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Abstract

Background: Stroke often triggers poststroke cognitive impairment (PSCI) within 6 months, impairing memory, attention, and
executive function while exacerbating physical disabilities and mortality. Computerized cognitive training (CCT) is a promising
treatment approach. Compared to traditional methods, CCT provides cost-effective, easily accessible, personalized, and repetitive
rehabilitation training. Therefore, we performed a systematic review of the efficacy of CCT to improve cognitive function in
patients with PSCI and supplemented the findings with a meta-analysis.

Objective: This study aimed to evaluate the efficacy of CCT in comparison to usual care or routine rehabilitation for patients
with PSCI, with the aim of providing clinicians and therapists with more effective and convenient therapeutic options.

Methods: A comprehensive systematic search was performed across multiple databases, including PubMed, Web of Science,
Embase, Cochrane Library, and Scopus, to identify randomized controlled trials conducted between 2010 and June 2024 that
used CCT to enhance cognitive function in patientswith PSCI. The primary outcome of interest was cognitive function, eval uated
using a standardized cognitive function scale, while secondary outcomes included assessments of patients' activities of daily
living and motor function. The risk of bias was evaluated using the Cochrane Risk of Biastool, and the quality of evidence was
appraised in accordance with the Grading of Recommendations, Assessment, Devel opment, and Eval uations (GRADE) framework.
Meta-analysis was conducted using RevMan 5.3 software published by The Cochrane Collaboration.

Results: A total of 19 trials were included in the meta-analysis (n=875 participants). The findings provided moderate- to
high-quality evidenceindicating that CCT significantly enhances general cognitive function (15 trials, standardized mean difference
[SMD]= 0.46, 95% CI 0.21-0.71; P<.001, 1°=60%), attention (11 trials, SMD=-0.45, 95% CI —0.64 to —0.25, P<.001, 12=0%),
executive function (6 trials, SMD=0.39, 95% CI 0.12-0.67; P=.01, 1°=0%), and quality of life of PSCI patients (9 trials, SMD=0.34,
95% CI 0.15-0.53; P<.001, 1>=6%). However, low- to very low—quality evidence indicated that CCT has limited improvement
in memory, language function, and motor function in patients with PSCI.

Conclusions: Based on moderate to severelevels of evidence, we concludethat CCT can significantly enhance general cognitive
function, attention, executive function, and quality of life in PSCI patients. In addition, short-term high-frequency training was
more effective than long-term low-frequency training. This review demonstrates CCT's effectiveness on cognitive function in
patients with PSCI, though results vary dueto differing intervention programs and CCT systems. Future research should increase
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sample sizes based on CCT system types and offer intensive, tailored training multiple times weekly. In addition, a structured
maintenance plan is essential to sustain long-term benefits and prevent regression.

Trial Registration:

(J Med Internet Res 2025;27:e€73140) doi: 10.2196/73140
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Introduction

Background

Stroke has emerged as the second leading cause of mortality
and disability globally [1,2]. Poststroke cognitive impairment
(PSCI) refersto a series of syndromes that meet the diagnostic
criteriafor cognitiveimpairment within 6 monthsfollowing the
clinical event of stroke [3,4]. The prevalence of cognitive
deficits among stroke survivors ranges from 17.6% to 83%,
with considerable variability across studies conducted in
different countries. This variability is attributed to differences
in stroke type, timing of assessments, study settings, population
characteristics, and variationsin cognitive tests and cutoff points
[4,5]. PSCI isthe most prevalent complication associated with
stroke, leading to impairments in attention, executive function,
memory, language, and visuospatial abilities (spatial awareness
and visua processing). In addition, it exacerbates motor
disorders, increases disability and mortality rates, hinders
rehabilitation progress, and severely impacts the daily living
abilities of patients [6]. If not effectively managed, PSCI can
result in abnormal mental behaviors (eg, mood swings, apathy,
anxiety, depression, hallucinations, and delusions) and may
even progress to rapidly advancing dementia [3,4,7].
Consequently, PSCI poses significant challengesto both families
and society at large.

The clinical management of PSCI primarily encompasses the
intervention and prevention of established risk factors,
pharmacological treatment, and cognitive training [4,8-11].
Notably, evidence-based management of risk factors for PSCI,
alongside interdisciplinary research efforts focused on primary
prevention, is critically needed [8,12]. Numerous studies have
demonstrated that the risk factors for PSCI encompass a wide
range of variables. Theseinclude patient-specific characteristics,
such as age, gender, and genetic predispositions, as well as
stroke-related factors, including the type of stroke, lesion
location, and recurrence. Furthermore, vascular and metabolic
conditions, such as hypertension, diabetes, hyperlipidemia, and
atrial fibrillation, significantly contribute to the risk profile,
alongside other determinants such as inflammation, oxidative
stress, and psychological factors[5,13,14]. The pharmacological
agents recommended for treatment are primarily those used for
cognitive impairments associated with Alzheimer disease;
however, their efficacy and safety in the context of PSCI remain
unverified [15,16]. Traditional cognitive training has been
proven to be effective in most studies. Cognitive training aims
to promote neural plasticity and functional reorganization by
systematically and repeatedly stimulating the neural network
related to attention, memory, and executive functioninthebrain
[17]. Nonetheless, challenges persist, including the
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time-consuming and labor-intensive nature of these
interventions, aswell as suboptimal patient compliance among
individuals with cognitive impairments [8].

In recent years, with the rapid development of computer
technology, computerized cognitive training (CCT) has
gradually replaced traditional cognitive training. CCT can
simultaneously mobilize multiple senses of patients through
multimedia stimulation channels (such as visual puzzles,
auditory memory games, and interactive simulation) and
information resources [18]. Therationale for CCT is based on
cognitive psychology and neuroscience research and focuses
on the activation of brain plasticity through repetitive practice
and feedback mechanisms. Compared with “ pencil-and-paper”
cognition training tasks, CCT can enhance the immersion and
interactivity of the cognitive training process, thus promoting
the consolidation of the training effect [19]. At the sametime,
CCT can design different tasks according to different cognitive
domains. In the study of Withiel et a [20], games targeting
memory function were applied to improve the cognitive domains
of attention function. In addition, personalized parametric
training tasks can be used to improve cognitive domains such
as attention and executive function [21]. Furthermore, the low
implementation cost, high availability, and accessibility of CCT
have contributed to its increasing adoption both domestically
and internationally.

Inthisliterature, CCT isfrequently used for patients with mild
cognitive impairment, dementia, and Parkinson disease,
demonstrating varying levels of enhancement across different
cognitive domains [22-25]. A meta-analysis conducted by
Ferndndez Lopez and Antoli [26] revedled that CCT
significantly improved visual and verbal working memory in
individuals with acquired brain injury, although it did not
enhance attention or executive function. Another meta-analysis
indicates that higher-intensity CCT, including remote
unsupervised training, is advantageous for general cognitive
function in patients with Parkinson disease [25]. Research by
Hill et a [22] found CCT to be effective in enhancing general
cognition, memory, and attention in older patients with mild
cognitive impairment, as well as in improving psychosocial
functioning, including alleviation of depressive symptoms, albeit
with limited impact on executive function. In addition, thereis
insufficient evidence to support the efficacy of CCT in
enhancing cognitive function in patients with dementia.
Although more and more studies have investigated the beneficial
impact of CCT on cognitive function, there is still a lack of
high-quality evidence on cognitive function and different
cognitive domainsin patients with PSCI.
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Aimsof This Review

The objective of thisreview isto systematically eval uate existing
clinical studies and conduct a meta-analysis to compare the
effectiveness of CCT with aternative interventions, such as
usual care and routine rehabilitation training, for patients
experiencing poststroke cognitiveimpairment. At the sametime,
we hope to provide new ideas and new methods for clinicians
and therapists.

Methods

Study Registration

This review was conducted and reported based on the
recommendations of the PRISMA (Preferred Reporting Items
for Systematic Reviews and Meta-analyses; see checklist in
Multimedia Appendix 1) [27]. The systematic review with
meta-analysis had been registered in the PROSPERO database
(CRD42024573594).

Textbox 1. Theinclusion criteria and exclusion criteria.

Gao et a

Search Strategy

We searched PubMed, Web of Science, Embase, Cochrane
Library, and Scopus databases from 2010 to June 2024. The
complete search strategies, developed with the assistance of the
research librarian, are presented in the Multimedia Appendix
2. All publications in English were searched. Informed by
preliminary scoping of the literature, our keywords and MeSH
(Medical Subject Headings) terms related to “stroke
“Cognitive Dysfunction,” “training,” “compute*” and
“randomized controlled trial.” In addition, keywords and subject
words are combined using Boolean operators. Reference lists
of selected articles were independently screened to detect
additional studies not included in the original search.

Selection Criteria

Screen titles, abstracts, and methods using inclusivity and
exclusivity criteria as PICOS (Population, Intervention,
Comparison, and Outcome). Theinclusion criteriaand exclusion
criteriafor this study were as mentioned in Textbox 1.

Inclusion Criteria

«  Thestudy must be a published randomized controlled trial (RCT);

« the study population must be poststroke cognitive impairment (PSCI), defined as cognitive dysfunction resulting from a stroke;
. theintervention group must have received computerized cognitive training (CCT);

« thecontrol group must have received interventions other than CCT, such as conventional treatment, traditional paper-and-pencil—based cognitive

training, or health education;

« the study must report at least one cognitive assessment (general cognitive function, attention, memory, executive function, language, and other
cognitive domains) was included, and other indicators could or could not include quality of life and limb motor function.

Exclusion criteria

«  patients whose baseline conditions differed significantly within the study;
« studiesthat did not report original outcome metrics or where relevant outcome metrics could not be obtained despite contacting the authors;
« articlesin which the study population included patients with other cognitive disorders, such as Alzheimer disease;

«  studies where the intervention group received additional interventions alongside CCT, such as CCT combined with medication or acupuncture,

compared to the control group treatment;
« anima experimental studies, case reports, or protocols;

. articlesthat were either repeatedly published or retracted;

« studiesfor which only abstracts were available and the full text could not be retrieved;

« publications not in English.

Data Extraction

The literature retrieved was screened by 2 researchers in
accordance with the inclusion and exclusion criteria. Baseline
characteristics and outcome indicators were extracted using
standardized forms. In cases of differing opinions, resolution
was achieved through discussion or consultation with a third
researcher. The descriptive data extracted from each trial
included baseline characteristics (such as authors, year of
publication, and country), participant characteristics (including
intervention population and sample size), intervention
characteristics (such as setting, frequency, duration, and any
additional components like computer systems), and outcome
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indicators. For outcome indicators, the mean and SD were
collected for each group. If studies did not report the relevant
data, the corresponding authors were contacted to obtain any
missing data.

Data Analysisand Synthesis

The primary outcome measure was the assessment of cognitive
function, while the secondary outcome measures included
evaluations of patients' activities of daily living and motor
function. Ininstanceswhere multiple scaleswere used to assess
the same outcome measure, we prioritized those indicatorswith
higher reliability or sensitivity. Detailed prioritization criteria
are provided in Multimedia Appendix 3. For certain scales,
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lower scores indicated better functioning, for example, Trail
Making Test-A and Shulte's table; thus, we applied a negative
effect size to this indicator to denote improved functioning in
the trial group compared to the control group. Post—follow-up
assessments were also extracted for studies that reported
follow-up.

Statistical heterogeneity tests and comprehensive data analyses
were conducted using Review Manager version 5.3, following
the Cochrane guidelines. Standardized mean differences (SMDs)
and 95% Clswere cal culated for continuous data due to the use
of different scales across the included trials for the same
outcome. Given the substantial heterogeneity in theintervention
characteristics of the studies, arandom-effects model was used
to derive pooled estimatesfor all outcome measures. Differences
were deemed statistically significant when P<.05.

Subgroup Analysis
Subgroup analyses were performed to examine the effect of

intervention duration (>6 weeks and <6 weeks) on cognitive
function and cognitive domains.

Risk-of-Bias Assessment

We evaluated the risk of biasin trials using the Cochrane Risk
of Biastool (version 2) as outlined in the Cochrane Handbook,
focusing on the following domains: the randomization process,
deviations from intended interventions, missing outcome data,
outcome measurement, and selective reporting of outcomes
[28]. Each domain was classified as having a high, low, or
unclear risk of bias. An overal risk of bias assessment was
subsequently determined based on the individual domain
assessments, typicaly reflecting the highest level of bias
identified in any domain. In instances of disagreement or
discrepancy during the quality assessment process, a third
researcher was tasked with verification and resolution.

https://www.jmir.org/2025/1/€73140
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Certainty Assessment

To evaluate the quality of evidence, we used the Grading of
Recommendations, Assessment, Devel opment, and Eval uations
(GRADEpro GDT) methodology [29]. In total, 2 independent
assessors used the GRADEpro GDT software to appraise the
quality of evidence, categorizing it as very low, low, moderate,
or high. Footnotes were provided to elucidate the rationale for
any downgrading of evidence, which included considerations
of risk of bias, inconsistency, indirectness, imprecision, and
publication bias.

Additional Analyses

To further investigate the robustness of the results and identify
potential sources of heterogeneity, we performed several
additional post hoc analyses. A sendtivity analysis was
conducted to evaluate the stability of the meta-analysis outcomes
by sequentially excluding individual studies to assess their
influence on the overall results. For meta-analyses comprising
a sufficient number of studies (n>10), we intended to evaluate
publication bias through the use of funnel plots and Begg tests
[30]. P<.05 was considered statistically significant.

Results

Search Outcomes

The search results are presented in Figure 1. Aninitial retrieval
yielded 22,114 studies from 5 electronic databases. Of these,
9647 studies were excluded due to duplication. A meticulous
screening of the titles and abstracts of the remaining 12,471
studies resulted in the exclusion of 12,377 studies that did not
satisfy the research criteria. Consequently, 94 studies underwent
acomprehensive review. Ultimately, 19 randomized controlled
trials (RCTs) were included in the meta-analysis.
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Figurel. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-analyses) flow diagram. PSCI: poststroke cognitive impairment.

Records identified through
database searching (n=22,114):
Pubmed (n=3462)
Cochrane CENTRAL (n=3558)
Embase (n=4631)

Web of science (n=6082)
Scopus (n=4381)

Records identified
from citation
searching (n=4)

|

Duplicate records removed

A 4

(n=9647)

Records screened (n=12,471)

Y

Pl Records excluded (n=12,377)

(n=94)

Records assessed for eligibility

Records excluded, with reasons (n=75):

Not focused on PSCI (n=14)
Not written in English (n=8)
Protocols (n=12)

h 4

Case reports (n=9)
Conference abstract (n=9)
Incomplete data (n=8)

Studies included in meta
analysis (n=19)

Wrong comparison (n=13)
Have a manuscript withdrawn (n=2)

Characteristics of Included Studies

Thisreview incorporated atotal of 19 RCTsencompassing 875
participants. The participants agesranged from 27 to 84 years.
Regarding the duration and frequency of the intervention, 9 of
the trials had a duration of less than or equal to 6 weeks
[20,21,31-37], and 10 trials had aduration of more than 6 weeks
[38-47]. Regarding the software used in CCT, 3 studies used
Rehacom [32,38,40], 2 studies used Reh@City [21,34], 2 studies
used Lumosity software [20,42], 2 studies used the Forbrain
System[39,45]. Theremaining 5 studies used various software,
including NeuroActive [47], Erica software [46], Netblue Co,
Ltd, Korea [35], the Rehabilitation Gaming System [31], and
the Kinect System [43]. Intotal, 5 studies either did not specify
the software used or used individualy customized
computer-assisted  training programs  [33,36,37,41,44].

https://www.jmir.org/2025/1/€73140
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Participants in the control groups primarily received
conventional drug therapy alongside rehabilitation training,
such as occupational therapy or traditional paper-and-pencil
cognitive training. In terms of follow-up, 3 studies conducted
assessments 1 month post intervention [21,42,47], 2 studies
conducted assessments 3 months post intervention [31,43], and
1 study conducted assessments 1.5 months post intervention
[20Q]. Intotal, Strialswere supervised at home[20,39,43,45,47],
and the rest were supervised in the hospital. Further details on
the specific characteristics of the included studies are provided
in Multimedia Appendix 4.

Risk of Bias Assessment

Among the 19 studies, 3 trials exhibited some risk of bias
[33,38,46], 8 trials were assessed as having a low risk of bias
[31,36,39-41,43,45,47], and 8 trials were assessed as having a
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high risk of bias[20,21,32,34,35,37,42,44]. Thereasonsfor the
identified risk of biasincluded the lack of assessor blinding in
5trials[21,32,34,35,37], the presence of randomization biasin

Figure 2. Risk of biasfor all included studies.
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onetrial [44], and the absence of available protocolsor complete
outcome data reporting in 2 trials [20,42] (Figures 2 and 3
[20,21,31-47]).
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Figure 3. Summary of distribution of different biases. Green symbols indicate low risk of bias, yellow symbols indicate unclear risk of bias, and red

symbolsindicate high risk of bias.
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Intervention Effect

The GRADEpro GDT evidence level for the meta-analysis
results indicated that the quality of evidence for attention and
quality of life was high, the quality of evidence for executive
function was medium, and the quality of evidence for other
outcomeswas|ow or very low. The primary factors contributing
to the reduction in evidence quality were the risk of bias and
inconsistency. A comprehensive GRADEpro GDT summary
of theresultsis available in Multimedia Appendix 5.
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Meta-Analysis Results

Primary Outcome: General Cognitive

Based on moderate-quality evidence, ameta-analysisof 15trials
indicated that general cognitive function scores were superior
in the CCT group than in the control group (SMD=0.46, 95%
Cl 0.21-0.71, P<.001, 1=60%). After excluding one study by
Park and Park [35], the heterogeneity was reduced (12=32%),
whilethe pooled SMD remained largely unchanged (SMD=0.36,
95% CI 0.17-0.55; P<.001) (Multimedia Appendix 6). Upon
analyzing the subgroups based on the intervention duration, it
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was observed that the CCT group exhibited improvements in
genera cognitive function when the intervention time was less
than or equal to 6 weeks (SMD=0.68, 95% Cl 0.29-1.06, P<.001,

12=68%). Conversely, there were no significant differences
between groups when the intervention was extended more than
6 weeks (SMD=0.20, 95% CI —0.03 to 0.43, P=.09, 1°=8%;
Figure 4 [21,31-37,40-46]).

In the long term, a meta-analysis of 4 trials demonstrated no
between-group difference in general cognitive (SMD=0.20,
95% CI —0.18t0 0.58, P=.3, 12=18%; Multimedia Appendix 7).

Gao et a

To enhance the evaluation of the results, subgroup analyses of
general cognitive function were conducted based on intervention
frequency, the intervention modality within the control group,
and the modality of supervision for CCT training. The results
indicated that short-term high-frequency and short-term
low-frequency training were more effective than long-term
high-frequency and long-term low-frequency training. The
findings revealed no significant differences in the subgroup
analysis, with the exception of the supervision modality
(Multimedia Appendix 8).

Figure 4. Effects of CCT on genera cognitive function in patients with PSCI. CCT: computerized cognitive training, PSCI: poststroke cognitive

impairment.
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Primary Outcome: Attention

Based on high-quality evidence, a meta-analysis of 11 studies
showed that the attention function of PSCI patientsin the CCT
group was significantly improved (SMD=-0.45, 95% Cl —0.64
to —0.25, P<.001, 12=0%). Subgroup analysis showed that the
CCT group had improved attention when the intervention time
was less than or equal to 6 weeks (SMD=-0.48, 95% CI —-0.83

https://www.jmir.org/2025/1/€73140

0.46 [0.21, 0.71]

L 4
1 2 D 2 4
Favours [control] Favours [experimental]

t0—0.14, P=.006, 1°=319%). Attention wasal soimproved at more
than 6 weeks (SMD=-0.38, 95% Cl —0.66 to —0.11, P=.006,

12=0%; Figure 5[21,31,33,34,37-39,43,44,46 47]).

In the long term, a meta-analysis of 4 trials demonstrated no
between-group difference in attention (SMD=-0.23, 95% ClI
-0.62 t0 0.15, P=.23, 1°=0%; Multimedia Appendix 7).
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Figure5. Effectsof CCT on attention in patients with PSCI. CCT: computerized cognitive training, PSCI: poststroke cognitive impairment.
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Primary Outcome: Memory

Based on very low-quality evidence, a meta-analysis of 11
studies showed no statistical difference in memory function
between groups (SMD= 0.42, 95% CI —0.06 to 0.89, P=.09,
12=81%). After excluding one study by Withiel et a [20], the
heterogeneity was reduced (1’=15%), and the pooled SMD
changed significantly but were still not statistically significant
(SMD=0.16, 95% CI -0.06 to 0.38; P=.15; Multimedia
Appendix 6). Subgroup analysis showed that there was no

Favours [experimental] Favours [control]

significant difference between the groupswhen theintervention
time was less than or equal to 6 weeks (SMD=0.84, 95% CI

-0.15 to 1.83, P=.09, 1°=90%). There were also no significant
differences between groups at more than 6 weeks (SMD=0.12,
95% Cl -0.28 to 051, P=56, 1°=49%; Figure 6
[20,21,31,33,34,38,39,42,44,46,47]).

In the long term, a meta-analysis of 5 trials demonstrated no
between-group difference in memory (SMD=0.63, 95% ClI

-0.15 to 1.42, P=.11, 1°=80%; Multimedia Appendix 7).

Figure 6. Effectsof CCT on memory in patients with PSCI. CCT: computerized cognitive training; PSCI: poststroke cognitive impairment.
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Primary Outcome: Executive Function

Based on moderate quality evidence, ameta-analysisof 6 studies
showed that executive function was significantly improved in
patients with PSCI in the CCT group (SMD=0.39, 95% CI
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0.12-0.67, P=.005, 1°0%). Subgroup analysis showed that the
CCT group had improved executive function when the
intervention duration was less than or equal to 6 weeks
(SMD=0.50, 95% Cl 0.14-0.86, P=.008, 1°=0%). At more than
6 weeks, there was no significant difference between the groups
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(SMD=0.23, 95% Cl —-0.20 to 0.67, P=.29, 1°=0%; Figure 7
[21,31,34,37,39,47]).
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In the long term, a meta-analysis of 3 trials demonstrated no
between-group difference in executive function (SMD=0.29,

95% Cl —0.17t0 0.75, P=.21, 1?=0%; Multi media Appendix 7).

Figure 7. Effectsof CCT on executive function in patients with PSCI. CCT: computerized cognitive training; PSCI: poststroke cognitive impairment.
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Primary Outcome: Language

Based on low-quality evidence, a meta-analysis of 5 studies
showed no statistical difference in language function between
groups (SMD=0.21, 95% Cl —0.06 to 0.48, P=.12, 12=0%).
Subgroup analysis showed that there was no significant
difference between the 2 groups when the intervention timewas

Favours [control] Favours [experimental]

less than or equal to 6 weeks (SMD=0.18, 95% CI -0.15 to
0.50, P=.29, 1°=0%). There was also no significant difference
between the groups when the study was more than 6 weeks
(SMD=0.30, 95% Cl -0.19 to 0.78, P=.23, 1°=0%; Figure 8
[21,33,34,44,46]). Because of the small number of follow-up
studies, along-term analysis was not performed.

Figure 8. Effects of CCT on language in patients with PSCI. CCT: computerized cognitive training; PSCI: poststroke cognitive impairment.
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Secondary Outcome: Quality of Life

Based on high-quality evidence, the meta-analysis of 9 studies
showed that the quality of life of PSCI patientsinthe CCT group
was significantly improved (SMD=0.34, 95% CI 0.15-0.53,
P<.001, 1°=6%). Subgroup analysis was performed according
to the intervention duration, and the CCT group showed

https://www.jmir.org/2025/1/€73140
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improvement in quality of life when the intervention time was
less than or equal to 6 weeks (SMD=0.36, 95% CI 0.10-0.62,
P=.007, 1?=0%). At more than 6 weeks, there was no significant
difference between the groups (SMD=0.33, 95% CI —0.00 to
0.66, P=.05, 12=33%; Figure 9 [31,33,34,36,37,40-42,45]).
Because of the small number of follow-up studies, along-term
analysis was not performed.
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Figure9. Effectsof CCT on quality of life in patients with PSCI. CCT: computerized cognitive training; PSCI: poststroke cognitive impairment.
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Secondary Outcome: Motor Function

Based on low-quality evidence, a meta-analysis of 3 trids
showed no statistical differencein motor function between CCT

Favours [control] Favours [experimental]

and control groups (SMD=0.11, 95% CI -0.58 to 0.79, P=.76,
12=65%; Figure 10 [31,36,41]). Subgroup analysesand long-term
analyseswere not performed due to the small number of studies.

Figure 10. Effectsof CCT on motor function in patients with PSCI. CCT: computerized cognitive training; PSCI: poststroke cognitive impairment.
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Additional Analyses

Publication bias was evaluated for general cognitive function,
attention, and memory across more than 10 included studies,
as detailed in Multimedia Appendix 9. A visua inspection of
the funnel plots indicated no significant asymmetry.
Furthermore, the Begg test results demonstrated the absence of
publication biasfor general cognitive function (P=.09), attention
(P=.28), and memory (P=.53), with all P>.05.

Discussion

Principal Findings

This review synthesizes the evidence concerning the impact of
CCT on general cognitivefunction, specific cognitive domains,
daily activities, and motor function in individuals with PSCI.
Despitevariationsinthe CCT systems used, based on moderate
to severe levels of evidence, the findings indicate that CCT is
generaly effective in enhancing general cognitive function,
particularly in the domains of attention and executive function,
aswell asinimproving the quality of lifefor patientswith PSCI.

M echanisms by Which CCT Improves Cognitive
Function

Studies have shown that CCT can significantly enhance the
recovery of cognitive function in PSCI through the combined

https://www.jmir.org/2025/1/€73140

-2 A D 2
Favours [control] Favours [experimental]

e

influence of neuroplasticity, neurofeedback, task design, and
other aspects. Vermeir et a [48] demonstrated that CCT
facilitates the reorganization of brain function by incorporating
challenging cognitive tasksthat activate adjacent or contralateral
brain regions relative to the stroke-affected area. Concurrently,
CCT systems typically provide immediate feedback, enabling
patients to assess their task performancein real time and adjust
their strategies accordingly. Yuan et a [49] highlighted the
critical role of positive feedback and reward mechanisms in
bolstering patient engagement and motivation for training.
Moreover, CCT tasks frequently involve the stimulation of
multiple sensory modalities, including visual, auditory, and
tactile inputs. This cross-modal training approach engages
multiple brain regions concurrently, thereby enhancing the
cognitive function of patients.

Neuroimaging investigations have significantly advanced our
understanding of neuroplasticity induced by CCT inindividuals
who have experienced a stroke. For instance, Lin et al [38] used
resting-state functional magnetic resonanceimaging to examine
the impact of CCT on patients with poststroke cognitive
impairment. Their findings indicated an enhancement in
functional connectivity between the hippocampus and the frontal
and parietal regions following a 10-week training regimen.
Furthermore, a longitudinal study conducted by Nyberg et a
[50] explored the association between white matter
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microstructure and cognitive performancein patientswith stroke
undergoing working memory training. Although no significant
alterationsin white matter integrity were observed post training,
the study underscores the intricate nature of neural adaptation
and underscores the necessity for further research to elucidate
the structural correlates of cognitive enhancement.

Principal Results
In this review, we found that there was alarge heterogeneity in

the meta-analysis of general cognitive function (1>=73%). Upon
excluding the study by Park and Park [35], the heterogeneity

reduced moderately (12=32%), although the effect size was
reduced to 0.36. This reduction in effect size may be attributed
to the more pronounced improvement in general cognitive
function observed in the study by Park and Park [35] compared
to others. This discrepancy could be due to variations in the
scales used to measure functional outcomes. Specifically, the
study by Park and Park [35] used the L oewenstein Occupational
Therapy Cognitive Assessment (LOTCA) scale to assess
patients general cognitive function. Unlike the Montreal
Cognitive Assessment and the Mini-Mental State Examination,
the LOTCA scale evaluates not only cognitive function but also
perceptual and daily functional abilities, involving more
complex cognitive domains, particularly visuospatial cognition.
The extended evaluation time required by the LOTCA scale
allows for amore comprehensive analysis, potentialy offering
a better reflection of functional improvements in patients with
PSCI [51,52].

CCT improves the function of multiple cognitive domains in
patients with PSCl by employing targeted cognitive tasks
designed to stimulate neuroplasticity. The mechanisms
underlying improvements are intricately linked to the
physiological processes of the brain, including neural
remodeling, functional compensation, and cognitive stimulation.
Consistent with previous research [53-55], our review found
significant benefits of CCT inimproving attention and executive
function in PSCI patients. The regulation of attention and
executive functions primarily relies on the prefrontal cortex,
parietal lobe, and the network of connections between them
[56,57]. These regions are involved in key processes such as
decision-making, planning, task-switching, and information
filtering. It promotes long-term potentiation and synaptic
plasticity through repeated practice to achieve neural network
reorganization and functional recovery [58]. Neuroimaging
studies have shown that dense CCTS can improve brain
functional connectivity, especially network synergies between
the prefrontal cortex and other cognitive regions. Immediate
feedback and reward mechanisms also contribute to enhanced
self-monitoring and adaptation in the prefrontal cortex [59]. In
addition, high-frequency CCT can enhance the neuroplasticity
of key brain regions, for example, by upregulating the expression
of brain-derived neurotrophic factor, which promotes the
formation and strengthening of synaptic connections[60]. This
mechanism is particularly evident in the prefrontal and parietal
networks, which in turn improve attention and executive
function [61,62].

Memory functions mainly rely on the hippocampus and its
associated medial temporal structures, whereas language
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functions mainly involve the superior temporal gyrus, Broca's
area, and Wernicke's areaiin the left hemisphere. These regions
are structurally complex and the neural circuits are difficult to
rapidly modulate. Compared with prefrontal networks, these
regions may requirelonger duration or more task-specific design
to activate effective neural plasticity in the face of the same
training, and thus have limited effect on the improvement of
memory and language function [63,64]. Conventional task
designs of CCTS may fail to achieve adequate levels of
stimulation, and these areas may require specifically designed
memory or language training tasks or in combination with
assistive techniques such as noninvasive brain stimulation to
further activate their neuroplasticity [65]. In addition,
incorporating multimediastimuli such asvisual puzzles, auditory
memory games, or interactive simulations may provide more
dimensional stimuli to activate the hippocampus and language
areas, thereby potentially improving training outcomesin these
areas [49,66].

A meta-analysis conducted by Kazinczi et al [65] demonstrated
that CCT exerts a significant impact on memory function in
stroke patients, as assessed by the Digit Span Backward Test.
Conversely, our findingsindicate that CCT has alimited effect
on improving memory and language functionsin patients with
PSCI. Thismay be dueto thefact that the Digit Span Backward
Test is a widely used measure of working memory, requiring
participants to recall a sequence of digitsin reverse order. This
task necessitates the retention and manipulation of information,
engaging both central executive functions and short-term
memory capacity. Our study extends beyond the digit span test
by incorporating assessments such as Addenbrooke's Cognitive
Examination memory subscale and Goa Attainment Scaling,
which evaluate memory function through various high-level
cognitive behaviors, including directed attention and complex
decision-making. The observed discrepancies in findings may
be attributable to differences in neural mechanisms and
functional brain networks. Notably, upon excluding the study
by Withiel et al [20], heterogeneity was reduced (1°=15%), and
the effect size showed anotable change (SMD=0.16), indicating
an improvement in memory function, although this change was
not statistically significant. The Goal Attainment Scaling used
inthisstudy isprimarily employed for goa setting and outcome
evaluation in rehabilitation interventions, demonstrating robust
reliability and validity. Nevertheless, its subjective and
individualized nature limits its direct validity in assessing
specific cognitive domains, such asmemory or attention, which
accounts for its infrequent application in detailed cognitive
function assessments. Similar to our results, previous studies
haveindicated that CCT may facilitateimprovementsin working
memory and short-term information retention; yet, it appears
to be less effective in enhancing long-term and contextual
memory [42,67,68].

In addition, our results showed that CCT could enhance the
quality of lifein patientswith PSCI. Cognitive impairment after
stroke can substantially diminish patients quality of life,
affecting their self-care capabilities, emotional well-being, and
social interactions [15]. By improving cognitive function and
emotional state, CCT can indirectly contribute to an improved
quality of life. Theimmediate feedback and reward mechanisms
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inherent in CCT training facilitate patients perception of
progress and achievement, thereby boosting self-confidence
and fostering positive emotions, which are essential for
improving overall quality of life [54,62,69].

Inclinical practice, cognitiveimpairment and motor dysfunction
frequently coexist in patients who have experienced a stroke.
Research indicates a correl ation between motor functions, such
as grip strength disorders, gait, and balance, and general
cognitive impairment, including executive dysfunction and
memory impairment [70-74]. This review suggests that while
CCT may not directly enhance motor function, cognitive abilities
are crucial for limb and motor rehabilitation. Cognitive
impairments, such as memory deficits or executive dysfunction,
can influence the progression of motor rehabilitation
[15,70,75,76]. Consequently, these factors should be considered
when developing targeted interventions for the stroke
population. Other studies have shown that aerobic exercise can
enhance the activation of the left dorsolateral prefrontal cortex,
thereby improving executive function [77-79]. Thus, integrating
aerobic exercise with CCT in clinica practice may yield
beneficial therapeutic effects on the recovery of both motor and
cognitive functions in patients with PSCI.

Discussion of Subgroup Analyses

In subgroup analyses according to intervention duration, we
found that the short-term intervention (<6 weeks) was
significantly better than the long-term intervention (> 6 weeks)
with respect to global cognitive function, attention, executive
function, and quality of life.

Due to the insufficient number of articles, we performed
additional group analyses only for overall cognitive function,
taking into account the frequency and duration of CCT
interventions. Specifically, we divided the study into four
different groups: (1) high frequency and short duration (>3
sessions per week, <6 weeks), (2) high frequency and long
duration (>3 sessions per week, >6 weeks), (3) low frequency
and short duration (<3 sessions per week, <6 weeks), and (4)
low frequency and long duration (<3 sessions per week, >6
weeks)

Additional subgroup analyses indicated that short-term
high-frequency and short-term low-frequency training was more
effective than long-term high-frequency and long-term
low-frequency training. However, it is important to note that
the evidence for short-term low-frequency training is limited,
as it is based on only 2 studies, which may constrain the
generalizability of these findings.

By analyzing the characteristics of the included studies, we
found that the frequency of weekly interventions was usually
5 or more daysfor studiesthat lasted short, while the frequency
of weekly interventions was lower, 2-5 days, for studies that
lasted long. The results were consistent with a previous study
[80]. This may be because short-term high-frequency training
can reduce interference and forgetting, thus making newly
acquired skillsand cognitive strategies more stable. In addition,
training of too long duration may lead to poor patient
compliance and difficulty in maintaining consistent effort and
attention, thereby reducing the overall intervention effect
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[81-83]. In terms of neural plasticity, high-frequency training
can activate and strengthen the connections between neural
networks more rapidly, promote synaptic plasticity and
long-term potentiation, and thus reorganize the function of the
damaged areamore quickly. This“massintensive” training can
rapidly trigger the release of nerve growth factors such as
brain-derived neurotrophic factor, further accelerating the
cognitive repair process in the brain [80,82,84]. Therefore,
short-term high-frequency cognitivetraining can be considered
in clinica practice to achieve more rapid and significant
cognitive function improvement. For instance, protocols
involving 30-minute sessions conducted five times per week
over five weeks have demonstrated significant enhancements
in working memory and processing speed. However, it is
essential to tailor theintensity and duration of CCT to individual
patient capacitiesto avoid cognitive fatigue. Adjustments should
be made based on the patient's baseline cognitive function,
endurance, and overall health status.

We conducted subgroup analyses comparing active control
groups (eg, traditional cognitive training) with passive control
groups (eg, usual care or waitlist). The results indicate that
although both types of control groups demonstrated significant
improvements in general cognitive function, the effect sizes
were marginally larger in studies using passive controls. This
observation is consistent with existing literature, which suggests
that passive control conditions may inadequately account for
placebo effects or participant expectations, potentially resulting
in inflated effect sizes [85]. In contrast, active controls, by
offering an aternative form of cognitive engagement, may
provide a more rigorous comparison, thereby producing more
conservative estimates of intervention efficacy. It is proposed
that CCT beintegrated with conventional cognitivetraining and
other rehabilitation modalities in clinical settings to enhance
the overall therapeutic outcomes. Empirical evidence supports
that the amalgamation of CCT with traditional interventions,
such as paper-and-pencil exercises, physical therapy, and
occupational therapy, significantly enhances various cognitive
domains, including attention, memory, and executive function
[54]. Moreover, incorporating CCT into a multidisciplinary
rehabilitation program alignswith the recommendations outlined
in pertinent guidelines for comprehensive treatment, which
involve collaboration among physical therapists, occupational
therapists, speech and language therapists, and clinica
psychologists.

Furthermore, the training effect under hospital supervision was
significantly superior to that under home supervision. It is
recommended that CCT for cognitive function enhancement be
conducted under professional supervision whenever possible.

Dueto the diverse range of CCT software used and the limited
number of studies using each specific software, subgroup
analysesregarding their effects were not conducted. Among the
more frequently used programs, RehaCom, Reh@City, and
Lumosity have demonstrated some efficacy in enhancing
specific cognitive functions in patients with stroke, albeit
through differing methodol ogies. RehaCom offers structured,
domain-specific exercises, Reh@City provides immersive,
ecologically valid simulations of everyday activities; and
Lumosity features a variety of games targeting different
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cognitive skills. However, there is insufficient evidence
supporting Lumosity's effectiveness in cognitive rehabilitation
poststroke [21,86]. Clinicians are advised to select CCT based
on the individual needs of patients.

Long-term Follow-up Analysis

Our study did not reveal any between-group differences in
general cognition or specific cognitive domains at follow-up
intervalsranging from 1 to 3 months. Previous research indicates
that while cognitive performance may improve during the first
year poststroke, there is a propensity for cognitive decline in
the subsequent years. A meta-analysis conducted by the Stroke
and Cognition Consortium identified significant declines in
overdl cognition between 1 and 3 years post stroke, with notable
deterioration in memory and attention [87]. Similarly, the
ARCOS-IV study reported that 84% of stroke survivors
experienced cognitive impairment, including poststroke
dementia, at a4-year follow-up [88]. In light of these findings,
we recommend that future studies incorporate follow-up
assessments at multiple intervals, such as 1, 3, and 6 months,
aswell as, 1, 3, and 5 years post intervention. This approach
would facilitate a more comprehensive evaluation of the
long-term sustainability of cognitiveimprovements. In addition,
it could inform the development of maintenance strategies or
reinforcement coursesto preserve cognitive gains over thelong
term.

Quiality of the Evidence

In this study, we used the Cochrane Risk of Bias tool to
rigorously assess the methodological quality of the included
studies, and GRADEpro GDT was used to grade the quality of
evidence for each outcome. It should be noted that the quality
of evidenceisdirectly related to our confidencein thereliability
of the study's conclusions. For example, arigoroudly randomized
study with a low risk of bias and good consistency of results
(GRADE rated as high quality or moderate-high quality
evidence) could make a stronger clinical recommendation for
the effect of a CCT on improving attention, memory, and
executive functioning. However, caution should be exercised
informulating clinical recommendationsfor studieswith ahigh
risk of bias, imprecision, or inconsistent results (GRADE,
low-quality evidence), and recommendations should be made
only as supplementary or conditional. In order to ensure the
scientific and safety of clinical practice, medical staff should
comprehensively consider the quality of all the evidence,
formulate personalized plans based on the individual situation
of patients, and closely monitor the intervention effect when
necessary, to adjust the rehabilitation strategy in time.

Limitations

Our systematic review and meta-analysis are subject to several
limitations. First, there is variability in the diagnostic criteria
for cognitive impairment among the studies included in this
review, which may introduce a certain degree of heterogeneity.
Second, there is considerable variation in the frequency and
intensity of CCT interventions, including differences in the
duration of each training session and the overall intervention
period, potentially affecting the reliability of the results. Third,
thereisascarcity of studieswith long-term follow-up outcomes,
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with only 6 trials providing follow-up data extending from one
to 3 months. Finaly, the selection was limited to English
publications, ignoring those in other languages, which might
lead to an underestimation of the worth of non-English
publications.

Future Research

Based on theresults of the meta-analysis, we propose that future
research should establish standardized assessment criteria for
each cognitive domain and identify the most effective rating
scalesto enhance comparability across studiesand facilitate the
integration of findings. It is advisabl e to strengthen multicenter
collaboration, increase sample sizes, and conduct long-term
follow-up studies to assess the enduring effects of CCT and its
applicability at various stages. Given the substantial variability
in intervention duration and CCT systems among the included
trials, minor discrepancies in results may be anticipated. It has
been suggested that such research should be expanded to
evaluate effectiveness in real-world applications, with a focus
on implementation strategies, collaboration with health care
systems, and treatment settings that optimize hedth care
expenditures and maximize patient benefits [18,25,89]. Future
studies should consider conducting subgroup analyses based
on the type of CCT system used, and the severity of PSCI,
contingent upon a sufficient number of experiments.
Concurrently, there should be an increased focus on devel oping
personalized treatment and intervention strategies. These
strategies should beintegrated with other rehabilitation measures
and tailored precisely to meet the specific needs of individual
patients to optimize intervention outcomes. In addition, the
inherent complexity of CCT may present challenges for
rehabilitation medical personnel and hinder the use of patients.
To address these issues and facilitate the sustainable use of
computerized rehabilitation, Nahas et a [90] have suggested
the development of standardized guidelines for medical staff,
along with the implementation of CCT acceptability and
acceptance model sto enhance patient engagement. Furthermore,
larger, adequately powered trials are necessary to determine
which specific CCT regimens are most effective in improving
cognitive function, specific cognitive domains, and daily
functioning in patientswith PSCI over thelong term. Although
the English literature covers studies in multiple countries, it
may also lead to studies of specific populations, regions, or
cultural backgrounds being overlooked. In future studies, we
plan to further address this issue by collaborating with
researchers proficient in multiplelanguages or by incorporating
other non—English language databases.

Conclusions

In summary, based on moderate to high levels of evidence, we
conclude that CCT is effective in improving general cognitive
function, aswell as attention and executive function, and quality
of life in patients with PSCI. In addition, short-term
high-frequency training was more effective than long-term
low-frequency training. This provides important guidance for
clinicians when designing interventions for CCT. Therefore,
training tasks can be designed to target specific cognitive deficits
such as memory, attention, or executive dysfunction. At the
same time, health care providers should consider scheduling

JMed Internet Res 2025 | vol. 27 | €73140 | p. 13
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JOURNAL OF MEDICAL INTERNET RESEARCH Gao et d

training as intensive sessions daily or multiple times per week  program should be gradually designed to help patients
to achieve more significant short-term improvements. After the  consolidate the acquired cognitive function and prevent the
initial effect of high-frequency training, amaintenancetraining decline of the training effect.
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