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Abstract

This paper explores the efficacy of sensory retraining therapy (SRT) and advanced neurorehabilita-

tion strategies, such as virtual reality (VR) and non-invasive brain stimulation (NIBS), in promoting

neuroplasticity and functional recovery post-stroke. This highlights the critical role of personalized

rehabilitation approaches, addressing gaps in current methodologies, and underscores the need for

integrating emerging technologies with tailored therapeutic protocols to optimize recovery. Key chal-

lenges, including standardization and patient selection, are discussed, alongside future directions for

research and clinical application.

1 Introduction

Stroke poses a formidable global health challenge, ranking as a leading cause of death and disabil-

ity worldwide [42, 43]. Ischemic stroke, its most prevalent form, imposes substantial global health and

economic burdens [42, 43]. Projections indicate a sustained increase in the global age-standardized inci-

dence rate of ischemic stroke through 2030, suggesting an expanding affected population [43]. Neverthe-

less, overall death and disability-adjusted life years (DALYs) rates are anticipated to decline, potentially

reflecting advancements in acute care and improved survival outcomes [43]. However, significant dis-

parities in stroke burden persist. Countries with a low socio-demographic index (SDI) may continue to

experience rising death and DALY rates due to persistent challenges in healthcare access, health liter-

acy, and service quality [42, 43]. This highlights a critical tension between global health progress and

persistent regional inequities [42, 43].

2 Post-Stroke Arm Dysfunction

A profound and highly prevalent consequence of stroke is post-stroke arm dysfunction, which en-

compasses a spectrum of severe motor and sensory deficits [24, 59]. Motor impairments, such as unilat-

eral arm paresis, are observed in a high percentage of acute stroke cases, significantly impeding a sur-

vivor’s ability to perform self-care and diminishing overall quality of life [59, 60]. Beyond overt motor
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weakness, subtle proprioceptive deficits—a crucial sensory impairment—are also common, profoundly

affecting motor performance and hindering functional recovery [24].

Contemporary understanding of motor recovery from stroke increasingly acknowledges its com-

plexity, challenging the long-held ”proportional recovery rule” by suggesting that recovery is not solely

determined by initial motor function loss [3]. Instead, it is significantly influenced by spared function

and a confluence of other demographic, clinical, imaging, and physiological factors, underscoring the

need for more nuanced recovery models [3].

3 Rehabilitation Approaches

Given these pervasive functional challenges, effective post-stroke rehabilitation is paramount for

improving upper limb function and facilitating a return to daily living activities [59]. Rehabilitation ap-

proaches encompass a range of interventions, from central strategies like repetitive transcranial magnetic

stimulation (rTMS) to peripheral interventions, such as robotic therapy [59]. Nevertheless, a notable gap

remains in identifying optimal, evidence-based rehabilitation strategies, particularly for patients with

severe upper limb dysfunction [59].

While general sensory stimulation has been explored, specific interventions like proprioceptive

training with visual feedback present a promising, yet under-researched, avenue to address the profound

impact of sensory deficits on motor function and overall recovery [24]. This highlights a broader ten-

sion in stroke rehabilitation research, where enhanced methodological rigor, particularly in the design

of control comparators, is essential to ensure the validity and generalizability of findings and ultimately

accelerate the translation of effective interventions into widespread clinical practice [23].

4 Upper-Limb Dysfunction and Sensory Deficits

Stroke often results in significant upper-limb dysfunction, characterized by intricate neurological

underpinnings involving damage to specific brain regions that disrupt both motor and sensory pathways,

profoundly impacting an individual’s self-care ability and overall quality of life [2, 6]. A critical aspect

of post-stroke impairment is the high prevalence of somatosensory deficits, affecting a substantial pro-

portion of survivors [8]. For instance, leg somatosensory impairment can be observed in up to 89% of

cases [8].

These deficits are not confined to the contralesional side but are also frequently present in the ipsile-

sional hand, with tactile impairment reported in 83% of contralesional and 42% of ipsilesional hands [35].

Specific types of sensory impairments include proprioception, light touch, tactile discrimination, stere-

ognosis, two-point discrimination, and temperature sensation [8, 35], encompassing superficial, deep,

cortical, and subjective sensations [18]. The primary motor cortex (M1), conventionally associated with

motor control, also plays a crucial role in somatosensation through its extensive connections with so-

matosensory cortices and the thalamus, making it a critical area where damage or dysfunction can con-
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tribute to sensory loss [18].

5 Impact of Sensory Deficits

These pervasive sensory deficits directly impair motor control, fine motor skills, and the ability to

perform daily activities. The loss of proprioception, for example, significantly hinders effective motor

learning and balance training [36]. Furthermore, tactile sensory feedback is indispensable for precise

initial force scaling and ongoing finger force control during gripping tasks [14].

Stroke survivors with sensory deficits frequently exhibit a greater phalanx force deviation during

power grip, meaning forces are directed more tangentially to the object surface, consequently elevating

the risk of finger slippage and object dropping [14]. This altered gripping strategy is often accompanied

by aberrant muscle activation patterns, such as reduced activity in the first dorsal interosseous (FDI) and

extensor digitorum communis (EDC) muscles relative to the flexor digitorum superficialis (FDS) [14].

Such observations highlight that sensory deficits independently and significantly contribute to impaired

hand motor control post-stroke, extending beyond the impact of motor impairment alone [14].

While sensory retraining interventions have demonstrated improvements in somatosensory function

and balance, their consistent impact on complex motor outcomes like gait remains less clear [8, 36],

underscoring the multifaceted challenges in full functional recovery.

6 Neuroplasticity and Recovery

The brain’s inherent capacity for neuroplasticity plays a pivotal role in both the manifestations of

impairment and the potential for recovery of sensorimotor function post-stroke. Cortical reorganization

is a dynamic process where damage to primary motor areas can induce compensatory sensory responses

in adjacent premotor regions, such as the rostral forelimb area (RFA) in experimental models [22]. In-

triguingly, the RFA can then modulate activity in the primary somatosensory cortex (S1), signifying a

functional connectivity aimed at restoring sensorimotor integration [22].

This reorganization is further reflected in changes in corticospinal excitability [18]. While a larger

ipsilesional motor cortex evoked potential (MEP) can correlate with worse somatosensory function, an

increased MEP ratio (ipsilesional vs. contralesional) is paradoxically associated with better somatosen-

sory function in well-recovered patients, suggesting a complex, non-linear relationship crucial for re-

covery [18]. Even in the chronic phase, neuroplasticity can be leveraged for recovery, as evidenced by

hyperbaric oxygen therapy (HBOT) leading to improvements in motor function, increased functional

MRI activation in key motor-related regions like the supplementary motor area (SMA) and premotor

cortex (PMA), and enhanced brain connectivity [6]. This suggests a shift towards more bilateral and

balanced brain activity, with increased inter-hemispheric connectivity supporting motor recovery [6].

Despite these advancements, a persistent gap exists in standardizing quantifiable and precise so-

matosensory assessment measures to effectively diagnose impairment and evaluate treatment efficacy
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[8, 35], and there is a continued need for the development of consistent, replicable sensory retraining

methods for widespread clinical application [8].

7 Conventional Rehabilitation Approaches

Conventional approaches to upper limb rehabilitation in stroke patients predominantly focus on

improving motor output through intensive, repetitive practice, aiming to restore functional movement

and minimize disability. Constraint-Induced Movement Therapy (CIMT), for instance, directly addresses

”learned non-use” by constraining the unaffected limb, thereby compelling the use of the paretic extremity

[55]. While CIMT has demonstrated positive impacts on upper limb motor function, its effectiveness in

improving broader functional mobility or balance can be less pronounced, highlighting a specific focus

on motor execution rather than integrated functional gains [55].

Similarly, task-specific training (TST) and the Motor Relearning Program (MRP), a form of task-

oriented rehabilitation, emphasize repetitive practice of functional movements to promote neuroplasticity

and motor recovery [39, 52]. These approaches generally show effectiveness in enhancing upper limb

function and reducing impairment; however, systematic reviews often find moderate evidence and note

methodological limitations, suggesting that their superiority over other interventions is not definitively

established [39].

The Neurodevelopmental Treatment (NDT) or Bobath approach, widely applied in stroke rehabili-

tation, focuses on facilitating normal movement patterns, posture, balance, and coordination [1]. Despite

its widespread use, the robust evidence supporting NDT’s specific efficacy also remains a subject of

ongoing discussion in the literature [1].

8 Technological Advancements in Rehabilitation

Technological advancements have integrated robot-assisted therapy (RT) into conventional care,

offering intensive, repetitive, and measurable motor training [32, 61]. RT has shown a statistically sig-

nificant, albeit small, effect in improving upper extremity motor impairment, particularly for patients in

the late subacute or chronic stages and those with moderate to severe deficits [61]. Interestingly, unilat-

eral RT appears more effective than bilateral RT, and end-effector devices tend to outperform exoskeleton

devices in motor function improvement [61].

Beyond singular modalities, emerging strategies explore combining conventional therapies with

priming techniques, which aim to enhance the brain’s receptiveness for subsequent training [32, 52]. For

example, movement-based priming has been shown to significantly augment the benefits of task-specific

training in early stroke recovery, suggesting a role for preparing the motor system beyond mere repeti-

tion [52]. Furthermore, novel hybrid approaches, such as robotic priming combined with mirror therapy

(MT) or bilateral arm training, are being investigated to potentially improve both sensorimotor and daily

functions [32].
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Mirror therapy itself, through the visual illusion of movement, inherently bridges sensory input with

motor output, fostering motor functions and movement control strategies [32]. Despite the established

benefits of these conventional and technologically augmented motor-focused therapies in improving mo-

tor output, a critical tension arises from their typical emphasis. Many approaches, by primarily targeting

motor execution, often under-emphasize or implicitly address the crucial role of sensory integration in

comprehensive recovery. This gap, particularly concerning the intricate interplay between sensory feed-

back and motor learning, highlights the imperative need for dedicated sensory retraining strategies to

fully optimize upper limb recovery in stroke patients.

Even advanced approaches like Brain-Computer Interface (BCI) training, while exploring direct

neural pathways for motor control, have shown no statistically significant superiority over conventional

therapy in improving severely impaired upper limb function, especially if cortico-spinal tract integrity

is compromised, further underscoring the complexities and the ongoing search for more holistic and

effective rehabilitation paradigms [4].

9 Sensory Impairments and Functional Independence

Stroke survivors frequently experience profound sensory impairments that critically undermine mo-

tor function, compromise motor learning, and ultimately diminish functional independence. Upper limb

impairments, prevalent in a substantial majority of stroke survivors, are intricately linked to a dimin-

ished ability to perceive and execute movements, significantly impacting daily living activities [48, 53].

Specifically, the widespread manifestation of impaired grip force directional control impedes successful

object manipulation, leading to compromised dexterity and self-care abilities [48].

Similarly, balance impairments, a common and significant consequence of stroke, are directly tied to

the disruption of effective sensorimotor integration [25]. These pervasive sensory deficits contribute to

a complex sensorimotor dysfunction wherein the central nervous system struggles to accurately regulate

muscle contraction, underscoring the critical necessity of addressing sensory deficits in rehabilitation

[28].

10 Sensorimotor Integration

Intact and accurate sensory feedback is indisputably crucial for the precise planning, execution,

error correction, and adaptation of movement. Sensorimotor integration, defined as the nervous system’s

capacity to unify sensory information with motor commands for coordinated action, underpins dynamic

motor control [25]. This integration is particularly vital for online adjustment of motor output based on

continuous sensory feedback, as observed in the intricate control of grip force direction [48].

While historically, impaired grip force control has been linked to peripheral tactile sensory deficits

and altered muscle activation patterns, contemporary research indicates that cortical sensorimotor in-

tegration, rather than solely peripheral sensory impairment, serves as a primary driver of these motor
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control deficits [48]. Notably, a significant tension exists in the literature, as studies have demonstrated

a robust association between impaired grip force direction control and cortical sensorimotor integration,

even independently of the level of peripheral sensory impairment [48]. This underscores a critical gap in

understanding the intricate interplay between peripheral sensory input and central processing in driving

post-stroke motor deficits, suggesting that a more nuanced approach is required beyond merely addressing

peripheral sensation [48].

11 Sensory Retraining in Rehabilitation

Given the profound impact of sensory disruption on motor function and the central role of sensori-

motor integration, it is imperative that addressing sensory impairment directly receives equal emphasis

alongside motor retraining for comprehensive stroke recovery. The concept of sensorimotor integration,

which is consistently disrupted post-stroke, necessitates therapeutic strategies that actively target and

restore this critical neural function [25].

Neglecting sensory retraining, particularly proprioception and kinaesthesia, represents a significant

oversight in traditional rehabilitation paradigms [53]. Evidence suggests that synchronously combining

motor and proprioceptive retraining leads to stronger connections between sensorimotor regions, indi-

cating a synergistic effect that surpasses sequential or isolated approaches [53]. This integrated approach

is supported by findings demonstrating that sensorimotor integration exercises significantly enhance bal-

ance by increasing muscle activity and improving limits of stability in stroke patients [25].

Furthermore, novel interventions utilizing real-time tactile discrimination feedback have shown

promising results in reorganizing sensorimotor areas, improving deep sensation, and enhancing hand

movement quality, which are attributed to the re-establishment of a sensory information integration sys-

tem that facilitates error detection and online adjustments [28]. Beyond limb function, the critical role

of sensory input extends to broader neurological recovery, as illustrated by spinal cord injury models

where sensory input rerouting proved more crucial than motor axon reinnervation in reactivating neu-

rocircuits and central pattern generators for locomotor recovery, emphasizing the profound and often

underestimated role of afferent feedback in neuroplasticity and functional restoration [63].

Therefore, the rationale for prioritizing sensory retraining is firmly grounded in its capacity to drive

neuroplastic changes essential for motor relearning and ultimately, functional independence.

12 Theoretical Underpinnings of Sensory Retraining

Sensory retraining therapy is fundamentally underpinned by the principle of neuroplasticity, posit-

ing that the brain’s inherent capacity for reorganization can be harnessed to improve somatosensory

function following neurological injury [26, 44, 57]. This process involves targeted and repetitive sensory

input inducing beneficial cortical reorganization within the somatosensory cortex and broader sensori-

motor networks [26, 41, 44]. Studies consistently demonstrate that rehabilitation can lead to structural
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brain changes, such as increased cortical thickness, which correlates with enhanced sensory function

after stroke [44]. Furthermore, these interventions can restore cortical responsiveness, as evidenced by

improved somatosensory evoked potentials and modulated alpha power activity in sensory discrimination

tasks [26, 41].

The mechanisms driving sensory retraining can be broadly categorized into bottom-up and top-down

processes. Bottom-up approaches primarily involve direct peripheral stimulation to enhance somatosen-

sory input and induce cortical plasticity. Examples include repetitive sensory stimulation (rSS) to the

paretic hand, which has shown considerable improvements in sensory and motor abilities in chronic

cerebral lesion patients, with effects developing over weeks to months [26]. Similarly, sensory electrical

stimulation (SES) and repetitive peripheral sensory stimulation (RPSS) directly target peripheral nerves

to promote rapid plastic changes in both motor and somatosensory cortices [29, 41].

Focal muscle vibration (fMV) also exemplifies a bottom-up approach, inducing multisite neuro-

plasticity in both the brain and spinal cord, thereby modulating cortical and motoneuron excitability to

improve motor function and reduce spasticity [57]. Conversely, top-down mechanisms emphasize cog-

nitive and attentional modulation of sensory processing. Research indicates that strategies enhancing

attentional resources and motivation can significantly influence rehabilitation outcomes [41, 66]. For

instance, reward strategies, whether fixed or probabilistic, are hypothesized to improve rehabilitation

motivation and motor learning, thereby indirectly facilitating sensory processing through enhanced en-

gagement and salience [66].

Moreover, sensory training, particularly when combined with peripheral stimulation, can modu-

late attentional resources and neural plasticity, potentially leading to improved task performance and in-

creased confidence in sensory discrimination [41]. The involvement of higher-order association sensory

cortices, such as the posterior parietal cortex and occipital pole, in sensory recovery further underscores

the role of integrative and potentially top-down modulated processing [44].

These theoretical underpinnings are operationalized through key principles of motor learning and

neurorehabilitation, including specificity, intensity, repetition, and salience. Interventions like sensory

reeducation are designed to be specific to the targeted sensory modality, incorporating repetitive and

intensive practice to drive neuroplastic changes [26, 44]. The duration of stimulation, varying from

single sessions to many months, as well as its intensity (suprasensory versus subsensory), are crucial

parameters currently under investigation to optimize outcomes across different stroke phases [26, 29,

41].

Despite these advancements, several gaps and tensions persist within the field. A notable tension lies

in the relative focus on motor versus sensory recovery; while rehabilitation often improves motor func-

tion, sensory acuity improvements may be less pronounced and driven by distinct structural changes,

suggesting the need for more targeted sensory interventions [44]. Furthermore, the optimal parameters

for sensory retraining—including the frequency, amplitude, duration, and timing of intervention across

subacute and chronic phases—remain largely unclear, with studies often employing variable protocols

[15, 29, 57]. The generalizability of findings is also limited by small sample sizes and single-case study
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designs in some research [26, 41, 44]. Addressing these gaps through standardized treatment proto-

cols, clear reporting of patient characteristics, and robust outcome measures is crucial for advancing the

efficacy and clinical applicability of sensory retraining therapies [15].

13 Specific Techniques and Modalities

Specific techniques and modalities employed in sensory retraining for arm dysfunction span a spec-

trum from traditional hands-on approaches to advanced technology-assisted interventions, often empha-

sizing a graded and repetitive nature to foster neuroplasticity. Foundational to sensory retraining are

methods that target tactile and proprioceptive discrimination. For instance, goal-oriented proprioceptive

training, which can involve single or dual-task exercises, has been demonstrated to improve balance and,

to some extent, autonomy in subacute stroke patients [9].

Similarly, sensory training programs specifically focusing on finger perception, incorporating dis-

crimination tasks performed under blind conditions, have been shown to enhance tactile sensitivity, such

as tactile-pressure threshold, and improve fine motor skills like manipulating middle and small objects

[56]. This approach contrasts with motor-focused rehabilitation alone, suggesting that a combined mo-

tor and sensory emphasis is critical for optimal recovery [56]. A more cognitively integrated approach

includes proprioceptive training combined with exercise imagery, where patients imagine movements

without physical action, leading to significant improvements in balance ability and joint position sense

error through exercises on balance pads and boards [33].

Expanding on cognitive engagement, visual movement-discrimination exercises, often involving the

discrimination of dim test patterns, serve as a unique sensory retraining modality by enhancing visual

timing and potentially improving broader cognitive functions like reading fluency, attention span, and

memory retention, highlighting the interplay between different sensory systems and higher-level cogni-

tive abilities [30].

Advancements in technology have introduced sophisticated modalities for sensory retraining, par-

ticularly for severe or chronic impairments. Robotic devices, such as the Hand-Wrist Assisting Robotic

Device (HWARD), are designed to assist functional grasping and releasing movements, enabling inter-

action with real objects during therapy to stimulate sensorimotor integration and enhance motor learning

[54]. While some robotic interventions, like treadmill-integrated robot-assisted ankle dorsiflexion train-

ing (TMR), have not consistently demonstrated superiority over conventional treadmill training for gen-

eral gait improvement, they hold potential for specific subgroups with pronounced deficits, underscoring

the ongoing tension in determining the added value of complex technological interventions [12].

Moreover, the integration of robotic assistance with neurofeedback systems, such as Motor Imagery

(MI)-based Electroencephalogram (EEG) Visual Neurofeedback (VNFB) coupled with Lokomat, allows

individuals with complete spinal cord injuries to modulate brain rhythms while imagining gait move-

ments, leading to improvements in sensory sensitivity and brain connectivity [50]. Beyond direct mo-

tor assistance, neurostimulation techniques are also emerging as powerful tools for sensory restoration.
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Closed-loop stimulation of the lateral cervical spinal cord (SCS) in upper-limb amputees has enabled the

discrimination of object size and compliance by providing somatotopically-matched tactile feedback via

sensorized prosthetic hands [37].

Additionally, Proprioceptive Body Vibration Rehabilitation training (PBVT), involving vibration

platforms, provides a multimodal sensory input that has shown superior effectiveness over conventional

physical therapy in improving motor function, balance, and activities of daily living for stroke patients

with impaired sensory function [62]. Despite the promising results, many of these interventions are

limited by small sample sizes, retrospective designs, or focus on specific sensory aspects, highlighting a

consistent gap in large-scale, double-blind randomized controlled trials and comprehensive evaluations

of various sensory modalities or detailed upper extremity function [9, 33, 37, 50, 56, 62]. Furthermore,

while some techniques demonstrate improved balance, the challenge remains in translating these gains

to enhanced autonomy or reduced fall risk [9].

14 Clinical Efficacy and Evidence-Base

Converging evidence suggests that sensory retraining plays a crucial role in post-stroke rehabilita-

tion, addressing sensory impairments that profoundly impact motor function and daily living. A system-

atic review and meta-analysis indicates moderate support for passive sensory training techniques, such

as thermal stimulation, pneumatic compression, and peripheral nerve stimulation, in enhancing activity

measures in stroke survivors [51]. However, the evidence for active sensory training remains limited yet

promising [51].

Beyond these general approaches, various specialized interventions contribute to the evidence base,

albeit with differing levels of rigor and scope. Traditional Chinese Medicine, specifically acupuncture

combined with rehabilitation training, has shown significant efficacy in alleviating sensory disorders and

improving self-care abilities in stroke patients. A network meta-analysis by Li et al. (2024) found that

acupuncture combined with rehabilitation, particularly when augmented with massage, led to substantial

improvements in Numbness Syndrome Scores, Sensory Impairment Scores, and daily living abilities

[58]. This integrative approach is posited to accelerate sensory recovery by functionally reconstructing

the central nervous system and increasing cerebral blood flow in the sensorimotor area [58].

Similarly, non-invasive brain stimulation techniques like transcranial direct current stimulation (tDCS)

have demonstrated effectiveness in improving motor deficits, including upper and lower limb function,

mobility, and activities of daily living (ADLs), highlighting their potential for motor rehabilitation, es-

pecially in subacute stroke when applied anodal in the affected area and cathodal in the unaffected [47].

Furthermore, technological advancements offer novel avenues for sensory retraining. Robotic re-

habilitation, for instance, is explored for its ability to provide high-intensity, repetitive interventions for

upper limb function. Kim et al. (2024) are investigating the comparative efficacy of proximal versus distal

priority robotic priming combined with impairment-oriented training on sensorimotor impairment, up-

per limb function (e.g., Fugl-Meyer Assessment Upper Extremity subscale, Wolf Motor Function Test),
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and functional independence in chronic stroke [31].

In parallel, novel sensory stimulation devices like the TheraBracelet, which delivers imperceptible

vibration during hand task practice, aim to enhance hand function and ADLs (e.g., Wolf Motor Function

Test, Action Research Arm Test) by augmenting afferent input to the motor cortex without impeding natu-

ral movements [49]. Mirror therapy (MT), a simple visual feedback approach, also demonstrates potential

for improving upper extremity function and ADLs, particularly when combined with other therapies or

applied in a task-oriented manner, by activating mirror neurons and promoting motor recovery [10].

Emerging exergaming systems, originally investigated for conditions like multiple sclerosis, have

also shown promise in improving sensorimotor upper limb function post-stroke, offering engaging and

motivating avenues for intense rehabilitation [20]. Despite these encouraging findings, the current ev-

idence base for sensory retraining exhibits several gaps and tensions. A significant limitation is the

considerable heterogeneity across study protocols, encompassing varying intervention intensities, ap-

plication parameters, and outcome measures, which complicates direct comparisons and meta-analyses,

often leading to inconsistent findings [10, 47, 51].

Many studies are characterized by small sample sizes, single-center designs, and moderate method-

ological quality, particularly within specific intervention areas such as acupuncture-related treatments,

underscoring a pressing need for higher-quality, standardized randomized controlled trials to validate and

strengthen conclusions [47, 51, 58]. Furthermore, issues of generalizability arise from study populations

that are often geographically limited, as seen in the predominantly Chinese cohorts in some acupunc-

ture research [58]. The optimal timing and severity of stroke for intervention, as well as the long-term

durability of effects, remain areas requiring further exploration.

While many interventions aim for sensorimotor integration, a tension exists in the primary outcome

focus of some studies, which may emphasize motor outcomes more directly than primary sensory func-

tion, potentially highlighting a gap in comprehensive sensory assessment across the field [51].

15 Clinical Implementation Challenges

Clinical implementation of sensory retraining interventions for stroke survivors faces numerous

practical challenges, primarily stemming from a pervasive lack of standardization and comprehensive

reporting in research. For instance, a systematic review of somatic sensory training (SST) interventions

revealed that reporting quality is suboptimal, with a median adherence of only 33% to the TIDieR check-

list, thereby hindering the replication and widespread clinical adoption of these therapies [16]. This

insufficient detail often means interventions are described merely by a label or a basic ”ingredient list,”

which is inadequate for clinicians and researchers to accurately reproduce them [16].

Compounding this issue is the general insufficiency of high-quality evidence to definitively guide

practice. A Cochrane review analyzing interventions for upper limb function post-stroke found that while

some sensory interventions showed moderate-quality evidence of effectiveness, overall evidence quality

for most interventions was low or moderate due to small sample sizes, methodological limitations, and
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heterogeneity [38]. This, in turn, does not support a change in routine clinical practice without continued

personalized care [38]. This gap in evidence quality makes it difficult to ascertain which interventions

are most beneficial, at what doses, and for which patient populations [38].

Patient motivation and adherence represent significant barriers to consistent therapy engagement.

Repetitive sensory retraining tasks can lead to decreased motivation [70], underscoring the need for en-

gaging approaches. Virtual reality (VR) systems, leveraging multisensory feedback and gamification, are

proposed as a means to enhance motivation and engagement in stroke rehabilitation, thereby potentially

improving adherence to often lengthy and intense therapy regimens [70].

However, even promising home-based interventions, such as sensory amplitude electrical stimula-

tion (SES) via a sock electrode, grapple with challenges in formal adherence tracking and variability

in patient activity, which can obscure the true impact and sustainability of benefits [34]. Furthermore,

the required intensity and duration of therapy, alongside the need for specialized therapist training, pose

practical constraints. While advanced modalities like powered exoskeletons can significantly improve

gait performance and induce beneficial neurophysiological changes [5], their implementation necessi-

tates specialized equipment, considerable resources, and expert training for clinicians.

Similarly, novel approaches like Acupuncture Synchronized Rehabilitation Therapy (ASRT) require

adherence to specific guidelines and skilled practitioners, demanding further verification of their clinical

efficacy and safety in rigorous trials before widespread adoption [64]. Patient-specific factors, such as

the severity of impairment or cognitive status, also influence the feasibility and potential outcomes of

sensory retraining, as evidenced by exclusion criteria in clinical trials that stipulate a minimum cognitive

score for participation [64].

Collectively, these multifaceted challenges highlight the complex path from research discovery to

effective, accessible, and standardized clinical implementation of sensory retraining for stroke survivors.

16 Integrated Approaches

The imperative for comprehensive recovery post-stroke has increasingly underscored the signifi-

cance of integrating sensory retraining with established motor-focused rehabilitation techniques to achieve

synergistic benefits. This integration acknowledges the fundamental role of sensorimotor processing in

promoting functional restoration and adapting to neurological impairment. For instance, the combina-

tion of Action Observation Therapy (AOT) with Sensory Observation Therapy (SOT) is being explored,

grounded in mirror neuron and embodied cognition theories, which posit that observing both actions

and sensory experiences can activate neural pathways critical for sensorimotor integration and improved

motor output [68].

This approach, while innovative, highlights ongoing debates regarding the ideal timing of AOT and

the need for further research into neural mechanisms [68]. Beyond observation-based therapies, vari-

ous studies delineate the benefits of combining physical stimulation with methods that augment sensory

input. For example, Functional Electrical Stimulation (FES), which provides direct muscle activation
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and proprioceptive feedback, is being synergistically combined with Robotic-Assisted Therapy (RAT) to

improve complex reach-to-grasp movements, acting on distinct aspects of motor relearning [67].

Similarly, repetitive peripheral magnetic stimulation (rPMS), which influences peripheral motor

nerves and potentially modulates central motor cortical excitability, shows synergistic efficacy when

combined with central intermittent theta burst stimulation (iTBS) for enhancing grasp function and daily

activities in stroke patients [7]. While both real and sham rPMS combined with iTBS improved overall

motor function and self-care, only the real rPMS combination significantly improved grasp, suggesting

a targeted synergistic effect [7].

These findings illustrate how peripheral and central stimulation can be integrated to foster neuroplas-

ticity. Concurrently, the effectiveness of combining electrical stimulation (EMS) with Mirror Therapy

(MT) has been demonstrated, where EMS enhances muscle activation and strength, laying a foundation

for MT’s visual sensory feedback to further improve motor function [40]. However, a comparative anal-

ysis suggests that Constraint-Induced Movement Therapy (CIMT, primarily motor-focused) still demon-

strates superior overall efficacy in improving upper extremity function compared to EMS+MT or MT

alone, indicating the powerful impact of intensive use-dependent plasticity, implicitly requiring sensory

processing during the constrained movement [40].

Technological advancements further facilitate integrated sensorimotor rehabilitation by creating im-

mersive and interactive environments. EEG-based Brain-Computer Interfaces (BCIs), for instance, are

being integrated with Functional Electrical Stimulation (FES), Augmented Reality (AR), Virtual Real-

ity (VR), and robotic systems [69]. The BCI-FES integration targets muscle strength and coordination

through direct stimulation and feedback, whereas BCI-AR/VR systems leverage immersive training en-

vironments to enhance motor learning and cognitive engagement by robustly engaging both sensory and

motor systems [69].

BCI-robotic systems, on the other hand, offer closed-loop feedback, translating brain signals into

physical movements and providing a blend of physical support and mental engagement [69]. These tech-

nological integrations underscore a shift towards personalized and adaptive interventions, though chal-

lenges such as signal processing complexity and cost persist [69]. Moreover, telerehabilitation systems,

such as the HoMEcare aRm rehabiLItatioN (MERLIN) device utilizing serious games, exemplify how

technology can deliver high-intensity, repetitive, and task-specific training at home, with the sensory-rich

game environments enhancing patient motivation and adherence, demonstrating lasting improvements in

chronic stroke patients’ arm function [46].

Collectively, these integrated approaches underscore the critical interplay between sensory input

and motor output in optimizing neurological recovery, highlighting a diverse landscape of strategies for

promoting comprehensive sensorimotor integration in stroke rehabilitation.
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17 Emerging Technologies and Future Directions

The evolving landscape of sensory retraining in rehabilitation is characterized by the rapid inte-

gration of cutting-edge research and emerging technologies, promising a paradigm shift towards more

precise, engaging, and personalized interventions. Wearable sensors, such as inertial measurement units

and ground reaction force sensors, are transforming gait analysis by offering low-cost, near real-time as-

sessment capabilities for temporal dynamic synergies, providing detailed therapy follow-up information

beyond conventional measures [19].

Complementing this, portable, minimally-actuated haptic devices are being developed to facilitate

unsupervised home rehabilitation, addressing both motor and sensory deficits by combining active move-

ments with passive range of motion and haptic feedback [45]. This development aims to significantly

increase training dosage and accessibility for stroke patients, although clinical validation with patient

populations and refinements in usability are still crucial [45].

Further advancing immersive rehabilitation, virtual reality and augmented reality platforms are in-

creasingly being integrated with sensory stimulation to enhance therapeutic outcomes. For instance,

combining virtual reality training with sensory stimulation has demonstrated significantly greater im-

provements in upper limb strength, active joint range of motion, and hand function compared to virtual

reality alone in chronic stroke patients, bridging a critical gap in somatosensory rehabilitation within

virtual environments [27].

The efficacy of these platforms is further amplified by artificial intelligence and gamification. Artifi-

cial intelligence applications in hand rehabilitation robots range from gesture recognition algorithms and

robot control to interactive game design and personalized training program development, offering po-

tential for heightened precision and effectiveness [21]. Moreover, machine learning models, particularly

recurrent neural networks like LSTM, are now being employed to predict errors during robot-mediated

gamified training [65].

This predictive analysis enables proactive adaptation of game difficulty or robotic assistance, thereby

optimizing the challenge level to maintain patient engagement and prevent frustration, and potentially

identifying the optimal timing for assistive interventions [65]. A pivotal area of innovation lies in the

realm of neuromodulation, where brain-computer interfaces and neurofeedback are unlocking new path-

ways for direct brain-driven therapy. Motor-imagery-based brain-computer interfaces, when coupled

with hand exoskeletons, have demonstrated significant improvements in specific hand functions like grasp

and pinch by translating imagined movements into contingent haptic and kinesthetic feedback [17].

This approach highlights the potential for personalized rehabilitation based on individual brain ac-

tivity and suggests that the ability to control a brain-computer interface may serve as a key indicator for

identifying patients with the greatest rehabilitation potential [17]. Building upon this, combining mo-

tor imagery-based neurofeedback training with bilateral repetitive transcranial magnetic stimulation has

shown synergistic effects, leading to superior improvements in upper limb motor and sensory function

compared to repetitive transcranial magnetic stimulation alone [13].
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Beyond these technological advancements, emerging conceptual frameworks, such as a four-level

model of music therapy mechanisms, underscore the multifaceted impact of sensory input at neural co-

herence and even cellular/genetic levels, suggesting new avenues for understanding and optimizing ther-

apeutic responses [11].

Despite these promising advancements, several key areas require further research and development.

A significant gap exists in biomarker discovery for predicting treatment response, which could be in-

formed by insights from brain-computer interface control ability [17] and predictive error analysis [65].

Optimizing the dosage and intensity of therapy remains crucial, with current research highlighting the

importance of increased training dosage in home settings [45] and the impact of training intensity on

outcomes [17].

Technical limitations, such as the accuracy and reliability of wearable devices compared to optoelec-

tronic systems [19], the need for improved wearing comfort in portable devices, limited tactile feedback

in virtual environments, and instability in physiological signal acquisition, call for continued engineering

innovation [21]. Future efforts must also focus on developing closed-loop control networks, achieving

complete human-machine integration, and integrating multi-information fusion to enhance precision and

adaptability [21].

Methodological rigor, including the implementation of more robust randomized controlled trials

and addressing challenges like skewed datasets and generalization across patient variability, is essen-

tial to validate these emerging technologies and facilitate their widespread clinical translation [13, 65].

Ultimately, fostering interdisciplinary collaboration among engineers, clinicians, and neuroscientists is

paramount to realizing the full potential of these technologies in revolutionizing sensory rehabilitation

[11].

18 Conclusion

In conclusion, the overarching findings of this review underscore the significant and multifaceted

role of sensory retraining therapy in ameliorating arm function and enhancing the quality of life for

stroke survivors. This body of literature consistently posits that targeted sensory interventions can facil-

itate neuroplastic changes, thereby improving somatosensory discrimination, proprioception, and tactile

sensation, which are critical precursors to functional motor recovery.

Clinically, these findings bear substantial implications: therapists and healthcare providers are strongly

encouraged to integrate sensory retraining as an early, integral component of post-stroke rehabilitation

protocols, recognizing its potential to complement and augment traditional motor therapies. Practical

recommendations include implementing individualized, task-specific sensory training, fostering multi-

sensory integration approaches, and leveraging emerging technologies to optimize patient engagement

and therapeutic outcomes.

However, despite these promising advancements, a notable gap persists in the current evidence base,

highlighting the ongoing need for robust, large-scale randomized controlled trials to further solidify ef-
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ficacy, define optimal intervention parameters such as intensity and duration, and explore the long-term

sustainability of gains. Future research should also systematically investigate the comparative effective-

ness of different sensory retraining modalities and their synergistic potential when combined with phar-

maceutical or neuromodulatory interventions, thereby paving the way for more refined, evidence-based,

and innovative approaches in sensory rehabilitation.
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