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Abstract
Background: Cognitive frailty is a potentially reversible geriatric condition characterized by the coexistence of physical frailty or prefrailty and cognitive impairmentimpairment in the absence of dementia. Exercise-based interventions may improve both cognitive and physical function, but the their comparative effectiveness of effects across different exercise modalities remains unclearremain uncertain.
Methods: This systematic review and network meta-analysis was conducted according to PRISMA-NMA guidance and was prospectively registered in PROSPERO. PubMed, Embase, the Cochrane Library, Web of Science, MEDLINE via Ovid, Scopus, CNKI, Wanfang, VIP, Google Scholar, and ProQuest were searched from inception to February 20August 16, 2026. Randomized controlled trials involving older adults with cognitive frailty and evaluating exercise-based interventions were included. Bayesian random-effects network meta-analyses were performed for global cognitive functionMoCA, functional mobilityMMSE, TUG, muscle grip strength, and composite physical functionSPPB. Risk of bias was assessed using RoB 2, and certainty of evidence was evaluated using CINeMA.
Results: Twenty-one Nineteen publications representing 17 independent randomized controlled trials involving 2,053 trial datasets and 1,691 unique participants were included. Exercise-based interventions For MoCA, multicomponent exercise (ME) showed beneficial effects across cognitive and physical outcomes, but the optimal intervention varied by outcome. For global cognitive functionmost favorable ranking profile (MD = 4.81, high-speed power training showed the largest improvement in Montreal Cognitive Assessment scores95% CrI -0.27 to 10.66), followed by multicomponent exercise and whereas Baduanjin combined with cognitive trainingtraining (BCCT) was the only intervention whose 95% CrI excluded the null (MD = 4.25, 95% CrI 0.22 to 8.39). Daily living rehabilitation training and high-speed power training showed the most favorable effects on Mini-Mental State Examination scores. For functional mobilityranked highest for MMSE, Otago exercise and motor-cognitive training were associated with greater reductions in Timed Up and Go time. For muscle strengthfor TUG, multicomponent exercise and Baduanjin exercise showed significant benefitsME for grip strength, whereas high-speed and low-speed power training were most favorable Tai Chi for Short Physical Performance Battery scores. Model convergence was satisfactory across outcomes. HoweverSPPB; however, substantial the corresponding credible intervals all included the null. Substantial heterogeneity was observed in cognitive outcome networksfor MoCA, and while several functional outcome physical-function networks were sparse, limiting sparse and formal inconsistency assessment and increasing uncertainty around treatment rankingswas frequently not possible. Sensitivity analyses generally preserved the main ranking patterns, although several leading nodes were supported by limited evidence. The certainty of evidence was generally predominantly moderate to low, with some comparisons rated as very low.
ConclusionConclusions: Exercise-based interventions appear beneficial for showed potentially favorable but outcome-specific effects in older adults with cognitive frailty. ME and BCCT showed favorable signals for cognitive outcomes, with strength-orientedwhile OE, ME, and TC ranked relatively highly for selected physical outcomes. However, sparse networks, multicomponentimprecise estimates, traditional mind–bodysubstantial heterogeneity, and task-oriented programs showing outcome-specific advantagesmoderate-to-low certainty limit confidence in treatment rankings. These findings support function-oriented exercise prescription, but treatment rankings should therefore inform future comparative trials rather than be interpreted cautiously because of network sparsity, heterogeneity, imprecision, and limited long-term evidenceas definitive evidence for individualized exercise prescriptions.
Keywords: Cognitive frailty; Exercise intervention; Older adults; Network meta-analysis; Cognitive function; Physical function


1 Introduction
With the acceleration of global population aging, cognitive frailty (CF) has gradually become emerged as an important focus concern in geriatrics and the field of healthy aging. CF is typically defined generally conceptualized as a potentially reversible or potentially modifiable state in which clinical condition characterized by the coexistence of physical frailty or prefrailty and cognitive impairment coexist but have not yet developed into definite in the absence of established dementia (Cozza and Boccardi, 2025)[1]. Importantly, CF represents a distinct clinical construct and should not be equated with cognitive impairment or cognitive decline alone. Compared with either physical frailty or cognitive impairment alonein isolation, CF better reflects the complex interaction process between the decline in declining physical function and cognitive decline capacities and may also represent an important intervention window for intervention before the occurrence development of more severe functional decline and adverse health outcomes in the elderly (Park et al., 2025)[2]. Epidemiological studies indicate evidence suggests that cognitive frailty is a relatively common condition among older adults, affecting CF affects approximately 12.1% of community-dwelling older adults and even more individuals within selected adults, with higher prevalence reported in some older subgroups subpopulations (Zhang et al., 2024)[3]. Cognitive frailty CF is associated with an increased risk risks of falls, functional disability, hospitalization, dementia, and mortality. This condition imposes , imposing substantial burdens on both individuals and care healthcare systems (Bu et al., 2021)[4]. Given both its high disease burden adverse consequences and potential for interventionmodifiability, CF has been regarded as represents an important target that requires for early identification and comprehensive intervention in the context of healthy agingolder adults.
From the perspective of pathophysiological mechanisms, CF is not merely a simple combination the coexistence of physical weakness frailty and cognitive impairment but rather a comprehensive outcome resulting from the interaction may reflect complex interactions among the nervous systemnervous, musculoskeletal systemmusculoskeletal, metabolic systemmetabolic, and vascular system systems (L et al., 2020)[5]. Current evidence indicates suggests that factors such as chronic low-level grade inflammation, oxidative stress, mitochondrial dysfunction, neuroendocrine imbalancedysregulation, and vascular dysfunction may all be involved in contribute to the occurrence development and progression of CF CF (Aguilar-Navarro et al., 2025)[6]. On one handPhysical frailty may aggravate systemic inflammation, physical weakness can exacerbate inflammatory responses, oxidative damage, and loss of muscle function declinefunction, thereby promoting contributing to neurodegenerative changes and cognitive decline deterioration (Ma and Chan, 2020)[7]; on the other hand. Conversely, impaired cognitive function impairment may weaken the activity abilityreduce physical activity, exercise participation, and self-management ability of the elderlycapacity, leading to reduced physical activity, decreased which may further accelerate muscle strength, weakness and further reduction in loss of functional reserves reserve (Sui et al., 2020)[8]. Therefore, there These reciprocal effects may be create a mutually reinforcing vicious cycle between declining physical weakness and cognitive declinefunction. In addition, reduced impaired cerebral blood flowperfusion, metabolic abnormalities, and decreased reduced neuroplasticity may also weaken the brain’s compensatory ability for responses to aging-related damage, thereby accelerating the common decline damage and further contribute to parallel declines in cognitive and physical functions capacities (van Dinther et al., 2024)[9]. These Collectively, these overlapping mechanisms suggest provide a biological rationale for interventions that interventions for CF need to simultaneously focus on address both physical function, cognitive function, and their common biological basiscognitive domains in older adults with CF.
Based on the above mechanism, researchers Exercise has therefore been widely use exercise intervention investigated as a safe, accessible, and multi-system beneficial an accessible non-pharmacological strategy to delay physical weakness and cognitive declinefor CF because of its potential benefits across multiple physiological systems. Regular exercise can enhance improve muscle strength, endurance, balance ability balance, and overall physical function; improve the performance, while also contributing to improved frailty status of the elderly; and reduce the reduced risks of falls, disability, and functional dependence in older adults (Prommaban et al., 2024)[10][10]. MeanwhileBeyond its musculoskeletal effects, exercise effects are not limited to the musculoskeletal system but also promote may support cognitive function by promoting neuroplasticity, upregulate the expression of increasing brain-derived neurotrophic factor (BDNF)) expression, enhance enhancing cerebral blood flow, modulate and improving energy metabolism and have neuroprotective effects on cognitive function (Gomez-Pinilla and Hillman[11, 2013; Norman et al., 2018)12]. From the perspective of molecular mechanismsExercise may also favorably influence inflammatory, exercise can reduce chronic low-grade inflammation and oxidative stressoxidative, inhibit pro-inflammatory signaling pathwaysmitochondrial, enhance antioxidant defense capacity, and improve mitochondrial function and autophagy processes, thus improving the adaptability of neurons and muscle tissues to aging-related damage (Joseph et al., 2016). Additionally exercise can improve cardiovascular health and vascular endothelium function to optimize cerebral blood supply and brain microenvironment, which benefits pathways that are implicated in the maintenance shared pathophysiology of memory, executive function, physical and general cognitive performance decline (Bliss et al.[13, 2021)14]. To sum up, the exercise intervention can affect multiple levels of physical function, neuroplasticity, inflammation, oxidative damageTaken together, mitochondrial function, and vascular health, providing an important theoretical these multidimensional effects provide a plausible biological basis for the exercise intervention as a CF management strategyinvestigating exercise-based interventions in older adults with CF.
However, although despite growing evidence supporting the potential benefits of exercise intervention for elderly individuals older adults with cognitive decline have received extensive attentionfrailty, important uncertainties remain regarding the existing evidence still comparative effectiveness of different exercise approaches. Previous systematic reviews and meta-analyses have shown that exercise interventions can improve cognitive and physical outcomes in this population, while multicomponent exercise has certain limitationsalso demonstrated potential benefits for overall cognitive function and frailty status. Previous studies Nevertheless, existing reviews have mostly generally evaluated exercise as an overall intervention or focused on single selected exercise categories, and comparisons between specific exercise modalities have largely relied on conventional pairwise meta-analysis or subgroup analyses rather than direct and indirect comparisons across multiple competing interventions [15]. Multicomponent exercise, which generally incorporates two or more exercise components such as aerobic exerciseaerobic, resistance, resistance trainingbalance, balance trainingflexibility, or physical and mental exercisefunctional training, and direct comparisons among different exercise types are relatively insufficientrepresents one increasingly studied approach. At the same time, various studies have differences Considerable variation also exists across trials in intervention contentcomponents, intensity, frequency, session duration, total intervention duration, and outcome measurement toolsassessment, which limit the comparability and generalizability further complicating interpretation of the resultscomparative evidence. Traditional pairwise meta-analyses also struggle to compare Therefore, although the relative advantages overall benefits of multiple exercise modalities within the same framework. Thereforeare increasingly recognized, it is still necessary to adopt methods that can integrate direct and indirect evidence to systematically compare and rank the relative effects of different exercise interventions modalities on the multi-dimensional health cognitive and physical outcomes of elderly individuals in older adults with cognitive declinefrailty remain uncertain.
To bridge the aforementioned evidence address this gap, we used network meta-analysis (NMA) provides an appropriate methodological framework. Compared with traditional pairwise comparison meta-analysis), NMA can integrate direct and indirect evidence from different exercise which allows several interventions to be compared within the same a common analytical frameworkmodel by combining direct and indirect evidence. Besides estimating relative treatment effects, NMA can generate probabilities for treatment rankings. However, compare these rankings should be considered alongside the relative estimated effects and certainty of various intervention strategiesthe available evidence, and rank their potential advantages and disadvantages probabilistically not in isolation (Su et al., 2020)[16]. Based on these findings. Therefore, this study systematically integrates randomized controlled trial evidence to compare the present systematic review and NMA investigated the relative comparative effects of different exercise intervention methods exercise-based interventions on the cognitive abilityfunction, functional mobility, muscle strength and muscle condition of elderly individuals overall physical performance in older adults with cognitive declineCF. By clarifying the efficacy differences of different exercise strategies examining these outcomes in multiple outcome dimensionsthe same evidence network, this study aims we sought to provide a higher-level evidence-based basis for optimizing exercise prescriptionsclarify where the evidence is consistent, clinical decision-making, identify remaining uncertainties and individualized health management highlight priorities for elderly individuals with cognitive declinefuture head-to-head trials.


2 Methods
This systematic review and network meta-analysis was conducted and reported in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses extension statement for network meta-analyses (PRISMA-NMA) and followed relevant methodological guidance for network meta-analysis and multiple-intervention comparisons. The study protocol was prospectively registered in PROSPERO (CRD420251117009).
2.1 Data sources and search strategy
Two independent reviewers systematically searched the following nine bibliographic databases from inception to February August 16, 2026: PubMed, Embase, the Cochrane Library, Web of Science, MEDLINE via Ovid, Scopus, and three Chinese databases (CNKI, WanfangWanfang Data, and VIP)VIP Database. Additional grey literature was retrieved via Google Scholar and ProQuestProQuest were additionally searched for grey literature. The search strategy combined controlled vocabulary, including Medical Subject Headings (MeSH) and where applicable, with free-text keywords terms related to “cognitive frailty” frailty and “exercise exercise-based interventions.” . Search strategies were adapted to individual databaseseach information source, and the reference lists of included studies were manually screenedscreened for additional eligible studies. The final search was completed on February 20For Google Scholar, 2026the first 243 results ranked by relevance were screened. Full Complete search strategies and source-specific search details, including those for Web of Science, MEDLINE via Ovid, Google Scholar, and ProQuest, are available provided in Appendix 1.
2.2 Inclusion and exclusion criteria
Study selection eligibility was based on determined according to the PICOS framework, with inclusion and exclusion criteria applied as follows:.
2.2.1. Population
Studies involving older were eligible if they included adults aged ≥ ≥60 years diagnosed with cognitive frailty using validated instruments were included, regardless of sexfrailty, geographic region, or care setting. Cognitive frailty was defined as the co-occurrence coexistence of physical frailty (or pre-frailty) prefrailty and cognitive impairment in the absence of diagnosed established dementia. For the primary quantitative analysis, based on both components had to be verifiable from the definitions used eligibility criteria or participant assessments reported in the original studiesstudy; the authors’ use of the term “cognitive frailty” alone was not considered sufficient. Eligible studies were required to use Physical frailty or prefrailty was assessed using validated measures for both frailty and cognitive functionor established instruments, such as including the Fried frailty phenotype, FRAIL scale, Clinical Frailty Scale, Edmonton Frailty Scale, or other recognized frailty measures. Cognitive impairment was assessed using the Montreal Cognitive Assessment (MoCA), Mini-Mental State Examination (MMSE), or other established instrumentsvalidated cognitive measures.
For each trial, we extracted the frailty instrument and threshold, cognitive assessment and cutoff, inclusion of prefrailty, and method used to exclude dementia, with trial-specific definitions reported in Appendix 2. Studies involving participants with sarcopenia cognitive impairment alone, mild cognitive impairment without a defined frailty or prefrailty criterion, physical frailty alone, sarcopenia, or other chronic conditions without confirmed cognitive frailty were excludedexcluded from the primary analysis. Studies with incompletely operationalized cognitive frailty were also excluded unless both the physical frailty/prefrailty and cognitive impairment components could be verified.
2.2.2. Interventions and comparators
Eligible interventions included exercise-based programs, categorized into three typesincluded: (1) single-modality exercise interventions (e.g.exercise, such as resistance training, aerobic exercise, Baduanjin, Tai Chi, and yoga); (2) combined multicomponent exercise modalities within a unified integrating two or more exercise prescriptioncomponents; and (3) exercise-centered integrated interventions exercise combined with structured cognitive training, such as Baduanjin combined with cognitive training (e.g., BCCT), exercise-based cognitive combined training (EBCCT), and exercise-cognitive training/multicomponent training (ECT/MCT). These .
Treatment nodes were treated as distinct defined according to the principal intervention categories components and therapeutic characteristics rather than the terminology used in the network due to their unique and original studies. Interventions with clinically relevant comparable components were grouped within the same node, whereas those with materially different features, including virtual-reality components.
Non-exercise interventions , attentional-priority strategies, or sequential versus simultaneous cognitive-motor delivery, were defined retained as co-interventions that were not exercise-based and did not form part of a structured exercise programseparate nodes. These included pharmacological treatmentDetailed node definitions, nutritional supplementationintervention components, psychotherapyincluded trials, acupunctureparticipant numbers, education-only management, and other independent therapeutic measures. and single-trial nodes are provided in the supplementary materials.
Studies combining exercise with such non-exercise interventions treatments, such as pharmacological therapy, nutritional supplementation, psychotherapy, or acupuncture, were excluded to minimize conceptual and clinical heterogeneitywhen the independent effect of exercise could not be isolated.
Comparators included usual Comparator conditions were classified according to the intervention actually delivered. Usual care, health education, daily activities, wait-list control, or active comparatorshealth education without structured exercise, and routine daily activities were classified as defined in the original trials. Notably, exercise-plus-inactive or minimal-intervention controls (CG), whereas comparators involving structured exercise or cognitive-motor training interventions were classified as active controls (AC). CG and AC were retained modeled as separate intervention categories. Cognitive training was considered a rehabilitation-oriented behavioral component commonly combined with exercise nodes when both were present in cognitive frailty trialsan outcome network, and these combined interventions represented clinically meaningful this classification was applied consistently across network construction and connected nodes within the evidence network. Therefore, they were classified as distinct combined-intervention nodes rather than being merged with pure exercise interventionsanalysis.
2.2.3. Outcomes
The primary Prespecified outcomes were included global cognitive function, physical performancefunctional mobility, and muscle strength. The main instruments were MoCA for global cognitive function, TUG for and composite physical performance. Global cognitive function was assessed using the MoCA and MMSE, functional mobility using the Timed Up and handgrip strength for Go test (TUG), muscle strength using handgrip strength. Secondary outcomes included global cognitive function measured by MMSE , and composite physical function measured by performance using the Short Physical Performance Battery (SPPB). Studies were required to report at least one of these predefined outcomes with sufficient quantitative data for analysiseffect estimation.
2.2.4. Study design
Only randomized controlled trials (RCTs) were considered eligibleeligible for the primary analysis. Quasi-randomized studies were excluded from the primary analysis.
2.3 Study selection and data extraction
All records were imported into EndNote X9, X9 and duplicates were removed. Two reviewers (LYS and WA) independently screened titles, abstracts, and full texts according to the predefined eligibility criteria, with disagreements resolved through discussion or consultation with a third reviewer (YMJ). When multiple reports Multiple publications from the same study trial or participant cohort were identifiedlinked to avoid double counting, with the most complete publication was includedreport used as the primary source. Disagreements Publications, independent randomized trials, treatment arms, and unique participant cohorts were resolved by discussion or, when necessaryrecorded separately, by consultation with and reports from the same randomized cohort were treated as a third reviewer (YMJ)single trial dataset for quantitative synthesis.
Data extraction was conducted were independently extracted by two reviewers (LYS and YCW) using a standardized extraction form. Extracted data included , including study and participant characteristics, participant characteristicscognitive frailty diagnostic criteria, frailty instrument and threshold, cognitive assessment and cutoff, method of dementia exclusion, intervention and comparator detailscharacteristics, intervention frequency, session duration, total intervention duration, sample size by treatment arm, and prespecified outcome data for all predefined outcomesdata. For studies reporting multiple time pointsmulti-arm trials, all eligible arms were retained; shared comparator groups were entered only once, and correlations among treatment-effect estimates arising from a common comparator were accounted for through joint multi-arm modeling.
Post-intervention data immediately after were used for the intervention was extracted. Intentionprimary analysis, with intention-to-treat data were preferentially used preferred where available. If necessary, missing or incompletely reported data Missing statistics were estimated using derived from available statistics information when possible or requested from the original authors. Any discrepancies in data extraction Where reported, adverse events, adherence or attendance, withdrawals and dropouts, and indicators of intervention feasibility were resolved through discussion with arbitration by a third reviewer (YMJ)also extracted and summarized descriptively because of inconsistent reporting across trials.
2.4 Risk of bias assessment
The methodological quality Risk of included RCTs bias was independently assessed by two reviewers (LYS and WA) using the Cochrane Risk of Bias Tool 2.0 2 tool (RoB 2), which evaluates five domains) for outcome-specific results contributing to the network meta-analysis. Five domains were evaluated: bias arising from the randomization process, bias due to deviations from intended interventions, bias due to missing outcome data, bias in measurement of the outcome, and bias in selection of the reported result (Appendix 2)result. Each domain was and the overall risk of bias were rated as low risk, some concerns, or high riskrisk for each outcome-specific result (Appendix 3). Disagreements were resolved through discussion, with arbitration by a third reviewer consulted for arbitration when consensus was not achieved. necessary.
2.5 Data synthesis and statistical analysis
2.5.1 Effect measures and Bayesian network meta-analysis model specification
For continuous outcomes, the choice of effect measure was determined according to the measurement scale and clinical meaning of each outcome. When all studies used the same measurement unit or scale for a given outcome, mean differences (MDs) with 95% credible intervals (CrIs) were calculated. When different instruments, scales, measurement units, devices, or protocols were used to assess when studies applied the same constructscale or unit, whereas standardized mean differences (SMDs; Hedges’ g) were used to place the effects on a common metric. Hedges’ g was used as when different instruments assessed the estimator of SMD to provide a small-sample correction for Cohen’s dsame construct. Effect estimates directions were oriented such harmonized so that positive values indicated beneficial effectsimprovement, with the direction reversed except for outcomes where such as TUG, for which lower values indicated represented better performance (e.g., TUG)performance.
All Bayesian random-effects network meta-analyses were conducted in R using Bayesian random-effects models in R, implemented through the gemtc package. A random-effects model was adopted to account for , assuming a common between-study heterogeneity, and a uniform heterogeneity parameter within each outcome network. A Uniform(0,10) prior distribution was assigned to τ in the between-study heterogeneity parameter (dunifprimary models. Because several networks were small and sparse, sensitivity analyses used an alternative weakly informative half-normal prior, τ ~ Half-Normal (0, 10)) under the consistency framework1), to assess robustness to prior specification.
2.5.2 MCMC settings and convergence assessment
Markov Chain Monte Carlo (MCMC) simulation was performed using simulations used three chains, with 1,000 adaptation iterations as burn-in, followed by 5,000 sampling iterations per chain and a thinning interval of 5. Model convergence Convergence was assessed by visual inspection of using trace plots and posterior density plots, as well as by the Brooks-Gelman-Rubin diagnostic, and effective sample sizes. A potential Potential scale reduction factor (PSRF) values close to 1.00 was were considered indicative of satisfactory convergence.
2.5.3 Assessment of heterogeneity transitivity, heterogeneity, and inconsistency
The transitivity assumption Transitivity was assessed descriptively by comparing the distribution of potential effect modifiers across direct treatment comparisons, including age, sex, baseline cognitive and physical function, diagnostic criteria for cognitive frailtyfrailty criteria, intervention duration and frequency, session duration, frequency, and care setting, and comparator type. Network meta-analysis was deemed appropriate if the included Because several comparisons were sufficiently similar informed by only one or a few trials, transitivity was considered plausible when no clear systematic imbalance in clinically important effect modifiers was identified, rather than regarded as statistically confirmed. Relevant comparison-level characteristics are presented in these clinical and methodological aspectsthe supplementary materials.
Between-study heterogeneity was primarily assessed using the posterior estimate of the between-study standard deviation (τ). For pairwise comparisons , with sufficient studies, network-level I² was calculated values from the frequentist framework used as an additional measure of heterogeneitysupplementary measures. An I² value greater than 50% was considered indicative of moderate to substantial heterogeneity.
Consistency between direct and indirect evidence Inconsistency was evaluated both globally and locally. Global inconsistency was assessed using the design-by-treatment interaction model in a frequentist framework. Local inconsistency was examined through and locally using node-splitting analysis, comparing when both direct and indirect estimates for the same treatment comparisonevidence were available. Local inconsistency was considered significant if the node-splitting test yielded a A p-value < <0.05 and there were together with clinically meaningful differences between disagreement was considered suggestive of inconsistency. When formal testing was precluded by the direct and indirect estimatesnetwork structure, inconsistency was considered not assessable rather than absent.
2.5.4 Treatment ranking and presentation of results
To rank the relative effectiveness of the interventions, posterior Posterior ranking probabilities were obtained from the Bayesian network meta-analysis, including the probability of each treatment being ranked first, second, and so forth. Ranking results were presented using rankograms, rank probability bar charts, and cumulative ranking plots. The surface under the cumulative ranking curve (SUCRA) was values were calculated to summarize the cumulative ranking probability of for each intervention, with higher SUCRA values indicating a greater likelihood of being among the most effective interventions.
As a supplementary ranking metric, . P-scores were also calculated additionally obtained using the frequentist network meta-analysis framework implemented in the netmeta package to examine whether the framework as a supplementary ranking patterns were consistent with the Bayesian ranking resultsmeasure. SUCRA values and P-scores Rankings were interpreted as supportive ranking indicators rather than definitive alongside relative effect estimates, uncertainty, and certainty of evidence and were not considered independent evidence of intervention superiority, particularly when estimates were based on sparse networks, wide CrIs, or low-certainty evidence.
In addition, league . League tables and pairwise forest plots were generated used to present relative treatment effects and their corresponding 95% CrIs. Where appropriate, alternative interventions were used as reference comparators to facilitate clinical interpretation of the relative effects.
2.5.5 Sensitivity analyses
To evaluate Sensitivity analyses were performed to examine the robustness of the findings, primary Bayesian network meta-analysis using three approaches: (1) leave-one-study-out sensitivity analyses; (2) analyses were conducted by sequentially excluding individual studies from the network. Results were considered robust when the direction interventions that combined exercise with structured cognitive training or cognitive-motor components; and statistical significance (3) use of treatment effects remained materially unchanged.
In addition, given the reviewer’s concern regarding intervention classification, an additional sensitivity analysis was conducted by excluding exercise-plus-cognitive-training interventions from the networkalternative weakly informative half-normal prior for the between-study heterogeneity parameter τ. This analysis Robustness was used to examine whether the main effect estimates assessed by examining changes in relative treatment effects, 95% CrIs, treatment rankings, SUCRA values, heterogeneity estimates, and treatment rankings remained stable after removing this intervention categorysupplementary P-scores.
2.5.6 Subgroup analysis 
To further explore the potential impact of different intervention characteristics on outcome effects, exploratory Exploratory subgroup analyses, and supplementary sensitivity analyses, and descriptive supplementary 
Exploratory analyses were conducted for the MoCA, MMSE, and TUG outcomesTUG, where SPPB, and grip strength when sufficient evidence was data were available. These analyses focused , focusing on intervention typecontent, weekly intervention frequency, and intervention duration, and single-session duration, as appropriate.
Because these . These analyses were intended to supplement the main Bayesian network meta-analysis rather than to provide formal network estimates, they were conducted using a used frequentist pairwise meta-analysis framework. Therefore, results from these supplementary analyses and are presented reported as MDs with 95% CIs. These analyses Because they were based on study-level characteristics and did not designed as constitute formal interaction testsinteraction, and the number of studies within some subgroups was limited. Accordinglynetwork meta-regression, or dose-response analyses, the findings were considered exploratory and hypothesis-generating, generating and caution should be taken in their interpretationwere not used to define optimal exercise prescriptions.
2.5.7 Publication bias and small-study effects
Potential publication Publication bias and small-study effects were explored using comparison-adjusted funnel plots. Egger’s Egger-type regression test was performed formally interpreted when at least ten studies 10 independent source contrasts were available for an outcomeavailable; analyses in smaller networks were considered exploratory because of limited statistical power. Funnel plot asymmetry or a Begg and Thompson-Sharp tests were used as supplementary assessments where estimable. Non-significant Egger’s test was asymmetry tests were not interpreted as suggestive evidence of potential small-study effects or the absence of publication bias, whereas non-significant Egger’s test results were interpreted cautiously because of limited statistical powerparticularly in sparse networks or those containing single-study comparisons.
2.6 Certainty of evidence assessment
The certainty of evidence from the confidence in each outcome-specific network meta-analysis relative treatment-effect estimate was evaluated assessed using the CINeMA framework, which is adapted from the GRADE approach for network meta-analysis analysis (Nikolakopoulou et al., 2020)[17]. Six domains were assessedevaluated: within-study bias, across-studies bias, indirectness, imprecision, heterogeneity, and incoherence. The certainty of evidence for each outcome Each network comparison was categorized rated as high, moderate, low, or very low (certainty. CINeMA assessments were reported at the level of individual network comparisons rather than individual studies. The CINeMA framework and domain definitions are summarized in Appendix 3)4.

3 Results
3.1 Study selection and characteristics of included studies
A total of 26,944 records 19 publications were identified from nine databases. Following systematic screening procedures, 21 articles were ultimately included in the reviewfinal evidence synthesis, with the selection process illustrated in Figure 1 representing 17 independent randomized trial datasets and 1,691 unique participants after accounting for overlapping reports and shared comparator cohorts (Chen et al., 2021; Falck et al., 2025; Jiayuan et al., 2022; Kwan et al., 2024, 2021; Liao et al., 2025; Sánchez-Alcalá et al., 2025; Wang et al., 2024; Ye et al., 2024; Yoon et al., 2018, 2017; Zheng et al., 2025; Liu, Y.N. et al., 2024; Ye, M. et al., 2021; Xia, R., 2020; Zhang, Y. et al., 2024; Yang, L. et al., 2023; Lai, X.X. et al., 2024; Chen, H.Y. et al., 2023; Han, J. et al., 2022)[18–36]. Twelve studies Two publications, Xia et al. and Ye et al., were published in English reports from the same Baduanjin trial and nine in Chinesewere therefore linked as one participant cohort [28, 30]. The 21 studies enrolled a total of 2,053 participantstwo Liu et al. Five distinct clinical settings (2024) reports shared the same 36-participant comparator group and were reported, and baseline characteristics of all included treated as one shared-control multi-arm dataset rather than two independent two-arm trials [29, 35]. The publication-trial-cohort-arm relationships are summarized in Table 1, and trial-specific cognitive frailty diagnostic criteria are provided in Appendix 2. The study selection process is shown in Figure 1.
3.2 Risk of bias assessment
A risk-of-Risk of bias assessment was assessed using the Cochrane RoB 2 tool showed that nineteen studies for relevant outcome-specific results. Among the 18 assessments presented in Appendix 5, six were rated as low risk or risk [18, 20–23, 28], eleven as having some concerns [19, 24–27, 29, 31–33, 35, 36], whereas two studies were judged and one as having an overall high risk of biasoverall [34]. In particularConcerns arose mainly from the randomization process, most studies were judged as low risk for bias due to whereas missing outcome data, bias in measurement of the outcomeoutcome measurement, and bias in selection of the reported result (Appendix 4). By contrast, concerns were more common for bias arising from the randomization process and bias due generally judged to deviations from intended interventionsbe at low risk. Yoon et al. (2017) and Han et al. (2022) were judged was rated as high risk in the randomization domain, resulting in an overall because of a high-risk judgement judgement in the randomization domain (Yoon et al., 2017; Han, J. et al., 2022)[34].. 
3.3 Network structure and assessment of transitivity
Across all the five outcomes (MoCA, MMSE, TUG, SPPB, and grip strength), the network plots (Figure 2) evidence networks were generally predominantly centered on the control group (CG), which served as the primary comparator in nearly all trials. Several interventions, including motorMotor-cognitive training, Baduanjin-based programsinterventions, and resistance resistance- or strength training, were more frequently evaluated and connected to the CG through strength-oriented exercise had multiple direct comparisons, as indicated by thicker network edges. Converselycomparisons with CG, whereas many other interventions nodes were connected through informed by single studies, resulting in sparser edges sparse networks and increased greater reliance on indirect evidence. Network complexity varied across outcomes: MoCA and MMSE exhibited the highest diversity of included more intervention nodes and more extensive interconnectionsdirect comparisons than the other outcome networks, whereas grip while the grip-strength displayed a simple network was predominantly star-like configuration shaped without closed loops. Across treatment comparisons, key  (Figure 2 and appendix 6).
No consistent systematic imbalance was identified in major potential effect modifiers, including agemodifiers across treatment comparisons, sex distribution, diagnostic criteria for although variability remained in cognitive frailtyfrailty definitions, baseline cognitive function, baseline physical performance, intervention duration, intervention frequencycharacteristics, and care setting, comparator conditions. Transitivity was therefore considered plausible but not fully verifiable because several comparisons were broadly comparable, supporting the plausibility of the transitivity assumptioninformed by only one or a few studies.

Figure 1. PRISMA flow diagram of literature screening
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Table 1. Characteristics of the included randomized controlled trials publications and trial records in the network meta-analysis
	First author (year)
	
Country
	Sample size
	Age (Mean±SD)
	Intervention
Details
	
Control
	
Duration
	Frequency & Session Duration
	
Main outcomes measured

	
	
	Intervention
	Control
	Intervention
	Control
	
	
	
	
	

	L. Zheng et al. （2024）
	China

	33
	33
	80.88±8.75
	79.52±9.61
	DLRT
	UC
	12 weeks
	2 sessions/week, 45 min
	⑤

	Yoon, D.H. et al. (2018)
	South Korea
	20
	23
	73.82±4.37
	74.03±4.27
	RT
	DA
	16 weeks
	3 sessions/week, 60 min
	①②④

	X. Wang et al. (2024)
	China

	60
	60
	66.90 ±4.54
	67.64±5.49
	BE
	UC
	24 weeks
	3 sessions/week, 60 min
	③

	Y. Y. Liao et al. (2025)
	China
	20
	19
	77.5 ± 5.8
	79.3±6.9
	IBC
	SC
	12 weeks
	3 sessions/week, 40 min
	③

	Kwan RYC  et al. (2024)
	China
	146
	147
	75.2±7.1
	73.9±6.6
	MCT
	UC
	8 weeks
	2 sessions/week, 60 min
	③④

	Kwan RYC  et al. (2021)
	China
	9
	8
	72.81±6.12
	74.68±9.65
	MCT
	UC
	8 weeks
	2 sessions/week, 30 min
	③④

	J. Yuan et al. （2022）
	China
	31/30
	30
	71.70±3.90/
71.30±5.00
	70.80±4.20
	TC/MTC
	DA
	24 weeks
	2 sessions/week, 60 min
	①④⑤

	Dong Hyun Yoon et al. (2017)
	Korea
	14/9
	7
	75.0±3.46/76.0 ± 3.94
	78.0 ± 2.77
	HSPT/LSPT
	UC
	12 weeks
	2 sessions/week, 60 min
	①③④⑤

	Ryan S. Falck et al. (2025)
	Canada
	93
	99
	81.62±6.55
	83.31±5.88
	HBE
	UC
	1 year
	-
	①③

	X. Chen et al. (2021)
	China

	29
	30
	84.59±4.21
	84.75±5.41
	OE
	HE
	12 weeks
	3 sessions/week, 36 min
	④

	Y. Ye et al. (2024)
	China

	51
	51
	67.68± 5.19
	65.35±5.15
	BE
	UC
	24 weeks
	3 sessions/week, 60 min
	③

	M. Sánchez-Alcala et al. （2025）
	Spain
	47
	45
	71.43± 2.97
	72.24±2.92

	AE
	UC
	12 weeks
	2 sessions/week, 60 min
	③⑤

	N. Liu et al. (2024)
	China

	36/34
	36
	71.89±4.73/
70.74±3.82
	71.33±4.72
	MCT
	UC
	8 weeks
	3 sessions/week, 54 min
	⑤

	Y. Chen et al. (2023)
	China

	33
	33
	66.79±5.61
	67.85±5.41

	HIIT
	HE
	12 weeks
	3 sessions/week, 36 min
	③

	Y. Zhang et al. (2024)
	China

	83
	82
	74.83±3.52
	75.48±3.34
	BCCT
	HE
	12 weeks
	3 sessions/week, 35 min
	③⑤

	L. Yang et al. (2023)
	China

	40
	39
	67.5±3.1
	67.4±2.8
	BCCT
	DA
	12 weeks
	3 sessions/week, 60 min
	②③

	J. Han et al. (2022)
	China

	28
	28
	78.82±3.45
	78.57±2.33

	EBCCT
	DA
	3 months
	2 sessions/week, 60 min
	②⑤

	M. Ye et al. (2021)
	China

	45
	45
	72.33±6.21
	72.92±7.19

	ME
	HE
	6 months
	3 sessions/week, 45 min
	②③

	N. Liu et al. (2024)
	China

	35
	36
	70.40±4.18
	71.33±4.72
	MCT
	UC
	8 weeks
	3 sessions/week, 30 min
	⑤

	X. Lai et al. (2024)
	China

	36
	36
	74.81±8.23

	76.50±7.75

	MCT
	HE
	16 weeks
	2 sessions/week, 30 min
	③④

	R. Xia et al. (2020)
	China

	51
	51
	67.68±5.19

	65.35±5.15

	BE
	HE
	24 weeks
	3 sessions/week, 60 min
	②③


Note: ① SPPB; ; ② Grip strength; ; ③ MoCA; ; ④ TUG; ; ⑤ MMSE; . BE: , Baduanjin Exerciseexercise; IBC: Interactive Boxing- , interactive boxing-cycling; MCT: Motor, motor-cognitive training; HSPT: High-speed power training; LSPT: Low-speed power training; HBE: Home, home-based exercise; AE: Aerobic Exercise; HIIT: High, high-intensity interval training; BCCT: , Baduanjin combined with cognitive training; ME: Multicomponent , multicomponent exercise; DLRT: Daily Living Rehabilitation Training, daily living rehabilitation training; EBCCT: Elastic Based , elastic-band exercise combined with Cognitive Trainingcognitive training; TC: Taichi, Tai Chi; MTC: Mindful Taichi, mindful Tai Chi; ECT: Exercise , exercise combined with cognitive training; RT: Resistance Training, resistance training; OE: , Otago Exerciseexercise; CG, control group; AC, active comparator; UC: Ususal , usual care; HE: Health , health education; DA: Daily , daily activities; SC: Stationary , stationary cycling. Publications are not equivalent to independent trials. Xia et al. and Ye et al. reported the same Baduanjin participant cohort and were counted as one independent trial dataset. The two Liu et al. (2024) reports shared the same 36-participant comparator group and were modeled as one shared-control multi-arm dataset; the shared comparator was counted only once in the analysis.
Figure 2. Network plot of exercise interventions for outcomes
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Note: Network plots show the evidence structure for each outcome. Each node represents an intervention or comparator, and node size is proportional to the total number of participants receiving that intervention. Each edge represents a direct comparison between two interventions, and edge thickness is proportional to the number of direct comparisons. CG was the main comparator across networks.

3.4 Main effects of exercise interventions 
Detailed relative effect estimates and SUCRA values for each outcome are jointly presented in Figure 3. The following results are based on the updated intervention coding and the primary CG-connected network. For MoCA, the disconnected AC-IBC comparison was retained in the network component table but was not included in the primary SUCRA ranking. Detailed relative effect estimates, SUCRA values, and supplementary P-scores are provided in Appendix 6.
3.4.1 Global cognitive function
For global cognitive function, MoCA was used as the primary measure and MMSE as the secondary measure. For MoCATo avoid double counting of the overlapping Baduanjin cohort reported by Xia et al. and Ye et al., duplicate MoCA data from this cohort were included only once in the Bayesian network meta-analysis [28, 30]. ME showed that several interventions were associated with statistically significant improvements compared with the control group. The largest effects were observed for HSPT estimated improvement versus CG (MD = 6.154.81, 95% CrI = [2.07, CrI = -0.27 to 10.23]) and ME 66; SUCRA = 83.5), followed by BCCT (MD = 4.6825, 95% CrI CrI = [1.35, 8.01]0.22 to 8.39; SUCRA = 79.9). However, only BCCT and BE also showed significant benefitshad a 95% CrI excluding the null. BE, HIIT, while and MCT showed a positive but statistically non-significant trendtrends, whereas HBE showed no evidence of benefit.
For MMSE, several interventions also showed statistically significant improvements compared with the control group. The largest effects were observed for DLRT ranked highest by SUCRA (MD = 4.5559, 95% CrI = [2.01, 7.09]) and HSPT CrI = -8.20 to 17.12; SUCRA = 68.9), followed by VP-MCT (MD = 4.32, 95% CrI CrI = -8.13 to 17.11; SUCRA = [1.46, 6.96]68.1) and BCCT (MD = 4.04, 95% CrI = -9.13 to 16.85; SUCRA = 64.8). BCCT, MCT, LSPT, and EBCCT also showed significant benefits. AEEBCCT, ECT, and MTC also showed positive point estimates, but statistically non-significant trendsall credible intervals crossed zero. TC showed a negative point estimate (MD = -0.60, 95% CrI = -13.42 to 12.39), whereas TC did not show evidence of benefitwith substantial uncertainty.
3.4.2 Physical performance
Physical performance was assessed using TUG. Because lower TUG values indicate better physical performance, the estimates are reported on the original scale, where negative MDs represented improvement in this analysisrepresent improvement. The Bayesian network meta-analysis OE showed that OE and MCT_2024 were associated with statistically significant reductions the most favourable estimated reduction in TUG time compared with the control group. OE showed the most favourable trend CG (MD = −6.36-6.37, 95% CrI = [−9.26, −3.46]CrI = -13.07 to 0.29; SUCRA = 95.0), followed by MCT_2024 MCT (MD = -1.40, 95% CrI = -5.10 to 1.94; SUCRA = −2.0360.2) and MTC (MD = -1.11, 95% CrI = [−3.72, −0.34]CrI = -6.82 to 4.60; SUCRA = 53.2). However, the wide all credible intervals indicated considerable uncertainty in crossed the null value, indicating that the comparative effectsevidence for TUG improvement remained uncertain.
3.4.3 Muscle strength
Muscle strength was assessed using grip strength. The Bayesian network meta-analysis showed that ME and BE were associated with statistically significant improvements compared with showed the control group. The largest effect was observed for ME estimated improvement compared with CG and ranked highest by SUCRA (MD = 7.0601, 95% CrI = [5.24, 8.88]), followed by BE (MD CrI = -5.67 to 20.01; SUCRA = 1.92, 95% CrI = [0.45, 3.39]82.1). EBCCT EBCCT, BE, and BCCT showed a positive but statistically non-significant trendtrends, whereas BCCT with MDs of 2.93, 2.21, and 1.45, respectively. RT did not show showed no evidence of benefitbenefit (MD = -0.12, 95% CrI = -13.41 to 13.19). No intervention for grip strength had a 95% credible interval excluding zero.
3.4.4 Composite physical function
Composite physical function was assessed using SPPB. The Bayesian network meta-analysis showed that HSPT TC had the highest SUCRA value and LSPT were associated with statistically significant improvements compared with the control group. The largest effects were observed for HSPT positive point estimate compared with CG (MD = 3.220.66, 95% CrI CrI = [1.52, 4.82]) and LSPT -8.39 to 9.95; SUCRA = 61.0). RT showed a near-null estimate (MD = 2.990.05, 95% CrI CrI = [1.53, 4.45]). TC also showed a small but statistically significant benefit. In contrast, RT-9.00 to 9.51), MCT, while MTC and OE did not show evidence showed slightly negative point estimates. None of benefit, with the SPPB interventions had a credible intervals crossing interval excluding the null value, suggesting no robust evidence of superiority over CG for composite physical function in the updated analysis.

Figure 3. Effect of different interventions compared with control on outcome measures: network meta-analysis results
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Note: Detailed relative effect estimates and SUCRA values for each outcome are jointly presented in Figure 3. For each intervention, the forest plot shows the relative treatment effect compared with the control group and its 95% CrI, while the right-hand column provides the corresponding SUCRA value as supplementary ranking information. The SUCRA values were interpreted alongside the effect estimates and their uncertainty rather than as standalone evidence of intervention superiority.


3.5 Treatment ranking
Treatment ranking was summarized using posterior ranking probabilities and SUCRA values from the Bayesian network meta-analysis, with P-scores from the frequentist framework used as supplementary ranking evidence. To improve readability, Figure 4 presents the five interventions with the highest probability of being ranked ranking first for each outcome, while the full ranking probability distributions are provided in Appendix 5. Overall, the ranking patterns were generally consistent with the effect estimates reported above6. However, rankings Rankings were interpreted cautiously because they may be influenced by network sparsity, of sparse networks and uncertainty in effect estimates, and the number of studies contributing to each comparisonseveral comparisons.
For MoCA, HSPT ME showed the most favorable ranking profileprofile (51.0%, SUCRA = 83.5), followed by MEBCCT (31.7%, BCCTSUCRA = 79.9), IBCHIIT, BE, and HIITMCT. This ranking pattern was broadly consistent with the effect estimates, although only BCCT showed a 95% CrI excluding the null. For MMSE, DLRT showed the most favorable ranking profileprofile (27.1%; SUCRA = 68.9), followed by HSPTVP-MCT, BCCT, LSPTEBCCT, and MCT. .
For TUG, where lower values indicate better physical performance, OE had the ranked highest with a clearly dominant probability of ranking among the most effective interventions, followed first (88.5%; SUCRA = 95.0). The remaining interventions had much lower ranking probabilities; by MCT_2024rank-first probability, MTC, MCT_X_LaiRT, LSPTTC, and MCT_2021MCT followed OE, whereas SUCRA ranked MCT second overall.
For grip strength, ME showed the most favorable ranking profileranked highest (57.5%; SUCRA = 82.1), followed by EBCCT, BE, BCCT, and RT. For SPPB, HSPT and LSPT TC showed the most favorable ranking profilesprofile (32.8%; SUCRA = 61.0), followed by TC, RT, and OE. These , and MTC among the available active interventions.
Overall, the ranking results were broadly consistent with the relative effect estimates but should be interpreted alongside the corresponding effect estimatestogether with credible intervals, heterogeneity, heterogeneity and inconsistency assessmentsinconsistency, and certainty of evidence, evidence rather than as standalone evidence of intervention superiority.


Figure 4. Cumulative ranking probability curves of different interventions for improving the outcomes
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Note: Cumulative ranking probability curves show the probability that each intervention ranks among the best interventions for each outcome. Curves closer to the upper-left corner indicate more favourable rankings. For TUG, rankings were interpreted in the direction of greater reduction in TUG time. Ranking results should be interpreted alongside effect estimates, uncertainty intervals, heterogeneity, inconsistency, and certainty of evidence.
3.6 Model convergence, heterogeneity, and inconsistency
Detailed convergence diagnostics, heterogeneity estimates, and inconsistency feasibility assessments are provided in Appendix 7.
3.6.1 Model convergence
In Across the five Bayesian network meta-analysis of all five outcome indicatorsmodels, the model demonstrated satisfactory numerical convergence and sampling stabilitydiagnostics indicated adequate convergence. The potential scale reduction factor (PSRF) for each parameter was close to 1.0, ranging from 0.999 PSRF point estimates ranged from 1.000 to 1.03008, and the multivariate upper limits of the PSRF ranged from 1.01 000 to 1.02030. Effective sample sizes ranged from 266 to 3725 across monitored parameters. The trace plots showed that For the Markov chain Monte Carlo chains were well mixedheterogeneity parameter, with no systematic drift. The posterior density plots were unimodal and smooth, suggesting stable posterior sampling. The the upper limits of the PSRF for the heterogeneity parameter (sd.d) ranged from 1.03 008 to 1.05030, which were slightly higher than those of other parameters but remained within an indicating acceptable rangeconvergence, although sampling precision was lower for some sparse networks. These findings indicated that the models achieved adequate Overall, no evidence of non-convergence across the five outcomes. The diagnostic plots are presented in Appendix 6was detected.
3.6.2 Heterogeneity analysis
Heterogeneity was assessed separately for each outcome network. Substantial In the supplementary frequentist framework, substantial heterogeneity was observed in the for MoCA network (τ = 1.287, τ² = 1.657772, I² = 84.8%). Design-specific decomposition suggested that this heterogeneity was mainly driven by the CG:MCT design (89.4%, Q = 24.5637.75, df = 24, P < 0.0001) and the CG:BCCT design (001). For TUG, heterogeneity was not statistically significant (τ = 0, I² = 0%, Q = 12.300.86, df = 12, P = 0.0005)650). For MMSE, whereas the CG:BE design showed no significant heterogeneity. Substantial SPPB, and grip strength, heterogeneity was also observed parameters could not be reliably estimated in the MMSE network (frequentist framework because the corresponding networks had zero degrees of freedom.
In the Bayesian random-effects models with the primary Uniform(0, 10) prior for τ, posterior heterogeneity estimates were imprecise, with wide 95% CrIs: MoCA τ = 1.030, τ² 2.36 (95% CrI = 1.0610.90 to 6.01), I² MMSE τ = 81.9%). Q decomposition indicated significant within-design heterogeneity (Q = 5.525.11 (0.35 to 9.79), df TUG τ = 1, P = 0.0188.80 (0.02 to 8.11), mainly driven by the CG:MCT design.
In contrast, for TUGSPPB τ = 4.19 (0.21 to 9.51), and grip strength, and SPPB, the between-study heterogeneity parameter strength τ was estimated at the boundary value of zero, which should not be interpreted as evidence of no heterogeneity given the sparse network structure and limited number of studies= 5.07 (0.21 to 9.76). These findings indicate that heterogeneity was mainly concentrated in reflect the cognitive outcome networks. Therefore, results for MoCA sparse network structures and MMSElimited replicated comparisons, particularly so treatment rankings effects and comparisons supported by heterogeneous evidence, rankings should be interpreted cautiously. For TUG, grip strength, and SPPB, the absence of estimable heterogeneity should also be interpreted with caution because several intervention nodes were informed by a limited number of studies.
3.6.3 Inconsistency analysis
In the MoCA and MMSE networks, the Inconsistency was assessed using design-by-treatment interaction models did not provide formally testable global decomposition and node-splitting where possible. Formal inconsistency because testing was limited by the between-design components had zero degrees of freedomsparse and predominantly control-centered network structures. For MoCAIn the MoCA network, Q decomposition showed significant within-design total heterogeneity (Q = 39.3637.75, df = 64, P < 0.0001), mainly driven by which was entirely attributable to within-design heterogeneity rather than between-design inconsistency. The main contributors were the CG:MCT design (Q = 24.56, df = 2, P < 0.0001) and the CG:BCCT designs. For MMSE, significant within-design heterogeneity was also observed (Q = 5.5212.30, df = 1, P = 0.0188), mainly driven by the CG:MCT design0005). These findings suggest that the observed variability in the cognitive outcome networks was more likely attributable to withinThe between-design heterogeneity than to detectable disagreement between direct component had zero degrees of freedom and indirect evidencetherefore could not be formally tested.
For TUG, Q decomposition did not indicate significant heterogeneity (Q = 0.86, grip strengthdf = 2, P = 0.6502), and SPPB, the sparse and largely star-shaped network structures limited formal inconsistency assessmentbetween-design component again had zero degrees of freedom. The For MMSE, SPPB, and grip strength, design-by-treatment models decomposition was not informative because the relevant components had zero degrees of freedom, and node. Node-splitting analyses did not provide valid local inconsistency testsidentify any comparison with both direct and indirect evidence across the five outcomes. OverallTherefore, no formally testable global inconsistency was identified; howeverdetected, inconsistency assessment was limited by but this should be interpreted as a limitation of the sparse network structures, especially in the functional outcome networksstructures rather than evidence of consistency.
3.7 Sensitivity and supplementary analyses
Full leave-one-study-out results, alternative-prior analyses, and exploratory subgroup summaries are provided in Appendix 8.
3.7.1 Sensitivity analyses
Leave-one-study-out sensitivity analysis
The robustness of the network estimates was assessed analyses were conducted separately for each outcome using outcome. Overall, rankings were relatively stable for MoCA, TUG, and grip strength, but less stable for MMSE and SPPB because several leading nodes were supported by single studies. ME ranked first for MoCA in 7 of 10 leave-one-study-out sensitivity analyses. Changes in relative effect estimatesmodels, Bayesian ranking probabilitiesOE remained highest for TUG in 5 of 6 models, and supplementary frequentist P-scores were examined across sensitivity ME remained highest for grip strength in 4 of 5 models. OverallFor MMSE, the main effect estimates leading rank alternated mainly between DLRT and ranking patterns remained broadly stable after sequential exclusion of individual studiesVP-MCT, while SPPB rankings changed when single-study nodes were removed.
For MoCA, HSPT remained In the highest-ranked interventionsensitivity analysis excluding interventions that combined exercise with structured cognitive or cognitive-motor components, followed by BCCT and ME, although the rankings of BCCT remaining networks became smaller and MCT showed some variation after exclusion of individual studiesmore sparse. For MMSEThe CG-connected networks included 5, DLRT consistently ranked highest1, followed by HSPT and BCCT3, 3, whereas MCT showed greater variability in both effect estimates and supplementary frequentist P-scores3 independent model studies for MoCA, suggesting less stable ranking performance. For MMSE, TUG, OE remained the top-ranked interventionSPPB, followed by MCT_2024 and HSPT, with minimal changes in effect estimates across sensitivity models. For grip strength, respectively. ME consistently remained highest ranked highestfor MoCA (SUCRA = 86.2) and grip strength (SUCRA = 85.0), followed by EBCCT OE remained highest for TUG, and BETC ranked highest for SPPB. For SPPBThe MMSE network was reduced to a single TC-CG comparison and was therefore not informative for ranking.
The alternative weakly informative half-normal prior for τ produced smaller posterior heterogeneity estimates than the primary Uniform(0, HSPT 10) prior, with τ means ranging from 0.62 to 1.42 across outcomes. The main ranking patterns were broadly unchanged: ME and LSPT BCCT remained the two highest-ranked leading MoCA interventions, DLRT and VP-MCT remained among the leading MMSE interventions, whereas OE remained highest for TUG, ME remained highest for grip strength, and TC showed greater variability in supplementary frequentist P-scoresremained highest for SPPB. These sensitivity findings suggest that supported the overall robustness of the main conclusions were generally robust, although rankings for some interventions should be interpreted cautiously because but also highlighted the influence of sparse evidence networks and sensitivity to individual studies. The specific figures can be found in the Appendix 7single-study nodes.
3.7.2 Exploratory subgroup and supplementary pairwise analyses
Exploratory subgroup analyses and parameter-based supplementary analyses were conducted using a frequentist pairwise meta-analysis framework. Therefore, results in this section framework and are presented as MDs with 95% CIs rather than 95% CrIsCIs. These analyses were designed intended to supplement the main Bayesian network meta-analysis and were not intended as formal tests of interaction effects. The specific figures can be found in the Figure 5.. Figure 5 presents exploratory analyses by intervention content, weekly frequency, and total intervention duration.
For MoCA, supplementary pairwise analyses suggested favorable effects for both exercise-only exercise plus cognitive/dual-task interventions (MD = 2.98, 95% CI = 1.19 to 4.77) and combined interventions. Among exercise-only interventions, HSPT, ME, BE, and MCT showed statistically significant improvements, with the largest effect observed for HSPT or mind-body interventions (MD = 6.152.13, 95% CI = [2.19, 10.11])0.29 to 3.97) showed favorable effects. Among combined interventions, BCCT also Three-times-weekly interventions showed a significant benefit larger effect (MD = 4.273.40, 95% CI = [1.62, 6.91]). Analyses by weekly frequency suggested positive effects for both 2.24 to 4.55) than twice-weekly and three-times-weekly interventions, while descriptive analyses suggested that 16-week MCT was more and interventions lasting 12 to 16 weeks showed the most favorable than 8-week MCT. Overallduration-based estimate (MD = 3.83, HSPT, ME, BCCT, and BE showed relatively consistent positive findings for MoCA, but these results remain exploratory because several subgroups were informed by limited evidence95% CI = 2.67 to 4.99).
For MMSE, supplementary pairwise analyses showed significant improvements favorable effects were mainly observed for HSPTexercise plus cognitive/dual-task interventions (MD = 2.87, MCT95% CI = 1.75 to 3.99), and LSPT among exercise-only interventions, with the largest effect observed for HSPT three-times-weekly interventions (MD = 4.223.14, 95% CI = [1.71, 6.73]). Among combined interventions76 to 4.51), BCCT and EBCCT showed significant benefits, with a larger effect observed for BCCT interventions lasting 12 to 16 weeks (MD = 4.083.63, 95% CI = [2.95, 5.21]36 to 4.90). Analyses by weekly frequency suggested that both twice-weekly and three-times-weekly interventions were associated with cognitive improvement. Descriptive analyses further suggested that 54-min MCT sessions were more favorable than 30-min sessions. Overall, HSPT, BCCT, MCT, LSPT, The exercise-only or mind-body subgroup was based on a single study and EBCCT showed positive findings for MMSE, although the subgroup did not show clear evidence remained limitedof benefit.
For TUG, where lower values indicate better functional mobility; thereforeperformance, negative MDs represent greater improvement. Supplementary pairwise analyses suggested that most Exercise plus cognitive/dual-task interventions favored the intervention group. OE showed the largest reduction in reduced TUG time (MD = −6.36-1.17, 95% CI = [−9.26, −3.46]-1.53 to -0.82), while MCT, HSPT, LSPT, MTC, and TC also exercise-only or mind-body interventions showed statistically significant reductions. Analyses by weekly frequency suggested improvements for both twice-weekly and three-times-weekly interventionsa larger but more uncertain estimate (MD = -2.28, 95% CI = -5.76 to 1.20). Descriptive analyses of MCT suggested that 60-min sessions Twice-weekly interventions were associated with significant improvementreduced TUG time (MD = -0.99, whereas 30-min sessions were not. These findings suggest potential benefits of OE and several motor-cognitive or traditional 95% CI = -1.41 to -0.57).
For grip strength, exercise plus cognitive/dual-task interventions for functional mobilityshowed a small favorable effect (MD = 2.26, 95% CI = 0.05 to 4.48), while exercise-only or mind-body interventions showed a positive but they should be interpreted cautiously because they were exploratory and not based on formal interaction testing.
imprecise estimate (MD = 3.22, 95% CI = -0.96 to 7.39). For grip strength and SPPB, no further exploratory subgroup or supplementary pairwise analyses were conducted because estimates did not show clear evidence of benefit, with estimates close to the limited number of studies null and sparse network structures. Findings for these outcomes wide confidence intervals.
Overall, the exploratory subgroup findings were therefore based on broadly consistent with the overall main network meta-analysis and estimates, but they should be interpreted with cautioncautiously because several subgroups included only one or a few studies and were not based on randomized subgroup comparisons.
3.8 Small-study effects
Small-study effects were assessed separately for each outcome network using comparison-adjusted funnel plots. For the MoCA network, which The primary CG-connected analyses included 13 original studies (Falck et al., 2025; Kwan et al., 2024, 2021; Liao et al., 2025; Sánchez-Alcalá et al., 2025; Wang et al., 2024; Ye et al., 2024; Yoon et al., 2017; Ye, M. et al., 2021; Xia, R., 2020; Zhang, Y. et al., 2024; Yang, L. et al., 2023; Lai, X.X. et al., 2024; Chen, H.Y. et al., 2023;)10, exploratory network-level 8, 7, 4, and 5 source contrasts for MoCA, MMSE, TUG, SPPB, and grip strength, respectively.
For MoCA, Egger-type regression did not indicate statistically showed no significant small-study effects funnel plot asymmetry (P = 0.589). Visual inspection of the comparison-adjusted funnel plot identified three points outside the expected 95% limits0895), mainly involving the CG:MCT consistent with non-significant Begg and BCCT:CG comparisons. These deviations may reflect between-study heterogeneity or instability within specific comparisons rather than definite publication bias.
For MMSEThompson-Sharp tests (P = 0.7884 and P = 0.4438, respectively). For TUG, grip strength, and SPPBexploratory Egger-type regression was also non-significant (P = 0.8296), although the number of included studies data points was fewer than 10 in each networkbelow the conventional threshold for reliable testing. Therefore, formal statistical tests Formal regression-based assessments for funnel plot asymmetry were not performedMMSE, SPPB, and assessment grip strength were not informative because of small-study effects was considered exploratory. limited variation in comparison-adjusted effects.
Overall, there was no statistically significant clear evidence of small-study effects in the MoCA networkwas observed; however, while evidence for these findings should be interpreted cautiously because of sparse networks and the remaining outcomes was insufficient for formal assessmentpredominance of single-study direct comparisons. Detailed small-study effect assessments and comparison-adjusted funnel plots are provided in Appendix 9.
3.9 Certainty of evidence
Evidence credibility The certainty of evidence was evaluated using the CINeMA framework at the level of network treatment comparisons (Appendix 89). Overall, the certainty of evidence for most network estimates was were rated as moderate to lowlow certainty, with some comparisons rated as very low low. Downgrading was mainly because of due to within-study bias, indirectness, and imprecision. Although the direction of effects was generally consistent for several interventions, the certainty of comparative evidence remains limitedand sparse network structures. Therefore, the network favorable point estimates and treatment or rankings should be interpreted cautiouslycautiously alongside the corresponding risk-of-bias, particularly for comparisons based on sparse evidenceheterogeneity, imprecise intervalsinconsistency, or studies with higher risk of bias.

and imprecision assessments.
Figure 5. Exploratory subgroup analysis, weekly-frequency sensitivity analysis, and descriptive supplementary analysis for outcomes
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Note: The MoCA, MMSE, and TUG figures present Forest plots show exploratory subgroup analysespairwise pooled mean differences according to intervention content, weekly-frequency sensitivity analysesweekly frequency, and descriptive supplementary analysestotal intervention duration. Effect estimates are expressed as Points represent mean differences (MDs) with and horizontal lines represent 95% confidence intervals (CIs)intervals. For MoCA and MMSE, an MD greater than 0 The value of k indicates greater improvement in the intervention group than in the number of intervention-control groupcomparisons included in each subgroup. For TUGMoCA, lower values indicate better functional mobility; thereforeMMSE, an MD less than 0 favors the intervention group. In each figureSPPB, the first section presents exploratory subgroup analyses by intervention typeand grip strength, positive mean differences favor the second section presents supplementary sensitivity analyses by weekly intervention frequencyintervention; for TUG, and negative mean differences favor the third section presents descriptive within-intervention prescription comparisonsbecause lower TUG time indicates better physical performance. The descriptive supplementary These analyses were intended to explore potential differences across prescription parameters exploratory and should were not be interpreted as formal tests of subgroup network meta-analyses or interaction testsinteraction.

3.10 Safety, adherence, and feasibility
Reporting of adverse events, adherence, withdrawals, and feasibility was inconsistent across trials, precluding quantitative synthesis. Available trial-level information is summarized in Appendix 10.


4 Discussion
This NMA systematically compared the relative efficacy of 15 types of exercise exercise-based interventions on five core across cognitive and physical outcomes in elderly individuals older adults with cognitive declinefrailty. The overall results showed that exercise interventions had certain positive effects on cognitive function, physical function, and muscle strengthcomparative patterns differed across outcomes. HoweverFor MoCA, ME showed the advantages of different most favorable ranking profile, whereas BCCT was the only intervention types were highly specific to whose 95% CrI excluded the outcomesnull. Among them, HSPT DLRT ranked high in the MoCA, highest for MMSE, and SPPB outcomes, suggesting that the strength training spectrum might be a relatively stable and effective intervention category OE for elderly individuals with cognitive decline. MeanwhileTUG, ME had good performance in the MoCA and for grip strength, OE had and TC for SPPB; however, the most significant improvement in corresponding credible intervals generally included the TUGnull. Therefore, and BE had potential advantages in the outcome these rankings should be interpreted as relative probabilistic patterns rather than evidence of grip strength definitive superiority. Subgroup analysis also showed that the intervention effect of MCT may be affected Interpretation is further constrained by the duration of a single training session and the intervention period sparse networks, and the dose-response patterns substantial heterogeneity in different outcomes were not completely consistent .
In this studycognitive outcomes, the overall effect and predominantly moderate-to-low certainty of the strength training program intervention was found to be evidence. Some interventions also produced relatively stablelarge point estimates, suggesting that a training model centered on improving muscle particularly OE for TUG and ME for grip strength, muscle power; however, their credible intervals were wide and neuromuscular function may better meet included the null. Given the dual intervention needs limited number of cognitive decline contributing studies and physical functional deterioration in elderly individuals with cognitive impairment. Compared with simple aerobic exercise or general activities promotionthe presence of single-study nodes, strength training these large estimates should not only improves muscle strength, walking speed, balance, and lower limb function but may also have indirect or direct effects on necessarily be interpreted as clinically robust effects.
In terms of cognitive function through neuromuscular adaptationoutcomes, metabolic regulation, vascular protection, ME and muscle-brain axis-related mechanisms (Smolarek et al., 2016). Among the specific intervention measures included, HSPT BCCT showed prominent multi-dimensional benefit signals, ranking relatively high in outcomes such as favorable signals for MoCA, whereas DLRT ranked highest for MMSE; however, and SPPBmost corresponding estimates remained imprecise. Accordingly, suggesting that it may be the superior form present findings should be interpreted as signals of strength training spectrum potential benefit rather than definitive evidence of superiority for any specific intervention. Previous systematic reviews have similarly suggested that combines exercise, particularly multicomponent programs, may improve cognitive function and physical function improvement. Compared in older adults with traditional low-speed resistance training, HSPT emphasizes rapid concentric contraction and power output, thus being more conducive to improving the lower limb explosive powercognitive frailty, motor unit recruitment efficiency, gait performance, and balance control in the elderly although effect sizes vary substantially across intervention types (Sayers and Gibson[15, 2014)37]. A randomized controlled trial Considerable between-study heterogeneity was observed for independent elderly individuals also indicated that 16 weeks of high-speed resistance training could significantly improve chair standcognitive outcomes, TUGparticularly within the MoCA network. In the present analysis, medicine ball throwingthis heterogeneity may reflect differences in baseline cognitive and physical function, 6-minute walkintervention composition, grip strengthtraining dose, and MMSE scorescomparator conditions, providing clinical support for HSPT in achieving dual benefits of cognition and physical function (Duarte Martins et al., 2024).
From the perspective of potential mechanisms, the advantages operationalization of HSPT may not only stem from cognitive frailty across trials. Given the improvement limited number of muscle strength but also be related studies contributing to the neural-muscle adaptation induced by high-intensity and rapid muscle contractionsseveral comparisons, as well as the regulation formal analyses to identify specific sources of the muscle-brain axisheterogeneity were not feasible. Rapid resistance contractions can enhance the excitability of the neuromuscular system and the synchronous recruitment of motor units; improve lower limb power output and the degree of gait automationConsequently, thereby reducing the cognitive load during dual-task walking; and promote the synergistic improvement of executive function and mobility. At the same time, higher-intensity muscle contractions can activate the AMPK/SIRT1/PGC-1α signaling pathway, promote the expression of FNDC5 and release irisin, thereby mediating molecular interactions between skeletal muscle, bone tissue and the central nervous system; irisin may improve learning effect estimates and memory and overall rankings for cognitive performance by upregulating BDNF expressionoutcomes should be interpreted with caution, enhancing synaptic plasticity and promoting hippocampal neurogenesis (Li et al., 2025). Moreover, particularly when the metabolic stress and mechanical load induced network is sparse or when nodes are supported by high-intensity resistance training may, through pathways only a few studies. In such as IGF-1, Akt/mTORcontexts, p38 MAPK and mitochondrial biogenesisranking metrics should be considered alongside relative effects, promote muscle protein synthesiscredible intervals, glucose uptake and energy metabolism, providing more stable peripheral metabolic support for neuronal activity the certainty of evidence (Fiorenza et al., 2018; Yan et al.[38, 2021)39]. At the inflammatory and oxidative stress level, the irisin and related myogenic factors induced by .
The potential benefits of multicomponent exercise may inhibit NF-κB signaling, activate the Nrf-2 antioxidant response, and alleviate neuroinflammation and oxidative damage mediated by microglia (Xie et al., 2024); at the same time, the activation of the AMPK–Akt–eNOS–NO pathway combined exercise–cognitive interventions observed in this study may improve vascular endothelial function and reflect multiple interacting physiological mechanisms, including improved cerebral perfusion, providing a vascular protection basis for cognitive function improvement (Wen et al., 2025). Overallenhanced neuroplasticity, the higher ranking of HSPT may be related to the synergistic effects of improvement in strengthened neuromuscular function, peripheral better metabolic remodelingregulation, vascular protection and central neural plasticityfacilitation of muscle–brain axis signaling [40–42]. These pathways may plausibly influence both cognitive and physical domains and therefore provide a biological rationale for the cross-domain effects observed with some multicomponent interventions. However, current studies these mechanisms were not directly verifying the mechanism of HSPT tested in cognitive-impaired populations are still relatively limited, and most of the randomized controlled trials included in this analysis. Current supportive evidence comes mainly from studies in general elderly or older adults, individuals with mild cognitive impairment populationsimpairment, and selected mechanistic investigations, rather than from trials specifically in cognitively frail populations [43]. In Thus, these biological mechanisms should be viewed as hypothetical explanations for our findings, rather than as direct evidence establishing the future, it is still necessary to further validate through comparative superiority of multicomponent or combined exercise–cognitive interventions. Future studies incorporating neuroimaging, biomarkers, muscle function indicators measures, and long-term follow-up studiesare needed to further validate these potential pathways in cognitive frailty.
The Exploratory subgroup analysis of this study indicates analyses suggested that the efficacy of MCT may be influenced effect estimates varied by the training dose, the duration of each sessionintervention type, and the implementation formweekly training frequency, and this influence is not consistent across different outcomestotal intervention duration. In the For MoCA outcomeand MMSE, the 30-minute MCT protocol is exercise combined with cognitive or dual-task training generally showed more effective than the 60-minute protocolfavorable effects, with larger point estimates observed for interventions delivered three times weekly and the effect of the 16-week intervention is significantly higher than that of the 8-week interventionlasting 12-16 weeks. For TUG, suggesting that for the global cognitive function represented by MoCA, exercise plus cognitive benefits may be more dependent on the accumulation of long-term, regular, and sustainable training rather than simply extending the duration of a single or dual-task training sessionand interventions delivered twice weekly suggested some improvement, whereas no clear advantage was observed across SPPB subgroups. Previous Included studies have shown that long-term MCT helps promote the establishment of new synaptic connections also showed heterogeneity in nerve cells, thereby improving the function of training dose and delivery even when the central nervous system (Zhou et al., 2025)intervention was classified as MCT. HoweverFor example, people with cognitive decline often have insufficient attention resource reserves and decreased neural metabolic efficiencyKwan et al. An excessively long single MCT session may induce central fatiguedelivered an 8-week program with two sessions per week lasting either 30 or 60 minutes, thereby weakening the immediate training effect and reducing long-term compliance whereas Lai et al. used a 16-week protocol with two 30-minute sessions weekly (Pellerin[22, 2025)23, 31]. Different from MoCAHowever, MMSE and TUG show a better improvement trend in longer single MCT sessions, suggesting that they may be more dependent these subgroup analyses were based on adequate stimulus intensity, action repetitionstudy-level characteristics rather than randomized comparisons of different exercise doses, and functional task practiceno formal interaction or dose-response analyses were conducted. As an overall cognitive screening toolAccordingly, the MMSE these findings should be interpreted as hypothesis-generating. They may require more repetition exposure for tasks related to orientationinform future trials directly comparing different training frequencies, attentionsession durations, memoryand intervention periods, and language in order but are insufficient to strengthen neural connections and improve cognitive processing efficiency (Galasko et al., 1993); meanwhiledetermine an optimal exercise dose.
Across exercise modalities, the TUG, which serves as a functional mobility indicator, requires sufficient proprioceptive input, gait dynamic adjustment, ME and posture transformation practice (Bonnyaud et al., 2015)traditional mind-body exercise showed potentially favorable signals. ThereforeDespite favorable SUCRA rankings for MoCA and grip strength, the prescription of MCT may need to follow an outcome-oriented dose stratification logic: when 95% credible intervals for both ME estimates included the main goal is global cognitive improvementnull, a tendency towards short single sessions and long-term cycles may no firm conclusions could be preferreddrawn regarding its superiority over other exercise types. Previous randomized controlled trials in older adults with mild cognitive impairment have shown that comprehensive programs incorporating aerobic, while when the main goal is to improve mobility functionsresistance, the duration of a single training session balance, and cognitive stimulation components can be appropriately extended under the premise of safety improve selected cognitive and tolerabilityphysical outcomes, and providing some support for the proportion of task repetition and multi-task integration can be increased.
The subgroup analysis of this study indicates that the efficacy possible cross-domain effects of MCT may be influenced by the multicomponent training dose[44]. However, the duration of each sessionthis evidence comes mainly from MCI populations, and considerable heterogeneity exists in the implementation form, specific components and this influence is not consistent training doses used across different outcomesME studies. In the MoCA outcomeBaduanjin also showed favorable point estimates for some outcomes, the 30-minute MCT protocol is more effective than the 60-minute protocolincluding grip strength, and although the effect of the 16-week intervention is significantly higher than corresponding network estimates remained imprecise. Randomized trials in older adults with cognitive frailty suggest that 24 weeks of the 8-week interventionBaduanjin training may improve MoCA scores, suggesting that for the global cognitive executive function represented by MoCA, cognitive benefits may be more dependent on the accumulation and some measures of long-termphysical function, regular, and sustainable training rather than simply extending the duration providing preliminary evidence of a single training session. Previous studies have shown that long-term MCT helps promote the establishment of new synaptic connections its potential value in nerve cells, thereby improving the function of the central nervous system this population (Zhou et al.[45, 2025)46]. However, people with cognitive decline often have there is currently insufficient attention resource reserves and decreased neural metabolic efficiency. An excessively long single MCT session may induce central fatigue, thereby weakening the immediate training effect and reducing long-term compliance (Pellerin, 2025)evidence to recommend Baduanjin as a preferred or first-line intervention. Different from MoCAFuture research should rigorously evaluate its efficacy, adherence, MMSE and TUG show a better improvement trend safety.
The interpretation of our findings is constrained by heterogeneity in longer single MCT sessions, suggesting that they may be more dependent on adequate stimulus intensity, action repetition, the definition of cognitive frailty and functional task practiceby the sparsity of the evidence network. As an overall cognitive screening tool, Included studies varied in the MMSE may require more repetition exposure for tasks related to orientation, attention, memory, instruments and language thresholds used to strengthen neural connections and improve cognitive processing efficiency (Galasko et al., 1993); meanwhileassess frailty, the TUG, which serves as a functional mobility indicator, requires sufficient proprioceptive input, gait dynamic adjustment, and posture transformation practice (Bonnyaud et al., 2015). Therefore, the prescription inclusion or exclusion of MCT may need to follow an outcome-oriented dose stratification logic: when pre-frail participants, the main goal is global cognitive improvement, a tendency towards short single sessions screening tools and long-term cycles may be preferredcut-offs applied, while when and the main goal is approaches used to improve mobility functions, exclude dementia. Previous work has highlighted the duration absence of a single training session can be appropriately extended under the premise of safety and tolerabilityunified diagnostic criterion for cognitive frailty, and such operational heterogeneity may compromise the proportion comparability of task repetition study populations and multi-task integration can be increased.
In this study, ME performed impressively in the MoCA and grip strength outcomesinterpretability of intervention effects [47, 48]. Although no systematic imbalance in major effect modifiers was detected across direct comparisons, suggesting that many comparisons were supported by only one or a combined program integrating aerobicfew studies, resistance, balance, and dual-task cognitive training might be more suitable for limiting the ability to adequately evaluate the transitivity assumption. Most networks were star-shaped around the multi-dimensional functional impairments of elderly individuals control group, with CF. Its potential advantage lies in the multi-target synergy: aerobic exercise can improve cerebral perfusion several nodes supported by single-study nodes and vascular endothelial function; resistance training can promote muscle protein synthesis through mechanical loadlacking closed loops; and balance and dual-task training can help enhance postural controlconsequently, cognitive engagementformal inconsistency testing was restricted, and neural the absence of detected inconsistency should not be equated with evidence of network adaptation (Chai et al., 2024; Trigiani and Hamel, 2017; Zhao, 2025)consistency. HoweverFurthermore, the high heterogeneity SUCRA values or probabilities of ME still limits its precise application. Existing studies vary greatly in training componentsbeing ranked first may be influenced by small sample sizes, intensity settingssingle-study nodes, single session duration, weekly frequency, intervention cycle, and supervision methods, making it difficult to simply attribute the imprecise effect to the combination of componentsestimates. MoreoverMethodological research has shown that treatment rankings in network meta-analysis carry inherent uncertainty, the benefits of exercise and high rankings do not necessarily increase linearly with the increase in training components, and excessive task load may induce central fatigue, interfere with the neuroplasticity process, and reduce long-term compliance indicate clear clinical superiority (Tornero-Aguilera et al., 2022)[49]. Therefore, future research should not only focus on whether the multi-component scheme is effective but ranking results in this study should further clarify the core training componentsbe interpreted in conjunction with relative effects, appropriate dosescredible intervals, and implementation conditions required for different functional subgroupsCINeMA-based assessments of evidence certainty.
Meanwhile, traditional Chinese exercises also demonstrate certain potential for From a clinical applicationperspective, especially the Eight Pieces of Brocade, which significantly outperformed conventional care in grip strength outcomescurrent findings suggest that different exercise modalities may have different outcome profiles rather than supporting a single optimal intervention for all older adults with cognitive frailty. The Eight Pieces of Brocade can maintain upper limb function ME and improve muscle strength through low to moderate intensity isometric contractionsBCCT showed favorable signals for cognitive outcomes, upper limb stretching, coordinated control and recruitment of all muscle groups (Yang et al., 2023). Previous studies have shown that 12 weeks or more of eight-piece brocade training 5-7 times per week OE ranked high for 30-49 minutes each time can improve the balance ability of the elderly and reduce the risk of falls. This suggests its characteristics of moderate intensity, increased safetyfunctional mobility, and improved acceptability, rendering it suitable as an initial intervention ME showed potential benefits for elderly individuals with advanced age, compromised physical condition, or difficulty in tolerating high-intensity training (Y et al., 2025)grip strength. However, it should be noted that the current advantages precision and certainty of these estimates remain insufficient to justify specific individualized exercise prescriptions or the Eight Pieces prioritization of Brocade mainly lie in local muscle strength outcomes such as grip strengthany particular exercise modality. It has not yet shown more consistent advantages Previous studies have emphasized that when assessing exercise interventions in global older adults with cognitive function, mobility function, and comprehensive physical function compared to traditional resistance training impairment or multi-component training. Consequentlyfrailty, the current evidence more robustly endorses its role as an auxiliary or transitional strategy in the CF exercise prescriptionconsiderations should go beyond efficacy to include adherence, aimed at improving physical and mental conditionsfunction, boosting exercise confidence, and establishing a foundation for subsequent advanced resistance training or dual-task training.
From a clinical application perspective, the rehabilitation intervention for elderly patients with CF intervention feasibility [50, 51]. Clinical decision-making should shift from a single optimal exercise approach to a function-oriented, precise prescription. For those with cognitive decline and comprehensive therefore integrate baseline functional impairment, HSPT or ME regimens containing resistance components can be prioritized; for those with unsteady gait, poor TUG performance, or a higher risk of falls, OE and task-oriented MCT can be considered; for those with significant muscle strength declinecognitive status, MEsafety risks, Baduanjinpatient adherence and preferences, or progressive strength training can be adopted; for those with extremely weak physical fitness or multiple comorbiditiesand implementation conditions. Moreover, the start can be from Baduanjininconsistent reporting of adverse events, low-intensity MCTadherence, or low-speed strength trainingdropouts, and the training load can be gradually increased based on tolerance. At the same time, subgroup analysis feasibility across included studies limits comparisons of MCT suggests that the clinical acceptability and safety across exercise prescription should not only focus on the intervention type but modalities. Previous systematic reviews have also on the single session duration, intervention cycle, reported incomplete reporting of implementation and compliancesafety outcomes [52]. When the main goal is Future studies should use more standardized definitions of cognitive improvementfrailty, improve direct comparisons between active interventions, short single sessions and long cycles may be more conducive to avoiding central fatigue and maintaining participationsystematically report safety, while when the main goal is to improve mobility functionsadherence, and feasibility. Larger sample sizes and longer single training sessions follow-up are also needed to further validate the clinical value of different intervention types and higher task repetition density may be more beneficial for improving dynamic stabilitydoses.
This study still has certain several limitations. FirstlyFirst, the number of some outcome networks were sparse, with several intervention nodes included in the study is relatively smallsupported by single studies, and the direct comparison evidence is limitedMoCA network exhibited substantial heterogeneity, resulting in a relatively high uncertainty in reducing the estimation stability of the effecteffect estimates and ranking results. SecondlySecond, different studies vary considerable variability existed in CF diagnostic criteriathe specific components, baseline functional status of participants, intervention composition, training intensity, frequency, cycle, and supervision methods, which may affect the network transmission and result interpretation. Thirdly, some intervention categories, especially duration of MCT, ME, and other comprehensive training, have complex internal compositionsmulticomponent interventions, making it difficult to further distinguish limiting the identification of specific effective components. FourthlyThird, the subgroup analysis of MoCA, MMSE, and TUG is mainly analyses were primarily based on researchstudy-level data and may be affected by sample size, training content, and baseline differences. Therefore, it should be regarded as an exploratory result and cannot be directly used to infer the characteristics without formal interaction tests or dose-response relationship at the individual levelanalyses, rendering these findings exploratory. FifthlyFourth, CINeMA assessments indicated that the number overall certainty of studies included in evidence was predominantly moderate to low, with some outcomes is limitedcomparisons rated as very low, and the follow-up time is shortindicating that many comparisons remain limited by imprecision, making it difficult to evaluate the long-term maintenance effect and safetyindirectness, or both. Finally, there is still insufficient direct evidence regarding HSPTreporting of safety, adherence, Baoding Qigongfeasibility, and multi-component exercise long-term follow-up outcomes was inadequate, and several mechanistic interpretations were derived primarily from studies in improving the pathological mechanisms related to CF. The explanations of related mechanisms are mainly based on general elderly peopleolder adults, MCI populationsindividuals with MCI, or exercise physiology studies. In the futureexperimental investigations; therefore, it is still necessary to further verify these explanations by combining neuroimaging, biomarkers, mechanistic interpretations remain indirect and long-term follow-upshould be regarded as hypothesis-generating.

5 Conclusion
This systematic review and network meta-analysis suggests that exercise-based interventions may improve provide cognitive function, physical performance, and muscle strength in physical benefits for older adults with cognitive frailty. The , although comparative effects of different exercise modalities appeared to be outcome-specificvaried across outcomes. Strength-oriented ME and multicomponent exercise programs BCCT showed relatively broad benefits across favorable signals for cognitive and physical outcomesfunction, whereas Otago exerciseOE, motor-cognitive training, Baduanjin exerciseME, and power training demonstrated specific advantages TC ranked relatively highly for functional mobility, grip strength, or and composite physical performance.
These findings support a function-oriented and individualized approach to exercise prescription in older adults with cognitive frailty, respectively. In clinical practiceHowever, exercise programs should be selected according to most corresponding credible intervals included the dominant functional impairment, baseline physical capacity, cognitive status, safety risknull, and intervention tolerance of each individual. However, the current certainty of evidence was predominantly moderate to low. Treatment rankings should therefore be interpreted cautiously because several networks were sparsein view of sparse networks, some estimates were imprecisesubstantial heterogeneity, limited ability to assess inconsistency, and heterogeneity was substantial in cognitive outcome networksseveral single-study nodes. Current evidence is insufficient to support definitive individualized exercise prescriptions or the prioritization of a specific exercise modality. Future high-quality adequately powered head-to-head randomized controlled trials with should adopt standardized cognitive frailty definitions, clearly reported compare clinically relevant exercise prescriptionsmodalities and doses, longer follow-up periods, and direct comparisons between active exercise modalities are needed to confirm improve the optimal typereporting of safety, doseadherence, feasibility, and long-term effects of exercise interventions for this populationoutcomes.
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Figure 5. Exploratory subgroup analysis, weekly-frequency sensitivity analysis, and descriptive supplementary analysis
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