and
either BDNF level or risk of AD (β = −0.112, 95%CI: −1.315, 1.091, P = 0.855; OR= 1.000, 95% CI: 1.004, 0.997, P =
0.891, respectively). We further confirmed the reliability of our evidence through the MR-Egger intercept test, MR-
PRESSO global test, Cochran’s Q test, and funnel plots.

Conclusion: The results of our study indicate that engaging in computer game playing may confer a safeguarding influence
on cognitive function. This underscores the potential advantages associated with computer gaming. Nevertheless, given the
constraints inherent in our research, further investigation is warranted to substantiate our findings and delve into the under-
lying mechanisms.
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Introduction
Dementia is found to be a leading cause of disability.1 With
the global aging population, the prevalence of dementia is
expected to increase to 82 million by 2030.2,3 And in
2019, Medicare and Medicaid are estimated to spend
$195 billion on Alzheimer’s disease (AD), a form of
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dementia.2,3 Consequently, the World Health Organization
(WHO) has prioritized the prevention of cognitive decline
and dementia as a global mental health concern. Recently,
computer games are gaining scientific interest as a cognitive
training tool due to their playful nature.4 Certain computer
game training has been shown to yield positive effects on
untrained tasks, commonly referred to as a transfer effect.

Computer games have been heavily promoted to consu-
mers, specifically among older individuals to enhance their
cognitive function.5 As a result, geriatric clinicians and
practitioners are frequently asked by older individuals
whether they should engage in computerized games to
prevent dementia.6 However, the usage of computer
games for the prevention and treatment of cognitive
decline lacks robust scientific evidence currently, except
for a general belief that specific computer games may
have positive effects on cognition in certain individuals.7

Cognitive impairment in AD is primarily a result of neu-
rodegeneration, and neurotrophic factors such as brain-
derived neurotrophic factor (BDNF) could potentially slow
down this neurodegeneration.8 BDNF has been extensively
researched as a growth factor in mammalian brains. Its
importance lies in its ability to assist in nerve growth and
maturation during development, and in regulating synaptic
transmission and plasticity in adulthood.9 Previous studies
have reported that BDNF levels in the brain,10 blood,11

and cerebrospinal fluid (CSF)12 of AD patients decrease as
the disease progresses. Furthermore, higher serum levels of
BDNF have been associated with improved cognitive func-
tion in AD.13 These findings suggest that BDNF could
serve as a potential biomarker for AD diagnosis and therapy.

However, due to the potential risks associated with com-
puter gaming, conducting controlled trials can be challen-
ging or ethically problematic.14,15 To overcome the
uncertainty surrounding the casual association between
computer gaming and cognitive function, we employed
Mendelian randomization (MR) analysis. MR uses
genetic variants as instrumental variables (IVs) to mimic
the random assignment of treatments in clinical trials, enab-
ling the assessment of causal relationships between risk
factors and disease outcomes.16 In our study, we utilized
data from large-scale genome-wide association studies
(GWAS) to examine the causal effects of computer
gaming on cognitive function, the risk of AD, and BDNF
levels. Understanding the impact of computer gaming on
cognitive health and the risk of dementia is crucial for
informing public health strategies, providing recommenda-
tions, and promoting healthy gaming habits.

Methods

Study design

Conducted in adherence to the Strengthening the Reporting
of Observational Studies in Epidemiology (STROBE)

guidelines, this research was completed. (Supplementary
information Table S1).17 This study used de-identified pub-
licly available data, so no ethical approval from an institu-
tional review board was required. The study protocol was
not preregistered.18 In this study, we used a two-sample
MR design to examine the causal effects of computer
game playing on cognition function, risk of AD, and
BDNF levels using GWAS summary statistics.

Data sources

The IEU Open GWAS project (https://www.ebi.ac.uk/
gwas/, accessed on 8 August 2023) was utilized to obtain
the GWAS summary-level data employed in this study.
To avoid sample overlap across different studies and con-
sortia, we retrieved the latest GWAS summary data of
European ancestral individuals from different consortiums
for exposure (computer game playing) and outcome pheno-
types (cognition function, risk of AD, and BDNF level).
The UK Biobank project, which involved the recruitment
of around 500,000 volunteers in the United Kingdom,
aimed to explore the roles of genetic predisposition and
environmental exposure in various health outcomes.
Summary statistics for genome-wide association studies
(GWAS) related to playing computer games were
acquired from a repository within the UK Biobank,
which was made accessible by the MRC-IEU consortium.
A total of 9,851,867 SNP were obtained, and the sample
size was 462,433. The phenotype of interest was assessed
by asking the question, “Do you play computer games?”
Participants’ responses were then categorized as
follows: 0 for Never/Rarely, 1 for Sometimes, and 2 for
Often. The outcome phenotypes summary statistics were
downloaded from the IEU open GWAS project: cognition
function (GWAS ID:ieu-b-48380); AD (GWAS ID:
ieu-b-5067) and BDNF levels(GWAS ID: prot-a-242).
All GWAS were conducted in samples of European
ancestry. The dataset IDs and other details are listed in
Table 1.

Table 1. Data sources.

Data sources Traits
Sample
size SNPs GWAS. ID

Computer game
playing

Expose 462,433 9,851,867 ukb-b-4779

Cognitive function Outcome 22,593 6,719,661 ieu-b-4838

AD Outcome 488,285 12,321,875 ieu-b-5067

BDNF level Outcome 3301 10,534,735 prot-a-242

Notes. SNPs: single nucleotide polymorphisms; AD: Alzheimer’s disease;
BDNF: brain-derived neurotrophic factor.

2 DIGITAL HEALTH

https://journals.sagepub.com/doi/suppl/10.1177/20552076241256519
https://journals.sagepub.com/doi/suppl/10.1177/20552076241256519
https://www.ebi.ac.uk/gwas/
https://www.ebi.ac.uk/gwas/
https://www.ebi.ac.uk/gwas/


MR analysis

According to previous studies, we must first ensure that
three assumptions are satisfied when conducting MR
Analysis. First, predicting exposure of interest using
genetic instruments (P < 5 × 10−8), second, ensuring inde-
pendence of genetic instruments from potential confoun-
ders, three, genetic instruments influencing the outcome
solely through risk factors.19

To meet the first assumption, we established a typical
genome-wide significance threshold (P< 5 × 10−8) in
order to choose genetic instruments that were strongly asso-
ciated with the exposure.20 Additionally, all genetic var-
iants initially identified underwent clumping using PLINK
to ensure that our instruments were sourced from an inde-
pendent set of variants. This was done to reduce potential
biases caused by LD patterns and overlapping regions in
the genetic data (with the settings: clump-r2 = 0.001 and
clump-kb = 10,00021). After this step, data harmonization
was conducted to address any issues arising from ambigu-
ous SNPs with inconsistent alleles and palindromic SNPs
with ambiguous strands. Measures were taken to either
correct or exclude these problematic variants to ensure the
reliability of the genetic instruments used in the analysis.22

In the next stage, the F-statistic for each instrument was com-
puted using the formula F = beta2/SE2.23 Specifically,
instruments with an F-statistic of less than 10 were consid-
ered weak and thus were excluded from further analysis to
avoid introducing bias and uncertainty into the results.24

By applying these rigorous criteria and methods in selecting
our genetic instruments and assessing their strength, we
aimed to enhance the validity and robustness of our findings
in the context of MR studies.

It should be noticed that the first assumption, the valid-
ation of the other two MR assumptions presents a signifi-
cant challenge.25 Therefore, several countermeasures were
employed to address this problem. To mitigate reverse caus-
ality between exposure and outcome may introduce bias to
the estimation, the Steiger filtering method was utilized to
eliminate any SNP that was more predictive of the
outcome than exposure.26,27 This method assesses the vari-
ance explained in both the exposure and outcome by the
instrumenting SNPs, determining if the variance in the
outcome is indeed less than that in the exposure.27

Second, a significant concern with MR is the potential
impact of horizontal pleiotropy, which can introduce bias
by impacting confounding variables or directly influencing
the outcome28 (called correlated or uncorrelated pleiotropy,
respectively29). In order to address this issue, methods such
as the MR-Egger intercept test and the MR Pleiotropy
Residual Sum and Outlier test (MR-PRESSO) can be
used to evaluate the presence of horizontal pleiotropy in
MR studies.30 These tests help researchers assess the valid-
ity of their findings and ensure that the results are not con-
founded by horizontal pleiotropy. By carefully considering

and accounting for horizontal pleiotropy, researchers can
enhance the robustness and reliability of their MR analyses.

Specifically, the MR-Egger intercept test is utilized for
assessing directional horizontal pleiotropy. Independent of
direct effect hypothesis, the intercept obtained from the
MR-Egger analysis represents the typical horizontal pleio-
tropic impact of the genetic variant under investigation,
and a non-significant intercept implies well-balanced plei-
otropy. Conversely, the presence of directional horizontal
pleiotropy or a violation of the InSIDE assumption (or
both31) could be indicated by a non-zero intercept.

On the other hand, The MR-PRESSO global test is used
to assess horizontal pleiotropy among all IVs in a single
MR test by comparing observed distances to the regression
line with expected distances under the null hypothesis.31 It
is important to note that MR-PRESSO is based on the
InSIDE assumption, which can be challenging to test.31

To account for potential pleiotropic effects of genetic var-
iants, fiveMR analytical methods were utilized in the evalu-
ation of the causal effects of computer game playing on
cognitive function, risk of AD, and BDNF levels. These
methods include inverse variance weighted (IVW),
weighted median, MR-Egger, simple mode, and weighted
mode. Each of these methods provides a unique approach
to estimating causal relationships in MR studies.

Standard IVW estimates were utilized for the primary
analysis, combining each SNP’s Wald ratio with the
outcome to derive a pooled causal estimate.32 To address
overdispersion, this method was employed. Additionally,
complementary MR analyses, including MR-Egger, simple
mode, and weighted mode methods, were conducted along-
side IVW due to their ability to generate more robust esti-
mates in a wider array of scenarios. MR-Egger regression
serves as a test for unbalanced pleiotropy and substantial het-
erogeneity, although a larger sample size is required for
equivalent underexposure variation.30 The weighted
median method delivers consistent effect estimates when at
least half of the weighted variance influenced by horizontal
pleiotropy is accurate.33 Furthermore, consistent with past
research from our team and others, a stringent instrument
P-value threshold was applied, with adjustments made if dis-
crepant results emerged from various MR analyses.34

Sensitivity analysis

Horizontal pleiotropy arises when genetic variants related
to the investigated exposure impact outcomes through
various pathways beyond the expected exposure effects.35

Thus, we utilized Cochran’s Q test, funnel plot,
leave-one-out (LOO) method, and MR-Egger intercept
examination to identify potential pleiotropy and verify
result reliability.36 In particular, heterogeneity was identi-
fied if the Cochran Q test’s P-value was below 0.05.36

Additionally, we evaluated horizontal pleiotropy using the
intercept value from the MR-Egger regression analysis.37
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To determine whether the causal estimate was driven by
any single SNP, we performed LOO analysis, through
which each exposure-associated SNP was discarded in
turn to repeat the IVW analysis.38

Statistical analysis

In order to address the issue of multiple testing in our
primary analyses, we applied a corrected threshold for stat-
istical significance using Bonferroni adjustment (0.050/3
outcomes = 0.016).39 Our MR findings were reported as
odds ratios (OR) and beta coefficients (β) along with 95%
confidence intervals (CI), offering insights into the impact
of computer gaming on cognitive function, BDNF levels,
and AD risk per standard deviation (SD) increase. We con-
sidered a P-value below 0.016 as significant, while a
P-value falling between 0.016 and 0.050 indicated a poten-
tial association. The statistical analyses were conducted
using the TwoSampleMR package (version 0.4.25) within
the R software (version 3.6.1).

Results

MR estimation

In the quality control process, no inadequate instruments
were identified (all F-values of the independent variables

exceeded 10). The primary summary of the MR estimates
obtained from the IVW, weighted median, MR-Egger,
basic method, and weighted method techniques is displayed
in Figure 1 and Table 2. The IVW analysis indicated that
computer game playing was significantly associated with
cognitive function (β = 0.801, 95% CI: 0.351, 1.328; P =
0.001), similar to the results from the weighted median (β
= 1.216, 95% CI: 0.602, 1.862; P = 0.000). The results
from the other MR methods showed a consistent but non-
significant direction (indicated by the slopes of the fitted
lines in Figure 1). However, Our research did not find a sig-
nificant link between playing video games and levels of
(BDNF or the risk of developing AD (β = −0.112, 95%
CI: −1.315, 1.091, P = 0.855; OR= 1.000, 95% CI:
1.004, 0.997, P = 0.891, respectively). This suggests that
video game playing may not have a direct impact on
these specific factors. It is important to note that other vari-
ables or factors may play a role in the relationship between
video games and cognitive health.

Heterogeneity and sensitivity analysis

To assess the robustness of the above results, a series of sen-
sitivity analyses, including funnel plots, Cochran’s Q test,
MR-Egger intercept test, and MR-PRESSO global test, were
conducted (Tables 3 and 4 and Supporting Information
Figures S2–S4). The general symmetry in the funnel plots

Figure 1. Scatter plots of associations between computer game playing and cognitive function.
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suggests a low risk of horizontal pleiotropy for the relevant
results. The MR-PRESSO global test indicated significant
horizontal pleiotropies concerning the risk of AD and
BDNF (Table 2). However, the MR-Egger intercept test did
not reveal any significant directional horizontal pleiotropy.
Cochran’s Q test revealed significant heterogeneity in

cognitive function, which confirmed the pleiotropy problem
suggested by MR-PRESSO. Nonetheless, the MR-Egger test
indicated no evidence of directional pleiotropy; therefore,
re-analysis was not performed. In contrast, no significant het-
erogeneity was found for the risk of AD or BDNF levels
(Table 3). The MR-PRESSO distortion test showed no

Table 3. Pleiotropy diagnosis.

Outcome

MR-PRESSO
global test

MR-Egger
intercept test

P Intercept P

Cognitive function NA −0.002 0.827

Risk of AD 0.498 0.000 0.529

BDNF level 0.202 0.033 0.182

Notes. AD: Alzheimer’s disease; BDNF: brain-derived neurotrophic factor.

Table 4. The Cochran’s Q test for assessing heterogeneity.

Outcome
MR-Egger IVW

Cochran’s Q P Cochran’s Q P

Cognitive function 65.068 0.021 65.139 0.026

Risk of AD 46.326 0.417 46.754 0.441

BDNF level 53.037 0.192 55.208 0.166

Notes. AD: Alzheimer’s disease; BDNF: brain-derived neurotrophic factor;
IVW: inverse variance weighted.

Table 2. Causal effects of computer game playing on cognition function, the risk of Alzheimer’s disease, and BDNF.

Outcome Estimator OR (95%CI) β (95%CI) SE P

Cognitive function IVW — 0.801 (0.351, 1.328) 0.263 0.001

Weighted median — 1.216 (0.602, 1.862) 0.347 0.000

MR-Egger — 1.170 (−1.243,3.435) 1.230 0.363

Simple mode — 1.428 (−0.100, 2.987) 0.858 0.066

Weighted mode — 1.451 (−0.103, 2.989) 0.863 0.064

BDNF level IVW 1.000 (1.004, 0.997) — 0.002 0.891

MR-Egger 1.006 (1.026, 0.987) — 0.010 0.556

Weighted median 1.000 (1.006, 0.995) — 0.003 0.922

Simple mode 1.000 (1.012, 0.988) — 0.006 0.987

Weighted mode 1.001 (1.012, 0.990) — 0.006 0.862

Risk of AD IVW — −0.112 (−1.315, 1.091) 0.614 0.855

MR-Egger — −4.408 (−10.725, 1.909) 3.223 0.178

Weighted median — −0.722 (−2.233, 0.789) 0.771 0.375

Simple mode — −1.016 (−4.562, 2.531) 1.809 0.555

Weighted mode — −1.076 (−4.302, 2.149) 1.646 0.534

Notes. IVW: inverse variance weighted; OR: odds ratios; β: beta coefficients; SE: standard error; AD: Alzheimer’s disease; BDNF: brain-derived neurotrophic
factor.
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evidence of a difference in MR estimates before and after
outlier removal, and the degrees of heterogeneity were attenu-
ated after removing the outliers and SNPs with reverse causal-
ity, indicating the reliability of repeated IVW estimates.
Meanwhile, the LOO plots show the robustness of the IVW
estimates.

Discussion
This study set out to examine impact of computer game
playing on cognitive function, risk of AD, and BDNF
levels using the MR methods. The results showed that
there is a causal link between playing computer games
and improved cognitive function. However, the presence
of heterogeneity highlighted by Cochran’s Q test suggests
that caution is needed when interpreting this association.
Interestingly, no significant association was found
between computer game playing and either BDNF levels
or the risk of AD. Despite the potential heterogeneity
issue, further analysis using MR-Egger intercept test,
MR-PRESSO, Cochran’s Q test, and funnel plots did not
reveal any horizontal pleiotropy or heterogeneity, indicat-
ing the reliability of the causal effect found in this study.

Overall, our study indicates that engaging in computer
game playing may actually have a positive impact on cog-
nitive function. This conclusion is in line with some previ-
ous studies that have also suggested the potential benefits of
playing video games. Several studies suggest that specific
types of computer game playing may improve some cogni-
tive and neural functions, especially in the cognitive decline
population.40,41 For example, one study reported that pro-
spective memory in a virtual week game dramatically
improved following training relative to controls, suggesting
that PM plasticity is preserved in older adults.40 Computer
games have been developed and designed for cognitive
functions. However, our results highlight the wide range
of prevention proposals. Commercial computer game
playing appears to improve cognitive function, but the
results suggest that it cannot be used to prevent the onset
of AD. These findings point to the potential protective
nature of computer game playing when it comes to cogni-
tive function. Further research in this area could help to
better understand the mechanisms behind these benefits
and further validate the positive effects of playing video
games on cognitive health.

The specific computer game genre was not identified in
the original GWAS study, making it difficult to determine if
it was a shooting game or a strategy game. However, it is
suggested that the type of computer used may play a signifi-
cant role in improving cognitive functions. This is because
different computer games, with the exception of horror
games, require varying levels of cognitive skills from
players. For example, action video games have shown posi-
tive results for transfer effects in areas such as visual-spatial
ability.42,43 However, some researchers have different

views that video games show difficulties in eliciting transfer
effects, even exhibiting weak to no correlation between
video game experience and cognitive function.44,45 The
results of our study agree with Dobrowolski’s view that46

the treatment of video games as a “black box” that enhances
cognition should be reconsidered; instead, they should be
examined in terms of the requisite skills for success
within the game and their correlation with specific cognitive
functions.

However, the efficacy of commercial games as a pre-
ventive intervention for AD should be approached with
caution, given the insufficiency of current evidence sup-
porting their effectiveness in this preventive capacity.
This is indirectly supported by the lack of a significant asso-
ciation between computer game playing and BDNF in the
current analysis. One study reported that in patients with
chronic schizophrenia, serum BDNF levels were signifi-
cantly higher in the experimental group following six
weeks of video game intervention.47 However, little is
known about whether computer game playing can upregu-
late BDNF, and future work needs to investigate the mech-
anism of this regulation.

This study benefits from the use of MR, which helps to
address the issue of confounding in observational studies.
This approach allows for a more reliable assessment of
the relationship between exposure and outcome, even
when confounders are not measured. By utilizing this
method, our study adds to the existing body of evidence
supporting previous observational findings. Additionally,
the use of distinct samples in our research helps to
prevent bias that may arise from overlap in study popula-
tions. This ensures that our results are more robust and
accurate, providing a clearer understanding of the relation-
ship being studied.

However, some limitations were present in this research.
Initially, only datasets from individuals with European
ancestry were utilized, leading to potential challenges in gen-
eralizing the results to diverse ethnicities. Additionally, while
the primary estimator appeared to be reliable, concerns
regarding horizontal pleiotropy in the connection between
computer gaming and cognitive function emerged, highlight-
ing the need for further investigations using alternative data-
sets or innovative statistical approaches. Furthermore, due to
data restrictions, the focus was solely on computer gaming,
neglecting other electronic gaming platforms such as
PlayStation and smartphones, each with distinctive features
and utilization scenarios. Additionally, the specific genres
of computer games, such as real-time strategy and action
games, could not be differentiated. Moreover, the study’s
scope was limited to providing initial indications of the
link between computer gaming and cognition without
exploring potential variations in cognitive function based
on gender and age, which could potentially influence the out-
comes. As a result, future studies are encouraged to explore
genetic markers associated with gaming habits.
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Conclusion
This study investigated the relationship between computer
game playing and cognitive function, the risk of AD, and
BDNF levels. Utilizing the GWAS database and MR
method, the findings suggest that regular computer game-
play may enhance cognitive function. This highlights the
potential benefits of digital games and provides valuable
information for developing public mental health promotion
strategies based on digital technology. However, due to lim-
itations in study design and data availability, the underlying
mechanisms could not be fully elucidated, warranting
further investigation in future research.

Availability of data and materials: All data mentioned in the
manuscript are available in the website provided in the article.

Contributorship: JW conceptualized the study. JW and ZM
collated, charted, and analyzed all data. JW was responsible for
the writing of the manuscript, with review from ZR, WZ, HT,
LH, HL, FL, and LP. All reviewing authors provided feedback
on all sections of the review, including the abstract, background,
methodology, results, and discussion. All feedback from all
reviewers was incorporated.

Declaration of conflicting interests: The authors declared no
potential conflicts of interest with respect to the research,
authorship, and/or publication of this article.

Ethics approval and consent to participate: The dataset
mentioned above were all publicly available. The corresponding
inform consents from participants were received in the original
research. Thus, no ethics was required for our study.

Funding: The authors received no financial support for the
research, authorship, and/or publication of this article

Guarantor: LP is the guarantor who has taken full responsibility
for this article, including the accuracy and appropriateness of the
reference list.

ORCID iD: Jinlong Wu https://orcid.org/0000-0002-0694-3144

Supplemental material: Supplemental material for this article is
available online.

References
1. Fitzsimons DW. World Health Organization. Acta Med Port

2013; 26: 186–187.
2. Prince M, Wimo A, Guerchet M, et al. World Alzheimer

report 2015. The global impact of dementia: an analysis of
prevalence, incidence, cost and trends. London:
Alzheimer’s Disease International, 2015. 84 p.

3. Patterson C. World Alzheimer report 2018: the state of the art
of dementia research; New frontiers. London: Alzheimer’s
Disease International, 2018, vol. 2, pp. 14–20.

4. Gambella E, Margaritini A, Pelliccioni G, et al. An integrated
intervention of computerized cognitive training and physical
exercise in virtual reality for people with Alzheimer’s disease:
the jDome study protocol. Front Neurol 2022; 13: 964454.

5. Maranesi E, Casoni E, Baldoni R, et al. The effect of non-
immersive virtual reality exergames versus traditional physio-
therapy in Parkinson’s disease older patients: preliminary
results from a randomized-controlled trial. Int J Environ Res
Public Health 2022; 19: 14818.

6. O’Shea DM, De Wit L and Smith GE. Doctor, should I use
computer games to prevent dementia?. Clin Gerontol 2019;
42: 3–16.

7. Kuhn S, Gallinat J and Mascherek A. Effects of computer
gaming on cognition brain structure, and function: a critical
reflection on existing literature. Dialogues Clin Neurosci
2019; 21: 319–330.

8. Larson EB, Kukull WA and Katzman RL. Cognitive impair-
ment: dementia and Alzheimer’s disease. Annu Rev Public
Health 1992; 13: 431–449.

9. Edelmann E, Cepeda-Prado E, Franck M, et al. Theta burst
firing recruits bdnf release and signaling in postsynaptic
CA1 neurons in spike-timing-dependent LTP. Neuron 2015;
86: 1041–1054.

10. Peng SY, Wuu J, Mufson EJ, et al. Precursor form of brain-
derived neurotrophic factor and mature brain-derived neuro-
trophic factor are decreased in the pre-clinical stages of
Alzheimer’s disease. J Neurochem 2005; 93: 1412–1421.

11. Ng TKS, Ho CSH, Tam WWS, et al. Decreased serum brain-
derived neurotrophic factor (BDNF) levels in patients with
Alzheimer’s disease (AD): a systematic review and
meta-analysis. Int J Mol Sci 2019; 20: 257.

12. Forlenza OV, Diniz BS, Teixeira AL, et al. Lower cerebro-
spinal fluid concentration of brain-derived neurotrophic
factor predicts progression from mild cognitive impairment
to Alzheimer’s disease. Neuromol Med 2015; 17: 326–332.

13. Weinstein G, Beiser AS, Choi SH, et al. Serum brain-derived
neurotrophic factor and the risk for dementia the Framingham
heart study. JAMA Neurol 2014; 71: 55–61.

14. Li H, Zhang X, Cao Y, et al. Potential protection of computer
gaming against mental health issues: evidence from a
Mendelian randomization study. Comput Hum Behav 2023;
144: 107722.

15. von der Heiden JM, Braun B, Müller KW, et al. The associ-
ation between video gaming and psychological functioning.
Front Psychol 2019; 10: 1731.

16. Burgess S, Daniel RM, Butterworth AS, et al. Network
Mendelian randomization: using genetic variants as instru-
mental variables to investigate mediation in causal pathways.
Int J Epidemiol 2015; 44: 484–495.

17. Skrivankova VW, Richmond RC, Woolf BAR, et al.
Strengthening the reporting of observational studies in epidemi-
ology using Mendelian randomization: the STROBE-MR state-
ment. J Am Med Assoc 2021; 326: 1614–1621.

18. Mavromatis LA, Rosoff DB, Cupertino RB, et al. Association
between brain structure and alcohol use behaviors in adults: a
Mendelian randomization and Multiomics study. JAMA
Psychiatry 2022; 79: 869–878.

Wu et al. 7

https://orcid.org/0000-0002-0694-3144
https://orcid.org/0000-0002-0694-3144


19. Boef AGC, Dekkers OM and Le Cessie S. Mendelian
Randomization studies: a review of the approaches used and
the quality of reporting. Int J Epidemiol 2015; 44: 496–511.

20. Burgess S, Davey Smith G, Davies NM, et al. Guidelines for
performing Mendelian randomization investigations.
Wellcome Open Res 2019; 4: 186.

21. Purcell S, Neale B, Todd-Brown K, et al. PLINK: a tool set for
whole-genome association and population-based linkage ana-
lyses. Am J Hum Genet 2007; 81: 559–575.

22. Jiang H, Hu DJ, Wang J, et al. Adiponectin and the risk of
gastrointestinal cancers in East Asians: Mendelian randomiza-
tion analysis. Cancer Med 2022; 11: 2397–2404.

23. Feng RY, Lu MN, Xu JW, et al. Pulmonary embolism and
529 human blood metabolites: genetic correlation and two-
sample Mendelian randomization study. BMC Genom Data
2022; 23: 69.

24. Burgess S, Small DS and Thompson SG. A review of instru-
mental variable estimators for Mendelian randomization. Stat
Methods Med Res 2017; 26: 2333–2355.

25. Teumer A. Common methods for performing Mendelian ran-
domization. Front Cardiovasc Med 2018; 5: 51.

26. Burgess S, Swanson SA and Labrecque JA. Are Mendelian
randomization investigations immune from bias due to
reverse causation?. Eur J Epidemiol 2021; 36: 253–257.

27. Treur JL, Demontis D, Smith GD, et al. Investigating causal-
ity between liability to ADHD and substance use, and liability
to substance use and ADHD risk, using Mendelian random-
ization. Addict Biol 2021; 26: e12849.

28. Verbanck M, Chen CY, Neale B, et al. Detection of wide-
spread horizontal pleiotropy in causal relationships inferred
from Mendelian randomization between complex traits and
diseases (vol 50, 693, 2018). Nat Genet 2018; 50: 1196.

29. Morrison J, Knoblauch N, Marcus JH, et al. Mendelian
Randomization accounting for correlated and uncorrelated
pleiotropic effects using genome-wide summary statistics
(vol 58, pg 320, 2017). Nat Genet 2020; 52: 750.

30. Bowden J, Smith GD and Burgess S. Mendelian randomization
with invalid instruments: effect estimation and bias detection
through Egger regression. Int J Epidemiol 2015; 44: 512–525.

31. Burgess S and Thompson SG. Interpreting findings from
Mendelian randomization using the MR-Egger method (vol
32, pg 377, 2017). Eur J Epidemiol 2017; 32: 391–392.

32. Burgess S, Butterworth A and Thompson SG. Mendelian ran-
domization analysis with multiple genetic variants using sum-
marized data. Genet Epidemiol 2013; 37: 658–665.

33. Bowden J, Smith GD, Haycock PC, et al. Consistent estimation
in Mendelian randomization with some invalid instruments

using a weighted median estimator. Genet Epidemiol 2016;
40: 304–314.

34. Li HS, Zhang X, Cao Y, et al. Potential protection of computer
gaming against mental health issues: evidence from a Mendelian
randomization study. Comput Hum Behav 2023; 144:107722.

35. Richmond RC and Smith GD. Mendelian randomization: con-
cepts and scope. Cold Spring Harbor Perspect Med 2022; 12:
a040501.

36. Chen X, Hong XS, Gao WJ, et al. Causal relationship between
physical activity, leisure sedentary behaviors and COVID-19
risk: a Mendelian randomization study. J Transl Med 2022;
20: 216.

37. Hemani G, Bowden J and Smith GD. Evaluating the potential
role of pleiotropy in Mendelian randomization studies. Hum
Mol Genet 2018; 27: R195–R208.

38. van de Vegte YJ, Siland JE, Rienstra M, et al. Atrial fibrilla-
tion and left atrial size and function: a Mendelian randomiza-
tion study. Sci Rep 2021; 11: 8431.

39. Cornish AJ, Law PJ, Timofeeva M, et al. Modifiable path-
ways for colorectal cancer: a Mendelian randomisation ana-
lysis. Lancet Gastroenterol Hepatol 2020; 5: 55–62.

40. Rose NS, Rendell PG, Hering A, et al. Cognitive and neural
plasticity in older adults’ prospective memory following train-
ing with the virtual week computer game. Front Hum
Neurosci 2015; 9: 592.

41. Barnes D, Yaffe K, Belfor N, et al. Computer-based cognitive
training for mild cognitive impairment: results from a pilot
randomized controlled trial. Neurology 2006; 66: A249-A.

42. Green CS, Pouget A and Bavelier D. Improved probabilistic
inference as a general learning mechanism with action video
games. Curr Biol 2010; 20: 1573–1579.

43. Green CS and Bavelier D. Action-video-game experience
alters the spatial resolution of vision. Psychol Sci 2007; 18:
88–94.

44. Green CS and Bavelier D. Exercising your brain: a review of
human brain plasticity and training-induced learning. Psychol
Aging 2008; 23: 692–701.

45. Oei AC and Patterson MD. Enhancing cognition with video
games: a multiple game training study. PLoS One 2013; 8:
e58546.

46. Dobrowolski P, Hanusz K, Sobczyk B, et al. Cognitive
enhancement in video game players: the role of video game
genre. Comput Hum Behav 2015; 44: 59–63.

47. Shi SY, Cui S, Yao YT, et al. Smartphone video games
improve cognitive function in patients with chronic schizo-
phrenia: a randomized controlled trial. Eur Arch Psychiatry
Clin Neurosci 2023: 1–11.

8 DIGITAL HEALTH


	 Introduction
	 Methods
	 Study design
	 Data sources
	 MR analysis
	 Sensitivity analysis
	 Statistical analysis

	 Results
	 MR estimation
	 Heterogeneity and sensitivity analysis

	 Discussion
	 Conclusion
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


