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Abstract

Background: Stroke often triggers post-stroke cognitive impairment (PSCI) within six 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: 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: The systematic search was conducted across multiple databases, including PubMed, Web of Science, Embase,
Cochrane Library, and Scopus, covering publications from 2010 to June 2024, with a focus on English-language articles. The
primary outcome measured was cognitive function, assessed through standardized cognitive function scales, while secondary
outcomes included daily living activities and motor function of the patients. The risk of bias was evaluated using the Cochrane
Risk of Bias tool, and the quality of evidence was determined according to the GRADE framework.

Results: A total of nineteen trials were included in the meta-analysis (n = 880 participants). The findings provided moderate to
high-quality evidence indicating that CCT significantly enhances general cognitive function (15 trials, standardized mean
difference [SMD]= 0.46, 95% CI = 0.21 to 0.71; P <.001, I2 = 60%), attention (11 trials, SMD = -0.41, 95% CI = -0.62 to -0.20;
P <.001, I2 = 15%), executive function (6 trials, SMD = 0.39, 95% CI = 0.12 to 0.67; P =.005, I2 = 0%), and quality of life of
PSCI patients (9 trials, SMD = 0.34, 95% CI = 0.15 to 0.53; P <.001, I2 = 6%). However, low to very low quality evidence
indicated that CCT has limited improvement in memory, language function, and motor function in PSCI patients.

Conclusions: CCT can significantly enhance general cognitive function, attention, executive function, and quality of life in PSCI
patients. Clinical Trial: PROSPERO, CRD42024573594.
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Abstract

Background: Stroke  often  triggers  post-stroke  cognitive  impairment  (PSCI)  within  six  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: 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: The systematic search was conducted across multiple databases, including PubMed, Web

of Science, Embase, Cochrane Library, and Scopus, covering publications from 2010 to June 2024,

with a focus on English-language articles. The primary outcome measured was cognitive function,

assessed through standardized cognitive function scales, while secondary outcomes included daily
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living activities and motor function of the patients. The risk of bias was evaluated using the Cochrane

Risk of Bias tool, and the quality of evidence was determined according to the GRADE framework.

Results: A total of nineteen trials were included in the meta-analysis (n = 880 participants). The

findings  provided  moderate  to  high-quality  evidence  indicating  that  CCT significantly  enhances

general cognitive function (15 trials, standardized mean difference [SMD]= 0.46, 95% CI = 0.21 to

0.71; P <.001, I2 = 60%), attention (11 trials, SMD = -0.41, 95% CI = -0.62 to -0.20; P <.001, I2 =

15%), executive function (6 trials, SMD = 0.39, 95% CI = 0.12 to 0.67; P =.005, I2 = 0%), and

quality of life of PSCI patients (9 trials, SMD = 0.34, 95% CI = 0.15 to 0.53; P <.001, I2 = 6%).

However, low to very low quality evidence indicated that CCT has limited improvement in memory,

language function, and motor function in PSCI patients.

Conclusions: CCT  can  significantly  enhance  general  cognitive  function,  attention,  executive

function, and quality of life in PSCI patients.

Systematic Review Registration: PROSPERO, CRD42024573594.

Keywords:  Computerization;  Cognitive  training;  Post-stroke  cognitive  impairment; Cognitive

function; Meta-analysis.

Introduction

Background

Stroke has emerged as the second leading cause of mortality and disability globally.  [1,2]. Post-

stroke cognitive impairment (PSCI) refers to a series of syndromes that meet the diagnostic criteria

for cognitive impairment within 6 months following 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 variations in cognitive

tests and cutoff points[4,5]. PSCI is the most prevalent complication associated with stroke, leading

to  impairments  in  attention,  executive  function,  memory,  language,  and  visuospatial  abilities.

Additionally,  it  exacerbates  motor  disorders,  increases  disability  and  mortality  rates,  hinders

rehabilitation progress, and severely impacts daily living abilities of patients[6]. If not effectively

managed, PSCI can result in abnormal mental behaviors and may even progress to rapidly advancing

dementia. Consequently, PSCI poses significant challenges to 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  [4,7–10].  Notably,

evidence-based management  of risk factors  for  PSCI,  alongside interdisciplinary research efforts
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focused  on  primary  prevention,  is  critically  needed  [7,11].  The  pharmacological  agents

recommended  for  treatment  are  primarily  those  used  for  cognitive  impairments  associated  with

Alzheimer's  disease;  however,  their  efficacy  and  safety  in  the  context  of  PSCI  remain

unverified[12,13].  Traditional cognitive training has been proven to be effective in most studies.

Nonetheless, challenges persist,  including the time-consuming and labor-intensive nature of these

interventions,  as  well  as  suboptimal  patient  compliance  among  individuals  with  cognitive

impairments[7]. 

In recent years, the rapid development of computer technology has facilitated the direct delivery of

stimuli to patients' visual, auditory, and tactile channels through multimedia, thereby enhancing their

ability  to  gather  and  organize  information,  make  decisions,  and  improve  cognitive  functions.

Computerized cognitive training (CCT) leverages multimedia and informatics resources to optimize

impaired cognitive functions, ultimately enhancing the quality of life for stroke patients[14]. The

underlying  principles  of  CCT are  grounded  in  cognitive  psychology  and  neuroscience  research,

focusing on the activation of brain plasticity through repetitive exercises and feedback mechanisms.

Compared  to  traditional  rehabilitation  methods,  CCT  offers  distinct  advantages,  including

interactivity,  standardization,  individualization,  repeatability,  and efficiency  [15,16].  Furthermore,

the  low implementation  cost,  high  availability,  and accessibility  of  CCT have contributed  to  its

increasing adoption both domestically and internationally. In current literature, CCT is frequently

utilized  for  patients  with  mild  cognitive  impairment,  dementia,  and  Parkinson's  disease,

demonstrating varying levels  of  enhancement  across different  cognitive domains[17–20].A meta-

analysis conducted by Rodrigo et al.  revealed that CCT significantly improved visual and verbal

working memory in individuals with acquired brain injury, although it did not enhance attention or

executive function[21]. Another meta-analysis indicates that higher intensity CCT, including remote

unsupervised training, is advantageous for general cognitive function in patients with Parkinson's

disease[20]. Research by Nicole et al. found CCT to be effective in enhancing general cognition,

memory, and attention in elderly patients with mild cognitive impairment, as well as in improving

psychosocial functioning, including alleviation of depressive symptoms, albeit with limited impact

on executive function. Additionally, there is insufficient evidence to support the efficacy of CCT in

enhancing cognitive function in patients with dementia[17]. 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 domains in PSCI patients.

Aims of This Review

The objective of this review is  to systematically evaluate existing clinical studies and conduct a
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meta-analysis to compare the effectiveness of CCT with alternative interventions, such as usual care

and routine rehabilitation training, for patients experiencing post-stroke cognitive impairment. At the

same time, 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 Preferred Reporting

Items for Systematic Reviews and Meta-analyses (PRISMA).[22] And the systematic review with

meta-analysis had been registered in the PROSPERO database (CRD42024573594).

Search Strategy

We searched PubMed, Web of Science, Embase, Cochrane Library, and Scopus databases from 2010

to 2024. The complete search strategies, developed with the assistance of the research librarian, is

presented in the  Multimedia Appendix 1.  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/exclusivity criteria as PICOS. 

The inclusion criteria for this study were as follows: (1) the study must be a published randomized

controlled trial  (RCT);  (2) the study population must be PSCI,  defined as cognitive dysfunction

resulting from a stroke; (3) the intervention group must have received CCT; (4) the control group

must have received interventions other than CCT, such as conventional treatment, traditional paper-

and-pencil-based cognitive training, and/or health education; and (5) 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. 

The exclusion criteria for this study were as follows: (1) patients whose baseline conditions differed

significantly within the study;  (2) studies that  did not  report  original  outcome metrics or where

relevant outcome metrics could not be obtained despite contacting the authors; (3) articles in which

the study population included patients with other cognitive disorders, such as Alzheimer's disease;
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(4) studies where the intervention group received additional interventions alongside CCT, such as

CCT combined with medication or acupuncture, compared to the control group treatment; (5) animal

experimental studies, case reports, or protocols; (6) articles that were either repeatedly published or

retracted; (7) studies for which only abstracts were available and the full text could not be retrieved;

(8) 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 indicators. For outcome indicators,

the mean and standard deviation (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 Analysis and 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. In

instances where multiple scales were employed to assess the same outcome measure, we prioritized

those indicators with higher reliability or sensitivity. Detailed prioritization criteria are provided in

Multimedia  Appendix  2.  For  certain  scales,  lower  scores  indicated  better  functioning,  e.g.,  Trail

Making Test-A (TMT-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.  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% confidence

intervals  (CIs)  were calculated  for  continuous data  due to  the use of  different  scales  across  the

included  trials  for  the  same  outcome.  Given  the  substantial  heterogeneity  in  the  intervention

characteristics of the studies, a random-effects model was employed to derive pooled estimates for

all outcome measures. Differences were deemed statistically significant when P<.05.

Risk-of-Bias Assessment

We evaluated the risk of bias in trials utilizing the Cochrane Risk of Bias tool (RoB 2, version 2) as

outlined in the Cochrane Handbook, focusing on the following domains: the randomization process,
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deviations from intended interventions, missing outcome data, outcome measurement, and selective

reporting of outcomes[23]. Each domain was classified as having a high, low, or unclear risk of bias.

An overall risk of bias assessment was subsequently determined based on the individual domain

assessments, typically 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.

Certainty Assessment

To evaluate the quality of evidence, we employed the Grading of Recommendations, Assessment,

Development,  and Evaluations  (GRADEpro  GDT)  methodology[24].  Two independent  assessors

utilized  the  GRADEpro  GDT  software  (gradepro.org)  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 sensitivity 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[25].

P<.05 was considered statistically significant.

Results

Search Outcomes

The search results are presented in Figure 1. An initial retrieval yielded 22,114 studies from five

electronic  databases.  Of  these,  9,643  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  a

comprehensive  review.  Ultimately,  19  randomized controlled  trials  (RCTs) were  included in  the

meta-analysis.
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Figure  1  PRISMA (Preferred  Reporting  Items  for  Systematic  Reviews  and  Meta-analyses)  flow
diagram.

Characteristics of Included Studies

This  review  incorporated  a  total  of  19  randomized  controlled  trials  (RCTs)  encompassing  880

participants. The participants' ages ranged from 27 to 84 years. The duration and frequency of the

interventions varied significantly, with seven trials having an intervention frequency of 5 times per

week for approximately 8 weeks, and each training session lasting 30-60 minutes [26–32]. Regarding

the  software  employed  in  CCT,  3  studies  used  Rehacom [28,33,34],  2  studies  used  Reh@City

[35,36], 2 studies used Lumosity software [29,37], 2 studies used the Forbrain System [27,31]. The

remaining 5 studies utilized various software,  including  NeuroActive® [38],  Erica software  [39],

Netblue  Co.,  Ltd,  Korea [30],  the  Rehabilitation  Gaming System (RGS)  [26],  and  the  Kinect

System[32]. 5 studies either did not specify the software used or employed individually customized

computer-assisted training programs  [40–44]. Participants in the control groups primarily received

conventional  drug  therapy  alongside  rehabilitation  training,  such  as  occupational  therapy  or

traditional paper-and-pencil cognitive training. Further details on the specific characteristics of the

included studies are provided in Multimedia Appendix 3.
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Risk of Bias Assessment

Multimedia Appendix 4 presents the risk of bias assessment for each study included in the analysis.

Among the 19 studies, 3 trials exhibited some risk of bias [33,39,40], 8 trials were assessed as having

a low risk of bias [26,27,31,32,34,38,43,44], and 8 trials were assessed as having a high risk of bias

[28–30,35–37,41,42].  The  reasons  for  the  identified  risk  of  bias  included  the  lack  of  assessor

blinding in five trials [28,30,35,36,41], the presence of randomization bias in one trial [42], and the

absence of available protocols or complete outcome data reporting in two trials [29,37].

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 outcomes was low 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 the results is available in Multimedia Appendix 5.

Meta-analysis results

Primary Outcome: General Cognitive

Based on moderate-quality evidence, a meta-analysis of 15 trials indicated that general cognitive

function scores were superior in the CCT group compared to the control group (SMD = 0.46, 95%CI

= 0.21 to 0.71, P <.001, I2 = 60%) (Figure 2). After excluding one study by Park JH et al. [30], the

heterogeneity was reduced (I2 = 32%), while the pooled SMD remained largely unchanged (SMD =

0.36, 95%CI = 0.17 to 0.55; P <.001) (Multimedia Appendix 6). Overall, these findings suggest that

CCT can enhance the general cognitive function in patients with PSCI.

Figure 2 Forest  plots of general cognitive outcomes. Abbreviations: CI, confidence interval;  SD,
standard deviation.

https://preprints.jmir.org/preprint/73140 [unpublished, non-peer-reviewed preprint]



JMIR Preprints Gao et al

Primary Outcome: Attention

Based on high-quality evidence, a meta-analysis of 11 studies showed that the attention function of

PSCI patients in the CCT group was significantly improved, and the difference between the groups

was statistically significant (SMD = -0.41, 95%CI = -0.62 to -0.20, P <.001, I2 = 15%) (Figure 3).

Thus, CCT can significantly improve the attention function of PSCI patients.

Figure 3 Forest plots of attention. Abbreviations: CI, confidence interval; SD, standard deviation.

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= -0.11, 95%CI = -0.59 to 0.37, P =.67, I2 = 82%) (Figure

4). After excluding one study by Withiel TD et al.[29], the heterogeneity was reduced (I2 = 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) (Supplementary File 6). The improvement of memory function in

patients with PSCI is limited by CCT.

Figure 4 Forest plots of memory. Abbreviations: CI, confidence interval; SD, standard deviation.

Primary Outcome: Executive Function

Based on moderate quality evidence, a meta-analysis of 6 studies showed that executive function was

significantly improved in patients  with PSCI in  the CCT group, and the difference between the

groups was statistically significant (SMD = 0.39, 95%CI = 0.12 to 0.67, P =.005, I2 = 0%) (Figure 5).

The results indicate that CCT can significantly improve the executive function of patients with PSCI.
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Figure 5 Forest plots of executive functions. Abbreviations: CI, confidence interval; SD, standard
deviation.

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%CI = -0.06 to 0.48, P =.12, I2 = 0%) (Figure 6),

indicating limited improvement of language function in PSCI patients with CCT.

Figure 6 Forest plots of language. Abbreviations: CI, confidence interval; SD, standard deviation.

Secondary Outcome: Quality of Life

Based on high-quality evidence, the meta-analysis of 9 studies showed that the quality of life of

PSCI patients in the CCT group was significantly improved, and the difference between the groups

was statistically  significant  (SMD = 0.34,  95%CI= 0.15 to  0.53,  P <.001,  I2 = 6%) (Figure  7),

indicating that CCT significantly improved quality of life in PSCI patients.

Figure  7  Forest  plots  of  quality  of  life.  Abbreviations:  CI,  confidence  interval;  SD,  standard
deviation.

Secondary Outcome: Motor Function

Based on low-quality evidence, a meta-analysis of 3 trials showed no statistical difference in motor

function between CCT and control groups (SMD = 0.11, 95%CI = -0.58 to 0.79, P =.76, I2 = 65%)
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(Figure 8).

Figure  8  Forest  plots  of  motor  function.  Abbreviations:  CI,  confidence  interval;  SD,  standard
deviation.

Additional Analyses

Publication bias was evaluated for general cognitive function, attention, and memory across more

than 10 included studies, as detailed in  Multimedia Appendix 7. A visual inspection of the funnel

plots indicated no significant asymmetry. Furthermore, Begg's test results demonstrated the absence

of publication bias for general cognitive function (P =.092),  attention (P =.21),  and memory (P

=.36), with all P >.05.

Discussion

This review synthesizes the evidence concerning the impact of CCT on general cognitive function,

specific cognitive domains, daily activities and motor function in individuals with PSCI. Despite

variations in the CCT systems employed, based on moderate to high levels of evidence, the findings

indicate that CCT is generally effective in enhancing general cognitive function, particularly in the

domains of attention and executive function, as well as in improving the quality of life for patients

with PSCI.

Mechanisms by which CCT improves cognitive function

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

through the combined influence of neuroplasticity, neurofeedback, task design, and other aspects.

Vermeir  et  al.  [45] demonstrated  that  CCT  facilitates  the  reorganization  of  brain  function  by

incorporating challenging cognitive tasks that 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 performance in real-time and adjust their strategies accordingly.

Yuan  et  al.  [46] 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.
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Principal Results

In this review, we found that there was a large heterogeneity in the meta-analysis of general cognitive

function  (I2 =  73%).  Upon  excluding  the  study  by  Park  JH  et  al.,  the  heterogeneity  reduced

moderately (I2 = 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 Park

JH et al. study compared to others. This discrepancy could be due to variations in the scales used to

measure functional outcomes. Specifically, the study by Park JH et al.  [30] used the Loewenstein

Occupational Therapy Cognitive Assessment (LOTCA) scale to assess patients'  general cognitive

function.  Unlike  the  Montreal  Cognitive  Assessment  (MoCA)  and  the  Mini-Mental  State

Examination (MMSE), 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  a  more

comprehensive  analysis,  potentially  offering  a  better  reflection  of  functional  improvements  in

patients with PSCI [47,48].

CCT improves  the  function  of  multiple  cognitive  domains  in  patients  with  PSCI  by employing

targeted  cognitive  tasks  designed  to  stimulate  neuroplasticity.  The  mechanisms  underlying

improvements  is  intricately  linked  to  the  physiological  processes  of  the  brain,  including  neural

remodeling, functional compensation, and cognitive stimulation. Consistent with previous research

[49–51], our review found significant benefits of CCT in improving attention and executive function

in  PSCI  patients.  The  regulation  of  attention  and  executive  functions  primarily  relies  on  the

prefrontal  cortex,  parietal  lobe,  and  other  associated  brain  regions.  CCT  enhances  the  brain's

executive  function  network,  particularly  the  prefrontal  cortex,  by  gradually  increasing  task

complexity and facilitating task-switching training through repeated attention training and visual

attention  exercises.  This  approach  incorporates  decision-making,  planning,  and  organizing  tasks,

thereby improving sustained attention and concentration [52–54].

A meta-analysis conducted by Kazinczi et al. [55] demonstrated that CCT exerts a significant impact

on  memory  function  in  stroke  patients,  as  assessed  by  the  Digit  Span Backward  Test  (DSTB).

Conversely, our findings indicate that CCT has a limited effect on improving memory and language

functions in patients with PSCI. This may be due to the fact that DSTB is a widely utilized measure

of working memory, requiring participants to recall a sequence of digits in reverse order. This task

necessitates the retention and manipulation of information,  engaging both central  executive (CE)

functions  and  short-term  memory  capacity.  Our  study  extends  beyond  the  digit  span  test  by

incorporating  assessments  such  as  the  Addenbrooke's  Cognitive  Examination  (ACE)  memory
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subscale  and Goal  Attainment  Scaling (GAS),  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 TD et al., heterogeneity was

reduced  (I2=15%),  and  the  effect  size  showed  a  notable  change  (SMD=0.16),  indicating  an

improvement in memory function, although this change was not statistically significant. The GAS

used in this study is primarily employed for goal 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  as

memory or attention, which accounts for its infrequent application in detailed cognitive function

assessments.  Similar  to  our  results,  previous  studies  have  indicated  that  CCT  may  facilitate

improvements in working memory and short-term information retention, yet it appears to be less

effective in enhancing long-term and contextual memory[56–58].

In addition, our results showed that CCT could enhance the quality of life in patients with PSCI.

Cognitive impairment after stroke can substantially diminish patients' quality of life, affecting their

self-care capabilities, emotional well-being, and social interactions  [12] . By improving cognitive

function and emotional  state,  CCT can indirectly  contribute to  an improved quality  of life.  The

immediate feedback and reward mechanisms 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 [50,54,59].

In clinical practice, cognitive impairment and motor dysfunction frequently coexist in patients who

have experienced a stroke. Research indicates a correlation between motor functions, such as grip

strength  disorders,  gait,  and  balance,  and  general  cognitive  impairment,  including  executive

dysfunction and memory impairment [60–64] . 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  [12,60,65,66] .  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  [67–69] . Thus, integrating aerobic exercise with CCT in clinical practice may

yield beneficial therapeutic effects on the recovery of both motor and cognitive functions in patients

with PSCI.
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Limitations

Our systematic review and meta-analysis are subject to several limitations. Firstly, 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.  Secondly,  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. Thirdly,

the limited number of  available  trials  precluded the possibility  of conducting subgroup analyses

based on different interventions, CCT systems, or levels of PSCI severity. Lastly, there is a scarcity

of  studies  with  long-term  follow-up  outcomes,  with  only  three  trials  providing  follow-up  data

extending from one to four months.

Future research

Based  on  the  results  of  the  meta-analysis,  we  propose  that  future  research  should  establish

standardized assessment criteria for each cognitive domain and identify the most effective rating

scales  to  enhance  comparability  across  studies  and  facilitate  the  integration  of  findings.  It  is

advisable  to  strengthen multi-center  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  healthcare  systems,  and treatment  settings  that  optimize  healthcare

expenditures and maximize patient benefits  [14,20,70].Future studies should consider  conducting

subgroup analyses based on varying frequencies and intensities of interventions, 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  developing  personalized  treatment  and

intervention strategies. These strategies should be integrated with other rehabilitation measures and

tailored precisely to meet the specific needs of individual patients to optimize intervention outcomes.

Additionally,  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 al. have suggested the development of standardized guidelines

for medical staff, along with the implementation of CCT acceptability and acceptance models to

enhance patient engagement  [71] . 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 patients with PSCI over the long term.
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Conclusions

In summary, based on moderate to high level of evidence, we conclude that CCT is effective in

improving general cognitive function, as well as attention and executive function, and quality of life

in  patients  with  PSCI.  Clinicians  can  devise  personalized  training  programs  targeting  specific

cognitive domains when designing CCT interventions,  thereby augmenting cognitive engagement

and enhancing the quality of life for these patients.

Data Availability

All data generated or analyzed during this study were included in published articles. All data have

been published in open access journals.
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