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Background: Cognitive training is a widely utilized non-pharmacological intervention to enhance cognitive per-
formance in individuals with cognitive impairment. Despite its potential, significant ambiguity remains regarding
its definition, optimal modalities, and design parameters. It remains unclear which types of cognitive training
are relatively optimal for different levels of cognitive impairment or how intervention designs can maximize
therapeutic benefits.

Objectives: This systematic review and network meta-analysis aimed to compare the effects of various cognitive
training modalities on cognitive, psychological, and quality-of-life outcomes in individuals with cognitive im-
pairment. Additionally, it sought to identify optimal intervention approaches, clarify key design parameters, and
examine critical factors influencing treatment efficacy.

Methods: A comprehensive search was conducted across 12 databases from the establishment of the database
until October 24, 2024, to identify eligible randomized controlled trials (RCTs) evaluating cognitive training
interventions. Data were analyzed using pairwise meta-analysis and network meta-analysis in Review Manager
5.4 and Stata 18.

Results: Totally 43 RCTs were included. Pairwise meta-analysis revealed that cognitive strategy training demon-
strated superior to active control (AC) or passive control (PC) in improving language function, immediate mem-
ory, depressive symptoms and quality of life. However, no significant effects were detected regarding cognitive
impairment severity, delivery format, interventionist expertise level, training duration, or control type. Network
meta-analysis further identified reminiscence therapy as the most pronounced effective intervention for improv-
ing global cognition across all stages of cognitive impairment.

Conclusions: Reminiscence therapy has been demonstrated as a relatively optimal cognitive training modality for
enhancing cognitive function in individuals with varying levels of cognitive impairment. Future studies should pri-
oritize longitudinal investigations to validate the durability of therapeutic benefits and incorporate neuroimaging
and biomarker analyses to elucidate underlying mechanisms. High-quality RCTs remain imperative to strengthen
the evidence base and evaluate the consistency of effects across diverse cognitive training interventions.

1. Introduction

Cognitive impairment, encompassing subjective cognitive decline
(SCD), mild cognitive impairment (MCI), and dementia, represents a sig-
nificant and growing public health challenge worldwide [1,2]. Charac-
terized by deficits in memory, language, and other cognitive functions,
dementia alone affects over 55 million individuals globally, with nearly
10 million new cases diagnosed annually [3,4]. Projections indicate a
dramatic rise to 152.8 million cases by 2050, underscoring the urgent
need for effective interventions [5]. While pharmacological treatments,
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such as cholinesterase inhibitors, remain first-line therapies, their effi-
cacy is variable, often accompanied by adverse effects, and their long-
term benefits remain uncertain [6,7]. In contrast, non-pharmacological
interventions, particularly cognitive training (CT), have gained promi-
nence due to their safety, non-invasiveness, and cost-effectiveness, of-
fering a promising alternative for individuals resistant to or intolerant
of pharmacological treatments [8,9].

CT is recognized to encompass multiple domains, including but not
limited to orientation, perceptual abilities, attention, memory, execu-
tive function, logical reasoning, processing speed, and language func-
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tion [8]. Current research has primarily focused on memory, attention,
executive function, and visuospatial cognition [10,11], reflecting the
domains most vulnerable to age-related and pathological cognitive de-
cline. Cognitive training includes four types: Cognitive Strategy Train-
ing (CST), Reminiscence Therapy (RT), Mindfulness Meditation Therapy
(MMT), and Modified Therapies (MT). CST represents a widely imple-
mented intervention targeting multiple cognitive domains [12], while
RT primarily engages the memory domain through structured reminis-
cence to enhance long-term recall. MMT, on the other hand, emphasizes
attention regulation and reducing cognitive fatigue [13]. Notably, al-
though CT shares overlapping features with cognitive stimulation and
rehabilitation, certain cognitive stimulation (e.g., music therapy) and
cognitive rehabilitation (e.g., aerobic exercise) targeting executive func-
tion and visuospatial cognition are increasingly classified as CT based
on operational definitions [14-17]. Through expert consensus, this re-
view categorizes interventions combining complex cognitive-oriented
therapeutic trials with supplementary elements of cognitive stimulation
(e.g., orientation training), cognitive rehabilitation (e.g., goal-setting),
or psychoeducation as MT [18].

CT, a structured, skill-oriented intervention, targets specific cogni-
tive domains such as memory, attention, executive function, and visu-
ospatial cognition. Evidence shows that CT can effectively improve cog-
nitive function in individuals with neurodegenerative and vascular cog-
nitive disorders, particularly when administered in controlled settings
[19,20]. However, the field is hampered by significant heterogeneity in
the definition and implementation of CT, with studies often conflating it
with cognitive stimulation or cognitive rehabilitation. This lack of con-
ceptual clarity has led to inconsistent inclusion criteria across studies,
complicating the interpretation of results and limiting the generalizabil-
ity of findings. For instance, some meta-analyses have included cogni-
tive behavioral therapy and cognitive stimulation under the umbrella of
CT, further obscuring the distinct mechanisms and outcomes associated
with each approach [21,22].

Recent research has sought to disentangle these methodologies,
proposing a framework that distinguishes CT as a targeted, skill-based
intervention focused on measurable improvements in cognitive pro-
cesses rather than task completion rates [18]. Within this framework,
studies have revealed divergent outcomes across different populations.
For example, memory-specific training has shown superior efficacy in
MCI patients compared to multi-domain cognitive strategy training,
while the opposite pattern is observed in SCD populations, where com-
prehensive cognitive interventions yield greater benefits [23,24]. These
findings suggest that the neurocompensatory mechanisms underlying
cognitive decline may vary across preclinical and clinical stages, neces-
sitating tailored intervention strategies.

Despite these advances, critical gaps remain. The efficacy gradient
of various CT modalities across populations with differing cognitive im-
pairment severity remains unclear. Notably, similar CT interventions
may yield opposing outcomes in SCD, MCI, and dementia patients, high-
lighting the need for precision in intervention design [23,24]. Addi-
tionally, the influence of delivery methods—such as face-to-face train-
ing, internet-based programs, and group versus individual sessions—on
long-term outcomes remains underexplored. These factors, which modu-
late social engagement and cognitive load distribution, may play a piv-
otal role in sustaining therapeutic benefits [25,26]. Furthermore, the
lack of standardized definitions and implementation protocols has cre-
ated clinical dilemmas, leaving practitioners without evidence-based
criteria for intervention selection and hindering the comparability of
research findings [18].

To address these challenges, network meta-analysis (NMA) has
emerged as a powerful tool for evaluating multiple interventions and
establishing effectiveness rankings [27]. By synthesizing evidence from
randomized controlled trials, NMA can provide high-level evidence
to guide clinical decision-making and optimize intervention strategies.
This study aims to conduct a systematic NMA of published randomized
controlled trials on CT in cognitive impairment populations, compar-
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ing the effects of various CT modalities on cognitive function improve-
ment. Additionally, it will assess the efficacy and acceptability of differ-
ent delivery formats, offering insights into the design of personalized,
evidence-based interventions.

2. Methods

This protocol for a systematic review and network meta-analysis has
been registered with PROSPERO (CRD42024600327). The methodology
adheres to the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses extension for Network Meta-Analyses (PRISMA-NMA)
guidelines [28], ensuring standardized reporting throughout the inves-
tigation.

2.1. Search strategy

A comprehensive literature search was conducted across the follow-
ing databases from their inception through October 24, 2024: PubMed,
Cochrane Library, Web of Science, Embase, CINAHL, Scopus, PsycINFO,
Wanfang, VIP, SinoMed, CNKI, and the China Medical Journal Full-
text Database. The search strategy comprised three principal compo-
nents:(“cognitive dysfunction” OR “cognitive impairment*” OR “cogni-
tive deficit*” OR “cognitive decline*” OR “subjective cognitive decline”
OR “Cognitive Disorder*” OR “Mental Deterioration*”)AND (“Cogni-
tive Training” OR “Rehabilitation Nursing” OR “Cognitive Remediation”
OR “cognitive therapy” OR “cognitive psychotherapy”)AND (“random-
ized controlled trial” OR “randomized” OR “randomly” OR “trial” OR
“placebo” OR “groups”). For a more detailed description of the search
strategy, please refer to Supplementary Table 1.

2.2. Inclusion and exclusion criteria

Inclusion criteria for the studies were as follows: (1) Participants: In-
dividuals diagnosed or clearly assessed with cognitive impairment, aged
18 years or older; (2) Intervention: Interventions meeting the defini-
tion of CT encompass various independently conducted training modal-
ities, including attention training, neurofeedback training, and associa-
tive training; (3) Control: Active controls(AC)(participants engaged in
some form of activity, experiencing a similar level of interaction with
researchers but without a structured intervention during this time), pas-
sive controls (PC)(no intervention, waiting list, or placebo), and pair-
wise comparisons among all interventions; (4) Outcomes must include
overall cognitive impairment assessments post-treatment, such as MMSE
and MoCA; (5) Study design: Randomized controlled trials published in
both Chinese and English.

Exclusion criteria for the studies were as follows: (1) Articles not sub-
jected to peer review; (2) Reviews, animal studies, and duplicate pub-
lications; (3) Non-randomized controlled experimental studies with a
predefined protocol; (4) Studies from which data could not be extracted
after contacting the authors (When studies with inaccessible original
data are identified, initial contact with the first or corresponding author
is initiated via email. If no response is received within seven days, a
follow-up contact attempt is made. Studies remaining unresponsive af-
ter both contact attempts are excluded from the analysis); (5) Literature
that has a high risk of bias as assessed by the revised Cochrane Risk of
Bias Tool for Randomized Trials (RoB 2.0); (6) Studies with incomplete
data, such as those lacking a predefined protocol.

2.3. Literature selection and data extraction

All literature was imported into EndNote 20, and duplicates were
removed. Subsequently, two reviewers (LBL and SW) independently
screened the titles and abstracts to identify studies relevant to the topic.
Eligible articles were fully downloaded and assessed by the same two in-
dependent reviewers. Data from the included studies were extracted by
the two independent reviewers (LBL and SW). Any discrepancies arising
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from this process were resolved through consensus between the review-
ers or, when necessary, with the assistance of a third reviewer (CQW).

The two reviewers (LBL and SW) used a pre-defined standardized
form to independently extract key information. The primary data ex-
tracted included: (1) Author; (2) Year of publication; (3) Country; (4)
Participants (age, sex, sample size, diagnostic criteria, and level of cog-
nitive impairment); (5) Intervention characteristics (type of interven-
tion, delivery format, duration per individual session, frequency, and
total time); and (6) Outcomes (overall cognitive impairment, cognitive
function across dimensions, depression, and quality of life). The analy-
sis focused on baseline measurements and immediate post-intervention
outcomes. Baseline-referenced change values (mean + standard devia-
tion) were extracted as the core analytical dataset. When unavailable,
standard deviations were derived from alternative dispersion metrics in-
cluding standard errors, 95 % confidence intervals (Cls), range values,
or interquartile ranges [29].

2.4. Risk of bias

The risk of bias in included studies was independently evaluated by
two reviewers (LBL and SW) using the RoB 2.0 [30]. Any discrepan-
cies between the reviewers were resolved through discussion to reach
consensus or, if necessary, by consultation with a third reviewer. The
assessment covered five domains: Bias arising from the randomisation
process; Bias due to deviations from intended interventions; Bias due
to missing outcome data; Bias in measurement of the outcome; Bias in
selection of the reported result. Finally, an overall risk of bias for each
study was determined. The risk-of-bias judgments for each domain are
“low risk of bias”, “some concerns” or “high risk of bias”. If all elements
of the assessment are at low risk, this means that there is little or no risk
of bias. If the assessment partially meets the low risk, this means that
the risk of bias is medium. If none of the elements meet the low risk,
this means that the risk of bias is very high.

2.5. Data analysis

Pairwise meta-analyses were conducted using Cochrane’s Review
Manager software (version 5.4) when at least three studies reported
identical outcomes under the same comparison; otherwise, a narra-
tive synthesis was performed. Mean differences and standard deviations
were either directly extracted or calculated from published data. For
studies utilizing multiple neuropsychological tests to assess the same
outcome, the most frequently used test across included studies was se-
lected for data synthesis. Standardized mean differences (SMDs) with CIs
were calculated as pooled effect size measures. A threshold of P < 0.05
was considered statistically significant.

The Cochrane Q statistic and I statistic were used to assess hetero-
geneity. If P > 0.1 and I? < 50 %, heterogeneity is considered insignif-
icant, and a fixed-effects model is employed for analysis. Conversely,
if P <0.1 and I* > 50 %, heterogeneity is deemed significant, warrant-
ing the use of a random-effects model. For outcomes exhibiting signif-
icant heterogeneity, sensitivity analyses were conducted by excluding
outliers. Subgroup analyses were performed to explore the impact of
various factors on outcomes reported in over ten studies [31], including
the clinical severity of cognitive impairment (MCI vs. dementia), coun-
try, level of intervention (professional vs. non-professional), delivery
method (group-based vs. individual-based, internet-based vs. face-to-
face), duration of training (short: < 12 weeks vs. medium: 13-24 weeks
vs. long: > 24 weeks), total number of training sessions (short: < 36
times vs. medium: 37-72 times vs. long: > 72 times), intervention site
(Hospital vs. Community vs. Family), and type of control (AC vs. PC). A
funnel plot was utilized to assess publication bias for outcomes reported
in the studies; notable asymmetry suggested a high risk of bias.

NMA was performed using Stata 18.0 software (network and net-
work graphs packages). The network package executed analyses within
a frequentist framework using random-effects models. A network graph
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with nodes and edges was constructed to visualize intervention compar-
isons, where node size corresponded to study population size and edge
thickness reflected the number of studies comparing paired interven-
tions. SMDs with 95 % CIs were pooled using random-effects models.
Transitivity was assessed through visual inspection of potential effect
modifiers including participant characteristics, intervention protocols,
risk of bias distributions, and clinical heterogeneity across comparisons
[32]. Local inconsistency between direct and indirect evidence was eval-
uated using node-splitting analysis, with P < 0.05 indicating significant
disagreement. Detected inconsistencies prompted systematic investiga-
tion of potential effect modifiers and non-transitivity concerns [33]. Re-
sults were presented through all possible pairwise comparisons, includ-
ing mixed-effects estimates (integrating direct and indirect evidence)
and indirect comparisons. Treatment hierarchies were established us-
ing surface under the cumulative ranking curve (SUCRA) values, where
higher percentages (approaching 100 %) indicate superior cognitive im-
provement efficacy, while lower values reflect poorer therapeutic per-
formance.

2.6. Certainty assessment

Evidence quality was assessed using the CINeMA framework [34,35],
a GRADE adaptation for network meta-analysis developed by the
Cochrane Comparing Multiple Interventions Methods Group. This web-
based tool evaluates six domains: Within-study bias (risk of bias in in-
cluded studies), Reporting bias (publication and selective reporting bi-
ases), Indirectness, Imprecision, Heterogeneity, and Incoherence. Each
domain received one of three confidence ratings: "no concerns," "some
concerns," or "major concerns." For within-study bias and indirectness
assessments, two independent reviewers (LBL and SW) evaluated indi-
vidual studies. Discrepancies were resolved through consensus discus-
sion. Domain-specific judgments were aggregated to assign four confi-
dence levels (very low, low, moderate, high) to each treatment effect es-
timate, consistent with standard GRADE classifications. All evaluations
were conducted through the official CINeMA web application.

3. Results
3.1. Literature screening process and results

The study selection process was summarized in the PRISMA
flowchart (Fig. 1). A total of 23,663 studies were identified through
database searches, supplemented by 17 additional studies from refer-
ence lists of prior reviews. Following duplicate removal, 15,206 unique
articles for systematic screening. Of these, 14,860 were excluded as ir-
relevant based on title and abstract review, and 15 articles could not
be retrieved. The full texts of the remaining 348 articles were assessed
for eligibility, resulting in the exclusion of 305 studies for the follow-
ing reasons, including discrepancies in study design, inclusion of non-
cognitively impaired patients, interventions that did not meet the cri-
teria for CT, and the presence of reports as conference abstracts. Ul-
timately, 43 RCTs, involving 3356 participants, were included in the
network meta-analysis.

3.2. Characteristics of included studies

The characteristics of the included RCTs are summarized in Sup-
plementary Table 2. The studies were published between 2007 and
2024, enrolled a total of 3356 participants with cognitive impairment.
These studies originated from nine countries, with China contributing
the largest proportion. Among the 43 included studies, 36 were two-arm
trials, and 7 were three-arm trials. The majority of participants were
older adults aged 60 years or above. The duration of intervention aver-
aged 16 weeks (range: 6-96 weeks), with an average of 48 treatment ses-
sions (range: 8-288 sessions). Most interventions were administered by
non-specialized personnel who received specific training and followed
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PRISMA 2020 flow diagram for new systematic reviews which included searches of databases, registers and other sources
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Fig. 1. PRISMA flow diagram.

a standardized manual (34 RCTs, 79.1 %), while the remaining studies
involved licensed professionals implementing treatments under similar
guidance (9 RCTs, 20.9 %).

3.3. Risk of bias assessment

Among the 43 included studies, 13 were rated as having a low risk of
bias, while the remaining 30 studies were classified as having some con-
cerns. Specifically, 19 studies raised "some concerns" due to inadequate
reporting of the randomization process and allocation concealment. Fur-
thermore, 15 studies were categorized as having "some concerns" due to
biases arising from deviations from intended interventions, and 3 studies
raised "some concerns" regarding missing outcome data. Additionally, 5
studies demonstrated "some concerns" in the outcome measurement. For
further details, please refer to Supplementary Table 3.

3.4. Network meta-analysis results

Cognitive impairment progression encompasses three stages: SCD,
MCIL, and dementia. Among the included studies, five investigated SCD
populations [36-40], with only one study [39] exclusively focusing on
SCD participants. The remaining two studies combined SCD and MCI
cohorts. Due to insufficient data from the single SCD-focused study for
constructing network models, pooled analyses of SCD and MCI popula-
tions were performed to systematically evaluate the efficacy of CT across
different cognitive impairment stages. The analysis revealed consistent
outcomes across global cognitive measures, with no significant differ-
ences observed among SCD, MCI, and dementia groups (Supplementary
Tables 4-6).

3.4.1. Global cognition

Fig. 2A presents the network diagram of global cognitive impair-
ment interventions, comprising 43 studies with satisfactory connectiv-
ity for primary outcomes and no inconsistency detected in global tests.
The most frequent compared interventions were CST versus PC, MT
versus PC, and CST versus AC. RT demonstrated limited connectivity,
being compared solely with PC and MT without forming closed loops
with other interventions. Relative effect estimates revealed significant

improvements in global cognition versus PC for CST (SMD=0.83), RT
(SMD=1.58), MMT (SMD =0.93), and MT (SMD=0.61). Compared to
AC, RT (SMD=1.67) and CST (SMD=0.91) demonstrated superior effi-
cacy. RT and CST outperformed MT (SMD=1.15 and 1.07, respectively),
with non-significant differences among remaining interventions (Fig. 3).
SUCRA analysis ranked RT highest for cognitive improvement probabil-
ity (95.8 %), followed by MMT (71.0 %), CST (66.9 %), MT (41.3 %),
PC (13.7 %), and AC (11.3 %) (Fig. 4a).

3.4.2. Subjective cognitive decline and mild cognitive impairment cognition

Fig. 2B illustrates the network diagram for SCD and MCI compar-
isons, comprising 23 studies with no inconsistency detected in global
testing. Two closed loops were identified: one between MT and CST,
and the other involving both PC and AC with CST and MMT. Relative
effect estimates indicated that RT significantly outperformed all cogni-
tive interventions in enhancing outcomes for SCD and MCI. CST was
more effective than both MT (SMD=2.53) and PC (SMD=1.31). Com-
pared to AC, RT, CST, and MT demonstrated greater improvements in
cognitive levels (SMD=4.22, 1.81, and 1.63, respectively) (Fig. 3). SU-
CRA rankings revealed that RT had the highest likelihood of cognitive
improvement (99.6 %), followed by CST (69.6 %), as detailed in Fig. 4b

3.4.3. Dementia cognition

Fig. 2C presents the network diagram for dementia comparisons,
comprising 20 studies with no inconsistency detected in global test-
ing. The most common interventions for dementia treatment included
CST versus PC, MT versus PC, CST versus AC, and RT versus PC. Rela-
tive effect estimates indicated that RT (SMD=1.36), MMT (SMD=1.21),
CST (SMD=1.03), and MT (SMD=1.24) were all effective in improving
cognitive function in dementia patients compared to PC. Notably, CST
demonstrated superior efficacy over MT in enhancing cognitive out-
comes (SMD=5.20) (Fig. 3). RT was ranked highest for likelihood of
cognitive improvement (95.8 %), followed by MMT (77.3 %), as de-
tailed in Fig. 4c.

3.5. Pairwise meta-analysis

Supplementary Figure. 1 demonstrates that cognitive training
showed significant efficacy in improving cognitive function compared
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RT

C8T

n=1020

MT
n=246

AC
n=294

Fig. 2. Network analysis of interventions targeting: (A) global cognition, (B) subjective cognitive decline and mild cognitive impairment, and (C) dementia cognition.
Note: PC: Passive control; AC: Active control; CST: Cognitive Strategy Training; RT: Reminiscence Therapy; MMT: Mindfulness Meditation Therapy; MT: Modified
Therapies; n:Total number of patients.

Global cognition
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Fig. 3. Network meta-analysis of effectiveness
comparison.

Note: The left lower field presents the results of
the network meta-analysis; the right upper field
presents the results of pairwise meta-analyses.
All statistically significant effects are shown in
bold. PC: Passive control; AC: Active control;
CST: Cognitive Strategy Training; RT: Reminis-
cence Therapy; MMT: Mindfulness Meditation
Therapy; MT: Modified Therapies.
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Note: PC: Passive control; AC: Active control; CST: Cognitive Strategy Training; RT: Reminiscence Therapy; MMT: Mindfulness Meditation Therapy; MT: Modified

Therapies.

to AC/PC (SMD = 0.83, 95 % CI [0.62, 1.05], P < 0.00001) among
middle-aged and older adults with cognitive impairment. Given the pre-
dominance of CST in the included studies and the limited reported data
on cognitive domains, depression, and quality of life, pairwise meta-
analysis was restricted to comparisons between CST and AC/PC controls
in cognitive domains and secondary outcomes, as illustrated in Supple-
mentary Figure. 2 and 3. Regarding cognitive domains, CST demon-
strated superior efficacy to controls in enhancing verbal function and
immediate memory. For secondary outcomes, CST showed significant
improvements over controls in alleviating depressive symptoms and im-
proving quality of life.

3.6. Sensitivity analysis

Sensitivity analyses following sequential exclusion of higher-weight
studies demonstrated low between-study sensitivity. Although hetero-
geneity decreased post-exclusion, the primary significant findings re-
mained unchanged. The point estimates of pooled effect sizes remained
within the original 95 % ClIs, indicating no substantial alterations to the
conclusions. (Supplementary Figure 4.)

3.7. Subgroup analysis

3.7.1. Subgroup analysis in network meta-analysis

This study evaluated the relative optimal parameters of different CT
intervention modalities through subgroup analyses of network meta-
analyses. Notably, the Long (>24 weeks) training duration subgroup and
Internet-based delivery mode failed to establish valid networks. Signifi-
cant inconsistency (P < 0.05) was observed in subgroups utilizing face-
to-face delivery, medium training duration (13-24 weeks), Medium to-
tal intervention frequency (37-72 times), and hospital-based implemen-
tation sites, while other subgroups demonstrated non-significant incon-
sistency (P > 0.05; Supplementary Tables 7-15). Network diagrams, SU-
CRA rankings, and league table results (Supplementary Figure 5, Supple-
mentary Figure 6, Supplementary Table 16) revealed distinct efficacy hi-
erarchies across subgroups. In group-based interventions, RT exhibited
the highest probability of cognitive improvement (77.3 %), followed se-
quentially by CST, MMT, MT, PC, and AC. For individual interventions,
RT maintained superiority (98.5 %), succeeded by MMT, CST, MT, PC,
and AC. Professional-led subgroups demonstrated an efficacy hierarchy
of MMT > CST > AC > MT > PC, whereas non-professional implementa-
tions showed RT dominance (95.9 %) with subsequent rankings of MT
> MMT > CST > PC > AC. Internet-based interventions presented a hier-
archy of RT > CST > AC > MT > PC. Short-duration interventions (<12
weeks) revealed RT’s optimal efficacy (94.4 %), followed by MMT > CST
> MT > PC > AC. Low-frequency interventions (<36 sessions) ranked RT

> CST > MT > MMT > PC > AC, while high-frequency interventions (>72
times) demonstrated MMT > CST > MT > PC > AC. Community-based
implementations showed MT superiority (71.6 %) with subsequent rank-
ings of CST > RT > PC > AC, whereas home-based interventions rein-
stated MMT dominance (88.1 %), followed by MT > CST > PC > AC.

3.7.2. Subgroup analysis of pairwise meta-analysis

Building upon subgroup analyses from network meta-analyses, pair-
wise meta-subgroup analyses were conducted to further compare sub-
group influences on global cognition and identify modifiable elements
for intervention optimization, providing insights for clinical interven-
tions targeting cognitively impaired populations. As illustrated in Fig. 5,
multidimensional analyses revealed consistent patterns. Regarding prac-
titioner qualifications and delivery modalities, CT demonstrated sig-
nificant effectiveness across all subgroups (P < 0.0001) when ad-
ministered by professionals or trained paraprofessionals through di-
verse formats including group-based, individual, internet-mediated, or
face-to-face sessions, though no significant between-group differences
emerged. Notably, trained paraprofessionals exhibited larger effect sizes
(SMD = 0.96) compared to professionals (SMD = 0.62). Internet-
based delivery (SMD = 1.00) surpassed face-to-face implementation
(SMD = 0.76), while individualized training (SMD = 0.96) outperformed
group-based formats (SMD = 0.69). Across cognitive impairment stages
(SCD, MCI, dementia; P < 0.0001), CT maintained effectiveness with-
out significant intergroup variation, though demonstrated particular ef-
ficacy in SCD and MCI phases. All four CT interventions proved effective
compared to ACand PC (P < 0.0001), with AC showing marginally supe-
rior efficacy (SMD = 0.98) versus PC (SMD = 0.79). Analyses of training
duration, session frequency, and implementation sites confirmed signif-
icant effectiveness across all subgroups (P < 0.0001), again revealing
nonsignificant between-group differences. Optimal outcomes emerged
in community settings (SMD = 1.05), interventions exceeding 24 weeks
(SMD = 1.14), and protocols comprising 37-72 times (SMD = 0.89).

3.8. Certainty of evidence

Despite the considerable number of studies included in the network,
the overall certainty of evidence for intervention effects is predomi-
nantly moderate to low. High-certainty evidence is confined to direct
comparisons between RT and PC. Moderate certainty is observed for
the direct comparisons of CST versus MT, MT versus both AC and PC, as
well as the indirect comparisons involving RT versus MT and AC, and
PC versus AC. The certainty of evidence for all other direct or indirect
comparisons remains low. Detailed results are shown in Supplementary
Figure 7.
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Fig. 5. The effects of heterogeneous patient characteristics on global cognitive function in middle-aged and older adults with cognitive impairment.
Note: A: Diagnosis; B: Types of control; C/D: Delivery mode; E: Intervention level; F: Training duration; G: Total number of interventions; H: Intervention site; CST:
Cognitive Strategy Training; RT: Reminiscence Therapy; MMT: Mindfulness Meditation Training; MT: Modified Therapy; NA: not available; SCD: Subjective
cognitive decline; MCI: Mild cognitive impairment.

3.9. Publication bias

Funnel plot analysis revealed no substantial asymmetry across the
NMA subgroups for global cognition, SCD/MCI or dementia outcomes,
and intervention parameters, indicative of no significant publication
bias. Detailed results are presented in Supplementary Figures 8-9.

4. Discussion
4.1. Summary of findings

This network meta-analysis comprehensively examined diverse
stages of cognitive impairment, synthesizing evidence from 43 random-
ized controlled trials encompassing 3356 individuals with cognitive dis-
orders. The results demonstrated that CST, RT, MMT, and MT all showed
more effective than PC or AC conditions in enhancing cognitive function.
For populations with varying severity levels of cognitive impairment, RT
emerged as the relatively optimal CT intervention modality, addressing
a critical gap in hierarchically ranking therapeutic efficacy across cog-
nitive training paradigms [18]. The investigation conducted an in-depth
examination of how key design parameters within intervention proto-
cols moderated treatment effectiveness. However, subgroup analyses re-
vealed no statistically significant variations across clinical severity of
impairment, practitioner expertise levels, delivery format, intervention
duration, training frequency, implementation setting, or control group
typology. In the pairwise meta-analysis, CST demonstrated more pro-
nounced improvements in language function and immediate memory
when compared to PC/AC. Moreover, CST was confirmed to be effec-
tive in alleviating depressive symptoms and enhancing patients’ quality
of life.

4.2. Effects of cognitive strategy training on cognitive function, depressive
symptoms, and quality of life

Network meta-analyses indicate that CST is widely utilized in ex-
isting cognitive intervention studies but exhibits significantly lower ef-

ficacy compared to RT. This discrepancy may stem from differences
in neural plasticity activation pathways and patient adherence. Mem-
ory impairment remains the primary symptom of cognitive decline,
while alterations in other domains—such as language function, atten-
tion, and executive function—are closely linked to memory deficits [41].
Although CST employs multidimensional training (including memory,
executive function, and attention modules) to significantly increase gray
matter volume in the right angular gyrus and intraparietal sulcus regions
[42], its complex multitask paradigms and time-intensive nature may re-
duce patient adherence, thereby diminishing intervention efficacy [43].
Notably, only one high-quality RCT directly comparing CST and RT has
been identified [44], underscoring the preliminary nature of current ev-
idence. Large-scale, multicenter RCTs are urgently needed to strengthen
the evidence base.

Pairwise meta-analysis further revealed selective cognitive domain
improvements with CST, demonstrating significant advantages in ver-
bal function (SMD=0.58, 95 % CI [0.36-0.80], P < 0.00001) and im-
mediate memory (SMD=0.49, 95 % CI [0.01-0.96], P < 0.05). These
findings align with previous reports by Feng et al. [45]. The domain-
specific advantages of CST in linguistic processing and immediate mem-
ory retention provide compelling evidence to substantiate early-stage
intervention strategies for populations manifesting age-associated mem-
ory complaints. The neurobiological mechanisms may involve gray mat-
ter volume expansion in the inferior temporal/fusiform gyrus and cor-
tical thickening in the temporo-limbic-prefrontal circuitry, potentially
enhancing linguistic processing and attenuating hippocampal atrophy
[46,47]. It is noteworthy that a 5-year longitudinal study demonstrated
sustained benefits of CST on delayed memory recall and clinical global
cognition measures in MCI patients, achieved through relatively brief,
cost-effective interventions [48]. However, the current analysis revealed
non-significant effects of CST on delayed memory improvement, fur-
ther corroborating that its cognitively demanding multi-task paradigm
and time-intensive nature may impose excessive patient burden [43].
Furthermore, age-related structural alterations in medial temporal re-
gions - including neuropathological changes and potential incipient
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Alzheimer’s disease pathology in some participants - may inherently
limit the durability of memory training effects in older populations
[49,50]. Notably, subgroup analyses demonstrated comparable (if not
superior) therapeutic outcomes achieved by non-professionals relative
to trained professionals, substantiating the viability of scaling CT imple-
mentation through caregiver-mediated training initiatives. Simplified
CST protocols administered by family members or community volun-
teers under remote guidance present a pragmatic solution for reducing
reliance on clinical infrastructure. Moreover, the standardized architec-
ture of CST facilitates digital augmentation, with Al-driven adaptive
CST protocols capable of dynamically modulating task difficulty based
on real-time performance metrics to optimize adherence and therapeu-
tic outcomes [51]. Such innovations preserve core therapeutic princi-
ples while enhancing accessibility for homebound and rural populations
through technology-mediated delivery platforms.

CST also exhibited transdiagnostic benefits in ameliorating depres-
sive symptoms and improving quality of life. This therapeutic effect may
stem from its modulation of the cognitive control network - compris-
ing the dorsolateral prefrontal cortex, dorsal anterior cingulate cortex,
and precentral gyrus [52]. The integrity of this network demonstrates
neurocircuitry coupling with both executive functioning and emotional
regulation [53]. Targeted training might enhance emotional compensa-
tion mechanisms through executive function improvement while boost-
ing self-efficacy, thereby alleviating depressive mood and enhancing life
quality [54].

While CST’s multi-target approach offers advantages as a mainstream
cognitive intervention, its complex multidomain training paradigm may
compromise treatment adherence and efficacy consistency. Future re-
search should prioritize developing personalized CST protocols with op-
timized dosing parameters, coupled with multimodal investigations to
elucidate neuroplasticity mechanisms. Such advancements will facilitate
the establishment of precision cognitive rehabilitation frameworks.

4.3. Effects of reminiscence therapy on global cognitive function

This study advances current understanding of CT interventions
across varying cognitive impairment levels, establishing a more robust
evidence base. Network meta-analysis suggests RT may be a relatively
optimal intervention for cognitive improvement, consistent with Chen
et al.’s findings despite their classification of RT as neuropsychological
training [55]. In contrast to conventional CST paradigms emphasizing
strategic learning, RT’s specificity resides in its core mechanism of acti-
vating autobiographical memory networks through multimodal sensory
stimulation - a process demonstrating remarkable congruence with crit-
ical neuroplastic remodeling pathways affected by aging or pathologi-
cal neurological states. This autobiographically-based neural remodel-
ing mechanism may better align with the pathological characteristics
of age-related cognitive decline [56]. Notably, the specific activation of
hippocampal-prefrontal cortical functional connectivity during memory
retrieval [57] provides neurobiological evidence for RT’s dual effects on
enhancing both episodic memory and executive function. Compared to
CST, RT’s mobilization of emotional resources from personal life histo-
ries may induce more sustained intervention effects through neuroplas-
ticity and cognitive reserve construction [58,59].

Current research predominantly focuses on standardized protocols
like CST while overlooking cultural embeddedness and individual expe-
riential differences. Emerging evidence suggests RT demonstrates sta-
ble effect sizes across multicultural samples, potentially through de-
fault mode network activation that systematically strengthens seman-
tic memory via metacognitive functions [60]. This emotion-to-cognition
conversion mechanism may explain its superior performance in com-
plex cognitive task transfer. However, research on RT’s neural mecha-
nisms remains limited to behavioral observations. Future investigations
should employ neuroimaging to elucidate temporal dynamics within
the amygdala-hippocampal-subcortical circuit during emotional mem-
ory reconsolidation processes. Particular emphasis should be placed on
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characterizing the sequential activation patterns underlying RT’s unique
neurorestorative effects.

Furthermore, the implementation of RT has expanded beyond tra-
ditional photo or object-based cues. Contemporary approaches inte-
grate virtual reality (VR) technology [61] to construct spatiotemporally
continuous autobiographical memory scenarios, combined with robot-
assisted rehabilitation [62,63] and hybrid board games [64], effectively
enhancing cognitive function. These technology-driven refinements pre-
serve the therapy’s core strength in emotional arousal while enabling
real-time modulation of intervention intensity through integrated neu-
rofeedback systems. Future investigations should quantify neurophysio-
logical responses to nostalgic stimuli across diverse cultural contexts to
establish a personalized intervention parameter database. The growing
global burden of cognitive disorders associated with population aging,
combined with RT’s cost-effectiveness and implementation feasibility,
necessitates integration into public health prevention frameworks via
development of standardized, community-adaptable intervention pro-
tocols.

This investigation highlights RT’s intervention mechanisms ex-
tending into breakthrough applications transcending current research
paradigms. First, by leveraging emotionally salient life events, RT not
only enhances episodic memory encoding efficiency in Alzheimer’s
patients but potentially establishes novel memory reconsolidation
protocols for post-traumatic stress or anxiety disorders. Second, its
neuroplasticity-inducing properties enable synergistic integration with
anti-amyloid pharmacotherapies, forging a dual-pathway intervention
framework combining molecular clearance with neural network remod-
eling. Notably, RT’s limbic system restructuring effects suggest non-
pharmacological intervention pathways for Parkinson’s disease depres-
sive subtypes and frontotemporal dementia. Of particular scientific in-
terest is the prospective synergy achieved through temporally coupling
RT’s emotional memory activation with neuromodulation technologies
like transcranial magnetic stimulation, potentially amplifying trans-
synaptic plasticity through coordinated neural entrainment. While these
extensions remain beyond current clinical trial frameworks, the multi-
target mechanisms elucidated herein provide neurobiological substan-
tiation for cross-disease applications. Future research priorities should
focus on three innovative directions: developing digital biomarker-
guided RT dosage optimization systems, designing chronotherapeu-
tic sequences integrating neuromodulation-pharmacotherapy-RT triad
interventions, and establishing culturally adaptive virtual reality
protocols for autobiographical memory activation across diverse
populations.

4.4. The impact of mindfulness meditation therapy and modified therapies
on cognitive function

Through SUCRA and league table analyses, this investigation re-
vealed that RT demonstrated superior intervention efficacy across cog-
nitive impairment severity strata. Specifically, within dementia cohorts,
RT showed statistically superior cognitive enhancement effects com-
pared to alternative interventions, with MMT securing secondary effi-
cacy rankings. Conversely, among SCD and MCI populations, MT exhib-
ited greater cognitive improvement than MMT. These stratified efficacy
profiles underscore the necessity for disease-stage-specific adaptation of
therapeutic modalities.

The therapeutic specificity of MMT in dementia populations appears
fundamentally linked to its anxiety-modulation properties, operating
through tripartite neuroregulatory mechanisms: cognitive resource real-
location via suppression of default mode network hyperactivation [65],
augmented attentional regulation through prefrontal-parietal network
potentiation [66], and sustained cognitive performance optimization
via cognitive fatigue mitigation [67]. Neuroimaging evidence demon-
strates MMT-induced gray matter density increases in prefrontal cor-
tices and hippocampi [68,69], structural modifications hypothesized to
enhance psychomotor speed and information processing through opti-
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mized synaptic pruning efficiency. While MMT’s particular efficacy in
high-anxiety or attention-deficit subgroups may stem from functional
remodeling of limbic-cortical circuitry, systematic fMRI investigations
remain imperative to elucidate covariant mechanisms underlying its
dual anxiolytic and cognitive enhancement effects [70]. Furthermore,
within the network meta-analysis subgroups, MMT demonstrated maxi-
mal cognitive enhancement efficacy under parameters involving profes-
sional administration, intervention frequencies exceeding 72 times, and
home-based implementation. This phenomenon likely originates from
professionals facilitating neuroplastic reorganization in prefrontal cor-
tices and default mode networks through precise technique demonstra-
tion, personalized regimen adjustments, and real-time neurofeedback.
High-frequency interventions (>72 times) surpass critical thresholds for
synaptic remodeling, enabling cumulative effects of gray matter thick-
ening and attentional regulation. Home environment integration ampli-
fies meditation skill generalization through contextual reinforcement,
establishing a synergistic mechanism integrating structured guidance,
sustained practice, and environmental assimilation. Ultimately, this tri-
partite optimization enhances metacognitive monitoring capacity while
reducing neural expenditure on mind-wandering, collectively achieving
superior cognitive performance optimization.

MT’s distinctive efficacy arises from its poly-target synergistic mech-
anisms: structured social engagement enhances cognitive reserve capac-
ity while targeted aerobic exercise potentiates hippocampal neuroge-
nesis [71,72], establishing a tripartite "cognitive-kinetic-social" inter-
vention paradigm. Though demonstrating notable community-based im-
plementation potential, current protocols suffer from critical standard-
ization deficits - notably absent operational manuals and unquantified
"modified" parameters (e.g., cognitive task complexity gradients, exer-
cise intensity thresholds). Future research should prioritize developing
MT consensus guidelines aligned with CONSORT standards to codify
core components and mitigate methodological heterogeneity.

Building upon current evidence, this study proposes a stratified in-
tervention framework: RT serves as foundational therapy across the
disease continuum, MMT warrants prioritization for dementia patients
with prominent anxiety/attention deficits, while MT demonstrates op-
timal utility in SCD/MCI early intervention and community preven-
tion contexts. Three critical research imperatives emerge: 1) develop-
ing biomarker-guided prediction models (e.g., plasma p-tau217-based
therapeutic responsiveness indices); 2) engineering differentiated train-
ing modules targeting neuropsychiatric symptoms like apathy and anxi-
ety; 3) implementing >24-month longitudinal studies to delineate dose-
response relationships and decay patterns of neuroplastic changes.

4.5. Comparative efficacy of diverse cognitive training protocols on global
cognition

The complementary findings from both analytical approaches re-
veal methodological synergies, with NMA demonstrating enhanced esti-
mation precision and broader intervention comparability through in-
direct evidence synthesis. Notably, reduced heterogeneity in specific
NMA subgroups suggests diminished random error via cross-trial ev-
idence integration. NMA-derived efficacy hierarchies expose modality-
specific therapeutic profiles, with RT’s consistent superiority across most
subgroups warranting mechanistic investigation. Its dominance likely
stems from a dual-pathway mechanism: cerebrovascular enhancement
through vascular endothelial growth factor (VEGF)-mediated perfusion
optimization [58], coupled with BDNF-driven synaptic plasticity poten-
tiation — a process demonstrating dose-dependent neuroplastic adap-
tations in preclinical models [59]. MMT’s context-dependent efficacy
in community settings underscores environmental modulation of inter-
vention effectiveness, aligning with cognitive reserve theory’s emphasis
on brain-environment interplay dynamics [65]. While non-inferiority
between professional and paraprofessional administration (P > 0.05)
supports tiered healthcare implementation, the observed SMD diver-
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gence necessitates MCID-referenced interpretation to determine clini-
cal significance. This performance gradient highlights the importance of
cost-benefit analyses when scaling evidence-based interventions across
resource-variable settings.

Pairwise meta-subgroup analyses further revealed that community-
based, internet-delivered personalized CT administered by paraprofes-
sionals demonstrated superior effect sizes, aligning with prior observa-
tions [73,74]. This efficacy may stem from CT’s focus on maintaining
and enhancing fundamental cognitive capacities, which typically re-
quire neither complex medical infrastructure nor specialized psycho-
logical expertise. Trained paraprofessionals generally possess sufficient
competency to administer such programs effectively. Notably, conven-
tional CT implementations often face resource-intensive demands for
staffing, researcher training, and administrative oversight, with sustain-
ability challenges arising from personnel availability and attrition dur-
ing implementation [75]. Face-to-face group interventions introduce
additional accessibility barriers, particularly temporal and spatial con-
straints requiring sustained attendance over weeks — a significant chal-
lenge for older adults with chronic health conditions or mobility limi-
tations [75,76]. These obstacles are exacerbated for rural/remote popu-
lations with limited transportation options. Emerging evidence suggests
organizational adaptations may enhance accessibility, as demonstrated
by Glynda et al.’s findings that transitioning trial personnel to commu-
nity organizations improved service availability for cognitively impaired
older adults. Furthermore, this review highlights that CT protocols ex-
ceeding 24 weeks with moderate frequency (37-72 times) yielded su-
perior outcomes, corroborating evidence indicating maximal cognitive
improvement from interventions sustained >8 weeks [55]. Crucially,
subgroup analyses detected no significant differential effects across
practitioner qualifications (professionals vs. paraprofessionals), deliv-
ery formats (individual/group, internet/face-to-face), or cognitive im-
pairment severity (SCD/MCI/dementia). This non-differentiation may
stem from multiple methodological constraints: imbalanced represen-
tation across cognitive impairment stages (only 5 SCD studies versus
predominant MCI/dementia populations), limited statistical power from
small subgroup-specific sample sizes (e.g., only 4 RT studies in demen-
tia subgroups, 1 RT study in MCI subgroups), and substantial hetero-
geneity across intervention protocols (duration, frequency) and outcome
measures (diverse cognitive assessment tools) even within identical sub-
groups or CT modalities. Such variability likely attenuated true effect
detection while inflating measurement noise.

The clinical translation of these findings requires cautious interpreta-
tion considering methodological constraints. Imbalanced subgroup sam-
ple sizes may compromise estimation precision and inconsistency detec-
tion in network analyses, particularly introducing uncertainty in long-
duration intervention subgroups with fragile network structures. The
observed inverted U-shaped dose-response relationships between inter-
vention intensity and cognitive improvement necessitates development
of personalized dosing frameworks guided by neuroplasticity biomark-
ers. Future investigations should prioritize three optimization pathways.
First, a priori stratification hypotheses should be mechanism-driven, cat-
egorizing subgroups by CT modalities’ neural targets (e.g., RT target-
ing default mode networks, CST engaging frontoparietal circuits) rather
than relying solely on demographic or implementation parameters. Sec-
ond, methodological rigor requires prospective power calculations in-
corporating power analyses for critical subgroups to ensure >80 % sta-
tistical power, coupled with false discovery rate (FDR) correction for
multiple comparisons to mitigate Type I error inflation. Third, granular
phenotypic stratification integrating comorbid neuropsychiatric symp-
toms (apathy, anxiety) could enhance heterogeneity exploration. Im-
plementation science metrics should be systematically incorporated, in-
cluding fidelity assessments through standardized tools like the TiDieR
checklist, with protocol adherence quantified as covariates in meta-
regression models. This multidimensional refinement will advance pre-
cision medicine paradigms in cognitive rehabilitation research.
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4.6. The impact of heterogeneity of included literature on research
outcomes

This investigation systematically elucidates the methodological het-
erogeneity inherent in cognitive training interventions and proposes cor-
responding analytical approaches. At the intervention design level, sub-
stantial variability manifests across studies in implementation duration
(6 to 96 weeks), session frequency (8 to 288 sessions), and core module
composition. Particularly for MT as a multimodal intervention, while de-
fined as combining cognitive stimulation with goal-setting, inconsistent
constituent ratios across studies create ill-defined dosing parameters
that contribute to disparate efficacy outcomes. Participant heterogene-
ity spans the cognitive continuum from SCD to dementia, with baseline
cognitive profiles, comorbidities, and neuropathological burden (e.g.,
differential beta-amyloid deposition levels) constituting critical biologi-
cal moderators potentially influencing intervention effects through dis-
tinct mechanistic pathways. Outcome assessment heterogeneity persists
despite universal focus on global cognition, with scale-specific sensitiv-
ity profiles warranting attention - for instance, the Montreal Cognitive
Assessment’s emphasis on executive functions may introduce comple-
mentary or conflicting priorities compared to other instruments.

To quantify and address heterogeneity, this study implemented a
multidimensional analytical framework. Methodological variance was
assessed through Cochrane Q-tests and I? statistics, with all meta-
analyses employing random-effects models to account for between-study
variability. Standardized mean differences unified measurement scales,
while subgroup analyses systematically examined moderators including
cognitive impairment stages and practitioner qualifications. Sensitivity
analyses through iterative exclusion of outlier studies (>1 year duration)
confirmed robustness, with core findings maintaining directionality and
statistical significance, thereby affirming methodological reliability.

Persistent residual heterogeneity reflects inherent diversity in real-
world clinical research. While conclusions provide population-level ef-
fect estimates, their applicability to specific pathological subtypes (e.g.,
mild cognitive impairment patients with severe white matter hyperin-
tensities) requires validation. Although scale standardization addressed
metric discrepancies, psychometric limitations in domain-specific as-
sessment priorities persist, necessitating development of comprehensive
assessment frameworks.

Future research should prioritize: 1) establishing standardized
reporting guidelines for core intervention components, particularly
constituent-specific dosing parameters in multimodal protocols; 2) de-
veloping cross-disease core outcome measurement systems integrating
neuroimaging biomarkers with cognitive assessments; 3) employing in-
dividual participant data meta-analysis to decode baseline characteristic
effects on therapeutic responsiveness; 4) designing targeted intervention
protocols for neuropathological subtypes, such as precision cognitive
training strategies for beta-amyloid positive cohorts. Advancing these
directions will enhance methodological harmonization and strengthen
evidence-based clinical translation.

4.7. Impact of clinical severity of cognitive impairment on global cognition

The current study revealed through subgroup effect heterogeneity
analysis that CT was found to significantly promote overall cognition
in individuals with SCD and MCI, outperforming its effects in dementia
patients, although the intergroup heterogeneity test did not achieve sta-
tistical significance. These findings were consistent with those of Nicole
et al. [77], who only observed the effects of computerized CT on overall
cognition in these two cohorts, neglecting traditional CT methods. No-
tably, current evidence suggested an insufficient response in dementia
patients that needed to be deconstructed from the perspective of neu-
rodegenerative pathology staging. Explanations based on neurobiolog-
ical mechanisms indicated that the treatment response to CT was pos-
itively correlated with neural plasticity reserves. In advanced stages of
dementia (e.g., Braak stages IV-VI of Alzheimer’s disease), irreversible
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structural remodeling was reported in the hippocampal-cortical circuit.
Ap42 oligomers were found to induce synaptophysin expression down-
regulation (reduced by 40-60 %) through mitochondrial toxic pathways
[78]. Furthermore, over-phosphorylation of tau protein (p-tau217) was
observed to lead to axonal transport deficits, which resulted in a sig-
nificant reduction in synaptic density (a 57.3 % decrease in late-stage
AD compared to the MCI stage) [79]. Additionally, neuroinflammatory
cascade responses, characterized by increases in IL-6 and TNF-« lev-
els by 2-3 times, accelerated the apoptosis of cholinergic neurons. This
triad of pathological insults severely diminished the synaptic remod-
eling capacity relied upon by CT, resulting in diminished clinical ef-
fects compared to the SCD/MCI stages. It was important to note that the
conclusion regarding the lower beneficial effects of CT on overall cog-
nition for dementia patients was preliminary, as most of the included
studies exhibited low to moderate evidence quality, insufficient sample
sizes, and involved mixed populations at different stages of dementia.
Therefore, conclusions regarding the efficacy of CT for dementia pa-
tients should be interpreted cautiously. Early dementia patients were
found to exhibit only mild cognitive impairment and may have pos-
sessed greater structural brain resources for enhancement. Based on the
neuroplasticity window theory, it was suggested that future research
could establish an individualized Neuroplasticity Potential Index (NPI)
using multimodal biomarkers (e.g., AG-PET SUVR, FDG-PET metabolic
rates, DTI white matter integrity) to guide intervention timing. For ex-
ample, it was indicated that combining anti-Af monoclonal antibod-
ies (such as lecanemab) with computer-adaptive training in the AD-
related MCI stage could reduce the annual hippocampal volume loss
by 29 %, thereby delaying neurodegeneration [80]. Additionally, en-
hancing residual plasticity through non-invasive brain stimulation was
suggested as an alternative approach.

4.8. Impact of cognitive training on global cognition: A CINeMA-Based
evaluation

This systematic review evaluated the quality of evidence from CT
studies using the CINeMA framework, revealing moderate-to-low confi-
dence in treatment effects. This limitation primarily stems from concerns
regarding indirectness (as indicated in risk of bias summary charts) and
substantial heterogeneity across studies. Most included trials focused
on older populations (mean age >60 years), while non-standardized in-
tervention protocols (e.g., variable training frequency, intensity, and
duration) raised concerns about indirect comparisons. The observed
heterogeneity significantly impacts clinical interpretation, partially at-
tributable to inadequate control of confounding factors like baseline
cognitive function and inclusion of dementia patients at varying dis-
ease stages. For instance, the pooled analysis contained: one study [81]
enrolling MCI/mild dementia patients, two studies [82,83] including
mild-to-moderate dementia cases, and one trial [84] incorporating par-
ticipants spanning mild-to-severe dementia. Furthermore, inconsistent
assessment of cognitive domains (e.g., visuospatial abilities vs. execu-
tive function) and diverse measurement tools exacerbated heterogene-
ity. Notably, no significant incoherence was detected across studies,
with direct and indirect evidence generally demonstrating consistency.
The narrow confidence intervals observed limited decision-making un-
certainty, resulting in minimal concerns regarding imprecision.

Building on these findings, future research should prioritize bridg-
ing the gap between evidence generation and clinical needs while en-
hancing methodological rigor to improve result reliability and general-
izability. High-quality RCTs should employ rigorous RCT designs with
blinded outcome assessments, accompanied by detailed reporting of par-
ticipant adherence and attrition reasons. Additionally, utilizing individ-
ualized data analysis (such as growth mixture models) to identify poten-
tial efficacy differences among subgroups was considered an important
strategy. It was also suggested that standardized CT intervention pro-
tocols (including content, dosage, and implementation methods) be de-
veloped, alongside the use of unified core assessment tools to promote
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the advancement of multicenter collaborative research. To shift the re-
search paradigm from "demonstrating efficacy" to "defining applicabil-
ity conditions and effect boundaries," extended longitudinal follow-ups
are essential for verifying sustained benefits. Integrating neuroimaging
biomarkers and mechanistic studies will further elucidate intervention
pathways. These advancements will provide robust scientific evidence
and practical guidance for developing targeted cognitive interventions.

4.9. Strengths and limitations

This review was the first to systematically examine the effects of dif-
ferent types of CT on cognitive decline in individuals with SCD, MCIL, and
clinical stages of dementia through meta-analysis and network meta-
analysis. First, a comprehensive search strategy was employed to screen
suitable randomized controlled trials across 12 databases, ensuring that
the evidence level upon which this review was based met the highest
standards. Second, compared to previous reviews, this review incorpo-
rated updated studies that aligned more closely with the definition of
CT, encompassing interventions applied to patients with varying degrees
of cognitive decline. Relevant studies were included strictly based on the
latest guidelines for the definition of CT, and interventions containing
components other than cognitive behavioral therapy were excluded to
avoid interference with the training effects. Furthermore, this review ex-
plored the impact of various intervention factors on treatment benefits,
providing guidance for the development of effective training programs.

Despite this, several limitations were identified in the current study.
First, only 12 databases were searched, which may have led to the omis-
sion of publications from other registered databases or alternative re-
sources, as well as unpublished studies, thereby introducing publication
bias. Second, the evidence quality of the included studies exhibited poor
indirectness and high heterogeneity, which could affect the internal va-
lidity and accuracy of the study results. Third, the review primarily fo-
cused on statistical differences without adequately assessing the clinical
significance differences between groups. Additionally, economic eval-
uations of the interventions were not conducted, which may limit the
clinical applicability of the review findings, particularly in supporting
policy-making. Fourth, insufficient description of intervention delivery
modalities (e.g., face-to-face, internet-based, group-based, or individual-
based) was identified in a subset of incorporated studies during data
extraction. This insufficient reporting prevented comprehensive analy-
sis of various combinations and interactive factors of delivery modal-
ities, potentially compromising the evidence quality of this systematic
review. Fifth, the "optimal" conclusion of RT is mainly based on indirect
comparisons from network meta-analysis, and the number of RT studies
included is limited, which may affect the stability of the ranking. The
existing evidence is concentrated on short-term outcomes (< 12 weeks),
and it is impossible to confirm whether the long-term advantages of RT
will continue. Finally, only post-intervention effects were assessed, and
further research is needed to explore the long-term impacts of these CT
interventions.

4.10. From evidence to implementation: a roadmap for cognitive training
integration

This research framework achieves multidimensional methodological
and theoretical advancements aligned with contemporary scientific de-
velopments. Future cognitive intervention literature will exhibit tempo-
ral sensitivity and exponential proliferation, particularly requiring stan-
dardization in delineating intervention windows and dose-response rela-
tionships. We advocate establishing transregional clinical trial registries
to systematically archive longitudinal intervention data across cogni-
tive decline stages, prioritizing epidemiological repository expansion in
low/middle-income nations while quantifying cultural adaptation in-
dices on therapeutic efficacy. Methodological innovations should in-
corporate triple-blind designs with machine-learning-powered blinding
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assessment algorithms alongside standardized digital biomarker frame-
works integrating wearable device monitoring, multimodal cognitive as-
sessment applications, and biofluid assay standardization protocols.

Translational implementation necessitates prioritized development
of objective metric systems. While current evidence demonstrates ro-
bust episodic memory enhancement, the neural mechanisms underlying
prefrontal functional improvement require elucidation through high-
resolution tractography tracking white matter reorganization, metabolic
imaging of hippocampal activation patterns, and computational mod-
eling of neuroplasticity dynamics. Clinical translation should adopt
stepped precision intervention pathways: biomarker-based screening in
primary care, imaging-guided personalized training in secondary hospi-
tals, and cost-effectiveness analysis of combinatory therapies at tertiary
centers. For resource-limited regions, implementation strategies empha-
size portable neuromonitoring technologies, culturally-adapted autobi-
ographical memory databases, and value-based reimbursement models.

Theoretical innovation manifests through a multidimensional frame-
work integrating molecular biomarkers with brain network metrics via
neuroplasticity window prediction algorithms. This paradigm concur-
rently evaluates cognitive trajectories, healthcare resource optimiza-
tion, and societal benefit translation through complex systems theory,
while establishing an ethical assessment matrix for digital interven-
tions addressing data sovereignty, technological inclusivity, and cultural
congruence. Practical implementations include offline-enabled training
modules and collectivism-adapted protocols that balance technologi-
cal accessibility with participatory equity, exemplified by culturally-
sensitive virtual reality platforms maintaining therapeutic fidelity across
diverse populations. Furthermore, the cooperative efforts between
health authorities and professional associations should reach a con-
sensus on the definition of core CT, implementation plans and quality
benchmarks. Despite these insights, the methodological quality of the
included studies was medium to low, highlighting the necessity of con-
ducting more rigorous investigations. Future research must clarify ran-
domization and allocation of hidden procedures, transparently report
loss data, and adopt compliance optimization strategies.

5. Conclusion

The findings demonstrate that the impact of cognitive training on
global cognition remains consistent regardless of dementia severity, in-
terventionist qualifications, delivery format, training duration, or con-
trol group type. Notably, RT emerges as a potentially optimal inter-
vention for cognitive enhancement across populations with varying de-
grees of cognitive impairment. However, the current meta-analysis of
cognitive domains and RT interventions incorporated a limited num-
ber of studies, which may compromise evidence reliability due to re-
stricted sample sizes. This limitation underscores the necessity to es-
tablish standardized cognitive training protocols and implement uni-
form core assessment tools to facilitate multicenter collaborative stud-
ies. Future research should prioritize longitudinal investigations to ver-
ify intervention sustainability and incorporate neuroimaging biomark-
ers to elucidate underlying mechanisms. Such advancements will enable
a paradigm shift from merely establishing cognitive training efficacy to
precisely defining its applicable conditions and functional boundaries
within dementia care frameworks.
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Supplementary figure and table legends

Supplementary Figure 1. Forest plot of Pairwise Meta-Analysis for
cognitive training outcomes.

Supplementary Figure 2. Forest plot of Pairwise Meta-Analysis for
cognitive domains.

Supplementary Figure 3. Forest plot of Pairwise Meta-Analysis for
depression and quality-of-life outcomes.

Supplementary Figure 4. Sensitivity analyses.

Supplementary Figure 5. Network Analysis of Subgroup Intervention
Parameters.

Note: PC: Passive control; AC: Active control; CST: Cognitive Strat-
egy Training; RT: Reminiscence Therapy; MMT: Mindfulness Meditation
Therapy; MT: Modified Therapies.

Supplementary Figure 6. Probabilistic Ranking of Subgroup Inter-
vention Parameters:(A)Intervention Level-Non-profession; (B)Delivery
Mode-Group;(C) Delivery Mode-Individual;(D) Intervention Level-
Profession;(E) Intervention Level-Non-profession;(F) Training Duration-
Short (<12 weeks); (G) Total number of interventions- Short (<36
times); (H) Total number of interventions-Long (>72 times); (I) Inter-
vention Site-Community;(J) Intervention Site-Family;

Note: PC: Passive control; AC: Active control; CST: Cognitive Strat-
egy Training; RT: Reminiscence Therapy; MMT: Mindfulness Meditation
Therapy; MT: Modified Therapies.

Supplementary Figure 7. Summary Table for credibility assessment
using confidence in Network Meta-Analysis (CINeMA).

Note: PC: Passive control; AC: Active control; CST: Cognitive Strat-
egy Training; RT: Reminiscence Therapy; MMT: Mindfulness Meditation
Therapy; MT: Modified Therapies.

Supplementary Figure 8. Funnel plots evaluating publication bias in
cognitive assessments: (A) global cognition, (B) subjective cognitive de-
cline and mild cognitive impairment, and (C) dementia cognition.

Note: PC: Passive control; AC: Active control; CST: Cognitive Strat-
egy Training; RT: Reminiscence Therapy; MMT: Mindfulness Meditation
Therapy; MT: Modified Therapies.

Supplementary Figure 9. Funnel Plot for Evaluating Pub-

lication Bias in Cognitive Assessments: (A)Intervention level-
Non-profession;(B)Delivery mode-Group;(C) Delivery mode-
Individual;(D)Intervention level-Profession;(E) Intervention level-

Non-profession;(F) Training duration-Short(<12 weeks);(G) Total
number of interventions- Short(<36 times);(H) Total number of
interventions-Long (>72 times) ;(I) Intervention Site-Community;(J)
Intervention Site-Family;

Note: PC: Passive control; AC: Active control; CST: Cognitive Strat-
egy Training; RT: Reminiscence Therapy; MMT: Mindfulness Meditation
Therapy; MT: Modified Therapies.

Supplementary Table 1. Search strategy.

Supplementary Table 2. Characteristics of included studies.

Note: MoCA: Montreal Cognitive Assessment; MMSE: Mini-Mental
State Examination; NINCDS-ADRDA: National Institute of Neurological
and Communicative Disorders and Stroke - Alzheimer’s Disease and Re-
lated Disorders Association; CDR: Clinical Dementia Rating; DSM-IV:
Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition;
DSM-V: Diagnostic and Statistical Manual of Mental Disorders, Fifth
Edition; CST: Cognitive Strategy Training; RT: Reminiscence Therapy;
MMT: Mindfulness Meditation Training; MT: Modified Therapy; NA: not
available; M:man; F:female;

Supplementary Table 3. Results of risk bias.

Supplementary Table 4. The result of local inconsistency test.

Supplementary Table 5. The result of local inconsistency test.

Supplementary Table 6. The result of local inconsistency test.
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Supplementary Table 7-15. The result of local inconsistency test.

Supplementary Table 16. Probabilistic Ranking of Cognitive Training
Subgroup Intervention Parameters.

Note: The left lower field presents the results of the network meta-
analysis; the right upper field presents the results of pairwise meta-
analyses. All statistically significant effects are shown in bold. PC: Pas-
sive control; AC: Active control; CST: Cognitive Strategy Training; RT:
Reminiscence Therapy; MMT: Mindfulness Meditation Therapy; MT:
Modified Therapies.
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