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Abstract: Stroke is a leading cause of mortality and long-term disability worldwide. Among 
these, motor dysfunction is the most prevalent sequela and markedly reduces quality of life and 
independence. Although conventional motor rehabilitation strategies have demonstrated certain 
clinical efficacy, low motivation and inadequate adherence often limit patients’ active 
engagement and functional gains. In recent years, a novel treatment paradigm has shifted 
attention toward the role of emotional processes in motor rehabilitation. This approach treats 
emotion as a treatment variable and seeks to enhance neuroplasticity through targeted emotional 
stimulation aimed at strengthening sensorimotor circuits and promoting functional 
reorganization of the brain. This review synthesizes recent advances in applying emotional 
stimulation to post-stroke motor rehabilitation, provides an integrated perspective for medical 
staff and researchers, and outlines the theoretical foundations and future directions that can 
guide the development of more efficient and engaging interventions. 
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1. Introduction 

Stroke remains a catastrophic global health challenge, characterized by rising incidence and a 
profound socioeconomic burden, particularly in China and the United States [1–6]. Among its 
multifaceted sequelae, motor dysfunction is the most prevalent and debilitating, affecting 
approximately 80% of survivors by disrupting critical cortical networks (e.g., M1, PMC, SMA) and 
severely compromising daily independence [7–9]. Current standard of care relies fundamentally on 
neuroplasticity, aiming to restore function through high-dose, repetitive, and task-oriented training 
[10]. However, despite these established protocols, a substantial proportion of patients fail to achieve 
optimal recovery, suggesting that the prevailing "motor-centric" rehabilitation model may be 
insufficient to address the complex reality of post-stroke deficits. 

The efficacy of conventional rehabilitation is frequently constrained by a critical oversight: the 
inextricable link between motor performance and the patient's emotional state. Beyond 
pathophysiological barriers like interhemispheric imbalance [9], post-stroke emotional 
disturbances—such as depression and anxiety—have traditionally been compartmentalized as 
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psychiatric comorbidities requiring separate management [11]. This fragmented approach ignores a 
fundamental dynamic: psychological distress precipitates low motivation and poor adherence, 
thereby reducing the training dosage essential for neural reorganization. When rehabilitation fails to 
engage the patient's affective drive, the "active ingredient" of neuroplasticity—intensive, voluntary 
participation—is significantly diluted, stalling functional gains. 

In response to these limitations, a paradigm shift toward Experiential Neurorehabilitation is 
emerging, which posits that emotion is not a passive bystander but an active, modifiable driver of 
motor recovery [12]. By leveraging targeted emotional stimulation—ranging from traditional sensory 
cues to immersive virtual reality (VR) and brain–computer interface (BCI) systems—interventions can 
enhance engagement and strengthen sensorimotor circuits [13]. This review synthesizes recent 
advances in integrating emotional stimulation into post-stroke motor rehabilitation. We aim to 
elucidate the underlying neurobiological mechanisms, evaluate current technological applications, 
and outline a future framework for personalized, AI-enabled interventions that restore not just 
physical function, but the holistic human experience. 

 
2. Neurobiological Foundations Linking Emotion and Motor Control 

Emotion and motor control are tightly integrated and mutually influential within the brain. 
Understanding the neurobiological mechanisms underlying this bidirectional coupling provides a 
theoretical basis for utilizing emotion-based stimulation strategies to facilitate motor recovery and 
neurorehabilitation through well-established anatomical pathways and functionally integrated neural 
networks. 
 
2.1 Anatomical and Functional Connectivity Between Prefrontal and Motor Cortices 

The prefrontal cortex (PFC), including the dorsolateral PFC (DLPFC), ventromedial PFC 
(vmPFC), orbitofrontal cortex (OFC), and anterior cingulate cortex (ACC), is among the most 
evolutionarily advanced neocortical regions [14]. Functionally, it serves as a higher-order control hub 
that integrates cognitive, emotional, and motivational information to guide motor behavior [15]. 
Although the PFC does not directly generate motor commands, it exerts top-down control over the 
motor cortex, limbic circuitry, basal ganglia, and cerebellum through extensive projections that shape 
motor intention, executive control, and motor learning [16]. The DLPFC communicates with M1 
through intermediary regions such as the PMC and SMA, forming cognition–motor integration loops 
via corticocortical projections. Connections between Broca’s area and the PMC help transform 
abstract plans into concrete action sequences [17,18]. Functional imaging shows co-activation of the 
DLPFC and M1 during complex motor tasks (e.g., dual-task walking, fine manual control), with 
activation scaling with task difficulty and attentional demands [19]. Moreover, the PFC influences 
motor control indirectly through multiple subcortical circuits. The PFC–basal ganglia–thalamus–
cortex circuit govern both the initiation and suppression of intentional movements [20], while 
bidirectional PFC–cerebellum connections play a crucial role in fine-tuning motor learning, timing, 
and rhythmic control [21]. Together, these anatomical and functional pathways constitute the 
structural basis by which emotional and cognitive factors modulate motor performance. 
 
2.2 Emotional Modulation of Motor Execution, Learning, and Coordination 

This structural connectivity also manifests in the dynamic integration of emotional and motor 
systems. Emotion is an embodied response that mobilizes physiological arousal, autonomic function, 
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and goal-directed motor control [22]. Emotional stimuli exert a direct and measurable influence on 
motor planning, execution, and feedback processing. For example, aversive objects elicit more 
cautious, precise grasp strategies, indicating that an object’s emotional valence shapes affordance 
perception and action selection during motor planning [20]. Likewise, postural threat (e.g., anxiety 
when elevated) induces anticipatory adjustments in postural control, alters muscle synergies, and 
enhances sensorimotor vigilance [23]. 

At higher cognitive levels, emotional states strongly affect motor learning, adaptation, and 
inhibitory control. Motivation, an affective drive rooted in limbic circuitry, is essential for initiating 
and sustaining motor-skill learning [24]. Poorly motivated patients struggle with repetitive practice. 
Conversely, heightened arousal, whether positive or negative, can weaken inhibitory control, which is 
linked to the right inferior frontal gyrus [25]. Overall, emotion should be regarded as an active 
regulatory component that dynamically modulates processes from motor intention and execution to 
fine coordination, rather than a passive background state. 
 
2.3 Pathophysiology of Post-stroke Emotional Disorders 

Post-stroke emotional disorders arise from multiple mechanisms, including psychological 
responses to sudden disability and loss of social roles, as well as structural damage to 
emotion-regulating networks (e.g., limbic and prefrontal regions) [11]. 

At the neurochemical level, stroke disrupts key neurotransmitter systems, especially including 
serotonin (5-HT), and the hypothalamic–pituitary–adrenal (HPA) axis, both of which play pivotal 
roles in the onset and progression of post-stroke depression (PSD) [26]. In addition to 
neurotransmitter dysregulation, molecular alterations further contribute to emotional disturbances. 
Molecules implicated in emotional disorders also regulate neuroplasticity. For instance, decreased 
expression of brain-derived neurotrophic factor (BDNF) not only predicts PSD but also compromises 
neuronal survival, dendritic remodeling, and synaptogenesis—processes essential for motor recovery 
[27]. Consequently, stroke-induced biological alterations not only exacerbate affective symptoms but 
also impair neural repair mechanisms, forming a self-perpetuating vicious cycle that hinders recovery. 
Therefore, therapeutic interventions aimed at improving mood and restoring neurochemical 
homeostasis may simultaneously enhance motor recovery and neuroplasticity, supporting the 
rationale for emotional stimulation as a complementary rehabilitation strategy. 
 
3. Core Neuroplastic Mechanisms by Which Emotional Stimulation Facilitates Motor Recovery 
3.1 Reward and Motivation: Central Roles of Dopaminergic Circuits 

Dopamine (DA) is pivotal to reward, motivation, motor control, and learning/memory [27]. In 
particular, dopaminergic activity serves as a neurochemical bridge linking emotional experience with 
motor performance. Mesocortical dopaminergic projections from the ventral tegmental area (VTA) to 
M1 are essential for acquiring new motor skills [27]. Reward prediction and attainment drive DA 
release, strengthening active synapses via long-term potentiation (LTP) and consolidating behavior. 

Stroke often dampens dopaminergic function, contributing to low motivation [27]. This 
motivational deficit may result in reduced engagement in rehabilitation, thereby limiting neuroplastic 
remodeling. Emotional stimuli that elevate DA, such as rewarding audiovisual feedback in VR games, 
genuine therapist encouragement, or pleasant music, can boost participation and, at the molecular 
level, facilitate motor-memory formation. Such interventions not only improve patient compliance 
but also enhance synaptic efficiency within motor circuits, thereby accelerating functional recovery. 
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Clinically, combining dopaminergic agents (e.g., levodopa) with therapy may improve motor 
outcomes, likely by enhancing motor-skill encoding [28]. Emerging neuromodulation approaches, 
such as vagus nerve stimulation, may also aid recovery partly by modulating DA pathways [27]. 
Future studies integrating pharmacological, emotional, and neuromodulatory strategies could further 
clarify how dopaminergic regulation supports emotional-motor coupling after stroke. 
 
3.2 Stress and Arousal: The HPA Axis and Noradrenergic System 

Stressful stimuli activate a cascade of neuroendocrine responses, notably the hypothalamic–
pituitary–adrenal (HPA) axis and the locus coeruleus–norepinephrine (LC-NE) system [29–31]. Under 
acute stress conditions, the hypothalamus releases corticotropin-releasing hormone (CRH), which 
stimulates pituitary secretion of adrenocorticotropic hormone (ACTH), subsequently leading to 
adrenal cortisol production. In parallel, LC-NE activation rapidly elevates cortical arousal and 
reallocates attentional resources. These are mechanisms that can transiently improve information 
processing and motor learning [30,31]. 

However, stress effects are typically biphasic. Moderate, time-limited stress can enhance both NE 
and cortisol signaling, thereby focusing attention, increasing motivation, and accelerating early-phase 
motor learning [32–37]. Mechanistically, acute stress may promote LTP-like plasticity in prefrontal 
circuits via glucocorticoid receptor (GR)–dependent pathways that upregulate NMDA/AMPA 
receptor trafficking [33,34], transiently increase brain-derived neurotrophic factor (BDNF) expression 
[35], and augment axonal growth [36,37]. By contrast, excessive or chronic stress impairs neurogenesis, 
disrupts prefrontal function, and synaptic plasticity, and worsens emotion regulation [38]. Therefore, 
in clinical or rehabilitation contexts, the intensity, duration, and timing of stress exposure must be 
precisely calibrated to optimize functional outcomes and avoid maladaptive neuroplasticity. 
 
3.3 Learning and Growth: BDNF and Synaptic Plasticity 

BDNF supports neuronal survival, neurogenesis, differentiation, and synaptic plasticity 
(particularly LTP) [39]. Following a stroke, decreased circulating or central BDNF levels are 
associated with worse outcomes and a higher risk of depression [26]. Importantly, BDNF expression 
is not fixed but dynamically modulated by behavioral and emotional states. Aerobic exercise is 
among the most effective ways to increase BDNF [39]. In addition, positive social connection, stress 
management (e.g., mindfulness), and sufficient sunlight exposure may also help. 
Emotional-stimulation interventions may leverage these pathways. For example, aromatherapy or 
relaxation can reduce stress and indirectly increase BDNF, whereas group-based music therapy or 
gamified rehabilitation foster social engagement [40]. Collectively, these interventions are not merely 
adjuncts; they help establish a molecular environment that promotes synaptic remodeling, neural 
network reorganization, and ultimately functional recovery. 
 
4. Applications of Emotional Stimulation in Post-stroke Motor Rehabilitation 
4.1 Sensory-Based Emotional Stimulation 

These interventions aim to modulate emotional and physiological states through specific sensory 
channels (e.g., auditory, olfactory) and integrate this modulation with motor tasks, representing an 
emerging approach that bridges emotional regulation and motor recovery—an initial synthesis of 
emotion and rehabilitation. 
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4.1.1 Music Therapy: Integrating Rhythm, Melody, and Emotion 
Music therapy exemplifies dual action on emotion and motor control. Among its modalities, 

rhythmic auditory stimulation (RAS), using metronomic beats or rhythmically salient music, has 
robust evidence, including Cochrane reviews and multiple meta-analyses, for improving gait 
parameters (speed, cadence, step length) and upper-limb function after stroke [41]. Specifically, RAS 
enhances movement timing and coordination in both lower- and upper-limb tasks [42]. 
Mechanistically, auditory–motor entrainment synchronizes the motor system to external rhythms, 
providing a temporal scaffold that aids coordination and fluency when internal timing generators are 
compromised [40]. Beyond timing, musical structure and affective content engage limbic circuits, 
evoke pleasure, reduce anxiety, and activate dopaminergic reward pathways, thereby enhancing 
motivation and adherence to repetitive training [13,44]. Consequently, music therapy offers not only 
rhythmic entrainment but also emotional reinforcement, combining temporal cues with affective 
incentives and highlighting the synergy between emotion and motor rehabilitation. 
 
4.1.2 Olfactory Stimulation (Aromatherapy): Exploratory Applications and Mechanisms 

Olfactory inputs have a unique neuroanatomical pathway, as they project directly to limbic 
structures (amygdala, hippocampus) without the thalamic relay, allowing odors to exert rapid and 
profound influences on emotion and memory [45]. Preclinical studies suggest that certain essential 
oils (e.g., lavender, rosemary) confer neuroprotection in ischemic models by reducing infarct size and 
oxidative stress [46]. In clinical contexts, human studies and systematic reviews indicate that 
aromatherapy can alleviate pain, anxiety, and depression and improve sleep quality among stroke 
survivors [20]. These therapeutic effects are thought to arise from the modulation of limbic function, 
rebalancing of neurotransmitters (dopamine and serotonin), and reduction of stress hormones such as 
cortisol [45]. Although direct evidence for motor improvement remains scarce, aromatherapy may 
serve as a beneficial adjunctive approach, either as a preconditioning intervention to optimize 
emotional and physiological states before rehabilitation or as a complementary therapy to enhance 
patient engagement and compliance during training sessions. 
 
4.2 Technology-Driven Novel Emotional Interventions 

Advances in information technology, sensing, and neuroscience have enabled interventions with 
greater immersion, interactivity, and precision. These technological innovations not only enhance 
motor training but also allow for the integration of emotional and motivational components, thereby 
optimizing rehabilitation outcomes. 
 
4.2.1 Virtual Reality (VR): An Immersive, Task-Oriented Paradigm 

Virtual reality (VR), delivered via head-mounted displays and motion tracking, creates safe, 
controllable, repeatable, and ecologically valid 3-D environments [47]. Recent studies, including 
umbrella reviews and meta-analyses, report that both commercial VR games and customized systems 
improve upper-limb motor function and balance, performing as well as or better than conventional 
therapy [47-49]. Beyond motor outcomes, VR interventions have also been shown to enhance patient 
engagement and emotional well-being, which are critical determinants of rehabilitation adherence. 
VR aligns core neurorehabilitation principles with affective drivers: it offers engaging, task-oriented 
content that increases motivation and enables high-dose, high-intensity repetition; it provides 
immediate, quantitative multisensory feedback with rewarding audiovisual cues that likely engage 
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dopaminergic circuits; and its immersion may reduce anxiety and fear of failure by focusing attention 
on in-world tasks. VR therefore exemplifies a paradigm of emotion-driven motor rehabilitation, 
demonstrating how emotionally enriched, technology-based interventions can promote both neural 
and behavioral recovery after stroke. 
 
4.2.2 Brain–Computer Interfaces (BCI): Closed-Loop Neurofeedback and Affective Modulation 

BCIs record cortical activity (e.g., EEG) to decode motor intention (e.g., imagined limb movement) 
and translate it into control commands for external devices (robotic orthoses, virtual avatars, or 
functional electrical stimulation) with real-time sensory feedback [50,51]. By establishing a 
bidirectional, closed-loop that bypasses damaged pathways, BCIs enable patients to “see” or “feel” 
intended movements, thereby delivering a strong internal reward that reinforces a sense of agency 
and self-efficacy. This precise pairing of motor intention and sensory outcome adheres to Hebbian 
principles (“neurons that fire together wire together”) and efficiently strengthens motor-intention 
networks. Meta-analyses have demonstrated clinically significant improvements in upper-limb 
function, particularly in moderate-to-severe impairment [52,53]. Beyond motor restoration, emerging 
evidence suggests that BCI-induced feedback can also modulate emotional and motivational states, 
further enhancing neuroplastic adaptation [54]. Future systems are therefore expected to integrate 
affective computing and closed-loop neurofeedback, allowing continuous monitoring and adaptive 
modulation of affect-related neural signatures to achieve a comprehensive rehabilitation strategy 
encompassing motor, cognitive, and emotional domains. 
 
5. Summary and Outlook 
5.1 Current Limitations and Methodological Challenges 

Despite promising prospects, the overall quality of evidence remains limited. Many existing 
clinical trials, especially those involving novel technologies, have small sample sizes, limiting 
statistical power and external validity [55]. Moreover, heterogeneity in populations (stroke stage, 
severity), interventions (e.g., VR type, dose, frequency), and outcome measures complicates 
cross-study comparisons and meta-analysis [47]. Blinding is inherently difficult in behavioral and 
psychological interventions, which may introduce both performance and detection bias [55]. Largely, 
standardized randomized controlled trials are needed to facilitate translation of research evidence 
into clinical practice. 
 
5.2 Future Directions: Toward Multimodal, Personalized, and Intelligent Rehabilitation 

Future stroke rehabilitation paradigms will be multimodal, personalized, and intelligent. 
Effective interventions must be grounded in a systematic and dynamic understanding of each 
patient’s unique neurological, psychological, and functional status. Multimodal integration, 
combining clinical scales (e.g., FIM, FMA), cognitive-psychological assessments, neurophysiology 
(EEG, TMS-based cortical excitability), neuroimaging (fMRI, DTI), and molecular biomarkers (e.g., 
blood BDNF, miRNA), can generate a comprehensive data profile to inform prognostic models and 
early therapy selection [56-58]. Precision rehabilitation will tailor intervention type, dose, intensity, 
and timing to individual biology and behavior [7,59], leveraging the critical window in the first weeks 
to months after stroke to maximize gains [60]. Ultimately, an ethically grounded, human-centered, 
technology-enabled digital-therapeutics ecosystem should emerge, in which emotion is precisely 
guided and leveraged as a facilitator of neuroplasticity and motor relearning rather than a barrier to 
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recovery. 
 
6. Conclusion 

Emotional stimulation represents a promising paradigm shift in post-stroke motor rehabilitation, 
moving beyond traditional biomechanical approaches to leverage emotion as an active driver of 
neuroplasticity and motor recovery. Despite the current methodological limitations, future progress 
lies in developing personalized, multimodal, and intelligent rehabilitation systems that dynamically 
integrate emotional states into therapeutic strategies. By bridging affective experience with motor 
relearning, this approach not only optimizes functional recovery but also restores meaning and 
agency to the rehabilitation process, paving the way for more holistic and human-centered care. 
 
Funding 

This work was partially supported by the Chongqing Key Special Project on Technological 
Innovation and Application Development (Grant No. CSTB2024TIAD-KPX0035, 2024-2027) for 
“Research and Application of Virtual Reality Rehabilitation Technology”; the National Key R&D 
Program of China by the Research Center for Medical Science and Technology Development of the 
National Health Commission (Grant No. 2023YFC3604500, 2023-2026) for “Comprehensive Platform 
for Complex Environment Simulation and Behavior Monitoring Analysis for Disabled People”; the 
Chongqing Postgraduate Education and Teaching Reform Research Project (Grant No. YJG243053, 
2024.06-2027.05) for “Innovative Construction of a High-Level Talent Training System and Joint 
Training Mechanism for Rehabilitation Medicine from the Perspective of Interdisciplinary 
Integration”; and the 2025 Graduate Education Reform Project of the First Clinical College of 
Chongqing Medical University (Grant No. jgxm-202511, 2025.07-2027.06) for “Exploration on 
Interdisciplinary Training Path of Compound Talents for Rehabilitation Medicine Postgraduates 
under the Background of ‘New Medical Science’”. 
 
References 
[1] Naghavi M, Kyu HH, A B, et al. Global burden of 292 causes of death in 204 countries and territories and 660 

subnational locations, 1990–2023: a systematic analysis for the global burden of disease study 2023. Lancet. 

2025;406(10513):1811-1872. doi:10.1016/S0140-6736(25)01917-8. 

[2] Naghavi M, Kyu HH, A B, et al. Global burden of 292 causes of death in 204 countries and territories and 660 

subnational locations, 1990–2023: a systematic analysis for the global burden of disease study 2023. Lancet. 

2025;406(10513):1811-1872. doi:10.1016/S0140-6736(25)01917-8. 

[3] Tu WJ, Zhao Z, Yin P, et al. Estimated burden of stroke in China in 2020. JAMA Netw Open. 2023;6(3):e231455. 

doi:10.1001/jamanetworkopen.2023.1455. 

[4] Virani SS, Alonso A, Aparicio HJ, et al. Heart disease and stroke statistics—2021 update: a report from the 

American Heart Association. Circulation. 2021;143(8):e254-e743. doi:10.1161/CIR.0000000000000950. 

[5] Tsao CW, Aday AW, Almarzooq ZI, et al. Heart disease and stroke statistics—2023 update: a report from the 

American Heart Association. Circulation. 2023;147(8):e93-e621. doi:10.1161/CIR.0000000000001123. 

[6] Jiang B. Current snapshots on stroke prevention and control and more proactive national strategies against it 

in China. J Cent Nerv Syst Dis. 2025;17:11795735251337605. doi:10.1177/11795735251337605. 

[7] Stinear CM, Lang CE, Zeiler S, Byblow WD. Advances and challenges in stroke rehabilitation. Lancet Neurol. 

2020;19(4):348-360. doi:10.1016/S1474-4422(19)30415-6. 

[8] Feigin VL, Brainin M, Norrving B, et al. World Stroke Organization (WSO): global stroke fact sheet 2022. Int J 



Innovation Series: Advanced Science Vol. 3 • Issue 9 
 

988 
 

Stroke. 2022;17(1):18-29. doi:10.1177/17474930211065917. 

[9] Motor learning following stroke: mechanisms of learning and techniques to augment neuroplasticity. Phys 

Med Rehabil Clin N Am. 2024;35(2):277-291. doi:10.1016/j.pmr.2023.06.004. 

[10] Khan M. Rehabilitation in animal models of stroke. Phys Ther Res. 2023;26(2):39-43. doi:10.1298/ptr.R0022. 

[11] Liu L, Xu M, Marshall IJ, Wolfe CDA, Wang Y, O’Connell MDL. Prevalence and natural history of depression 

after stroke: a systematic review and meta-analysis of observational studies. PLoS Med. 2023;20(3):e1004200. 

doi:10.1371/journal.pmed.1004200. 

[12] Risoli A, Antonietti A, Colautti L, et al. Sense and mind method: an innovative methodological approach to 

embodied rehabilitation. Cogn Process. 2025. doi:10.1007/s10339-025-01299-0. 

[13] Braun Janzen T, Koshimori Y, Richard NM, Thaut MH. Rhythm and music-based interventions in motor 

rehabilitation: current evidence and future perspectives. Front Hum Neurosci. 2022;15:789467. 

doi:10.3389/fnhum.2021.789467. 

[14] Menon V, D’Esposito M. The role of PFC networks in cognitive control and executive function. 

Neuropsychopharmacology. 2022;47:90-103. doi:10.1038/s41386-021-01152-w. 

[15] Kringelbach ML, Deco G. Prefrontal cortex drives the flexibility of whole-brain orchestration of cognition. 

Curr Opin Behav Sci. 2024;57:101394. doi:10.1016/j.cobeha.2024.101394. 

[16] Xia H, He Q, Chen A. Understanding cognitive control in aging: a brain network perspective. Front Aging 

Neurosci. 2022;14:1038756. doi:10.3389/fnagi.2022.1038756. 

[17] Pinson H, Van Lerbeirghe J, Vanhauwaert D, et al. The supplementary motor area syndrome: a neurosurgical 

review. Neurosurg Rev. 2022;45:81-90. doi:10.1007/s10143-021-01566-6. 

[18] Nakayama Y, Sugawara SK, Fukunaga M, Hamano YH, Sadato N, Nishimura Y. The dorsal premotor cortex 

encodes the step-by-step planning processes for goal-directed motor behavior in humans. Neuroimage. 

2022;256:119221. doi:10.1016/j.neuroimage.2022.119221. 

[19] Patelaki E, Foxe JJ, Mazurek KA, Freedman EG. Young adults who improve performance during dual-task 

walking show more flexible reallocation of cognitive resources: a mobile brain–body imaging (MoBI) study. 

Cereb Cortex. 2023;33(6):2573-2592. doi:10.1093/cercor/bhac227. 

[20] Jackson TB, Bernard JA. Cerebello-basal ganglia networks and cortical network global efficiency. Cerebellum. 

2023;22(4):588-600. doi:10.1007/s12311-022-01418-z. 

[21] Habas C. Functional connectivity of the cognitive cerebellum. Front Syst Neurosci. 2021;15:642225. 

doi:10.3389/fnsys.2021.642225. 

[22] Damasio A, Damasio H. Homeostatic feelings and the biology of consciousness. Brain. 2022;145(7):2231-2235. 

doi:10.1093/brain/awac194. 

[23] Felippin MR, Azevedo IL, Saunier G, Keniston L, Nogueira-Campos AA. Grasping affordance judgments 

depend on the object emotional value. Front Hum Neurosci. 2024;18:1331253. 

doi:10.3389/fnhum.2024.1331253. 

[24] Yu P, Dong R, Wang X, et al. Neuroimaging of motor recovery after ischemic stroke - functional 

reorganization of motor network. Neuroimage Clin. 2024;43:103636. doi:10.1016/j.nicl.2024.103636. 

[25] Schaum M, Pinzuti E, Sebastian A, et al. Right inferior frontal gyrus implements motor inhibitory control via 

beta-band oscillations in humans. eLife. 2021;10:e61679. doi:10.7554/eLife.61679. 

[26] Jarcuskova D, Tkac I, Hlavacova N, et al. Serotonin transporter 5-HTTLPR polymorphism and escitalopram 

treatment response in patients with major depressive disorder. BMC Psychiatry. 2024;24(1):690. 

doi:10.1186/s12888-024-06162-8. 

[27] Szelenberger R, Kostka J, Saluk-Bijak J, Miller E. Pharmacological interventions and rehabilitation approach 

for enhancing brain self-repair and stroke recovery. Curr Neuropharmacol. 2020;18(1):51-64. 



Innovation Series: Advanced Science Vol. 3 • Issue 9 
 

989 
 

doi:10.2174/1570159X17666190726104139. 

[28] Engelter ST, Kaufmann JE, Zietz A, et al. Levodopa added to stroke rehabilitation: the ESTREL randomized 

clinical trial. JAMA. 2025;334(17):1523-1532. doi:10.1001/jama.2025.15185. 

[29] Neurobiology and systems biology of stress resilience. Physiol Rev. 2024. doi:10.1152/physrev.00042.2023. 

[30] Structural and functional connections between the autonomic nervous system, hypothalamic–pituitary–

adrenal axis and immune system. Neurol Sci. 2021. doi:10.1007/s10072-021-05810-1. 

[31] Selective vulnerability of the locus coeruleus noradrenergic system: implications for cognition and 

neuroinflammation. Front Pharmacol. 2022;13:1030609. doi:10.3389/fphar.2022.1030609. 

[32] Mechanisms of memory under stress. Neuron. 2022;110(9):1450-1467. doi:10.1016/j.neuron.2022.02.020. 

[33] Brosens N, Lesuis SL, Rao-Ruiz P, van den Oever MC, Krugers HJ. Shaping memories via stress: a synaptic 

engram perspective. Biol Psychiatry. 2024;95(8):721-731. doi:10.1016/j.biopsych.2023.11.008. 

[34] Joffe ME, Maksymetz J, Luschinger JR, et al. Acute restraint stress redirects prefrontal cortex circuit function 

through mGlu5 receptor plasticity on somatostatin-expressing interneurons. Neuron. 

2022;110(6):1068-1083.e5. doi:10.1016/j.neuron.2021.12.027. 

[35] Numakawa T, Kajihara R. Involvement of brain-derived neurotrophic factor signaling in the pathogenesis of 

stress-related brain diseases. Front Mol Neurosci. 2023;16:1247422. doi:10.3389/fnmol.2023.1247422. 

[36] Lin L, Zhang J, Dai X, et al. A moderate duration of stress promotes behavioral adaptation and spatial 

memory in young C57BL/6J mice. Brain Sci. 2022;12(8):1081. doi:10.3390/brainsci12081081. 

[37] Ruan Y, Cheng J, Dai J, et al. Chronic stress hinders sensory axon regeneration via impairing mitochondrial 

cristae and OXPHOS. Sci Adv. 2023;9(40):eadh0183. doi:10.1126/sciadv.adh0183. 

[38] Rojas-Thomas F, Artigas C, Wainstein G, et al. Impact of acute psychosocial stress on attentional control in 

humans: a study of evoked potentials and pupillary response. Neurobiol Stress. 2023;25:100551. 

doi:10.1016/j.ynstr.2023.100551. 

[39] Ashcroft SK, Ironside DD, Johnson L, Kuys SS, Thompson-Butel AG. Effect of exercise on brain-derived 

neurotrophic factor in stroke survivors: a systematic review and meta-analysis. Stroke. 2022;53(12):3706-3716. 

doi:10.1161/STROKEAHA.122.039919. 

[40] Kunikullaya U K, Pranjić M, Rigby A, et al. The molecular basis of music-induced neuroplasticity in humans: 

a systematic review. Neurosci Biobehav Rev. 2025;175:106219. doi:10.1016/j.neubiorev.2025.106219. 

[41] Yu H, Lu X, Kim SJ. Music-based interventions using digital technology for individuals with acquired brain 

injuries: a scoping review. Front Psychol. 2025;16:1532925. doi:10.3389/fpsyg.2025.1532925. 

[42] Janzen TB, Koshimori Y, Richard NM, Thaut MH. Rhythm and music-based interventions in motor 

rehabilitation: current evidence and future perspectives. Front Hum Neurosci. 2022;15:789467. 

doi:10.3389/fnhum.2021.789467. 

[43] Raz S. Enhancing cognitive abilities in young adults with ADHD through instrumental music training: a 

comparative analysis of musicians and non-musicians. Psychol Res. 2024;89(1):9. 

doi:10.1007/s00426-024-02048-2. 

[44] Gardener SH, Mukaetova-Ladinska EB, Perera NA. The effect of music therapy on psychological outcomes 

for neurological conditions: a systematic review. Medicina. 2025;61(9):1611. doi:10.3390/medicina61091611. 

[45] Kontaris I, East BS, Wilson DA. Behavioral and neurobiological convergence of odor, mood and emotion: a 

review. Front Behav Neurosci. 2020;14:35. doi:10.3389/fnbeh.2020.00035. 

[46] Kouhihabibidehkordi G, Ghanavatinejad F, Taheri K, et al. The protective effects of Lavender officinalis 

extract against impairment of antioxidant–detoxification system induced by glucose deprivation through 

Nrf2 expression. Proc Natl Acad Sci India Sect B Biol Sci. 2024;94:135-143. doi:10.1007/s40011-023-01474-3. 

[47] Bargeri S, Scalea S, Agosta F, et al. Effectiveness and safety of virtual reality rehabilitation after stroke: an 



Innovation Series: Advanced Science Vol. 3 • Issue 9 
 

990 
 

overview of systematic reviews. EClinicalMedicine. 2023;64:102220. doi:10.1016/j.eclinm.2023.102220. 

[48] Voinescu A, Sui J, Stanton Fraser D. Virtual reality in neurorehabilitation: an umbrella review of 

meta-analyses. J Clin Med. 2021;10(7):1478. doi:10.3390/jcm10071478. 

[49] Khan A, Podlasek A, Somaa F. Virtual reality in post-stroke neurorehabilitation - a systematic review and 

meta-analysis. Top Stroke Rehabil. 2023;30(1):53-72. doi:10.1080/10749357.2021.1990468. 

[50] Karikari E, Koshechkin KA. Review on brain-computer interface technologies in healthcare. Biophys Rev. 

2023;15:1351-1358. doi:10.1007/s12551-023-01138-6. 

[51] Liu X, Zhang W, Li W, et al. Effects of motor imagery based brain-computer interface on upper limb function 

and attention in stroke patients with hemiplegia: a randomized controlled trial. BMC Neurol. 2023;23(1):136. 

doi:10.1186/s12883-023-03150-5. 

[52] Nojima I, Sugata H, Takeuchi H, Mima T. Brain–computer interface training based on brain activity can 

induce motor recovery in patients with stroke: a meta-analysis. Neurorehabil Neural Repair. 2022;36(2):83-96. 

doi:10.1177/15459683211062895. 

[53] Yang W, Zhang X, Li Z, et al. The effect of brain–computer interface training on rehabilitation of upper limb 

dysfunction after stroke: a meta-analysis of randomized controlled trials. Front Neurosci. 2021;15:766879. 

doi:10.3389/fnins.2021.766879. 

[54] Derosiere G, Shokur S, Vassiliadis P. Reward signals in the motor cortex: from biology to neurotechnology. 

Nat Commun. 2025;16(1):1307. doi:10.1038/s41467-024-55016-0. 

[55] Liang S, Xie H, Ye L, Huang C, Yuan F, Tang Y. Supported transitional care applied to stroke survivors: a 

meta-analysis. Adv Clin Exp Med. 2025;34(4):479-486. doi:10.17219/acem/186957. 

[56] Boyd LA, Hayward KS, Ward NS, et al. Biomarkers of stroke recovery: consensus-based core 

recommendations from the Stroke Recovery and Rehabilitation Roundtable. Neurorehabil Neural Repair. 

2017;31(10-11):864-876. doi:10.1177/1545968317732680. 

[57] Zhang JJ, Sánchez Vidaña DI, Chan JN-M, et al. Biomarkers for prognostic functional recovery poststroke: a 

narrative review. Front Cell Dev Biol. 2023;10:1062807. doi:10.3389/fcell.2022.1062807. 

[58] Salvalaggio S, Turolla A, Ando M, et al. Prediction of rehabilitation-induced motor recovery after stroke 

using a multi-dimensional and multi-modal approach. Front Aging Neurosci. 2023;15:1205063. 

doi:10.3389/fnagi.2023.1205063. 

[59] Olafson ER, Jamison KW, Sweeney EM, et al. Functional connectome reorganization relates to post-stroke 

motor recovery and structural and functional disconnection. Neuroimage. 2021;245:118642. 

doi:10.1016/j.neuroimage.2021.118642. 

[60] Kimberley TJ, Plow EB. Rehabilitation drives post-stroke motor recovery. Lancet Neurol. 2025;24(5):373-375. 

doi:10.1016/S1474-4422(25)00100-0. 


