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Abstract: Cognitive frailty (CF), the coexistence of physical frailty and cognitive impairment without dementia, is associated with
disability, institutionalization, and mortality, yet exercise prescriptions for this syndrome remain insufficiently targeted. This review
examined whether four-limb coordinated training, defined as exercise that combines integrated upper- and lower-limb movement with
meaningful coordination or motor-cognitive demands, is associated with neuroplasticity-related and clinical benefits in older adults
with CF. Following PRISMA 2020 guidance, we conducted a focused PubMed-based systematic search and included six controlled
studies for qualitative synthesis. Because interventions, comparators, and outcomes were highly heterogeneous, results were synthe-
sized narratively using a tiered framework covering direct neuroplasticity outcomes, mechanistic proxy biomarkers, and indirect
clinical outcomes. Across Baduanjin, virtual reality motor-cognitive training, exergaming, and functional resistance exercise, the
direction of effect was generally favorable for global cognition, executive-related outcomes, frailty status, and physical performance
including gait, balance, and chair-rise function. Direct mechanistic evidence was limited but suggested possible improvements in
cerebral hemodynamics and hippocampal subregion structure, while biomarker studies indicated reductions in oxidative stress and
inflammatory burden. Taken together, current evidence suggests that four-limb coordinated training is a biologically plausible and
clinically relevant intervention candidate for CF, but confidence remains limited by the single-database search, small samples, study
heterogeneity, indirect mechanistic endpoints, and short follow-up. The distinctive contribution of this review is the integration of
intervention classification with a cautious neuroplasticity framework that can guide future trials toward standardized definitions, better
reporting of coordination complexity and dose, and multimodal mechanistic assessment.

Keywords: cognitive frailty, four-limb coordinated training, motor—cognitive training, neuroplasticity, cerebral hemodynamics,
hippocampal subregions

Introduction
Global population aging is increasing the burden of late-life cognitive decline and physical vulnerability.' Cognitive
frailty, defined by the International Academy on Nutrition and Aging and International Association of Gerontology and
Geriatrics consensus as the coexistence of physical frailty and cognitive impairment in the absence of dementia,’
identifies a subgroup at heightened risk of disability, hospitalization, dementia, and mortality.® Existing estimates vary
because definitions are inconsistent, but recent reviews indicate that the syndrome is common enough in community and
clinical aging populations to justify targeted preventive intervention research.*

Exercise is one of the most promising intervention classes for cognitive frailty because it can act on both physical and
cognitive vulnerability.” However, exercise effects are unlikely to be modality-neutral. Emerging exercise neuroscience
supports a type-specificity perspective in which aerobic, resistance, and coordination-rich motor-cognitive exercise may
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engage partly distinct neuroplastic pathways and functional outcomes.® Recent systematic reviews of exercise in
cognitive frailty or related populations have generally focused on multicomponent exercise effectiveness, rather than
isolating coordination-based interventions or integrating mechanistic evidence.” This leaves an important gap between
efficacy-oriented summaries and mechanism-informed exercise prescription.

Four-limb coordinated training may be particularly relevant to CF because it combines whole-body movement with
sequencing, rhythm, interlimb integration, attentional control, and error correction. These features differentiate it from
conventional walking-based aerobic exercise or isolated strengthening paradigms and provide a rationale for potentially
stronger engagement of sensorimotor integration and executive-control systems. Studies in older adults have shown that
coordination training can produce cognitive and neural benefits that differ from those observed after cardiovascular
training, supporting the argument that coordination complexity itself may matter.’

The present review therefore aimed to synthesize the available controlled evidence on four-limb coordinated training
in older adults with CF while making three contributions relative to earlier reviews: first, offering an operational
definition and classification of this intervention concept; second, integrating neuroplasticity-related findings with clinical
outcomes through a tiered mechanistic framework; and third, interpreting the evidence cautiously in light of study
quality, heterogeneity, and the limited depth of direct mechanistic assessment.

Methods

This review followed the PRISMA 2020 reporting framework and used a focused systematic search with narrative
synthesis to summarize clinical and neuroplasticity-related evidence on four-limb coordinated interventions in older
adults with cognitive frailty. Because the available studies were heterogeneous in intervention content and endpoint
selection, we prespecified narrative rather than quantitative synthesis.

Information Source and Search Strategy (PubMed)

A focused search was conducted in PubMed from database inception to the final archived search run available from the author
team. The review was intentionally framed as a PubMed-based evidence synthesis rather than a comprehensive multi-database
review, and this restriction is acknowledged as a methodological limitation. The Boolean strategy combined three concept
blocks: cognitive frailty; exercise or motor-cognitive coordinated movement modalities, including mind-body exercise,
exergaming, resistance training, and virtual reality-based training; and cognition or neuroplasticity-related outcomes.

((“cognitive frailty”[Title/Abstract] OR “cognitive frailty”’[MeSH Terms]) AND (exercise[Title/Abstract] OR training
[Title/Abstract] OR “physical activity”[Title/Abstract] OR “multicomponent exercise”[Title/Abstract] OR “motor-
cognitive”’[Title/Abstract] OR  “dual-task™[Title/Abstract] OR coordination[Title/Abstract] OR “coordinated
movement”[Title/Abstract] OR baduanjin[Title/Abstract] OR “mind-body exercise”’[Title/Abstract] OR exergam]|Title/
Abstract] OR “resistance training”[Title/Abstract]) AND (cognition[Title/Abstract] OR “cognitive function”[Title/
Abstract] OR neuroplastic[Title/Abstract] OR “brain-derived neurotrophic factor”[Title/Abstract] OR BDNF]Title/
Abstract] OR “cerebral blood flow”[Title/Abstract] OR hippocamp*[Title/Abstract] OR MRI[Title/Abstract]))**

The archived PubMed results page indicated 66 records for the executed strategy. Because the archived file did not
retain a verifiable calendar date and no prospectively registered protocol was in place, we report these facts transparently
rather than retrospectively reconstructing unverified search metadata. Both issues are incorporated into the limitations
section and considered when interpreting the strength of the evidence.

Eligibility Criteria (PICOS)
The Population: Adults aged >60 years with cognitive frailty, defined as the co-occurrence of physical frailty and cognitive
impairment in the absence of dementia, or operational definitions consistent with the international consensus concept.®
Intervention: Structured programs with explicit four-limb coordination or motor—cognitive integration, including
coordinated mind-body exercise, interactive exergaming requiring whole-body coordination, resistance training with
multi-limb functional execution, or virtual reality (VR) motor—cognitive training.
Comparator: Usual care, health education, no structured exercise, or low-intensity control interventions.
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Outcomes: At least one cognitive outcome and/or neuroplasticity-related marker (cerebral hemodynamics, brain
structural measures, oxidative/inflammatory biomarkers interpreted as mechanistic proxies).

Study design: Randomized controlled trials (RCTs) or controlled quasi-experimental studies.

Exclusion criteria included: dementia samples; non-interventional designs; animal studies; and studies without
extractable outcomes relevant to cognition or neuroplasticity mechanisms.

Study Selection Process (PRISMA Flow: Text-Only)

Because only PubMed was searched, no duplicate records were removed before screening. Titles and abstracts were
screened to identify potentially eligible studies. Records were excluded when they were clearly unrelated to cognitive
frailty, did not evaluate explicit coordination-based or motor-cognitive integrated exercise, were non-interventional, or
did not report cognition- or mechanism-relevant outcomes. Sixteen full-text articles were assessed against the prespe-
cified PICOS criteria, and ten were excluded because the population did not meet the CF concept, the intervention lacked
sufficient coordination content, the design was non-interventional, or extractable cognition or neuroplasticity-relevant
outcomes were unavailable. Six studies were finally included in the qualitative synthesis. The process of study screening
and final inclusion in accordance with PRISMA 2020 guidance is displayed in Figure 1.

Data Extraction

A standardized extraction form was used to collect: study design, setting, sample size, cognitive frailty operationaliza-
tion, intervention dose and key coordination features, comparator, cognitive outcomes, physical/frailty outcomes, and
neuroplasticity-related endpoints (direct measures or mechanistic proxies). Extracted outcomes were mapped to neuro-
plasticity domains (neurovascular/hemodynamic; structural MRI; immune—oxidative biomarkers; indirect cognitive out-

comes). The core characteristics of the six included controlled studies are comprehensively presented in Table 1.

Risk of Bias Assessment
RCTs were appraised using the Cochrane Risk of Bias 2 tool (RoB 2),'* while the controlled quasi-experimental study

Il6

was assessed using ROBINS-I. > Risk of bias was used to contextualize confidence in findings rather than as an exclusion

criterion. Risk-of-bias judgments for included studies are presented in Table 2.

Evidence Synthesis: Narrative Integration with Tiered Mechanistic Framework

Because intervention modalities, comparators, outcome definitions, and reporting formats were highly heterogeneous,
a formal meta-analysis was not undertaken. In addition to narrative synthesis, we examined the direction of effect across
studies as a descriptive consistency check. This approach showed that all six included studies reported at least one favorable
intervention-related change in cognition, frailty status, physical performance, or mechanistic biomarkers; however, such
directional assessment cannot quantify magnitude, account for small-study effects, or substitute for pooled estimates.

Tier | (Direct Neuroplasticity Outcomes)
Direct evidence linking four-limb coordinated training to neuroplasticity was available only in a subset of trials using
cerebrovascular or neuroimaging outcomes.”'” Coordinated mind-body exercise was associated with improvements in
transcranial Doppler-derived measures of middle cerebral and basilar artery blood flow velocity, findings that are
consistent with enhanced cerebral perfusion or neurovascular responsiveness but should not be interpreted as definitive
proof of durable brain remodeling."®

Structural neuroplasticity was also explored in one randomized trial reporting modulation of hippocampal subregion
volumes after prolonged coordinated exercise. Increases in memory-relevant subfields, including CA1, occurred along-
side improvements in cognition and frailty scores.'® These observations are compatible with experience-dependent brain

plasticity, although volumetric change alone cannot establish the specific cellular basis of adaptation.'”
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Figure | PRISMA 2020 flow diagram of the study selection process.

Tier 2 (Mechanistic Proxies)
Several randomized trials reported changes in biological markers closely linked to neuroplastic mechanisms. Coordinated
exercise interventions were associated with increased antioxidant capacity (eg, elevated superoxide dismutase levels) and
reduced oxidative stress markers (eg, malondialdehyde and 8-iso-prostaglandin F2a). In parallel, modulation of inflam-
matory cytokines, including interferon-y and interleukins, was observed.

Several studies further reported that biomarker shifts statistically explained part of the cognitive improvement.
Because these mediation analyses were conducted within small single-study datasets, they are better interpreted as
hypothesis-supporting rather than as conclusive mechanistic proof.

Tier 3 (Indirect Clinical Outcomes)
Additional evidence was derived from trials reporting cognitive and functional improvements without direct neurobio-
logical measurements. Motor—cognitive dual-task training, multicomponent resistance exercise, and interactive
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Table | Characteristics of Included Studies (PubMed-Indexed; n=6)

Study Country/Setting Design Sample Intervention Dose/Duration | Comparator Key Outcomes Specific Content of Coordination Training
(n) (Coordination Features)

Lin et al, 2023 (PMID: China; community- RCT 102 Baduanjin (whole-body 24 weeks Usual physical Cerebral Symmetrical and alternating upper-lower limb

36606263)° dwelling coordinated upper—lower limb activity hemodynamics patterns; rhythmic sequencing; supervised group

movement; rhythm/sequence) (TCD), MoCA, EFS mind-body training.
Wan et al, 2022 China; community- RCT 102 Baduanijin (coordinated mind— 24 weeks; Usual physical MRI hippocampal Multi-step whole-body sequencing with trunk
(PMID: 36600804)'° dwelling body; multi-limb sequencing) 60 min/day, 3 d/ activity subregions, MoCA, | control and weight shifting; supervised practice.
wk WMS-RC, EFS
Ye et al, 2024 (PMID: China; community- RCT 102 Baduanijin (coordinated whole- 24 weeks No structured MoCA, EFS, Coordination-rich Baduanjin routines with
38846613)"" dwelling body exercise) exercise oxidative stress repeated whole-body movement sequences;
markers, cytokines progression not fully detailed.
Yoon et al, 2018 South Korea; RCT 45 High-speed resistance training 4 months Balance + band Processing speed, Functional multi-limb resistance exercise
(PMID: 30272098)|2 community-living (multi-limb resistance; functional stretching executive function; performed at high speed; cognitive tasks not
execution) strength; mobility explicitly embedded.
Zhu et al, 2023 Taiwan; community Controlled 69 Exergaming (interactive full-body 8 weeks; Usual care MoCA,; loneliness Interactive full-body exergaming with visual
(PMID: 37260087)"3 settings quasi- coordination tasks) 2x40 min/wk feedback and task-response coordination.
experiment

Kwan et al, 2021 Community-dwelling Pilot RCT Not fully VR simultaneous motor— Pilot program Sequential Feasibility; Simultaneous motor-cognitive activities

(PMID: 34383662)'4 reported cognitive training (coordinated (details in full motor— cognition; frailty resembling activities of daily living; coordinated
in motor + cognitive ADL-like text) cognitive tendency reaching, stepping, and task switching in VR.

abstract tasks) training (non-

VR)
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Table 2 Risk-of-Bias Appraisal of Included Studies

Study (PMID) Tool Key Considerations Overall Judgment
Lin 2023 (36606263)° RoB 2 Control was usual activity; blinding/allocation concealment details require full- Some concerns
text verification
Wan 2022 (36600804)'° RoB 2 MRI endpoints objective; concealment/blinding and attrition depend on full Some concerns
text
Ye 2024 (38846613)"" RoB 2 Biomarkers objective; contamination/adherence and allocation details require Some concerns
full text
Yoon 2018 (30272098)'2 RoB 2 Small sample; active control helps; blinding unclear Some concerns
Kwan 2021 (34383662)'* RoB 2 Pilot RCT; feasibility focus; small sample increases imprecision Some concerns
Zhu 2023 (37260087)"3 ROBINS-I Nonrandomized allocation and confounding risk inherent to quasi- Moderate—serious risk
experimental design

exergaming programs requiring coordinated limb movements were associated with improvements in global cognition,
executive function, and processing speed in older adults with cognitive frailty.

Although these studies did not directly measure neuroplasticity, the pattern of benefit in executive-oriented cognitive
outcomes and dual-domain function is broadly consistent with greater engagement of frontoparietal control and motor-
cognitive integration processes. At the same time, the absence of direct head-to-head comparisons with aerobic exercise

within CF populations means that any claim of superiority for coordinated training must remain provisional.

Conceptualization and Classification of Four-Limb Coordinated Training

Four-limb coordinated training is not a standardized term in geriatric rehabilitation. In this review, it is used as an
operational category for interventions requiring integrated upper- and lower-limb movement under meaningful temporal,
spatial, sequencing, or motor-cognitive constraints. We narrowed the concept to improve internal validity and to

distinguish coordination-rich interventions from generic multicomponent exercise.

Conceptual Definition

In this review, four-limb coordinated training is defined as structured physical activity that engages both upper and lower
extremities in coordinated movement patterns requiring motor planning, interlimb integration, and sustained attentional
control. Core features include: concurrent involvement of at least three limbs, typically four; explicit coordination
demands (eg, contralateral or alternating limb patterns, thythmic sequencing, task switching); and engagement of higher-
order motor—cognitive processes beyond repetitive single-joint movement.

This definition intentionally emphasizes movement complexity and coordination load, rather than metabolic intensity
alone. Unlike traditional aerobic exercise (eg, walking) or isolated resistance training, four-limb coordinated training
places sustained demands on sensorimotor integration, interhemispheric communication, and executive control, domains
that are disproportionately vulnerable in cognitive frailty. From a systems perspective, such training simultaneously
challenges musculoskeletal, cardiovascular, and central nervous system regulation, aligning closely with the multi-
dimensional nature of cognitive frailty.

Distinction from Related Exercise Paradigms

Four-limb coordinated training overlaps with, but is not identical to, several better-known exercise paradigms.
Multicomponent exercise may include balance, strength, and endurance components without sustained interlimb coordi-
nation. Dual-task training typically adds a separate cognitive task to movement, whereas four-limb coordinated training
embeds coordination and attentional demands within the movement pattern itself. Mind-body exercise represents one
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subclass when synchronized upper-lower limb sequencing is central. Functional resistance exercise is included only when
integrated multilimbed execution, rather than isolated strengthening alone, is clearly described.

This distinction is clinically relevant because neuroplastic adaptations appear to be more strongly associated with task
complexity, novelty, and learning demands than with exercise intensity alone, particularly in older adults with compro-

mised neural reserve.

Classification Framework
Based on intervention characteristics identified in the included studies and related literature, four-limb coordinated
training can be classified into four non-mutually exclusive categories (Figure 2).

Type A: Coordinated Whole-Body Movement Training

This category includes exercises characterized by continuous, rhythmical coordination of upper and lower limbs, often
performed in standing postures with weight shifting and trunk involvement. Baduanjin is a prototypical example,
requiring contralateral limb movement, postural control, and sequential execution. Studies in cognitively frail older
adults demonstrate that this modality is associated with improvements in cerebral hemodynamics and hippocampal

: 11
subregion structure.’

Type B: Motor—Cognitive Coordinated Training

These interventions explicitly integrate cognitive operations (eg, attention switching, working memory, response inhibition)
into coordinated limb movements. Examples include virtual reality—based motor—cognitive training and task-oriented
coordination exercises in which movement patterns change in response to visual or auditory cues. Such approaches intensify
executive control demands and may preferentially engage frontoparietal networks implicated in cognitive frailty."*
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Figure 2 Proposed neuroplasticity mechanisms underlying the benefits of four-limb coordinated training in older adults with cognitive frailty. Green solid arrows indicate pathways
supported by direct or convergent trial evidence; red dashed arrows indicate hypothesized or indirect pathways that require further confirmation. The framework illustrates how
coordinated training may relate to neurovascular, structural, molecular, and network-level adaptations alongside cognitive, frailty, and physical-function outcomes.
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Type C: Functional Multilimbed Resistance Training

High-speed or functional resistance exercises involving simultaneous activation of upper and lower limbs fall into this
category when coordination and timing are emphasized. Although resistance training is often classified separately from
coordination training, evidence in cognitive frailty suggests that when resistance exercises require integrated, multi-limb
execution, they may confer cognitive benefits beyond strength gains alone.'”

Type D: Technology-Assisted Coordinated Training

Interactive exergaming platforms and sensor-based systems that require whole-body coordination represent an emerging
category. These interventions combine real-time feedback, task variability, and coordinated movement, potentially
enhancing motivation and adherence while imposing sustained motor—cognitive load. Preliminary evidence indicates
improvements in global cognition in cognitively frail older adults."?

Key Training Parameters and Progression Principles
Across categories, several parameters appear central to the neuroplastic potential of four-limb coordinated training:
coordination complexity, such as progression from symmetrical to asymmetrical or contralateral patterns; temporal
demand, including rhythm, speed modulation, and task switching; cognitive engagement, such as sequence memory or
rule updating; dose, with most included interventions lasting 8 to 24 weeks; and supervision, which appears important for
safety, adherence, and progression. Importantly, progression is defined not only by load or intensity but also by increasing
coordination and motor-cognitive challenge.

Importantly, progression in four-limb coordinated training is not solely defined by load or intensity, but by increasing
coordination and cognitive challenge, a feature that distinguishes it from conventional exercise prescription models.

Relevance to Neuroplasticity in Cognitive Frailty

The conceptual and categorical framework outlined above provides a basis for understanding why four-limb coordinated
training may be particularly well suited to cognitive frailty. By simultaneously engaging distributed neural systems
responsible for movement execution, sensory integration, and executive control, such training may amplify activity-
dependent neuroplasticity across vascular, structural, and molecular domains.?**' This framework also enables systema-
tic comparison across heterogeneous interventions and supports mechanistic synthesis in subsequent sections.*>

Neuroplasticity Mechanisms Underlying Four-Limb Coordinated Training
in Cognitive Frailty

Cognitive frailty is increasingly conceptualized as a clinical syndrome rooted in multisystem dysregulation, in which age-
related declines in neural reserve interact with vascular, inflammatory, metabolic, and musculoskeletal impairments.23
Within this framework, exercise is best regarded as a biological stimulus that may promote adaptive change rather than as
a uniform behavioral exposure.”* Four-limb coordinated training may exert particularly relevant effects because it
simultaneously taxes movement execution, interlimb coordination, attention, and executive regulation.25

Neurovascular Adaptations and Cerebral Hemodynamics
Cerebrovascular dysfunction is a central pathophysiological feature of cognitive frailty, contributing to impaired cerebral
perfusion, reduced neurovascular coupling, and vulnerability of cognitively relevant brain regions.’*?’ Coordinated
whole-body exercise has been shown to modulate cerebral blood flow dynamics more robustly than low-complexity or
sedentary control conditions.*®

Randomized evidence in older adults with CF suggests that sustained coordinated training, particularly Baduanjin,
may improve transcranial Doppler indices of cerebral hemodynamics.” These changes are compatible with better
cerebrovascular responsiveness and perfusion of cognition-relevant regions, but the evidence remains limited to
a small number of trials and short-term outcomes.*’

Importantly, neurovascular benefits may be amplified by the rhythmic, whole-body nature of four-limb coordinated
training, which combines moderate cardiovascular loading with postural control and attentional engagement.” This
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combination may enhance endothelial function and cerebral autoregulation while avoiding excessive physiological stress,
a balance particularly relevant for cognitively frail populations.*

Structural Neuroplasticity: Hippocampal and Network-Level Changes

In a randomized trial of community-dwelling older adults with CF, 24 weeks of Baduanjin was associated with larger
volumes in several hippocampal subregions together with gains in global cognition and frailty status.”’ These findings
suggest that coordinated training may be linked to structural adaptation in vulnerable memory-related regions, although
they do not establish neurogenesis or long-term disease modification.

In a randomized controlled trial involving community-dwelling older adults with cognitive frailty, 24 weeks of Baduanjin
training was associated with increased volumes in multiple hippocampal subregions, including CA1 and related fields,
compared with usual activity. These structural changes were accompanied by significant improvements in global cognition
and frailty status, suggesting a meaningful link between exercise-induced brain remodeling and functional outcomes.**> While
volumetric changes do not directly equate to neurogenesis, they are widely interpreted as markers of experience-dependent
plasticity encompassing synaptic remodeling, dendritic complexity, and vascular support.*>

The involvement of hippocampal subregions further supports the hypothesis that four-limb coordinated training
engages learning-dependent mechanisms.>* Coordinated movement sequences require continuous updating of motor
plans and sensorimotor predictions, potentially stimulating hippocampal—cortical interactions that extend beyond those
elicited by repetitive, automated exercise.>

Molecular and Cellular Environment Favoring Neuroplasticity

Evidence from randomized trials indicates that coordinated whole-body exercise may improve the biological environ-
ment for neural adaptation in cognitively frail older adults.’' Reported changes include higher antioxidant enzyme
activity, lower lipid peroxidation markers, and modulation of inflammatory cytokines. These findings strengthen
biological plausibility, but most are proxy markers rather than direct indices of synaptic or network plasticity.

Evidence from randomized trials indicates that coordinated whole-body exercise can modulate this milieu in
cognitively frail older adults.®® Specifically, four-limb coordinated training has been associated with increased antiox-
idant enzyme activity, such as superoxide dismutase, alongside reductions in lipid peroxidation markers, including
malondialdehyde and 8-iso-prostaglandin F2a."" Concurrent alterations in inflammatory cytokines, including interferon-y
and interleukins, have also been observed.

Notably, mediation analyses suggest that improvements in oxidative stress and inflammatory markers partially explain
gains in cognitive performance following coordinated training. These findings support a mechanistic pathway in which
four-limb coordinated exercise attenuates biological constraints on neural adaptability, thereby facilitating experience-
dependent plasticity at the synaptic and network levels.?’

Motor—Cognitive Integration and Network-Level Functional Adaptation
Four-limb coordinated training inherently challenges motor—cognitive integration, requiring the simultaneous engage-
ment of motor execution, attentional control, and executive processing.>> This characteristic differentiates it from single-
task aerobic or resistance exercise and may be particularly relevant for cognitive frailty, where executive dysfunction and
reduced dual-task capacity are common.*®®

Indirect evidence from trials employing motor—cognitive training, high-speed functional resistance exercise, and
technology-assisted coordinated movement suggests improvements in executive function, processing speed, and atten-
tional control in cognitively frail older adults.**** Although these studies did not uniformly include direct neuroimaging
or molecular markers, the cognitive domains most consistently improved align with frontoparietal control networks and
basal ganglia—cortical circuits known to support coordinated action and cognitive flexibility.*'*?

From a systems-neuroscience perspective, repeated engagement of these networks through complex whole-body
coordination may strengthen functional efficiency. However, because direct connectivity measures are lacking in CF
trials, this pathway should currently be treated as a mechanistic hypothesis supported indirectly by the pattern of

cognitive benefit rather than as an established causal chain.*?
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Integration of Mechanistic Pathways

Taken together, the available evidence supports a multilevel but still incomplete neuroplasticity model for four-limb
coordinated training in CF. Coordinated movement may act through converging neurovascular, structural, inflammatory,
oxidative, and motor-cognitive pathways. These mechanisms are likely interdependent, yet the present evidence base is
too limited to determine their relative contribution or temporal sequence with confidence.**

Crucially, these mechanisms are not independent. Improved neurovascular function may facilitate structural remodel-
ing; reduced oxidative stress may permit more efficient synaptic modification; and repeated motor—cognitive engagement
may translate these biological changes into durable functional gains.**** This convergence may explain why interven-
tions emphasizing coordination and complexity show promise despite relatively modest metabolic intensity.”

However, the mechanistic evidence base remains incomplete. Standardized neuroplasticity markers are not consis-
tently incorporated into trials, and long-term persistence of brain changes has rarely been assessed. Addressing these gaps
will be essential for refining intervention design and for establishing causal pathways linking coordinated training to
cognitive resilience in aging.*®*’

Across the included studies, four-limb coordinated interventions were generally associated with improvements in
global cognition, most often assessed with the Montreal Cognitive Assessment (MoCA). However, effect magnitudes
varied, the number of trials was small, and the absence of pooled analysis limits precision. The overall pattern is
therefore better described as consistently favorable than definitively established.

While neuroplasticity provides the biological foundation for exercise-induced cognitive improvement, its clinical
relevance ultimately depends on whether such adaptations translate into meaningful gains in cognition, physical function,
and frailty status.*® In cognitively frail older adults, these domains are tightly interrelated, and interventions capable of
simultaneously improving cognitive and physical outcomes are of particular clinical value.®>**** Evidence from rando-
mized and controlled studies indicates that four-limb coordinated training is associated with clinically relevant benefits

across multiple functional domains.

Effects on Global Cognition and Domain-Specific Cognitive Function

Across included trials, four-limb coordinated interventions consistently demonstrated improvements in global cognitive
performance, most commonly assessed using the Montreal Cognitive Assessment (MoCA).* Coordinated mind—body
exercise programs, such as Baduanjin, produced statistically and clinically meaningful increases in MoCA scores
following 24 weeks of training compared with usual activity or no-exercise controls. The magnitude of improvement
observed in these studies suggests potential relevance beyond short-term test-retest effects, particularly in populations
characterized by elevated cognitive vulnerability.””

In addition to global cognition, domain-specific improvements were reported in executive function, processing speed,
and attention, especially in studies incorporating explicit motor—cognitive integration or high-speed multilimbed resis-
tance training.”>® These domains are critically involved in daily decision-making, gait adaptability, and fall avoidance,
and are often disproportionately impaired in cognitive frailty. The selective enhancement of executive-related domains

aligns with the hypothesis that coordinated movement tasks preferentially engage frontoparietal control networks.*!

Effects on Physical Frailty and Functional Performance
A defining feature of four-limb coordinated training is its potential to improve cognitive and physical outcomes
concurrently.®’ In the included studies, gains in global cognition often co-occurred with lower frailty scores or better
physical performance.’ This convergence is clinically important, but it should not be interpreted as proof that a single
shared mechanism was directly demonstrated.

High-speed functional resistance training involving coordinated upper and lower limb movements resulted in
improvements in gait speed, chair-rise performance, and overall physical function in cognitively frail participants.
Although changes in composite frailty scores were not always statistically significant in smaller samples, consistent

gains in physical performance indicators suggest meaningful functional adaptation.**->
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Integrated Cognitive—Physical Benefits and Dual-Outcome Relevance
A defining feature of four-limb coordinated training is its capacity to produce concurrent cognitive and physical benefits,
rather than improvements restricted to a single domain.” This dual-outcome profile distinguishes coordinated interven-
tions from more narrowly targeted exercise programs and aligns closely with the conceptual model of cognitive frailty as
a combined cognitive—physical syndrome.**°
Across trials, four-limb coordinated training was generally feasible and well tolerated in cognitively frail older adults, with
few serious adverse events reported.’* Nevertheless, because balance and sequencing demands differ across interventions,
safety likely depends on supervision, progression, and participant selection rather than on the intervention label alone.”
From a clinical perspective, interventions capable of improving both cognition and physical resilience are particularly
attractive, as they may reduce care dependency and delay progression toward disability or dementia.*’

Effects on Psychosocial and Quality-of-Life—Related Outcomes

Taken together, the clinical evidence suggests short- to medium-term benefits of four-limb coordinated training for
cognition and functional status in older adults with CF.’> Confidence in this conclusion is moderated by the predomi-
nance of studies rated as having some concerns of bias and by one nonrandomized study at moderate-to-serious risk of
bias.>® Accordingly, the evidence should be interpreted as promising but not yet definitive.

Mind-body coordinated exercises may offer additional psychosocial benefits through structured group participation
and embodied attentional practices; however, current evidence remains insufficient to draw firm conclusions.”’

Despite encouraging early results, several methodological limitations constrain inference.’® These include the single-
database search strategy, inconsistent operationalization of CF, heterogeneous intervention reporting, limited direct
neuroplasticity endpoints, short follow-up, and underpowered samples.’® These issues restrict both comparability across
studies and confidence in causal interpretation.

Across trials, four-limb coordinated training was generally well tolerated and safe in cognitively frail older adults.®
Reported adverse events were minimal, and adherence rates were acceptable, particularly in supervised or group-based
settings.®! Technology-assisted interventions, including virtual reality—based motor—cognitive training, demonstrated
feasibility and acceptable adherence in pilot studies, suggesting potential for scalable and home-based applications.

A fundamental challenge is the lack of uniform diagnostic criteria for CF.®? Studies differ in frailty instruments,
cognitive screening tools, and thresholds, which complicates cross-study comparison and may mask subtype-specific
responses.®® Future trials should report diagnostic components explicitly and, where possible, distinguish vascular-

dominant, neurodegenerative-dominant, or mixed vulnerability profiles.**

Clinical Interpretation of Evidence Strength
Another limitation concerns incomplete reporting of coordination-based interventions.®> Broad labels such as exercise,
multicomponent training, or mind-body exercise are often used without enough detail on coordination pattern, sequen-
cing demands, progression rules, supervision, or motor-cognitive load.®® Better reporting is essential if this intervention
class is to become reproducible and clinically prescribable.®’

However, limitations include relatively small sample sizes, variability in intervention protocols, and limited long-term
follow-up. Despite these constraints, the convergence of cognitive and physical improvements, together with mechanistic
support outlined in Section 4, suggests that four-limb coordinated training represents a clinically meaningful and
biologically plausible intervention for cognitive frailty.

Methodological Challenges and Research Gaps

Despite accumulating evidence supporting the potential benefits of four-limb coordinated training in older adults with
cognitive frailty, several methodological challenges and knowledge gaps limit the interpretability, comparability, and
translational impact of existing studies. Addressing these issues is essential for advancing the field from promising pilot

trials toward robust, evidence-based clinical recommendations.®®
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Most trials enrolled modest samples and lasted between 8 and 24 weeks.®® Such designs are suitable for feasibility or
proof-of-concept work,”® but they are insufficient for determining durability of benefit, progression to dementia, or
sustained modification of frailty trajectories.”’

A fundamental challenge lies in the lack of uniform diagnostic criteria for cognitive frailty. Although the international
consensus defines cognitive frailty as the coexistence of physical frailty and cognitive impairment in the absence of
dementia, operational definitions vary substantially across studies.”” Differences include the choice of frailty instruments
(eg, Fried phenotype versus multidimensional frailty scales), cognitive screening tools (eg, MoCA, MMSE), and
threshold values used to define impairment.

This heterogeneity complicates cross-study comparisons and may contribute to variability in intervention effects.”
Importantly, cognitive frailty is increasingly recognized as a heterogeneous syndrome, encompassing subtypes driven
predominantly by vascular, neurodegenerative, or physical vulnerability pathways. Current trials rarely stratify partici-
pants by such subtypes, limiting insights into differential responsiveness to coordinated training interventions.”*

Inconsistent Conceptualization and Reporting of Four-Limb Coordinated Training
Finally, few studies explicitly tested whether mechanistic biomarkers statistically linked intervention exposure to
cognitive or frailty outcomes.”” Without integrated mediation frameworks combining imaging, biological, and functional
endpoints, neuroplasticity remains a plausible explanatory model rather than a confirmed causal pathway.”®

This lack of granularity hampers replication and obscures dose—response relationships. Unlike conventional exercise
prescription, where intensity can be quantified using heart rate or workload, four-limb coordinated training relies heavily
on movement complexity and motor—cognitive load, which are rarely quantified or systematically progressed.’® The
absence of standardized reporting frameworks for coordination complexity represents a significant barrier to evidence

synthesis and clinical implementation.”’

Discussion

This review synthesizes the available controlled evidence on four-limb coordinated training in older adults with CF and
interprets it through a cautious neuroplasticity lens. The main message is not that coordinated training has been proven
superior to other exercise modalities, but that it represents a conceptually coherent intervention class with encouraging
early clinical signals and a plausible multilevel mechanistic rationale.

Moreover, there is no consensus on a core set of neuroplasticity outcomes appropriate for cognitive frailty research.”®
Studies differ widely in the choice of biomarkers, imaging modalities, and analytic approaches, making it difficult to
integrate findings across trials. Longitudinal assessment of neuroplastic changes and their persistence after intervention
cessation is particularly scarce.

A central contribution of this review is the integration of direct neuroplasticity evidence, mechanistic proxy
biomarkers, and functional outcomes within the same narrative framework. This approach helps distinguish what is
directly shown, what is indirectly supported, and what remains hypothetical. Such differentiation is important because
much of the current literature uses neuroplastic terminology broadly, even when evidence comes primarily from proxy
measures or clinical outcomes.

Most trials investigating four-limb coordinated training in cognitive frailty are characterized by modest sample sizes
and relatively short intervention periods, often ranging from 8 to 24 weeks.”” While such designs are appropriate for
feasibility and proof-of-concept studies, they limit statistical power and the ability to detect clinically meaningful
changes in cognition, frailty progression, or neuroplasticity trajectories.

Additionally, few studies include long-term follow-up, precluding conclusions about the durability of intervention
effects or their potential to delay conversion to dementia or disability. Given the progressive nature of cognitive frailty,
longer-term trials with repeated outcome assessments are necessary to establish sustained clinical relevance.

Compared with conventional aerobic or isolated resistance exercise, four-limb coordinated training appears theore-
tically well suited to CF because it couples physical loading with sequencing, timing, and executive demands.®
However, there are currently no adequately powered head-to-head CF trials demonstrating superiority over aerobic
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training,®' and this review therefore frames the advantage of coordinated training as a reasoned hypothesis grounded in
exercise-type specificity rather than as a settled empirical fact.

The choice of control conditions represents another methodological challenge. Many trials compare coordinated
training with usual activity or no-exercise controls, which may inflate observed effect sizes due to nonspecific factors
such as social interaction, expectancy effects, or increased attention. Although some studies employ active control
conditions (eg, stretching or balance exercises), these are not consistently matched for contact time or engagement level.”

The findings also have practical implications. Clinicians may consider coordination-rich whole-body exercise, motor-
cognitive routines, functional multilimbed resistance tasks, or technology-assisted training for older adults with early CF
when supervision and progression are available. In practice, task complexity, safety, and adherence may matter as much
as metabolic intensity.

Limited Integration of Clinical and Mechanistic Endpoints

The current evidence base remains constrained by methodological limitations. Five of the six included studies were
judged to have some concerns of bias, and the single quasi-experimental study carried moderate-to-serious risk of bias.
The review itself is further limited by its PubMed-only search, absence of a prospectively registered protocol, and
inability to verify an archived exact search date. These limitations should temper interpretation.

Discussion

Future work should prioritize multicenter randomized trials using standardized CF definitions, transparent reporting of
coordination content and progression, active comparators, and multimodal mechanistic assessment. Emerging technol-
ogies such as virtual reality and sensor-based platforms may be especially useful because they can standardize task
complexity while capturing detailed performance metrics.

Integration of Neuroplasticity Mechanisms and Clinical Outcomes

Cognitive frailty is a clinically important and potentially modifiable state at the interface of physical frailty and
cognitive impairment.®> The currently available controlled studies suggest that four-limb coordinated training may
improve global cognition, executive-related outcomes, frailty status, and selected physical-function measures in older
adults with CF.>?

Direct mechanistic evidence remains limited, but available trials are compatible with improvements in cerebral
hemodynamics, hippocampal subregion structure, and inflammatory or oxidative profiles. The distinctive contribution of
this review is to organize these signals within an intervention-classification and mechanistic framework rather than to
claim definitive causal proof.

Compared with conventional exercise summaries, this review specifically focuses on coordination-rich training and
distinguishes direct neuroplasticity evidence from mechanistic proxies and indirect clinical outcomes. That distinction
may help future investigators design more rigorous trials and more reproducible coordination-based exercise
prescriptions.

At the same time, the evidence base remains limited by heterogeneity in CF definitions, incomplete intervention
reporting, small samples, short follow-up, and a focused PubMed-only search strategy. Four-limb coordinated training
should therefore be viewed as a promising and biologically plausible intervention candidate, not yet as an established
standard of care.

From a neurocognitive perspective, coordinated movement tasks likely engage distributed networks involving the
prefrontal cortex, basal ganglia, cerebellum, and hippocampus.** Repeated activation of these networks through complex,
rhythmical, and attention-demanding movement may strengthen functional connectivity and improve network
efficiency.®® Clinically, this is reflected in selective improvements in executive function and processing speed—domains
closely linked to gait adaptability, fall risk, and daily functioning in older adults.**

Furthermore, many four-limb coordinated interventions (eg, mind—body exercise, exergaming) are inherently struc-
tured, progressive, and engaging, which may enhance adherence and sustainability. These features are particularly
relevant for cognitively frail populations, where motivation and self-efficacy can be compromised.®’
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Clinical Implications and Practical Considerations

The findings of this review have several implications for clinical practice. First, four-limb coordinated training appears to
be safe and feasible when appropriately supervised and progressed, with minimal adverse events reported across
trials.***® Second, the dual benefits observed in cognition and physical function suggest that such interventions may
serve as efficient, integrated strategies within geriatric rehabilitation and community-based aging programs.®*

In practical terms, clinicians may consider incorporating coordinated whole-body exercises—such as structured
mind-body routines, functional multilimbed resistance tasks, or motor—cognitive exergaming—into intervention plans
for older adults with early cognitive frailty.®” Emphasis should be placed on progressive increases in coordination
complexity and cognitive engagement, rather than solely on intensity or load.*® Individualization, clear safety
protocols, and monitoring of adherence remain essential, particularly for individuals with balance impairments or

comorbidities.®’

Limitations of the Current Evidence Base
Despite promising findings, the evidence base remains constrained by methodological limitations. Sample sizes are
generally modest, intervention protocols heterogeneous, and follow-up durations short.”® Neuroplasticity outcomes are
inconsistently measured, and few studies integrate biological, neuroimaging, and functional endpoints within a single
analytic framework. As a result, causal inferences regarding specific mechanisms remain tentative.”

Additionally, cognitive frailty itself is a heterogeneous condition, and current studies rarely stratify participants by
frailty severity, cognitive profile, or vascular risk. Such heterogeneity may obscure subgroup-specific responses to
coordinated training and contribute to variability in outcomes.

Future Directions
Future research should prioritize well-powered, multicenter randomized controlled trials with standardized definitions of
cognitive frailty and clearly operationalized coordination-based interventions. Incorporating multimodal neuroplasticity
markers—including neuroimaging, cerebrovascular measures, and molecular biomarkers—will be critical for validating
mechanistic pathways. Longer-term follow-up is also needed to determine whether coordinated training can slow
progression to dementia, reduce disability, or sustain functional independence.®

Emerging technologies, such as virtual reality and sensor-based systems, offer opportunities to deliver personalized,
scalable four-limb coordinated training while capturing detailed performance metrics. Such approaches may facilitate
precision interventions tailored to individual motor—cognitive profiles.

Conclusions

Cognitive frailty represents a critical and potentially reversible stage in the aging trajectory, characterized by the
convergence of physical vulnerability and cognitive decline.®® The findings synthesized in this review indicate that four-
limb coordinated training—encompassing coordinated whole-body movement, motor—cognitive integration, and func-
tional multilimbed exercise—offers a promising, mechanism-informed intervention strategy for older adults with
cognitive frailty.

Across available clinical trials, four-limb coordinated training was associated with consistent improvements in global
cognition, executive function, and frailty-related outcomes.’” Importantly, emerging evidence demonstrates that these
functional benefits are accompanied by neuroplasticity-related adaptations, including enhanced cerebral hemodynamics,
structural modulation of hippocampal subregions, and favorable shifts in oxidative and inflammatory profiles. Together,
these findings support a multilevel neuroplasticity model in which coordinated movement complexity and motor—
cognitive engagement act as key drivers of adaptive brain change in cognitively frail older adults.>?

Compared with conventional exercise paradigms, four-limb coordinated training appears uniquely suited to address the
dual cognitive—physical nature of cognitive frailty.’> By simultaneously challenging motor coordination, attentional control,
and executive processing, such interventions may strengthen distributed neural networks while also improving physical
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resilience. This integrated effect profile aligns closely with the clinical needs of cognitively frail populations and underscores
the potential value of coordinated training within geriatric rehabilitation and community-based aging programs.”’

Nevertheless, the current evidence base remains limited by heterogeneity in cognitive frailty definitions, variability in
intervention protocols, and inconsistent measurement of neuroplasticity outcomes. While the available data are encoura-
ging, definitive conclusions regarding long-term efficacy, optimal training parameters, and disease-modifying potential
cannot yet be drawn. Future research should prioritize standardized diagnostic criteria, clearly operationalized coordina-
tion-based interventions, and the integration of multimodal neuroplasticity markers with clinically meaningful endpoints.

In conclusion, four-limb coordinated training represents a biologically plausible and clinically relevant approach to
mitigating cognitive frailty in older adults. With further methodological refinement and high-quality longitudinal
research, this intervention paradigm has the potential to contribute meaningfully to strategies aimed at preserving
cognitive health, functional independence, and quality of life in aging populations.
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