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Preface 

Rehabilitation is a cornerstone of modern healthcare, enabling individuals to 
regain function, sustain independence, and participate meaningfully in everyday 
life. As clinical needs become more complex and the evidence base expands, 
physical therapy and rehabilitation increasingly require an integrated view, one 
that connects mechanistic understanding with practical assessment, effective 
intervention, and patient-centered outcomes. This edited volume, Physical Therapy 
and Rehabilitation – Research and Clinical Application, was developed to offer such 
a perspective, bringing together contributions that span foundational concepts, 
emerging technologies, and real-world clinical considerations. 

The book is organized into four sections that reflect major domains of contem-
porary rehabilitation practice and research. Section 1, Neurological Rehabilitation 
and Neurotechnology, highlights how advances in neuroscience and engineering are 
reshaping neurological rehabilitation. Topics include neurophysiological perspectives 
that inform exercise-based therapy, clinically meaningful assessment approaches, and 
technology-enabled rehabilitation strategies that can enhance engagement and sup-
port recovery. Collectively, these contributions underscore the importance of linking 
mechanisms to practice while maintaining a clear focus on functional improvement. 

Section 2, Aging, Frailty, and Postural Control, addresses the challenges associated with 
aging societies worldwide. Rehabilitation professionals encounter complex interac-
tions among motor control, cognition, balance, and mobility that influence fall risk, 
independence, and quality of life. This section considers changes across the lifespan, 
the conceptual and practical challenges of evaluating frailty-related conditions, 
and contemporary approaches to assessing postural control. The emphasis is placed 
on clinical relevance, how to interpret assessment findings and use them to guide 
prevention and intervention strategies. 

Section 3, Musculoskeletal Rehabilitation and Integrative Care, focuses on common 
musculoskeletal issues and chronic conditions that affect movement and participation. 
It presents perspectives on intervention selection, therapeutic approaches used in 
clinical practice, and integrative care frameworks that recognize the multidimensional 
needs of individuals living with long-term musculoskeletal disorders. The goal is to 
support evidence-informed decision-making while acknowledging patient preferences 
and real-world constraints. 

Finally, Section 4, Participation, Communication, and Patient-Centered Outcomes, 
centers on the broader aims of rehabilitation: enabling meaningful activity, support-
ing communication and social participation, and evaluating outcomes that matter 
to patients and families. This section emphasizes how rehabilitation extends beyond 
impairment-level change and highlights the value of outcome measurement, commu-
nity living considerations, and the lived experience of disability and recovery. 



IV

This volume is intended for physical therapists, rehabilitation clinicians, researchers, 
educators, and advanced trainees seeking a structured overview of current topics 
across the rehabilitation continuum. While each contribution reflects a distinct focus, 
the shared aim is consistent: to strengthen the bridge between research knowledge and 
clinical application, and to support rehabilitation that is both scientifically grounded 
and genuinely patient-centered. 

I want to express my sincere gratitude to all contributing authors for their expertise, 
professionalism, and commitment to advancing rehabilitation practice and research. 
Appreciation is also extended to the editorial and production teams who supported 
the development of this volume. In addition, I would like to acknowledge the valuable 
assistance provided by the Assistants to the Editor, Takato Nishida (Seijoh University, 
Japan) and Shun Sawai (Kyoto Tachibana University, Japan), whose support contributed 
significantly to the editorial process. 

Hideki Nakano, Ph.D. 
Associate Professor, 

Neurorehabilitation Laboratory, 
Graduate School of Health Sciences, 

Kyoto Tachibana University, 
Kyoto, Japan 
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Chapter

Exercise Therapies and Their 
Neurophysiological Basis
Saima Gul

Abstract

Exercise therapy is a structured, evidence-based approach to physical activity aimed 
at improving health outcomes, rehabilitating injuries, and enhancing neurological 
functions. Various forms of physical activity, including aerobic exercise, strength train-
ing, and motor rehabilitation, influence brain networks, improving cognitive function 
and motor control. These therapies are widely used in neurological rehabilitation for 
conditions such as stroke, Parkinson’s disease, and multiple sclerosis. The neurophysio-
logical basis of exercise therapy revolves around its effects on the central and peripheral 
nervous systems, modulating brain plasticity, neurogenesis, neurotransmitter activity, 
and neurotrophic factors. Mechanisms such as increased blood flow, synaptic plastic-
ity, and neurotrophic factor release contribute to their benefits. Understanding the 
neurophysiological basis of exercise therapies provides insights into optimizing treat-
ment strategies for neurological and mental health disorders, promoting overall brain 
health and recovery. This chapter will open up the integration of exercise therapies 
with neurorehabilitation, explore different exercise therapies and their neural impact 
on neurological and psychological conditions, discuss neurophysiological foundations 
of exercises, describe how exercise affects the nervous system, provide direction on 
designing neurophysiologically informed exercise programs, and highlight the future 
direction and emerging trends of these exercise therapies.

Keywords: neuroplasticity, exercise therapy, neurotransmitter regulation, motor 
rehabilitation, brain health

1. �Introduction

Exercise therapies signify systematically planned and prescribed physical activities 
aimed at restoring, maintaining, and improving physical and functional capacities 
in individuals with acute or chronic conditions. Differentiated from general physi-
cal activity, exercise therapy is goal-directed, individualized, and embedded within 
therapeutic frameworks, often guided by clinical reasoning to target specific impair-
ments, activity limitations, or participation restrictions.

In neurorehabilitation, exercise therapies have acquired increasing attention for 
their role in endorsing brain health and enhancing functional recovery. Their aims are 
to enhance recovery and functional outcomes in individuals with neurological impair-
ments through interventions that control the plastic potential of the central and 
peripheral nervous systems. Among the diverse therapeutic strategies endeavored, 
3
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exercise therapies have emerged as a central pillar due to their profound influence on 
neuromuscular function, neuroplasticity, cardiovascular fitness, and psychosocial 
well-being [1]. Exercise therapies in rehabilitation encompass a broad range of physi-
cal activities, from structured aerobic and resistance training to task-specific, repeti-
tive motor practice designed to retrain lost or impaired functions.

1.1 Historical context and evolution of exercise therapy in neurorehabilitation

The use of physical activity to enhance motor recovery in individuals with neuro-
logical disorders has deep historical roots, but it gained scientific grip in the twentieth 
century, remarkably after World War II, when the rising need to rehabilitate soldiers 
with neurological disorders, like traumatic brain and spinal cord injuries, headed 
to the development of more structured and systematic interventions [2]. Early 
rehabilitation approaches primarily involved passive modalities and compensation 
techniques, such as range of motion exercises and basic mobility drills. However, a 
significant shift occurred in the latter half of the century, catalyzed by advances in 
neuroscience and motor control theories. Concepts like the Bobath approach and 
proprioceptive neuromuscular facilitation (PNF) introduced the importance of 
sensorimotor integration and active patient involvement [3].

As research on neuroplasticity emerged, it became evident that the brain could 
reorganize and adapt following injury. This understanding prompted a transition to 
activity-based, task-specific therapies that actively engage patients in meaningful 
movement [4]. The integration of high-intensity training and enriched environments 
became central to modern neurorehabilitation. Experimental and clinical studies further 
demonstrated that exercise not only improves motor function but also induces neurobio-
logical changes, such as synaptic plasticity, angiogenesis, and neurogenesis, particularly 
in critical areas like the motor cortex and hippocampus [5, 6]. These findings have solidi-
fied the role of exercise therapy as a dynamic and essential tool in promoting recovery 
and enhancing the functional capacity of individuals with neurological impairments.

2. �Neurophysiological foundations of exercise

2.1 Mechanisms of action: How exercise affects the nervous system

Exercise, traditionally recognized for its benefits to musculoskeletal strength, 
cardiovascular endurance, and psychological well-being, is now increasingly appreci-
ated for its profound influence on the nervous system. Recent advances in neurosci-
ence and rehabilitation have revealed that physical activity triggers a wide array of 
neurophysiological processes that contribute to both brain health and functional 
recovery. Additionally, these physical exercises exert profound effects on the brain, 
not only through mechanical and metabolic changes but also via complex neuro-
chemical and structural adaptations. These mechanisms include neuroplasticity, 
neurogenesis, modulation of neurotransmitters, and the expression of neurotrophic 
factors, especially brain-derived neurotrophic factor (BDNF). Together, they cre-
ate a dynamic environment that supports neural adaptation, cognitive function, 
emotional regulation, and motor control. Exercise-induced neuroplasticity enhances 
the brain’s capacity to reorganize and form new neural connections, which is critical 
in learning and recovery following injury. Neurogenesis, primarily observed in the 
hippocampus, contributes to memory and mood regulation. Additionally, exercise 
4
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modulates key neurotransmitters, such as dopamine, serotonin, and norepinephrine, 
which are integral to motivation, attention, and emotional balance. The upregulation 
of neurotrophic factors like BDNF plays a central role in supporting neuronal growth, 
survival, and synaptic plasticity. These effects are particularly relevant in clinical 
and therapeutic settings, including stroke rehabilitation, management of neurode-
generative conditions, and treatment of mood disorders. Understanding these core 
mechanisms underscores the role of exercise as a powerful non-pharmacological 
intervention capable of inducing meaningful neurophysiological changes. This chap-
ter delves into these mechanisms and explores how movement-based therapies can be 
optimized to support neural health and rehabilitation outcomes.

2.2 Neuroplasticity and neurogenesis: Structural adaptations to exercise

Neuroplasticity and neurogenesis signify the brain’s remarkable capacity to adapt 
structurally and functionally in response to internal and external stimuli, including 
exercise. Once believed to be largely static in adulthood, the brain is now discerned to 
be capable of extensive reorganization and regeneration, especially under the influ-
ence of physical activity. These adaptations are central to cognitive enhancement, 
emotional regulation, and rehabilitation following neurological injury [7].

Neuroplasticity incorporates a range of mechanisms through which the nervous 
system modifies its structure and connectivity. Synaptic plasticity is one of its critical 
forms, which involves changes in the strength and number of synapses. Underlying 
synaptic plasticity, long-term potentiation (LTP) is a key process, which strengthens 
communication between neurons and serves as a foundational mechanism for learn-
ing and memory. Exercise-based therapies, like aerobic and skill-based exercises, have 
been shown to enhance LTP-like processes, especially in the hippocampus, a brain 
region essential for memory formation [8].

One more attribute of neuroplasticity is cortical remapping, where areas of the 
brain reorganize and assume new functions in response to training or injury. For 
instance, motor rehabilitation exercises can lead to reorganization within the primary 
motor cortex, promoting better motor control and recovery in individuals with 
neurological damage such as stroke [6]. This cortical adaptability is particularly rel-
evant in the context of physical therapy and motor learning, where targeted exercise 
interventions can drive functional improvements through neuroanatomical change.

Myelin plasticity is a further critical yet often overlooked form of neuroplasticity. 
Myelin, the fatty sheath surrounding axons, facilitates efficient nerve conduction. 
Evidence shows that physical activity can stimulate oligodendrocyte proliferation and 
new myelin formation, enhancing neural efficiency and speed of transmission [9]. 
This form of plasticity supports improved motor learning and coordination, espe-
cially during skill acquisition and recovery.

Besides these plastic changes, neurogenesis (the birth of new neurons) also 
contributes significantly to brain adaptability. Earlier thought to occur only during 
development, neurogenesis has been firmly established as an ongoing process in the 
adult brain, particularly within the hippocampal dentate gyrus. Aerobic exercise is a 
potent promoter of neurogenesis, increasing the proliferation and survival of neural 
progenitor cells. Rodent studies have shown that voluntary running enhances hip-
pocampal neurogenesis, with associated improvements in spatial memory and stress 
resilience [7, 10]. Human studies validate these findings, linking physical fitness to 
increased hippocampal volume and improved cognitive performance, especially in 
aging populations [11].
5
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Concurrently, these structural brain adaptations illustrate how exercise acts as a 
neurobiological catalyst, reorganizing cortical maps, enhancing synaptic strength, 
generating new neurons, and increasing myelination. These changes support not only 
better learning and memory but also emotional regulation and functional recovery 
from neurological disorders. The implications are profound, particularly in rehabilita-
tion settings, where exercise-based interventions can harness neuroplasticity and 
neurogenesis to optimize outcomes. As such, physical activity should be considered 
not only a tool for physical health but also a central component of brain health and 
recovery.

2.3 Neurotransmitters and brain health: Chemical mediators of exercise effects

Neurotransmitters are the brain’s chemical messengers, playing an essential role 
in regulating pain perception, mood, arousal, motor control, and attention. They are 
integral to the communication between neurons and significantly influence brain 
health. Developing evidence has emphasized the profound effects of physical exercise 
on these neurotransmitter systems, underscoring exercise as a powerful modulator of 
brain function and mental well-being.

Dopamine, one of the key neurotransmitters affected by exercise, is essential 
for reward processing, movement, attention, and motivation. Exercise enhances 
dopaminergic activity by increasing dopamine synthesis, release, and receptor 
sensitivity. This is especially relevant in neurological conditions, such as Parkinson’s 
disease, where degeneration of dopamine-producing neurons leads to motor deficits. 
Regular physical activity can improve motor function and slow disease progres-
sion by supporting dopaminergic signaling in the brain [12]. In addition, increased 
dopamine availability contributes to enhanced emotional regulation and cognitive 
performance.

Another of the most well-known neurotransmitters influenced by exercise is 
serotonin, which plays a crucial role in anxiety regulation, mood stabilization, and 
emotional processing. Physical activity elevates serotonin levels by increasing the 
availability of its precursor, tryptophan, and by increasing receptor sensitivity. 
These changes are associated with reduced symptoms of depression and anxiety, and 
improved overall mood [13]. This serotonergic modulation through exercise parallels 
some mechanisms of antidepressant medications, suggesting that exercise can serve 
as a complementary or alternative treatment in mood disorders.

Catecholamine, specifically norepinephrine, involved in alertness and stress regu-
lation, also sees increased levels following exercise [14]. This neurotransmitter is 
particularly active in the prefrontal cortex, where it supports arousal, attention, and 
working memory. Through these mechanisms, physical activity has been shown to 
enhance cognitive functions, particularly decision-making and executive function, 
while also promoting better stress management [14]. These benefits make exercise a 
valuable adjunct to behavioral and cognitive therapies.

Additionally, a vital neurotransmitter modulated by physical activity is gamma-
aminobutyric acid (GABA), the brain’s primary inhibitory neurotransmitter. GABA 
helps maintain the balance between inhibition and excitation in the brain’s neural 
circuits. Exercise lifts GABAergic activity, reducing neural over-excitation and pro-
moting relaxation and stress resilience. This is especially beneficial in conditions like 
epilepsy and anxiety, where inhibitory control is often compromised [15]. Enhanced 
GABA function contributes to emotional regulation and improved mental clarity 
following exercise.
6
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In addition, endorphins and endocannabinoids are naturally occurring compounds 
with opioid- and cannabinoid-like effects. Evidence shows that these compounds 
are released during moderate to intense physical activity. These substances are basic 
players in the “runner’s high” phenomenon, characterized by feelings of euphoria, 
reduced pain perception, and stress relief. Endocannabinoids influence cannabinoid 
receptors to modulate pain and mood, while endorphins act on the body’s opioid 
receptors. These neurochemicals also suppress the hypothalamic-pituitary-adrenal 
(HPA) axis response to stress, further promoting a sense of calm and emotional 
stability [16].

Together, these neurotransmitter systems illuminate the multi-faceted effects of 
exercise on brain function. By enhancing serotonergic, GABAergic, dopaminergic, 
noradrenergic, and endorphinergic pathways, physical activity not only brings about 
immediate psychological benefits but also supports long-term neuroplastic changes. 
These changes underlie improved emotional regulation, cognitive performance, and 
motor control. Moreover, they play a critical role in rehabilitation and neuroprotec-
tion, providing a non-pharmacological strategy to enhance mental health and prevent 
neurodegenerative decline.

2.4 Neurotrophic factors: Molecular drivers of brain health

Exercise is a powerful modulator of brain function, not only enhancing  
cerebral blood flow and oxygenation but also triggering a cascade of molecular 
events that promote brain plasticity. At the forefront of these molecular changes 
are neurotrophic factors, proteins that support the development, survival, and 
function of neurons. Among them, brain-derived neurotrophic factor (BDNF) 
is the most studied and is known to play a key role in how physical activity ben-
efits the brain. However, several other molecules, including vascular endothelial 
growth factor (VEGF), insulin-like growth factor 1 (IGF-1), and fibronectin  
type III domain-containing protein 5 (FNDC5)/irisin, work along with BDNF 
to mediate the cognitive and emotional enhancements linked to regular 
exercise [17].

2.4.1 Brain-derived neurotrophic factor (BDNF)

BDNF is a significant member of the neurotrophic family that plays a key role 
in neuronal survival, synaptic plasticity, and cognitive function. It acts primarily 
through its receptor, tropomyosin receptor kinase B (TrkB), to activate several intra-
cellular signaling pathways, including MAPK/ERK, which stimulates gene transcrip-
tion associated with neural growth and differentiation; PI3K/Akt, which promotes 
cell survival and offers neuroprotective effects; and PLC-γ, which enhances synaptic 
transmission and plasticity.

Exercises like aerobic and cognitively engaging activities performed at moderate-
to-high-intensity, strongly elevate both peripheral and central BDNF levels. This rise 
in BDNF has been consistently associated with improved memory, learning, mood 
regulation, and protection against age-related cognitive decline and neurodegen-
eration. Studies, for instance, those by Szuhany et al. [18] have shown that regular 
exercise significantly boosts BDNF levels, supporting its critical role in brain health. 
Additionally, the type, intensity, and duration of exercise are keynote modulators of 
BDNF responsiveness, with longer and more vigorous sessions showing more pro-
found effects [19].
7
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2.4.2 Insulin-like growth factor 1 (IGF-1)

IGF-1 is another potent neurotrophic agent influenced by physical activity. 
Produced in greater quantities during and after exercise, IGF-1 can cross the blood-
brain barrier and is instrumental in promoting neurogenesis, particularly within the 
hippocampus, a brain region critical for learning and memory. IGF-1 works syner-
gistically with BDNF, amplifying its effects on synaptic plasticity and neural con-
nectivity. Research emphasizes how exercise-induced IGF-1 not only contributes to 
neuronal growth but also enhances angiogenesis [20], further supporting brain health 
through improved vascular supply.

2.4.3 Vascular endothelial growth factor (VEGF)

Previously vascular endothelial growth factor (VEGF) known for its role in promot-
ing angiogenesis. In the brain, VEGF helps improve cerebral perfusion, ensuring an 
adequate supply of oxygen and nutrients to neurons, particularly during heightened 
metabolic demands, such as those encountered during learning or adaptation. Exercise 
considerably upregulates VEGF, which, in turn, supports the metabolic and structural 
needs of neurons undergoing plastic changes. Studies have demonstrated that improved 
vascularization plays a key role in maintaining neuronal health and facilitating the 
delivery of other neurotrophic factors [17].

2.4.4 Fibronectin type III domain-containing protein 5 (FNDC5)/irisin

Muscle-brain signaling pathway involves FNDC5, a protein expressed in skeletal 
muscle during physical activity. This protein is cleaved to produce irisin (Figure 1), a 
hormone that enters the bloodstream and subsequently the brain, where it stimulates 
the expression of BDNF, especially in the hippocampus. This finding, first elucidated 
by Wrann et al. [21], underscores the systemic nature of exercise-induced neuro-
plasticity, where peripheral muscular activity can directly influence central nervous 
system function and structure.

Figure 1. 
How exercise produces irisin: Irisin is a hormone produced during exercise. As a result of exercise, PGC-1α, a 
protein in muscles, becomes active. PGC-1α triggers the production of one more protein, FNDC5. FNDC5 contains 
an N-terminal (a signal sequence); fibronectin III (important for structure); a TR (part that anchors in the 
transmembrane region); and a C-terminal tail (part in the cytosolic region). FNDC5 is then cut in a process 
called proteolytic cleavage, which releases irisin.

8
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Collectively, these neurotrophic factors highlight the intricate and multidimen-
sional relationship between physical activity and brain health. Exercise serves as a 
potent biological stimulus that not only improves cardiovascular fitness but also initi-
ates molecular events crucial for memory, learning, long-term cognitive resilience, 
and emotional regulation. By enhancing the production and activity of IGF-1, irisin, 
BDNF, and VEGF, regular physical activity promotes a brain environment favorable 
to growth, adaptation, and repair. Intrinsically, understanding and leveraging these 
molecular mechanisms can substantially inform therapeutic strategies aimed at 
mitigating neurodegenerative disorders and enhancing mental well-being.

2.5 Sensorimotor integration and exercise

Sensorimotor integration is the brain’s ability to process sensory stimuli in multiple 
areas of the cerebral cortex (association areas) and combine this sensory input with 
motor output to produce smooth, coordinated movement [22]. Exercise, specifically 
sensorimotor training, for instance, proprioceptive, balance, and coordination exercises, 
enhances the central nervous system’s capacity to process multimodal sensory feedback. 
This leads to improved motor control and functional performance. Neurophysiological 
adaptations play a vital role in this process. Spinal cord modulation occurs through 
repetitive training, which refines reflex pathways and enhances reciprocal inhibition. The 
cerebellum, essential for coordinating movement, adapts by updating motor commands 
based on sensory feedback and prediction errors, a process heightened with task-specific 
practice. Furthermore, the somatosensory cortex undergoes reorganization, mainly after 
injury or immobilization, restoring accurate body maps via active movement and sensory 
stimulation. Exercise similarly increases the efficiency of sensorimotor loops connecting 
the cerebellum, spinal cord, and sensory cortex. Evidence from somatosensory evoked 
potentials (SEPs) demonstrates enhanced neural responsiveness subsequent sensorimo-
tor training, which supports better motor precision and learning. Together, these adapta-
tions highlight the importance of exercise in optimizing sensorimotor function and 
enhancing neuroplasticity in both healthy and impaired individuals.

2.6 Motor control and corticospinal adaptation

Motor control is controlled by complex hierarchical and parallel processes involv-
ing the brain, brainstem, spinal cord, and peripheral effectors. Central to voluntary 
movement, the corticospinal tract (CST) undergoes significant adjustment in response 
to exercise. Skill-based and resistance training increase motor unit recruitment and 
synchronization, leading to enhanced muscle strength and coordination [23]. These 
improvements reflect both structural and functional plasticity within the CST. 
Functional MRI studies have shown increased motor cortex activation after strength and 
skill acquisition, suggesting that cortical representations are reshaped by training [24]. 
Exercise also boosts corticospinal excitability, evidenced by heightened motor evoked 
potentials (MEPs) elicited through transcranial magnetic stimulation. Furthermore, 
repetitive motor training strengthens synaptic connections at spinal motoneurons, 
enhancing neuromuscular efficiency. Task-specific training reduces co-contraction and 
promotes smoother, more efficient movement patterns. Bilateral coordination activities 
additionally foster transcallosal communication, improving interhemispheric connec-
tivity, which is particularly beneficial in neurorehabilitation contexts such as poststroke 
recovery [25]. Together, these corticospinal adaptations underline the dynamic nature of 
motor control and its modulation through targeted exercise interventions.
9
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2.7 Autonomic nervous system (ANS) regulation and exercise

Exercise plays a dynamic role in regulating the autonomic nervous system 
(ANS) by balancing sympathetic and parasympathetic activity. Chronic training 
enhances parasympathetic tone, whereas acute physical activity increases sympa-
thetic output to meet cardiovascular demands. This shift is evident in increased 
baroreflex sensitivity, reduced resting heart rate, and improved heart rate vari-
ability (HRV) [26]. These adjustments signify greater autonomic flexibility and 
improved stress regulation.

Neurophysiologically, regular exercise reduces allostatic load by dampening the 
hypothalamic-pituitary-adrenal (HPA) axis, thereby protecting the central nervous 
system from chronic stress effects [27]. Furthermore, enhanced ANS function fosters 
neurovisceral integration so strengthening connections between the prefrontal cortex 
and limbic system, and leading to better emotional regulation, affective processing, 
and cognitive control [28].

This autonomic modulation is vital not only for cardiovascular efficiency but also 
for emotional and immune resilience. Individuals with autonomic dysfunction, such 
as those with fibromyalgia or postural orthostatic tachycardia syndrome (POTS), 
often benefit from graded exercise programs that restore autonomic balance and 
improve overall well-being [29]. Thus, exercise serves as a key modulator of neuro-
physiological and systemic health through its impact on the ANS.

3. �Different exercise therapies and their neural impact

Exercise therapy encompasses a wide range of physical activities designed to 
improve function, restore mobility, and enhance overall health. From a neurophysi-
ological perspective, these interventions influence the nervous system at multiple 
levels, from synaptic plasticity and neurotransmitter regulation to structural brain 
changes and motor control adaptations (Figure 2). Understanding the different types 
of exercise therapies and their specific neural mechanisms is essential for clinical 
application in neuromuscular rehabilitation, neuroplasticity facilitation, and cogni-
tive enhancement.

3.1 Aerobic (endurance) exercise

Aerobic exercises, for instance, walking, cycling, and swimming, involve rhythmic 
and sustained movement of large muscle groups. Such activities have been extensively 
studied for their impact on brain function and structure. Aerobic exercise enhances 
cerebral blood flow, promotes angiogenesis, and stimulates the release of neuro-
trophic factors, particularly brain-derived neurotrophic factor (BDNF). BDNF sup-
ports neurogenesis, especially in the hippocampus, which is critical for learning and 
memory [8]. Regular aerobic activity has also been associated with increased cortical 
thickness, improved white matter integrity, and enhanced functional connectivity in 
key brain networks [30].

Aerobic training reduces neuroinflammation and oxidative stress, contributing 
to neuroprotection in aging populations and individuals with neurodegenerative 
disorders such as Alzheimer’s and Parkinson’s diseases [31]. Additionally, it modulates 
neurotransmitter systems, including increased dopamine and serotonin availability, 
thereby enhancing mood and cognitive flexibility.
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3.2 Resistance (strength) training

Resistance training includes exercises that improve muscle strength and endurance 
through load-bearing activities, for example, weightlifting, resistance band workouts, 
and body-weight exercises. Resistance training positively influences neuroplasticity 
through hormonal pathways, especially by increasing levels of insulin-like growth 
factor-1 (IGF-1), which has neurotrophic and neuroprotective properties [32]. IGF-1 
facilitates neuronal growth and synaptic plasticity, particularly in motor areas and the 
hippocampus.

Research shows that strength training improves executive function, working 
memory, and processing speed in older adults [33]. Resistance exercise also contrib-
utes to motor unit recruitment refinement and increases corticospinal excitability, 
promoting improved motor control and muscle activation patterns.

3.3 Flexibility and mobility exercises

Flexibility training, including stretching, yoga, and tai chi, aims to enhance the 
range of motion and reduce muscle stiffness. While often underestimated in terms 
of neural benefit, these practices have significant effects on the nervous system. 
Mobility exercises influence proprioceptive feedback and sensorimotor integration. 
Activities like yoga and tai chi incorporate slow, deliberate movements, breathing 
control, and focused attention, which stimulate the parasympathetic nervous system 
and enhance vagal tone [34].

These exercises have been shown to increase gray matter volume in brain regions 
related to interoception and self-regulation, including the insula and anterior cingu-
late cortex [35]. Additionally, they promote stress reduction via downregulation of 
the hypothalamic-pituitary-adrenal (HPA) axis and lower cortisol levels, improving 
emotional regulation and cognitive clarity.

Figure 2. 
How exercise supports brain health: Exercises can help the brain by promoting excitation-inhibition balance of 
DA-Glu neurotransmitters, and by strengthening the connections between nerve cells (synapses). It also boosts 
brain health by promoting the expression of neurotrophic and anti-inflammatory factors. These changes improve 
movement, learning, memory, and overall behavior.
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3.4 Balance and coordination training

Exercises focusing on postural control, such as proprioceptive training, balance 
boards, and dual-task exercises, are critical for populations with neurological impair-
ments (e.g., stroke, multiple sclerosis). Balance training stimulates the cerebellum 
and basal ganglia, structures that are essential for motor planning, timing, and 
execution. It augments sensorimotor integration by improving afferent feedback from 
joints and muscles to the central nervous system. This sensory reweighting process is 
crucial for maintaining postural stability in dynamic environments [36].

Coordination drills that involve simultaneous upper and lower limb movements or 
crossing the midline improve interhemispheric communication, especially through 
the corpus callosum. These activities promote cortical reorganization, motor learn-
ing, and improved reaction time.

3.5 Motor skill and task-oriented training

Task-oriented exercises involve repetitive practice of functional tasks (e.g., reach-
ing, grasping, walking), often used in neurorehabilitation. Motor learning principles, 
like specificity, repetition, and feedback, guide this type of training. These exercises 
engage motor cortices, the premotor area, and supplementary motor areas, reinforc-
ing neural pathways through use-dependent plasticity. Functional magnetic reso-
nance imaging (fMRI) studies reveal increased activation in sensorimotor networks 
after motor training [6].

Repetitive task practice enhances synaptic efficacy and cortical map reorganization. 
It also promotes the recruitment of adjacent or contralesional brain areas in response 
to injury, particularly in stroke recovery. The involvement of attentional and reward 
systems also modulates dopamine release, enhancing motivation and learning [1].

3.6 High-intensity interval training (HIIT)

HIIT involves short bursts of intense activity interspersed with periods of rest 
or low-intensity exercise. While traditionally associated with cardiovascular fit-
ness, HIIT has emerging evidence in the field of cognitive and neural health. HIIT 
promotes rapid increases in BDNF and catecholamines (e.g., dopamine, norepi-
nephrine), facilitating synaptic plasticity and cognitive arousal [37]. Acute bouts of 
HIIT improve attention, processing speed, and executive function, potentially due to 
enhanced perfusion and arousal of the prefrontal cortex.

Moreover, HIIT may stimulate hippocampal neurogenesis and improve insulin 
sensitivity, both of which contribute to better brain health and reduced cognitive 
decline.

3.7 Neuromotor and sensorimotor integration training

These trainings include exercises that combine sensory stimuli with motor 
responses, like tactile stimulation, vestibular rehabilitation, and neurodevelopmental 
treatment (NDT). These methods are frequently used in pediatric and neurorehabili-
tation settings.

Vestibular training engages brainstem nuclei, the cerebellum, and the parietal 
cortex to improve spatial orientation and postural reflexes [38]. Sensorimotor train-
ing fosters neuroplasticity through enhanced sensory discrimination and integration. 
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Tactile and proprioceptive inputs shape somatosensory cortical maps, facilitating 
improved motor control and spatial awareness.

Through multisensory engagement and repetition, these approaches can help 
reorganize cortical areas affected by injury or disease and support functional recovery 
in both children and adults.

4. �Exercise in neurological conditions

Traumatic brain injury (TBI), stroke, multiple sclerosis (MS), Parkinson’s disease 
(PD), and spinal cord injury (SCI) are often associated with a spectrum of functional 
impairments, including sensory dysfunctions, motor deficits, cognitive limitations, 
and altered autonomic responses. Exercise, as a therapeutic modality, has gained 
significant attention in neurorehabilitation due to its capacity to improve motor learn-
ing, neuroplastic changes, and enhance functional outcomes. Evidence suggests that 
targeted, task-specific, and intensity-graded exercise can influence the underlying 
neurophysiological mechanisms that support recovery and adaptation in neurological 
populations [1, 39].

The clinical application of exercise therapies in neurological rehabilitation has 
evolved notably, with growing practical support for their effectiveness. Evidence-
based practice (EBP) emphasizes integrating patient preferences, clinical expertise, 
and the best available research evidence to guide health care decisions. In neuroreha-
bilitation, applying exercise therapies using an evidence-based framework enhances 
treatment efficacy, individualizes care, and optimizes functional recovery.

Several studies demonstrated the efficacy of exercise in improving neurological 
outcomes. Resistance training, aerobic exercise, and task-specific motor interventions 
have shown benefits in multiple neurological disorders, including stroke, PD, and MS.

4.1 Clinical application and evidence-based practice

4.1.1 Stroke

Evidence indicates that early mobilization and progressive task-oriented exercise 
enhance neuroplasticity and improve functional outcomes poststroke. Poststroke 
rehabilitation heavily relies on exercise to regain motor control, balance, and functional 
independence. A Cochrane review by Saunders et al. [40] found that physical rehabili-
tation involving repetitive task training significantly improved walking speed, upper 
limb function, and daily activities in stroke survivors. Task-specific training, such as 
constraint-induced movement therapy (CIMT), treadmill training with body-weight 
support, and robotic-assisted movements, promotes cortical reorganization and 
enhances voluntary control [41]. High-intensity interval training (HIIT) has also been 
shown to improve cardiovascular fitness and walking capacity in chronic stroke survi-
vors [42]. Aerobic exercise also increases cerebral perfusion and promotes angiogen-
esis, contributing to better recovery [43]. Aerobic exercise poststroke not only enhances 
physical function but also improves mood, cognition, and overall quality of life.

4.1.2 Parkinson’s disease

Exercise interventions for PD have been shown to reduce motor symptoms and 
improve gait, balance, and quality of life. Exercise in PD focuses on alleviating 
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bradykinesia, rigidity, postural instability, and gait disturbances. Regular physi-
cal activity, including aerobic training, resistance training, and balance exercises, 
improves motor symptoms and slows functional decline [44]. Importantly, evidence 
supports the role of forced-exercise paradigms, where individuals exercise at a rate 
higher than their voluntary pace, which is effective in enhancing motor outcomes and 
possibly influencing dopaminergic function in the basal ganglia [45]. A meta-analysis 
by Shen et al. [46] confirmed that aerobic and resistance exercises lead to significant 
improvements in Unified Parkinson’s Disease Rating Scale (UPDRS) scores. The 
mechanisms likely involve enhanced dopaminergic signaling and improved synaptic 
plasticity. Dance therapy, tai chi, and boxing programs have also demonstrated 
benefits in balance, coordination, and cognitive functioning [47].

4.1.3 Multiple sclerosis

Exercise in MS has historically been approached with caution due to fatigue and 
thermosensitivity. However, modern research supports that appropriately tailored 
exercise programs can improve strength, endurance, mobility, and fatigue levels 
without exacerbating symptoms [48]. Resistance training and aerobic conditioning 
are both effective, while aquatic therapy provides a low-impact, thermoregulated 
environment conducive to improved movement and pain relief. In individuals with 
MS, regular exercise has been shown to reduce fatigue, improve walking ability, and 
enhance mood. A randomized controlled trial (RCT) by Sandroff et al. [49] showed 
that aerobic training resulted in increased hippocampal volume and improved 
memory performance, suggesting that exercise also benefits cognitive function in MS 
through neuroprotective mechanisms.

4.1.4 Spinal cord injury

In individuals with incomplete SCI, locomotor training using treadmills with 
body-weight support, robotic exoskeletons, and functional electrical stimulation 
(FES) can activate central pattern generators and facilitate stepping movements 
[50]. For complete SCI, upper body aerobic exercise and resistance training enhance 
cardiovascular health and upper limb function. Emerging evidence also supports 
the role of epidural stimulation and activity-based therapies in promoting volitional 
movement in certain cases of chronic SCI.

4.1.5 Traumatic brain injury

Exercise post-TBI is cautiously approached due to potential cognitive deficits, 
vestibular dysfunction, and post-concussive symptoms. Once medically steady, 
individuals benefit from progressive aerobic exercise, which improves executive 
function, attention, and emotional regulation [51]. Task-specific activities, balance 
training, and dual-task exercises are essential to restore functional independence and 
community participation.

4.2 Determining exercise parameters: FITT principles

Designing an exercise program for neurological patients requires careful consider-
ation of the Frequency, Intensity, Time, and Type (FITT) principles. Adapting these 
parameters to the patient’s condition and functional level is essential for safety and 
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effectiveness. Studies normally recommend 3–5 sessions per week for moderate-inten-
sity aerobic exercise as the set frequency, and 2–3 times per week for resistance training 
[52]. Moderate to vigorous intensity, evaluated by heart rate or perceived exertion, 
is frequently needed to stimulate neuroplastic adaptations. However, intensity must 
be adjusted in cases of fatigue or autonomic dysfunction. Time for sessions of at least 
20–30 minutes has been associated with cognitive and motor improvements, though 
shorter sessions may be used initially and progressed over time. The type of exercise 
should match the therapeutic goals: for instance, gait training for mobility, strength 
training for muscle activation, or dual-task exercises for cognitive-motor integration.

4.3 Barriers to implementation

Regardless of the proven benefits, several barriers may hinder the clinical appli-
cation of exercise therapies in neurorehabilitation settings: Physical limitations: 
Neurological impairments, for example, spasticity, ataxia, and fatigue, can limit 
participation. Clinicians must adapt exercises to minimize fall risk and accommodate 
deficits. Cognitive and emotional barriers: Depression, apathy, and cognitive dysfunc-
tion can reduce motivation and adherence. Multidisciplinary support and motivational 
interviewing can help address these issues. Logistical constraints: Inadequate access 
to rehabilitation facilities, transportation issues, and cost can impede consistent 
participation. Home-based exercise programs and telerehabilitation offer feasible 
alternatives. Clinician knowledge and training: Various therapists may lack confidence in 
prescribing high-intensity or neuro-specific exercises. Continued professional devel-
opment and integration of neuroscience principles into clinical training are essential.

5. �Exercise and mental health: Neurophysiological connections

For a long time, it has been known that exercise has physical health benefits, but 
increasing attention is now being paid to its potent role in enhancing mental health. 
Increasing evidence supports the idea that physical activity exerts significant neu-
rophysiological effects that influence cognition, emotional regulation, mood, and 
psychological resilience. These effects are mediated by complex interactions involving 
neurotrophic factors, neurotransmitters, hormonal responses, and brain network 
connectivity. Understanding these underlying mechanisms is essential for integrating 
exercise into treatment plans for individuals with mental health disorders, such as 
anxiety, depression, and cognitive impairment.

5.1 Mental health disorders and the brain

Mental health disorders, for instance, depression and anxiety, are associated with 
dysregulation in several neurobiological systems, such as neurotransmitter imbalance 
(involving serotonin, dopamine, norepinephrine, and gamma-aminobutyric acid 
(GABA)); HPA axis hyperactivity (leading to elevated cortisol levels and impaired 
stress response); reduced neurogenesis and hippocampal volume (especially in depres-
sion); and decreased connectivity and activity in the prefrontal cortex, affecting emo-
tional regulation and decision-making.

Interventions that positively influence these systems can help alleviate symptoms 
and improve overall psychological well-being. Exercise has emerged as a low-cost, 
accessible, and effective approach with minimal side effects.
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5.2 Neurochemical and hormonal effects of exercise

5.2.1 Neurotransmitter regulation

Exercise stimulates the synthesis and release of several neurotransmitters involved 
in mood regulation. Serotonin (5-HT), (“feel-good” neurotransmitter), serotonin 
levels increase with aerobic exercise, enhancing mood and emotional stability [13]. 
Physical activity also increases dopamine availability in the striatum and prefrontal 
cortex, improving motivation, reward processing, and attention [53]. Exercise-
induced elevations in norepinephrine contribute to heightened alertness and stress 
resilience. Exercise also modulates GABAergic and glutamatergic signaling, helping 
balance excitatory and inhibitory activity in the brain [54].

5.2.2 Hypothalamic-pituitary-adrenal (HPA) axis regulation

Chronic stress is a key contributor to mood disorders, and it dysregulates the HPA 
axis. Exercise acts as a mild stressor that, over time, helps recalibrate the stress response 
system. Regular physical activity reduces baseline cortisol levels and improves cortisol 
reactivity, contributing to better stress management and emotional control [55].

5.3 Neuroplasticity and brain-derived neurotrophic factor (BDNF)

BDNF plays a pivotal role in synaptic plasticity, learning, and memory, and its lev-
els are consistently found to be low in individuals with depression. Exercise has been 
shown to elevate peripheral and central BDNF levels, particularly in the hippocampus 
and prefrontal cortex [17]. This neurotrophic support facilitates: neurogenesis, espe-
cially in the dentate gyrus of the hippocampus; dendritic branching and synaptogenesis; 
enhancing neural connectivity; and cognitive improvements, including memory, 
executive function, and processing speed. BDNF’s role as a mediator between physi-
cal activity and brain function supports the idea that exercise can act as a biological 
treatment for mood and cognitive disorders.

5.4 Brain structural and functional changes

Neuroimaging studies provide compelling evidence that exercise induces structural 
and functional changes in the brain. Long-term aerobic exercise is associated with hip-
pocampal growth, countering atrophy observed in depression and aging [11]. Enhanced 
connectivity in the default mode network (DMN): this network, which is hyperactive in 
depression, is modulated by exercise, leading to reduced rumination and improved 
focus [56]. Improved prefrontal cortex function: strengthened top-down regulation from 
the prefrontal cortex aids in emotional control and stress management.

Functional MRI studies also show increased activation in brain regions involved in 
emotion regulation, attention, and reward processing after exercise interventions.

5.5 Exercise and specific mental health conditions

Exercise is now recognized as an effective intervention for mild to moderate 
depression. Numerous randomized controlled trials and meta-analyses support its 
use as a standalone or adjunct treatment. A systematic review by Schuch et al. [57] 
concluded that exercise has a large antidepressant effect, comparable to that of 
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pharmacotherapy in many cases. These mechanisms include: improved monoamine 
regulation; increased BDNF and neurogenesis; distraction from negative thoughts; 
and enhanced self-efficacy and social interaction in group settings.

Regular exercise reduces both trait and state anxiety, possibly by desensitizing the 
body’s stress response systems and enhancing parasympathetic tone. A meta-analysis 
by Stubbs et al. [58] found that aerobic exercise significantly reduced symptoms in 
individuals with generalized anxiety disorder and panic disorder.

Exercise has protective effects against age-related cognitive decline and dementia. 
Moderate to vigorous physical activity improves executive function and memory, 
and delays the progression of Alzheimer’s disease through improved cerebrovascular 
function and neurotrophic support [59]. On the basis of this research evidence, 
together it suggests that exercise may help reduce depression by affecting several 
brain processes, such as oxidative stress, neurotransmitters, neuroplasticity, neuro-
trophic factors, neurogenesis, and neuroinflammation (Figure 3).

6. �Designing neurophysiologically informed exercise programs

Designing exercise programs for individuals with neurological disorders requires 
an understanding that goes beyond traditional musculoskeletal principles. With the 

Figure 3. 
Processes behind exercise-induced antidepressant effects: Exercise exerts antidepressant effects by inhibiting 
oxidative stress, ↓ing neuroinflammation, ↑ing neurotransmitter levels, and enhancing BDNF levels, neurogenesis, 
and synaptic plasticity.
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increasing body of research elucidating the mechanisms of neuroplasticity, neuro-
genesis, and synaptic adaptation, clinicians are now equipped to formulate exercise 
prescriptions grounded in neurophysiological principles. Such programs aim not only 
to restore motor function but also to optimize brain reorganization, improve cogni-
tion, and enhance overall neurological health. Here are the key considerations and 
frameworks in designing neurophysiologically informed exercise programs.

6.1 Principles of neuroplasticity in exercise prescription

At the core of neurophysiologically informed exercise programs lies the concept of 
neuroplasticity, the brain’s ability to reorganize itself by forming new neural connec-
tions in response to learning or an injury [1]. Several principles underpin the use of 
exercise to drive neuroplasticity: Use it or lose it: Neural circuits not actively engaged 
begin to degrade. Use it and improve it: Exercise can enhance function within specific 
brain regions. Specificity: The nature of the training dictates the nature of plasticity. 
Repetition and intensity: Repeated, high-intensity activity is crucial for long-term 
changes. Salience: Tasks must be meaningful to the individual to induce lasting neural 
changes. Time matters: There are critical windows post-injury during which plasticity 
is more responsive. Age matters: Younger brains are more plastic, but neurogenesis and 
learning can occur at any age [1].

These principles guide clinicians in selecting exercises that are functional, appro-
priately dosed, and individualized for the greatest neurological impact.

6.2 Exercise modalities and neurophysiological impact

Aerobic activity has a potent impact on the central nervous system. It increases 
cerebral blood flow, upregulates neurotrophic factors like BDNF, and enhances 
hippocampal neurogenesis [11]. These changes contribute to improvements in 
memory, mood, and executive function. Moderate-intensity aerobic exercise (60–75% 
HRmax), 3–5 times per week for 30–45 minutes, is often recommended for promoting 
cognitive and neuroplastic changes [60].

While traditionally associated with musculoskeletal adaptations, resistance 
training also has significant neurophysiological benefits. It promotes synaptic efficacy 
and motor unit recruitment and can improve motor control and reaction time. 2–3 
sessions per week focusing on major muscle groups with progressive overload, ideally 
integrated with balance and coordination tasks for neural engagement [61].

Task-specific training, such as constraint-induced movement therapy or locomo-
tor training, utilizes Hebbian learning principles, where repeated, coordinated activity 
strengthens synaptic connections. Motor learning exercises should be goal-oriented, pro-
gressively challenging, and feedback-rich to optimize motor cortex reorganization [62].

6.3 Integrating cognitive and sensory stimulation

Cognition and sensory processing are closely tied to motor output. Designing 
exercise programs that integrate dual-task components (e.g., walking while solving 
arithmetic problems) can stimulate frontal-striatal circuits involved in attention and 
working memory, enhancing cortical engagement.

Moreover, exercises that incorporate visual, auditory, or somatosensory feedback, 
like using mirrors, vibration, or cueing, can enhance sensory integration and refine 
motor output through sensorimotor plasticity [63].
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6.4 Progression and dose optimization

Just as in traditional rehabilitation, exercise programs must follow the principles 
of overload and progression. However, in neurological populations, dose-response 
relationships may differ due to fatigue, medication effects, and cognitive impair-
ments. For instance: at least 3–5 days per week for aerobic activity; 2–3 days for 
resistance training; monitored using HR, RPE, or the talk test; tailored for safety in 
populations with autonomic dysfunction; sessions of at least 30 minutes are effective, 
with modifications for tolerance; chosen based on goals—gait training for mobility, 
resistance for strength, balance for fall prevention, etc.

Programs must also account for neurological fatigue, using interval training or 
rest periods to avoid overtraining and neuroinflammatory responses.

6.5 Incorporating technology and feedback systems

Modern rehabilitation incorporates biofeedback, virtual reality, and neurofeed-
back to guide and refine performance. These tools engage the brain’s reward systems 
and enhance error correction, critical for motor relearning [64].

6.6 Psychosocial and motivational considerations

Patient engagement is crucial for neuroplasticity. Programs should be salient, 
aligning with the individual’s goals and interests. Motivational interviewing, goal 
setting, and self-efficacy strategies improve adherence and activate dopaminergic 
pathways critical for learning and reward [65].

Involving caregivers, providing social support, and ensuring culturally relevant 
practices further enhance participation, especially in long-term management.

7. �Future directions and emerging trends

As the field of neurorehabilitation evolves, so too does our understanding of how 
exercise therapies influence the brain. New technologies, enhanced mechanistic 
insights, and personalized medicine are driving innovation in neurophysiologically 
informed rehabilitation. This section highlights the most promising directions and 
emerging trends in exercise therapies that hold the potential to revolutionize neuro-
logical care.

7.1 Personalized and precision rehabilitation

The future of neurorehabilitation lies in precision medicine, tailoring interven-
tions to individual characteristics such as genetics, neural biomarkers, cognitive 
profiles, and behavioral traits. Research suggests that genetic polymorphisms, such 
as BDNF Val66Met, can influence a person’s neuroplastic response to exercise [66]. 
Personalized exercise prescriptions may 1 day be based on these genetic and molecu-
lar markers, improving outcomes and reducing variability in treatment response.

Advanced imaging and electrophysiological techniques, such as functional MRI 
(fMRI), EEG, and transcranial magnetic stimulation (TMS), can be used to assess 
cortical excitability, brain connectivity, and plasticity potential, thereby guiding 
individualized interventions [67].
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7.2 Integration of artificial intelligence and machine learning

Artificial intelligence (AI) and machine learning (ML) are increasingly being 
incorporated into exercise and rehabilitation platforms. These technologies can: 
predict patient recovery trajectories; optimize training parameters; monitor adher-
ence and performance; and provide real-time feedback using wearable sensors. For 
instance, ML algorithms can analyze kinematic and physiological data collected 
from wearable devices during gait training, allowing for the dynamic adjustment of 
intensity and task complexity [68]. AI-driven virtual coaches and robotic systems are 
emerging to support long-term adherence in home-based exercise programs.

7.3 Neurotechnologies and brain-computer interfaces

Brain-computer interfaces (BCIs) represent a revolutionary approach to exercise-
based neurorehabilitation. BCIs allow patients to control external devices (e.g., 
robotic limbs, virtual avatars) through real-time decoding of brain signals. This direct 
engagement of neural circuits enhances neuroplasticity through closed-loop feed-
back, particularly useful in patients with severe motor impairments [69].

Coupling BCIs with functional electrical stimulation (FES) or robot-assisted gait 
training can further promote motor recovery by synchronizing intention with action. 
These interventions are being actively researched in populations with stroke, spinal 
cord injury, and cerebral palsy.

7.4 Virtual and augmented reality (VR/AR)

The use of immersive technologies, particularly VR and AR, is rapidly growing in 
neurological rehabilitation. These tools provide engaging, multisensory environments 
that stimulate cognitive and motor systems simultaneously, promoting sensorimotor 
integration and task-specific learning [64].

Virtual environments can be tailored for specific goals, e.g., balance training in 
Parkinson’s disease or upper limb rehabilitation in stroke, and often include gamifica-
tion to improve adherence and motivation. Augmented reality overlays real-time 
digital information on physical environments, aiding in movement correction and 
feedback.

7.5 Telerehabilitation and mobile health (mHealth)

The rise of telerehabilitation and mobile health technologies has revolutionized 
access to exercise-based therapy, particularly in underserved or remote populations. 
These platforms allow real-time video supervision, remote monitoring, and data col-
lection through smartphone applications and wearable devices [70].

Exercise prescription and progression can now be delivered virtually with feed-
back loops that incorporate data from motion sensors, heart rate monitors, and GPS. 
This expansion supports continuity of care and long-term adherence, especially for 
chronic neurological conditions such as multiple sclerosis and Parkinson’s disease.

7.6 Combined cognitive and physical training

There is growing recognition of the cognitive benefits of physical exercise, and 
emerging programs now integrate dual-task training, simultaneously challenging the 
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motor and cognitive domains. This strategy is especially relevant for older adults and 
those with neurodegenerative conditions, where cognitive-motor interactions are 
critical for function and safety [71].

Neuroscientific research supports that simultaneous cognitive and physical tasks 
activate prefrontal and parietal networks, enhancing attention, executive control, 
and working memory. This dual-targeting approach is likely to be further developed 
through interactive technologies and cognitive gaming.

7.7 Epigenetics and molecular profiling

The field of epigenetics offers exciting insights into how exercise influences gene 
expression without altering DNA sequences. Regular physical activity modulates 
epigenetic markers, such as DNA methylation and histone acetylation, affecting the 
expression of genes involved in plasticity, inflammation, and metabolism [72].

Future therapies may use molecular profiling to identify individuals who would 
benefit most from specific types of exercise, and to monitor treatment efficacy at a 
cellular level. This approach supports the development of biomarker-driven interven-
tions in neurorehabilitation.

7.8 Immune and inflammatory modulation through exercise

Emerging evidence suggests that exercise modulates the immune system and neu-
roinflammation, key components in many neurological disorders, including multiple 
sclerosis, Alzheimer’s disease, and depression. Exercise reduces pro-inflammatory 
cytokines (e.g., IL-6, TNF-α) and increases anti-inflammatory mediators and neuro-
protective factors like IGF-1 and VEGF [73].

The anti-inflammatory effect of regular moderate exercise may help slow disease 
progression, reduce relapse rates, and improve mental health outcomes. Future 
programs may be dosed specifically to optimize immune modulation based on disease 
phenotype.

7.9 Cross-disciplinary collaborations and systems neuroscience

The future of exercise-based neurorehabilitation depends on cross-disciplinary 
collaboration between physiotherapists, neuroscientists, bioengineers, and data 
scientists. A systems neuroscience approach is increasingly being adopted—looking 
at motor behavior as an emergent property of multiple interacting systems (nervous, 
musculoskeletal, cognitive, etc.).

This integrative view is supported by computational models that simulate motor 
learning and neuroplasticity, enabling more precise predictions of recovery and 
response to intervention [74]. Such models can guide clinicians in selecting optimal 
strategies for different patient profiles.

7.10 Promoting lifelong brain health

Finally, there is a growing shift toward using exercise not only as a rehabilitation 
tool but also as a preventive strategy to maintain brain health across the lifespan. 
Public health campaigns and clinical guidelines are beginning to recognize exercise 
as a form of “neurotherapy” capable of reducing dementia risk, improving mental 
well-being, and enhancing cognitive reserve.
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Programs like “Exercise is Medicine” are gaining traction globally, advocating for 
the prescription of physical activity as a primary intervention for both neurological 
and psychiatric conditions [75]. Promoting lifelong movement habits may ultimately 
reduce healthcare burdens and improve quality of life across populations.

The future of neurophysiologically based exercise therapy is bright and rapidly 
evolving. Advances in technology, neuroscience, genetics, and data analytics are pav-
ing the way for more personalized, effective, and accessible rehabilitation strategies. 
As these trends continue to develop, they promise to redefine how clinicians assess, 
prescribe, and monitor exercise interventions, with the ultimate goal of enhanc-
ing neuroplasticity, restoring function, and improving the lives of individuals with 
neurological disorders.

8. �Conclusion

Exercise therapies have emerged as a cornerstone in neurorehabilitation, grounded 
in robust neurophysiological principles. The interaction between physical activity and 
the nervous system encompasses a dynamic interplay of neuroplasticity, neurogen-
esis, synaptic modulation, and neurochemical regulation. This chapter outlined the 
core mechanisms by which exercise exerts its effects on brain and spinal cord func-
tion, and reviewed how specific modes of exercise, such as aerobic training, resistance 
exercises, task-specific motor practice, and dual-task paradigms, contribute to 
neurological recovery.

At the cellular and molecular levels, exercise stimulates the release of neurotrophic 
factors, such as brain-derived neurotrophic factor (BDNF), insulin-like growth factor 
1 (IGF-1), and vascular endothelial growth factor (VEGF), all of which play pivotal 
roles in synaptogenesis, angiogenesis, and neuronal survival [5, 30]. Functional 
neuroimaging studies demonstrate that exercise modifies brain network connectiv-
ity, enhances cortical excitability, and supports executive function, especially in 
populations affected by stroke, Parkinson’s disease (PD), multiple sclerosis (MS), and 
age-related cognitive decline [76].

Moreover, different types of exercise interventions elicit unique patterns of neuro-
physiological response. Aerobic exercise enhances global cerebral perfusion and sup-
ports hippocampal volume preservation, resistance training strengthens motor unit 
recruitment and corticospinal excitability, and motor learning-based therapies engage 
use-dependent plasticity essential for task re-acquisition [36, 39]. The dose, intensity, 
and timing of exercise relative to neurological insult, such as in poststroke rehabilita-
tion, are increasingly understood as critical variables that influence neurorecovery.

Exercise therapies, when rooted in neurophysiological principles, have the power 
to transform neurological rehabilitation. Understanding how physical activity 
shapes the nervous system enables clinicians to design more targeted, effective, and 
individualized interventions. By leveraging current evidence and embracing future 
innovations, healthcare professionals can optimize recovery, improve function, and 
enhance quality of life for individuals with neurological disorders.

The neurophysiological basis of exercise therapy carries significant clinical impli-
cations, particularly for the design, timing, and progression of intervention strategies 
in neurological rehabilitation.

One of the most consistent findings in both animal and human studies is that early 
initiation of task-specific training facilitates optimal recovery by capitalizing on the 
critical period of heightened neuroplasticity following neural injury [1]. Clinicians 
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should strive to begin motor-based therapies as early as medically feasible, ensuring 
that activities are functionally relevant and progressively challenging.

Therapists must prioritize repetitive, goal-directed, and feedback-driven move-
ments to strengthen cortical reorganization and motor learning pathways. This is 
especially crucial in stroke rehabilitation, where maladaptive plasticity may occur in 
the absence of skilled therapy.

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
23

mailto:saimagul.ahs@stmu.edu.pk
http://creativecommons.org/licenses/by/4.0


Physical Therapy and Rehabilitation – Research and Clinical Application

22

References

[1] Kleim JA, Jones TA. Principles of 
experience-dependent neural plasticity: 
Implications for rehabilitation after 
brain damage. Journal of Speech, 
Language, and Hearing Research: JSLHR. 
2008;51(1):S225-S239

[2] Sung YB, Lee DH. Descriptive study 
on rehabilitation treatment methods 
for improving upper limb function in 
stroke patients. International Journal 
of Advanced Nursing Education and 
Research. 30 Aug 2020;5(2):19-28

[3] Smith M. Neurological rehabilitation: 
Optimizing motor performance. 
Physiotherapy Canada. 2015;67(2):215-216

[4] Nudo RJ. Recovery after brain injury: 
Mechanisms and principles. Frontiers in 
Human Neuroscience. 2013;7:887

[5] Cotman CW, Berchtold NC, 
Christie LA. Exercise builds brain health: 
Key roles of growth factor cascades and 
inflammation. Trends in Neurosciences. 
2007;30(9):464-472

[6] Nudo RJ. Mechanisms for 
recovery of motor function following 
cortical damage. Current Opinion in 
Neurobiology. 2006;16(6):638-644

[7] van Praag H, Kempermann G, 
Gage FH. Running increases cell 
proliferation and neurogenesis in the 
adult mouse dentate gyrus. Nature 
Neuroscience. 1999;2(3):266-270

[8] Cotman CW, Berchtold NC. Exercise: 
A behavioral intervention to enhance 
brain health and plasticity. Trends in 
Neurosciences. 2002;25(6):295-301

[9] Fields RD. White matter in 
learning, cognition and psychiatric 
disorders. Trends in Neurosciences. 
2008;31(7):361-370

[10] Lee MC, Inoue K, Okamoto M, 
Liu YF, Matsui T, Yook JS, et al. Voluntary 
resistance running induces increased 
hippocampal neurogenesis in rats 
comparable to load-free running. 
Neuroscience Letters. 2013;537:6-10

[11] Erickson KI, Voss MW, Prakash RS, 
Basak C, Szabo A, Chaddock L, et al. 
Exercise training increases size of 
hippocampus and improves memory. 
Proceedings of the National Academy of 
Sciences of the United States of America. 
2011;108(7):3017-3022

[12] Fisher BE, Li Q, Nacca A, Salem GJ, 
Song J, Yip J, et al. Treadmill exercise 
elevates striatal dopamine D2 receptor 
binding potential in patients with 
early Parkinson’s disease. Neuroreport. 
2013;24(10):509-514

[13] Meeusen R, De Meirleir K. 
Exercise and brain neurotransmission. 
Sports Medicine (Auckland, N.Z.). 
1995;20(3):160-188

[14] McMorris T, Tomporowski PD, 
Audiffren M, editors. Exercise and 
Cognitive Function. Hoboken, NJ: Wiley; 
2009. 377 p

[15] Smith PJ, Blumenthal JA, 
Hoffman BM, Cooper H, Strauman TA, 
Welsh-Bohmer K, et al. Aerobic exercise 
and neurocognitive performance: A 
meta-analytic review of randomized 
controlled trials. Psychosomatic 
Medicine. 2010;72(3):239-252

[16] Dietrich A, McDaniel WF. 
Endocannabinoids and exercise. 
British Journal of Sports Medicine. 
2004;38(5):536-541

[17] Gustafsson T, Knutsson A, 
Puntschart A, Kaijser L, Nordqvist ACS, 

24



Exercise Therapies and Their Neurophysiological Basis
DOI: http://dx.doi.org/10.5772/intechopen.1011545

23

Sundberg CJ, et al. Increased expression 
of vascular endothelial growth factor 
in human skeletal muscle in response to 
short-term one-legged exercise training. 
Pflügers Archiv. 2002;444(6):752-759

[18] Szuhany KL, Bugatti M, Otto MW. 
A meta-analytic review of the effects of 
exercise on brain-derived neurotrophic 
factor. Journal of Psychiatric Research. 
2015;60:56-64

[19] Knaepen K, Goekint M, Heyman EM, 
Meeusen R. Neuroplasticity - Exercise-
induced response of peripheral brain-
derived neurotrophic factor: A systematic 
review of experimental studies in human 
subjects. Sports Medicine (Auckland, 
N.Z.). 2010;40(9):765-801

[20] Trejo JL, Carro E, Torres-Aleman I. 
Circulating insulin-like growth factor I 
mediates exercise-induced increases in 
the number of new neurons in the adult 
hippocampus. Journal of Neuroscience: 
The Official Journal of the Society for 
Neuroscience. 2001;21(5):1628-1634

[21] Wrann CD, White JP, Salogiannnis J, 
Laznik-Bogoslavski D, Wu J, Ma D, et al. 
Exercise induces hippocampal BDNF 
through a PGC-1α/FNDC5 pathway. Cell 
Metabolism. 2013;18(5):649-659

[22] Matur Z, Öge AE. Sensorimotor 
integration during motor learning: 
Transcranial magnetic stimulation 
studies. Noro Psikiyatri Arsivi. Dec 
2017;54(4):358-363. DOI: 10.5152/
npa.2016.18056

[23] Aagaard P, Simonsen EB, Andersen JL, 
Magnusson P, Dyhre-Poulsen P. Increased 
rate of force development and neural 
drive of human skeletal muscle following 
resistance training. Journal of Applied 
Physiology. 2002;93(4):1318-1326

[24] Karni A, Meyer G, Jezzard P, 
Adams MM, Turner R, Ungerleider LG. 

Functional MRI evidence for adult motor 
cortex plasticity during motor skill 
learning. Nature. 1995;377(6545):155-158

[25] Stinear CM, Byblow WD, 
Ackerley SJ, Barber PA, Smith MC. 
Predicting recovery potential for 
individual stroke patients increases 
rehabilitation efficiency. Stroke. 
2017;48(4):1011-1019

[26] Buchheit M, Gindre C. Cardiac 
parasympathetic regulation: 
Respective associations with 
cardiorespiratory fitness and training 
load. American Journal of Physiology-
Heart and Circulatory Physiology. 
2006;291(1):H451-H458

[27] Hillman CH, Erickson KI, 
Kramer AF. Be smart, exercise your 
heart: Exercise effects on brain and 
cognition. Nature Reviews Neuroscience. 
2008;9(1):58-65

[28] Thayer JF, Ahs F, Fredrikson M, 
Sollers JJ, Wager TD. A meta-analysis of 
heart rate variability and neuroimaging 
studies: Implications for heart rate 
variability as a marker of stress and 
health. Neuroscience and Biobehavioral 
Reviews. 2012;36(2):747-756

[29] Carter JB, Banister EW, 
Blaber AP. Effect of endurance exercise 
on autonomic control of heart rate. 
Sports Medicine (Auckland, N.Z.). 
2003;33(1):33-46

[30] Voss MW, Vivar C, Kramer AF, van 
Praag H. Bridging animal and human 
models of exercise-induced brain 
plasticity. Trends in Cognitive Sciences. 
2013;17(10):525-544

[31] Kirk-Sanchez NJ, McGough EL. 
Physical exercise and cognitive 
performance in the elderly: Current 
perspectives. Clinical Interventions in 
Aging. 2014;9:51-62

25



Physical Therapy and Rehabilitation – Research and Clinical Application

24

[32] Cassilhas RC, Viana VAR, 
Grassmann V, Santos RT, Santos RF, 
Tufik S, et al. The impact of resistance 
exercise on the cognitive function of the 
elderly. Medicine and Science in Sports 
and Exercise. 2007;39(8):1401-1407

[33] Liu-Ambrose T, Nagamatsu LS, 
Voss MW, Khan KM, Handy TC. Resistance 
training and functional plasticity of the 
aging brain: A 12-month randomized 
controlled trial. Neurobiology of Aging. 
2012;33(8):1690-1698

[34] Gerritsen RJS, Band GPH. Breath of 
life: The respiratory vagal stimulation 
model of contemplative activity. 
Frontiers in Human Neuroscience. 
2018;12:397

[35] Villemure C, Čeko M, Cotton VA, 
Bushnell MC. Neuroprotective effects 
of yoga practice: Age-, experience-, and 
frequency-dependent plasticity. Frontiers 
in Human Neuroscience. 2015;9:281

[36] Taubert M, Draganski B, 
Anwander A, Müller K, Horstmann A, 
Villringer A, et al. Dynamic properties 
of human brain structure: Learning-
related changes in cortical areas and 
associated fiber connections. Journal 
of Neuroscience: The Official Journal 
of the Society for Neuroscience. 
2010;30(35):11670-11677

[37] Saucedo Marquez CM, 
Vanaudenaerde B, Troosters T, 
Wenderoth N. High-intensity interval 
training evokes larger serum BDNF 
levels compared with intense 
continuous exercise. Journal of Applied 
Physiology (Bethesda, MD: 1985). 
2015;119(12):1363-1373

[38] Han BI, Song HS, Kim JS. Vestibular 
rehabilitation therapy: Review of 
indications, mechanisms, and key 
exercises. Journal of Clinical Neurology 
(Seoul Korea). 2011;7(4):184-196

[39] Mang CS, Campbell KL, Ross CJD, 
Boyd LA. Promoting neuroplasticity 
for motor rehabilitation after stroke: 
Considering the effects of aerobic 
exercise and genetic variation on brain-
derived neurotrophic factor. Physical 
Therapy. 2013;93(12):1707-1716

[40] Saunders DH, Sanderson M, Hayes S, 
Johnson L, Kramer S, Carter DD, et al. 
Physical fitness training for stroke 
patients. Cochrane Database of 
Systematic Reviews. 2020;3(3):CD003316

[41] Langhorne P, Bernhardt J, 
Kwakkel G. Stroke rehabilitation. The 
Lancet. 2011;377(9778):1693-1702

[42] Saunders DH, Sanderson M, Hayes S, 
Kilrane M, Greig CA, Brazzelli M, et al. 
Physical fitness training for stroke 
patients. Cochrane Database of 
Systematic Reviews. 2016;3(3):CD003316

[43] Billinger SA, Arena R, Bernhardt J, 
Eng JJ, Franklin BA, Johnson CM, et al. 
Physical activity and exercise 
recommendations for stroke survivors: 
A statement for healthcare professionals 
from the American Heart Association/
American Stroke Association. Stroke. 
2014;45(8):2532-2553

[44] Goodwin VA, Richards SH, 
Taylor RS, Taylor AH, Campbell JL. The 
effectiveness of exercise interventions 
for people with Parkinson’s disease: A 
systematic review and meta-analysis. 
Movement Disorders: Official Journal 
of the Movement Disorder Society. 
2008;23(5):631-640

[45] Ridgel AL, Vitek JL, Alberts JL. 
Forced, not voluntary, exercise improves 
motor function in Parkinson’s disease 
patients. Neurorehabilitation and Neural 
Repair. 2009;23(6):600-608

[46] Shen X, Wong-Yu ISK, Mak MKY. 
Effects of exercise on falls, balance, 

26



Exercise Therapies and Their Neurophysiological Basis
DOI: http://dx.doi.org/10.5772/intechopen.1011545

25

and gait ability in Parkinson’s disease: A 
meta-analysis. Neurorehabilitation and 
Neural Repair. 2016;30(6):512-527

[47] Earhart GM. Dance as therapy 
for individuals with Parkinson 
disease. European Journal of Physical 
and Rehabilitation Medicine. 
2009;45(2):231-238

[48] Latimer-Cheung AE, Pilutti LA, 
Hicks AL, Martin Ginis KA, Fenuta AM, 
MacKibbon KA, et al. Effects of exercise 
training on fitness, mobility, fatigue, 
and health-related quality of life 
among adults with multiple sclerosis: 
A systematic review to inform 
guideline development. Archives of 
Physical Medicine and Rehabilitation. 
2013;94(9):1800-1828.e3

[49] Du L, Xi H, Zhang S, Zhou Y, Tao X, 
Lv Y, et al. Effects of exercise in people 
with multiple sclerosis: A systematic 
review and meta-analysis. Frontiers in 
Public Health. 2024;12:1387658

[50] Harkema S, Gerasimenko Y, 
Hodes J, Burdick J, Angeli C, Chen Y, 
et al. Effect of epidural stimulation 
of the lumbosacral spinal cord on 
voluntary movement, standing, 
and assisted stepping after motor 
complete paraplegia: A case 
study. Lancet (London, England). 
2011;377(9781):1938-1947

[51] Snowden T, Morrison J, Boerstra M, 
Eyolfson E, Acosta C, Grafe E, et al. Brain 
changes: Aerobic exercise for traumatic 
brain injury rehabilitation. Frontiers in 
Human Neuroscience. 2023;17:1307507

[52] Gomes-Osman J, Cabral DF, 
Morris TP, McInerney K, Cahalin LP, 
Rundek T, et al. Exercise for cognitive 
brain health in aging: A systematic 
review for an evaluation of dose. 
Neurology: Clinical Practice. 
2018;8(3):257-265

[53] Robertson CL, Ishibashi K, 
Chudzynski J, Mooney LJ, Rawson RA, 
Dolezal BA, et al. Effect of exercise 
training on striatal dopamine D2/
D3 receptors in methamphetamine 
users during behavioral treatment. 
Neuropsychopharmacology: Official 
Publication of the American College 
of Neuropsychopharmacology. 
2016;41(6):1629-1636

[54] Mikkelsen K, Stojanovska L, 
Polenakovic M, Bosevski M, 
Apostolopoulos V. Exercise and mental 
health. Maturitas. 2017;106:48-56

[55] Rethorst CD, Trivedi MH. 
Evidence-based recommendations 
for the prescription of exercise 
for major depressive disorder. 
Journal of Psychiatric Practice. 
2013;19(3):204-212

[56] Saris IMJ, Penninx BWJH, 
Dinga R, van Tol MJ, Veltman DJ, van der 
Wee NJA, et al. Default mode network 
connectivity and social dysfunction in 
major depressive disorder. Scientific 
Reports. 2020;10(1):194

[57] Schuch FB, Vancampfort D, 
Richards J, Rosenbaum S, Ward PB, 
Stubbs B. Exercise as a treatment for 
depression: A meta-analysis adjusting for 
publication bias. Journal of Psychiatric 
Research. 2016;77:42-51

[58] Stubbs B, Vancampfort D, 
Rosenbaum S, Firth J, Cosco T, 
Veronese N, et al. An examination of the 
anxiolytic effects of exercise for people 
with anxiety and stress-related disorders: 
A meta-analysis. Psychiatry Research. 
2017;249:102-108

[59] Bherer L, Erickson KI, Liu-Ambrose T. 
A review of the effects of physical activity 
and exercise on cognitive and brain 
functions in older adults. Journal of Aging 
Research. 2013;2013:657508

27



Physical Therapy and Rehabilitation – Research and Clinical Application

26

[60] Ratey JJ, Loehr JE. The positive 
impact of physical activity on 
cognition during adulthood: A review 
of underlying mechanisms, evidence 
and recommendations. Reviews in the 
Neurosciences. 2011;22(2):171-185

[61] Liu-Ambrose T, Donaldson MG. 
Exercise and cognition in older adults: 
Is there a role for resistance training 
programmes? British Journal of Sports 
Medicine. 2009;43(1):25-27

[62] Winstein CJ, Stein J, Arena R, 
Bates B, Cherney LR, Cramer SC, et al. 
Guidelines for adult stroke rehabilitation 
and recovery: A guideline for healthcare 
professionals from the American 
Heart Association/American Stroke 
Association. Stroke. 2016;47(6):e98-e169

[63] Sugiyama T, Liew SL. The effects 
of sensory manipulations on motor 
behavior: From basic science to clinical 
rehabilitation. Journal of Motor Behavior. 
2017;49(1):67-77

[64] Laver KE, Lange B, George S, 
Deutsch JE, Saposnik G, Crotty M. Virtual 
reality for stroke rehabilitation. Cochrane 
Database of Systematic Reviews. 
2017;11(11):CD008349

[65] Sleight AG, Gerber LH, Marshall TF, 
Livinski A, Alfano CM, Harrington S, 
et al. A systematic review of functional 
outcomes in cancer rehabilitation research. 
Archives of Physical Medicine and 
Rehabilitation. 2022;103(9):1807-1826

[66] Kleim JA, Chan S, Pringle E, 
Schallert K, Procaccio V, Jimenez R, 
et al. BDNF val66met polymorphism is 
associated with modified experience-
dependent plasticity in human 
motor cortex. Nature Neuroscience. 
2006;9(6):735-737

[67] Thickbroom GW. Transcranial 
magnetic stimulation and synaptic 

plasticity: Experimental framework 
and human models. Experimental Brain 
Research. 2007;180(4):583-593

[68] Khera P, Kumar N. Role of machine 
learning in gait analysis: A review. 
Journal of Medical Engineering & 
Technology. 2020;44(8):441-467

[69] Ang KK, Guan C, Phua KS, Wang C, 
Zhou L, Tang KY, et al. Brain-computer 
interface-based robotic end effector 
system for wrist and hand rehabilitation: 
Results of a three-armed randomized 
controlled trial for chronic stroke. 
Frontiers in Neuroengineering. 2014;7:30

[70] Kairy D, Lehoux P, Vincent C, 
Visintin M. A systematic review of 
clinical outcomes, clinical process, 
healthcare utilization and costs associated 
with telerehabilitation. Disability and 
Rehabilitation. 2009;31(6):427-447

[71] Herold F, Hamacher D, Schega L, 
Müller NG. Thinking while moving or 
moving while thinking – Concepts of 
motor-cognitive training for cognitive 
performance enhancement. Frontiers in 
Aging Neuroscience. 2018;10:228

[72] Denham J, O’Brien BJ, Charchar FJ. 
Telomere length maintenance and cardio-
metabolic disease prevention through 
exercise training. Sports Medicine 
(Auckland, N.Z.). 2016;46(9):1213-1237

[73] Pedersen BK. Physical activity and 
muscle-brain crosstalk. Nature Reviews 
Endocrinology. 2019;15(7):383-392

[74] Reinkensmeyer DJ, Burdet E, 
Casadio M, Krakauer JW, Kwakkel G, 
Lang CE, et al. Computational 
neurorehabilitation: Modeling plasticity 
and learning to predict recovery. Journal 
of NeuroEngineering and Rehabilitation. 
2016;13(1):42

[75] Löllgen H, Böckenhoff A, Knapp G. 
Physical activity and all-cause mortality: 

28



Exercise Therapies and Their Neurophysiological Basis
DOI: http://dx.doi.org/10.5772/intechopen.1011545

27

An updated meta-analysis with different 
intensity categories. International Journal 
of Sports Medicine. 2009;30(3):213-224

[76] Petzinger GM, Fisher BE, 
McEwen S, Beeler JA, Walsh JP, 
Jakowec MW. Exercise-enhanced 
neuroplasticity targeting motor and 
cognitive circuitry in Parkinson’s disease. 
Lancet Neurology. 2013;12(7):716-726

29





1

Chapter 2

Clinical Applications of Brain 
Structural Assessment for  
Post-Stroke Balance Function 
and Walking Ability
Ryosuke Yamamoto, Shin Murata, Shun Sawai, 
Shoya Fujikawa, Takato Nishida, Yusuke Shizuka, 
Naoki Shimizu and Hideki Nakano

Abstract

Difficulties with maintaining posture and walking after stroke substantially 
restrict independence in daily activities and reduce overall well-being. For this 
reason, a multidimensional evaluation of balance and gait function is fundamental 
in the therapeutic settings. Understanding how alterations in brain anatomy relate to 
post-stroke balance and walking capacity remains a key challenge. Recent progress 
in neuroimaging analysis has provided new insights into how the extent of damage 
to connective fiber pathways corresponds to balance control and gait performance 
in individuals with stroke. This chapter summarizes contemporary evidence and 
advanced imaging methodologies for exploring neural structures linked to postural 
and locomotor abilities and considers their relevance for clinical rehabilitation 
practice.

Keywords: stroke, standing balance, walking ability, brain structure, brain image 
analysis, rehabilitation

1. �Introduction

Stroke is one of the leading causes of death and disability worldwide and a
major contributor to conditions requiring care, particularly among older adults [1]. 
Impairment of walking ability and standing balance following stroke is a core issue 
that severely limits the activities of daily living (ADL), is linked to an elevated risk 
of falls, and results in a substantial decline in quality of life (QOL). These motor 
impairments not only compromise patients’ physical and psychological indepen-
dence but also contribute to increased societal costs, including greater physical and 
emotional burdens on caregivers and elevated long-term medical and nursing care 
expenses [2]. In today’s rapidly aging society, the development of rehabilitation 
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strategies focused on supporting independence and preventing falls after stroke is a 
critical component of building sustainable health and care systems. Rehabilitation 
for patients with stroke is therefore essential, and improvement of standing balance 
and walking ability is paramount for promoting independence. However, effective 
rehabilitation necessitates a precise understanding of the underlying causes of each 
patient’s motor impairment and the creation of individualized, optimized interven-
tion plans. Central to this is the quantitative assessment of structural brain changes 
resulting from injury and their relationship to motor function [3]. Recent advance-
ments in brain imaging techniques, including diffusion tensor imaging (DTI) and 
voxel-based lesion-symptom mapping (VLSM), have enabled visualization of 
the effects of white matter fiber bundle damage on standing balance and walking 
ability [4]. Damage to key neural pathways, such as the corticospinal tract and the 
superior longitudinal fasciculus (SLF), has been shown to impair stability during 
standing and walking. Research continues to explore the relationship between these 
structures and motor function. This chapter examines the brain structural changes 
associated with walking function and balance control following stroke, introduces 
brain imaging methods for visualizing and quantifying these changes, and dis-
cusses their clinical application. Potential future directions in rehabilitation are also 
considered.

2. �Changes in standing balance and brain structure in stroke patients

This section explores the relationship between standing balance and brain struc-
tural changes following stroke.

Postural balance is a highly integrated and complex motor control function that 
relies on coordinated activity across multiple brain regions, including the cerebel-
lum, vestibular cortex, parietal lobes, and premotor areas. Research has shown 
that patients with stroke may experience dysfunction in the vestibular and poste-
rior parietal cortices—regions responsible for integrating visual, somatosensory, 
and vestibular inputs—resulting in disrupted sensory fusion and impaired pos-
tural control mechanisms [5]. Damage to the corticospinal tracts, which mediate 
voluntary movement, and to the superior longitudinal fasciculus, which facilitates 
sensory motor integration, can further compromise standing balance. These 
fiber bundles form part of a neural network essential for motor planning, sensory 
feedback, and attentional control, and they play a central role in the selection of 
balance strategies and immediate postural responses [6]. With the advancement 
of techniques such as DTI and disconnection mapping, researchers have begun 
to quantitatively visualize the association between white matter architecture and 
standing balance function [7]. Studies have reported that impaired structural con-
nectivity correlates with reduced dynamic balance, with patients who have lower 
SLF fractional anisotropy (FA) values exhibiting significantly diminished postural 
stability scores [6]. These findings indicate that balance is not governed solely by 
motor output but is supported by multidimensional control systems involving 
broad brain network integration. Consequently, comprehensive assessment of 
overall structural connectivity—not just localized damage—is vital for clinical 
evaluation and prognosis of standing balance in patients with stroke. Advanced 
neuroimaging tools, including DTI and disconnection mapping, may provide key 
insights into how brain structure relates to function and contribute to the develop-
ment of next-generation rehabilitation strategies.
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3. �Walking ability and brain structure changes in patients with stroke

This section discusses how structural alterations in the brain relate to walking 
performance in stroke survivors.

Figure 1. 
Diagram showing specificity of neural pathways and regional correlations [4]. This figure illustrates that distinct 
white matter pathways exhibit varying degrees of association with cognitive, behavioral, and clinical domains, 
suggesting that pathway specificity often aligns with the diversity of their projections. While the corticospinal 
tracts show strong links to motor performance, other connectional routes traditionally regarded as non-motor also 
demonstrate the meaningful involvement, indicating that the functional scope of certain neural pathways remains 
broader than previously understood.
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Walking is a highly complex motor behavior established through the coordinated 
function of multiple neural systems, including motor control, sensory input, spatial 
cognition, and attention [8]. Gait impairment following stroke is particularly severe 
due to reduced voluntary movement caused by damage to the corticospinal tract, 

Figure 2. 
Typical DTI workflow [13]. This diagram summarizes a general process for diffusion tensor imaging (DTI). 
The workflow starts by defining research aims and clarifying where the technique is most applicable. Particular 
attention should be given to image noise or spatial distortion (A) and to configuring acquisition parameters 
that align with study objectives (B). After data collection, images undergo verification and early preparation, 
which typically involve steps such as format conversion (C), correction of geometric distortion (D), and removal 
of extracerebral tissue (E). Tensor estimation (F) then produces directional diffusion information that can be 
depicted in several formats: orientation glyphs (G); diffusion-based maps, including color-encoded FA (H), 
FA (I), and MD (J); or reconstructed tracts (K). Analytic strategies may include region-focused mapping (L), 
histogram evaluation (M), voxel-wise comparisons (N), and tract-based spatial statistics (O). These diffusion 
findings may further be aligned with functional (P) and anatomical (Q ) MRI datasets to support multimodal 
interpretation. Understanding the outcomes demands careful reflection on both methodological rigor and the 
biological mechanisms involved.
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with motor paralysis of the lower limbs directly and significantly impacting walking 
independence [9]. Additionally, injury to the frontoparietal network connecting the 
frontal and parietal lobes impairs higher motor functions, such as attention distribu-
tion during ambulation and adaptive coordination of steps, making balance main-
tenance difficult, especially under cognitively demanding conditions [10]. Recent 
DTI studies have begun to identify quantitative associations between alterations in 
white matter fiber bundles and walking ability. For instance, decreased FA values in 
the corpus callosum, internal capsule, corticospinal tracts, and superior longitudinal 
fasciculus have been linked to slower walking speed and diminished balance function 
[11, 12]. These findings suggest that structural assessment via neuroimaging may 

Figure 3. 
Diagram showing results of white matter fiber bundle damage characterization using Disconnectome components 
from the BCBtoolkit [14]. The dataset included 62 individuals whose lesion and disconnection patterns appeared 
in both hemispheres, showing a right-sided predominance (67%). Each axial slice is annotated with its z—
coordinate in neurological orientation, where the image’s left corresponds to the left hemisphere. The color gradient 
conveys the extent of lesion convergence and the likelihood of fiber interruption. L, left hemisphere, n, case count. 
Right subcortical territories accounted for most of the lesions (n = 27; remaining regions, n < 15), encompassing 
deep nuclei and limbic structures such as the thalamus, putamen, caudate, pallidum, hippocampus, amygdala, 
nucleus accumbent, insular cortex, and cingulate or par hippocampal regions. The disconnection components 
displayed a similar, though right—dominant, spatial configuration, with the densest overlap within ventral visual 
routes, the internal capsule, and prefrontal projection areas. Collectively, these reconstructions illustrate ongoing 
advances in mapping network-level disturbances throughout the brain’s connective framework.
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serve as a valuable biomarker alongside clinical evaluations to predict gait recovery. 
After stroke, difficulties in walking stem not only from lesions to the corticospinal 
tract but also from disrupted connectivity within widespread white matter systems 
and frontoparietal circuits associated with higher-order cognition. Visualizing the 
mechanisms of these impairments through brain structure assessment is expected to 
substantially improve the functional outcome prediction and facilitate the design of 
individualized, optimized rehabilitation strategies (Figures 1–3).

4. �Brain structure assessment and brain imaging analysis

This section discusses structural brain assessment in patients with stroke and 
advanced neuroimaging techniques.

Quantitative assessment of brain structures and the application of imaging 
analysis are critical in stroke rehabilitation for elucidating mechanisms of motor 
dysfunction and delivering individualized interventions. Recovery of motor func-
tion involves neuroplasticity and the reorganization of extensive brain networks, not 
only at the lesion site but also in adjacent and remote regions [15]. DTI, together with 
functional MRI (fMRI), enables visualization and quantitative assessment of fiber 
tract integrity and disruption. Metrics such as fractional anisotropy (FA) and mean 
diffusivity (MD) serve as indicators of the extent of microstructural damage [16]. 
Moreover, advanced analytical tools such as BCBtoolkit and tract-based spatial statis-
tics (TBSS) have facilitated the visualization of individual fiber damage, allowing for 
precise assessment of the relationship between motor functions—including standing 
balance and walking ability—and brain structure [14, 17]. Clinical implementation of 
these methods is expected to support more personalized and effective rehabilitation 
approaches.

4.1 Indicators of brain structure assessment

Indices used to assess brain structure primarily reflect the condition of the cortex 
and white matter fibers, both of which are critical to understanding functional 
impairment after stroke. T1-weighted imaging quantifies lesion volume and gray 
matter thickness, helping to evaluate cortical atrophy and volume loss, which have 
been increasingly linked to cognitive function and ADL performance [16]. On 
the other hand, DTI is a prominent method for evaluating cerebral white matter 
integrity and employs indices such as FA, MD, axial diffusivity (AD), and radial 
diffusivity (RD). FA serves as an indicator of fiber orientation, and lower values are 
typically associated with axonal disruption or demyelination. MD indicates water 
molecule diffusion and is commonly associated with edema and tissue degeneration. 
Numerous studies have reported correlations between FA values in the corticospinal 
tract and motor function recovery, underscoring the tract’s role in determining 
motor paralysis prognosis [9]. Beyond the corticospinal system, several major 
association and commissural tracts—including the superior longitudinal fasciculus 
and interhemispheric fibers—have been linked to postural control and locomotor 
performance. Comprehensive evaluation of these pathways remains essential for 
understanding balance and gait function [7]. In recent years, three-dimensional 
neurotractography has enabled visualization of fiber bundles, aiding both clini-
cal explanation and the formulation of tailored intervention strategies by clearly 
depicting affected areas.
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4.2 Brain image analysis methods

Brain imaging analysis refers to scientific techniques for extracting and evaluat-
ing structural information using modalities such as MRI, fMRI, and DTI. In stroke 
research and rehabilitation, DTI-based visualization of white matter damage has 
become increasingly prevalent alongside fMRI-based lesion volume assessments [18]. 
Open-source tools—including BCBtoolkit, MRIcron, and FSL—are now widely used 
in both research and clinical contexts. These tools support the automatic extraction of 
lesion sites and their superimposition onto standardized brain templates, facilitating 
the investigation of structural-functional relationships. TBSS is particularly effective 
for intergroup comparisons and offers clear visualizations of fiber damage patterns. 
Disconnectome mapping, which estimates disrupted neural networks based on 
lesion location, is also gaining traction. It holds promise for personalized medicine 
by identifying likely disconnections and potential compensatory pathways unique to 
each patient’s injury profile [19]. Moreover, predictive models that integrate machine 
learning algorithms with brain imaging data are being developed to enhance accuracy 
in forecasting gait outcomes and rehabilitation efficacy.

4.3 Rehabilitation applications and prospects

Information obtained from brain structure assessments and brain imaging 
analyses provides crucial support for individualizing rehabilitation strategies. For 
instance, training intensity can be adjusted based on the extent of corticospinal tract 
damage, and task-oriented training may be introduced to promote neural network 
reorganization [20]. In particular, the assessment of white matter fiber bundles using 
DTI enables the prediction of recovery from motor paralysis and balance disorders, 
offering a scientific foundation for setting rehabilitation goals tailored to each patient. 
Moreover, if recovery prognosis can be predicted early through brain imaging, it 
may inform decisions regarding the timing of home discharge and initiation of care 
services. Magnetic resonance imaging offers diffusion-based approaches that enable 
the examination of tissue pathways involved in structural alteration and recovery 
following ischemic stroke. Using DTI, characteristics of the corticospinal tract (CST) 
can be quantified through directional water movement, providing insight into axonal 
alignment and microstructural coherence within the brain. Indices comparing FA 
values between the affected and unaffected corticospinal tracts are frequently applied 
as indicators of structural asymmetry in diffusion analyses. Typically, reduced FA 
along the damaged corticospinal pathway suggests more extensive tract disruption 
and is often accompanied by progressive Wallerian degeneration of descending axons 
[21]. Quantitative indicators obtained from neuroimaging can act as surrogate mark-
ers to anticipate the trajectory of post-stroke recovery and to recognize individuals 
who are likely to gain meaningful functional benefit from rehabilitation. Employing 
such metrics may also guide the development of adaptive therapeutic frameworks 
that tailor interventions to each person’s recovery profile.

Looking ahead, future developments include real-time imaging analysis tech-
nologies and the construction of AI-based prognostic models. These innovations 
are expected to enable “visualized interventions” guided by brain imaging findings 
and support shared decision-making between patients and healthcare professionals. 
Furthermore, research integrating brain imaging with simple, non-invasive balance 
assessment techniques—such as virtual light touch—may lead to the development of 
novel, innovative assessment indices (Table 1).
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5. �Conclusions

This chapter explores how alterations in brain organization relate to post-stroke 
standing balance and locomotor function, drawing on findings from contempo-
rary studies. Historically, therapeutic approaches addressing motor recovery after 
stroke have been guided mainly by bedside evaluations and functional rating 
scales. However, the integration of neuroimaging now allows for more scientifi-
cally informed intervention design. Impaired standing balance has been associated 
with damage to multiple brain regions, including the cerebellum, vestibular cortex, 
parietal lobe, and premotor cortex. Damage involving major connective pathways—
particularly the superior longitudinal fasciculus and corticospinal projections—can 
interfere with neural coordination systems that maintain upright stability, leading 
to postural instability and a heightened tendency to fall. These findings help define 
specific targets for balance training within rehabilitation. Regarding walking ability, 
effective performance involves not only motor control but also the integration of 
sensory input, attentional processes, and spatial cognition. Damage to the frontopa-
rietal network and impairment of sensory pathways can significantly compromise 
gait stability and automation. Advances in brain imaging, including DTI, have 
begun to clarify the quantitative relationships between brain structures and gait 
function, facilitating individualized gait recovery predictions and intervention 
planning. Clinically, structural assessment of white matter using indices such as 
FA and MD is valuable in formulating rehabilitation strategies. For example, early 
identification of critical nerve fiber damage associated with gait outcomes enables 
the focused allocation of limited training resources to patients with the highest 
need. In addition, combining structural brain imaging with simple functional 
assessments—such as virtual light touch—may bridge anatomical insights with 
clinical application.

Comprehensive assessment grounded in brain structure supports personalized 
rehabilitation and maximizes training outcomes. Future challenges include establish-
ing efficient clinical implementation of these assessment tools and enhancing the 
evidence base through multicenter collaborative research. In conclusion, the clinical 
application of brain structure assessment holds significant potential to elevate the 
quality of stroke rehabilitation and represents a critical advancement toward indi-
vidualized, evidence-based interventions.

SIAS-motor total BBS FIM-motor

CST 0.571*** 0.418*** 0.396***

SLF 0.346** 0.380** 0.417***

ATR 0.302* 0.267* 0.332**

CNG 0.194 0.386** 0.341**

IFOF 0.284* 0.433*** 0.451***

Values show correlation with coefficients with their corresponding probability levels. Statistical thresholds:  
* p < 0.05; ** p < 0.01; *** p < 0.001. ATR, anterior thalamic radiation; CNG, cingulum bundle; CST, corticospinal 
tract; IFOF, inferior fronto-occipital fasciculus; SLF, superior longitudinal fasciculus; SIAS, Stroke Impairment 
Assessment Set [12].

Table 1. 
Correlations between FA values in the lesioned hemisphere and clinical outcome measures [12].
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Abstract

Recent advancements in immersive virtual reality (VR), augmented reality (AR), 
and mixed reality (MR) technologies have demonstrated promising results in the 
rehabilitation of hand function in stroke patients. These technologies provide immer-
sive, interactive, and engaging environments that significantly improve traditional 
rehabilitation methods. This chapter offers an overview of the application of emerg-
ing technologies used to enhance conventional and servo-assisted systems in the 
rehabilitation and recovery of hand functions after a stroke. A scoping review was 
performed, focusing on immersive applications that combine intervention methods, 
assessment, evaluation, and engagement analysis based on studies published over the 
past decade. Our revision explores the various applications and benefits of VR, AR, 
and MR in creating personalized and adaptive rehabilitation programs. In addition, 
the chapter describes the integration of mixed reality with a robotic hand exoskeleton 
for therapy, highlighting innovative approaches to improve patient outcomes and 
offering insights into future research and development directions in this field.

Keywords: hand function rehabilitation, stroke, immersion, virtual reality (VR), 
augmented reality (AR), mixed reality (MR), exoskeleton

1. �Introduction

Stroke is one of the leading causes of long-term disability worldwide, occurring
when blood flow to a part of the brain is interrupted or reduced, depriving brain 
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tissue of oxygen and nutrients. This can result in significant motor impairments, par-
ticularly affecting the upper limbs (ULs) and hand function. Impaired hand mobility 
can severely limit a person’s ability to perform daily activities, reducing independence 
and quality of life (QoL). The World Health Organization’s Global Health Estimates 
report that stroke continues to rank among the top three causes of disability-adjusted 
life years (DALYs) worldwide [1], with expectations of reaching as high as 89.32 per 
100,000 people by 2030 [2]. A frequent consequence of stroke is the impairment of 
fine motor skills in the hand, since the brain areas that control these actions are com-
monly impacted.

Diverse intervention strategies are available for the rehabilitation of upper 
limb functionality in stroke survivors [3, 4], aimed at recovering motor abilities, 
enhancing coordination, and promoting autonomy. Key methods include task-spe-
cific training (TST) or task-oriented therapy (TOT), which focuses on practicing 
meaningful, goal-directed activities, and constraint-induced movement therapy 
(CIMT), which encourages use of the affected limb by limiting the unaffected one. 
Bilateral arm training (BAT) promotes coordination between both limbs, while 
strength training (ST) and range of motion (ROM) exercises help rebuild muscle 
power and maintain joint flexibility. These therapies focus on enhancing neuro-
plasticity, which is the brain’s capability to reorganize itself and create new neural 
pathways. Hand rehabilitation typically involves activities to improve strength, 
coordination, and dexterity, such as grasp-and-release exercises, stretching, and 
resistance exercises.

To enhance sensory and neuromuscular function, functional electrical stimulation 
(FES) and neuromuscular electrical stimulation (NMES) are often used, which apply 
electrical currents to stimulate muscle contractions and support voluntary movement. 
Sensory stimulation and somatosensory training aim to improve the brain’s ability 
to process tactile input, which is often impaired after stroke. These interventions are 
useful as they help re-engage the nervous system and promote cortical reorganiza-
tion. Mental practice (MP) complements these methods by encouraging patients to 
mentally rehearse movements, activating motor planning areas even in the absence of 
physical motion.

Supportive and advanced interventions broaden the range of tools for reha-
bilitation. Noninvasive brain stimulation (NIBS), such as transcranial magnetic 
stimulation, is used to modulate cortical excitability and support neuroplasticity. 
In recent years, innovative technologies such as virtual reality (VR), augmented 
reality (AR), mixed reality (MR), and robotic and exoskeleton therapy [3, 5] have 
begun to transform stroke rehabilitation. These tools offer immersive and engag-
ing environments that can simulate real-life tasks and provide instant feedback, 
enhancing patient motivation and adherence. VR and AR systems can gamify 
therapy, making repetitive exercises more enjoyable, while MR blends physical and 
digital elements for interactive training. Robotic exoskeletons and smart gloves 
help with movement and provide precise measurements of hand function, allowing 
personalized therapy plans. These technologies not only improve outcomes but also 
allow remote rehabilitation, expanding access to care for patients in underserved 
areas.

Virtual reality (VR), augmented reality (AR), and mixed reality (MR) are immer-
sive technologies that redefine the boundaries between the physical and digital worlds 
[6]. VR involves the use of a completely artificial setting that substitutes the user’s 
natural environment with a digitally created scenario. Such an experience is usually 
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mediated through head-mounted displays (HMDs) or envelope projection walls with 
stereoscopic capabilities like Cave Automatic Virtual Environment (CAVE) [7]. In 
addition, they could include spatial audio and haptic feedback to enhance realism. 
The aim of virtual reality (VR) is to establish a feeling of immersion, making users 
experience as if they are physically present in the digital environment. In contrast, AR 
overlays digital content onto the real world, allowing users to perceive and interact 
with both simultaneously. This is commonly achieved through mobile devices or AR 
glasses, which superimpose images, sound, text, data, or 3D models onto the user’s 
view of their physical environment [6].

Mixed reality (MR) represents a more advanced integration of real and virtual 
elements, enabling dynamic interaction between physical and digital objects. 
Unlike AR, which simply adds virtual layers to the real world, MR allows for con-
textual awareness and spatial anchoring of virtual content. This means that digital 
objects can respond to and interact with the physical environment in real time. 
MR systems often rely on sophisticated sensors and spatial mapping technologies, 
such as those found in devices like the Microsoft HoloLens. The continuum from 
VR to AR to MR reflects increasing levels of integration between the virtual and 
physical realms, with MR occupying the most complex and interactive end of the 
spectrum.

A crucial differentiation in virtual reality experiences is the distinction 
between 2D and 3D VR environments. Typically, 2D VR pertains to virtual scenes 
shown on flat displays like monitors or mobile screens, where the perception of 
depth is restricted and user interactions are limited to conventional input devices 
[6]. While users can navigate and observe the virtual space, the experience lacks 
the spatial immersion characteristic of true VR. In contrast, 3D VR employs 
stereoscopic displays and motion tracking to create a fully immersive environment. 
Users can move their heads and bodies to explore the space naturally, and interac-
tions are often facilitated through hand controllers or gesture recognition. This 
depth and interactivity significantly enhance the realism and engagement of the 
experience.

The idea of immersion plays a crucial role in evaluating the success of VR, AR, and 
MR technologies. Immersion describes the extent to which a user experiences a sense 
of being surrounded by and engaged in a virtual or augmented setting. It is influenced 
by sensory fidelity (visual, auditory, and haptic realism), interactivity, and the coher-
ence of the virtual world [6]. High levels of immersion, including sensory engage-
ment (visual, auditory, and sometimes haptic feedback), can lead to a psychological 
state known as “presence,” where users temporarily suspend disbelief and accept the 
virtual environment as real. This state is particularly valuable in applications such as 
training simulations, therapeutic interventions, and educational tools, where realism, 
engagement, and interactivity (the ability to manipulate and respond to the environ-
ment) are critical to success. Nevertheless, there is a lack of comprehensive evidence 
illustrating how these technology types enhance engagement and effectiveness in the 
context of poststroke rehabilitation.

Taking into account the distinction mentioned above, this work focuses solely 
on 3D or immersive VR applications. Throughout the rest of this chapter, the terms 
VR, AR, and MR specifically refer to 3D or immersive applications. Therefore, this 
study explores the integration of VR, AR, and MR technologies with conventional 
and servo-assisted methods to improve rehabilitation and recovery of hand function 
after stroke. It examines and contrasts their benefits and potential uses. Additionally, 
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it analyzes the bibliometric data related to this topic to grasp historical and ongoing 
research trends and pinpoint future research directions to progress in this area. The 
following research question was formulated:

Main research question:

•	 What is the current state of research on the use of immersive virtual, augmented, 
and mixed reality technologies for hand function rehabilitation in stroke 
patients?

Sub-questions:

•	 What types of VR, AR, and MR technologies have been used in hand rehabilita-
tion for stroke patients?

•	 What outcomes have been reported regarding the effectiveness of these 
technologies?

In order to contribute to this revision, we complement it by illustrating how a 
mixed reality system is integrated with an exoskeleton in order to improve the reha-
bilitation capabilities.

2. �Methods

A literature review was conducted to synthesize and summarize key findings 
related to the use of immersive virtual reality (VR), augmented reality (AR), 
and mixed reality (MR) in poststroke hand function rehabilitation. The review 
followed the Preferred Reporting Items for Systematic Review and Meta-Analyses 
Extension for Scoping Reviews (PRISMA-ScR) [8]. This is a standardized method-
ology for scoping reviews that provides a systematic and transparent framework 
for thoroughly examining pertinent research within a specific domain. Essential 
keywords like “rehabilitation,” “stroke,” “patient,” “training,” “virtual reality,” 
“augmented reality,” and “engagement,” along with corresponding synonyms, 
were deliberately chosen. This selection aimed to encompass phrasing diversity 
and create a more expansive bibliographic dataset. These terms served to refine 
the search strategy across the chosen databases. Utilizing these keywords and 
their synonyms, an extensive search equation was constructed as demonstrated 
below:

TITLE-ABS-KEY(( “rehabilitation” OR “therapy” OR “recovery” OR 

“treatment”)

AND ( “stroke” OR “cerebrovascular accident” OR “cva” OR “brain injury”)

AND ( “hand” OR “upper limb” )

AND ( “virtual reality” OR “vr” OR “augmented reality” OR “ar”

OR “mixed reality” )

AND ( “patient” OR “individual” OR “subject” OR “participant”)

AND ( “exercise” OR “training” OR “activity” OR “intervention”)

AND ( “motor skills” OR “movement” OR “coordination” OR “function”

OR “dexterity”) )
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A search targeting title, abstract, and keywords was conducted using SCOPUS 
and Web of Science. These databases were selected because of their extensive inter-
disciplinary scope. The search was confined to journal articles published in English 
over the last decade. This period was chosen to encompass the recent evolution of 
affordable immersive VR and AR technologies and their incorporation into stroke 
rehabilitation. This search initially resulted in 518 documents from SCOPUS and 436 
from WoS. By combining the databases and eliminating duplicate entries, 835 records 
were preliminarily identified for further screening.

VOSviewer, a tool for generating conceptual maps from the titles and abstracts 
of scientific papers [9], was used to examine the co-occurrence of terms in the 835 
papers fused from SCOPUS and WoS. Figure 1 presents the keyword network and 
its co-occurrence among 33 out of the 45 keywords automatically analyzed via 
VOSviewer. The size of circles and labels corresponds to the frequency and strength 
of keyword occurrences, and the color coding corresponds to the average year of 
publications correlated with respective keywords. This map highlights the trend in the 
recent literature investigating poststroke rehabilitation using immersive VR applica-
tions. It is evident from the map that the primary themes in the selected articles center 
on VR, patient, and rehabilitation. A trending topic is the usability of technology and 
its role in motivating the rehabilitation process.

2.1 Inclusion and exclusion criteria

The evaluation of the relevance and eligibility of the records in the review fol-
lowed a multistage process, as illustrated in Figure 2. Initially, the title, abstract, and 

Figure 1. 
Concept map showing the relations based on titles and abstracts of fused database papers. The size of circles and 
labels corresponds to the frequency and strength of keyword occurrences, and the color coding corresponds to the 
average year of publications correlated with respective keywords. Primary themes in the selected articles center on 
VR, patient, rehabilitation, and usability.
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keywords of each record were reviewed. Those that appeared relevant were selected 
for full-text evaluation (93 records). Criteria for inclusion and exclusion were then 
formulated, and in the preliminary phase, records were deemed eligible for a thor-
ough investigation if their title, abstract, or keywords suggested they offered poten-
tial insights into (1) immersive VR, AR, and MR technologies for hand rehabilitation 
poststroke; (2) the integration of immersive technologies with rehabilitation robotics, 
gloves, or exoskeletons for poststroke hand rehabilitation; and (3) detailing interven-
tion methods, assessments of effectiveness, or patient engagement analysis concern-
ing the use of immersive technologies in hand rehabilitation. The inclusion criteria, 
following the guidelines of [10], are shown in Table 1.

These studies mainly covered topics including immersive technologies, effec-
tiveness assessment, and engagement scoring, among others. A large portion of 
the selected documents are randomized controlled trials (RCTs), demonstrating 
the growing interest in analyzing how these emerging technologies contribute 
to stroke rehabilitation. Although the primary criterion was to focus on work 
presenting research findings, a small number of related review articles were taken 
into account. In instances where overlapping reviews were detected, we methodi-
cally identified the most current and thorough review and disregarded those that 
overlapped with it.

2.2 Data analysis

From every document, the data collected includes the title, publishing name, 
publication type (such as journal article, review, or book chapter), research domain, 

Figure 2. 
Summarizing the PRISMA-ScR flow chart for the review process.
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keywords, technologies utilized (like VR, AR, MR, or robotics), software applications 
employed, intervention, assessment method, engagement evaluation, and key results.

Records fulfilling one of the following criteria were excluded from further inves-
tigation: (1) duplicate record, (2) no apparent investigation of methods for upper 
limb or hand rehab, (3) works that include lower limb or full-body rehab, and (4) 
published before 2014.

During a subsequent review stage, the remaining documents underwent a com-
prehensive full-text evaluation, and items were eliminated according to the follow-
ing criteria: (1) no English full text available, (2) concentrating solely on technical 
development without any form of intervention, evaluation (whether for effectiveness 
or engagement), or method discussion.

Finally, a Microsoft Excel template was designed to retrieve pertinent data from 
the selected sources of evidence. This template indicates the kind of immersive 
technology (VR, AR, MR), the integration with rehab robotics or exoskeletons, the 
type of interventions (CIMT, mirror therapy, motor imagery, task-specific training, 
mental practice, bilateral training, etc.), the assessment method (FMA, BBT, WMFT, 
FIM, others), and patient engagement analysis (neuroplasticity, cognition, exergam-
ing, system usability, etc.). This allowed us to chart consistent information on the 
literature and store it in a systematic manner.

3. �Results

Of the 43 selected studies, which were identified as sources of evidence, all were 
released between 2014 and 2025, with 3 studies appearing in 2025 [11–13], 11 studies 
from the previous year, 2024 [14–24], 9 studies in 2023 [25–33], and 5 in each of the 
years 2022 [34–38] and 2021 [39–43], which constitute 75% of the included works. 
Initially, we examine the types of immersive technology and haptic feedback present 
in the literature. Subsequently, we concentrate on reviewing various assessment mea-
surement methodologies. Lastly, we explore the engagement evaluation techniques 
employed.

Criteria Inclusion description Exclusion description

Population Adults (18+) who have experienced 
a stroke and are undergoing hand 
function rehabilitation.

Studies on non-stroke populations or general upper 
limb, lower limb, or rehab without arm- and hand-
specific focus.

Concept Use of immersive or 3D VR, AR, and 
MR technologies for upper limb and 
hand rehabilitation. Studies reporting 
on rehabilitation effectiveness, patient 
engagement, usability, or functional 
outcomes.

Studies not involving immersive or 3D VR, AR, 
or MR (e.g., traditional therapy, robotics without 
immersive tech, screen VR, or AR) or using readily 
available commercial games. Studies that do not 
report on engagement, effectiveness, usability, 
functional outcomes, or technology evaluation.

Context Journals and books published peer-
reviewed articles, clinical trials, pilot 
studies, feasibility studies, qualitative 
studies, and mixed methods. Published 
in English, with publication dates from 
2014 to today.

Editorials, opinion pieces, conference abstracts 
without full text, and congress proceedings.

Table 1. 
Inclusion and exclusion criteria.
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3.1 Immersive technologies

Head-mounted displays (HMDs) have become the most widely adopted output 
devices in immersive technologies for rehab in recent years, with 86% of the included 
studies using them [11–16, 18, 19, 21–23, 25–28, 30–35, 37–55]. They are wearable 
devices that position one or two small screens directly in front of the user’s eyes, often 
using lenses to create a stereoscopic 3D effect for enhanced depth perception. These 
devices can be classified by their connectivity and the type of visual interface they 
use. In terms of connectivity, commercial tethered HMDs (e.g., HTC VIVE, Oculus 
Rift/Rift S, 56%) rely on external PCs or consoles for high-performance rendering 
[11, 13, 14, 21, 22, 25–28, 30, 32, 34, 35, 37, 39–42, 48–55] or a custom-made system 
[56]. Otherwise, standalone HMDs (e.g., Meta (Oculus) Quest series, 19%) are self-
contained with onboard processing and sensors [15, 16, 19, 24, 31, 33, 37, 43]. A third 
category includes mobile-based HMDs, which use a smartphone as both the display 
and the computing unit [29]. These typically consist of a headset shell with lenses into 
which the phone is inserted, offering an accessible and affordable entry point into VR 
(e.g., Samsung Gear VR, Google Cardboard).

Visually, HMDs fall into three main categories: virtual reality HMDs (VR-HMDs), 
which fully immerse users in digital environments and block out the real world (e.g., 
PlayStation VR2, Valve Index); video see-through HMDs (VST-HMDs), which use 
external cameras to capture the real world and display it on internal screens alongside 
virtual content (e.g., Apple Vision Pro, Meta Quest Pro); and optical see-through 
HMDs (OST-HMDs), which use transparent lenses or waveguides to overlay digital 
information directly onto the user’s view of the real world (e.g., Microsoft HoloLens 
2, Lumus DK-50). Key technical parameters such as resolution, field of view (FOV), 
refresh rate, and tracking systems (inside-out vs. outside-in) significantly influence 
the level of immersion, accuracy, and user comfort, making them critical consider-
ations in both consumer and professional applications.

Stationary VR systems offer an alternative to wearable displays by immersing 
users in virtual environments through fixed installations that include a large screen 
combined with polarized 3D glasses. The most prominent example is CAVE (Cave 
Automatic Virtual Environment), where images are projected onto the walls, floor, 
and sometimes ceiling of a room-sized cube [57]. Users wear 3D glasses and inter-
act with the environment using motion tracking and input devices. Another form 
includes panoramic projection systems used in simulation centers [20]. These systems 
are ideal for collaborative experiences that allow multiple users to share the same 
virtual space. Although they offer high visual fidelity and reduce motion sickness, 
they are limited by their lack of portability, high cost, and spatial constraints.

Input devices play a crucial role in enabling natural and intuitive interaction with 
digital environments. These devices include noncontact input or motion detection 
systems such as the Microsoft Azure Kinect [48] that employ depth detection cameras 
and AI for full-body motion tracking. Leap Motion Controller [13, 25, 28, 39, 42, 47], 
which precisely detects detailed hand and finger movements. Time-of-Flight (ToF) 
sensors [45], Meta Quest 3 Inside-Out Tracking [16], and HTC VIVE Tracker [11, 14], 
which track body, hand, or finger movements in 3D space without physical contact. 
Infrared (IR) sensors are also widely used, often embedded in these systems, to detect 
depth and motion by capturing reflected IR light from the user or surroundings 
[35]. In addition, handheld controllers [30, 48], data gloves [28], and eye-tracking 
systems are commonly used to capture gestures, touch, and gaze direction. These 
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input devices enable users to adjust virtual objects, explore settings, and interact 
with simulations instantly, thereby boosting the sense of presence and engagement in 
immersive experiences.

Audio output devices are essential to create a convincing immersive experience by 
simulating spatial soundscapes. These devices range from basic stereo headphones 
to advanced spatial audio systems that use binaural rendering and head-related 
transfer functions (HRTFs) to simulate how sound arrives at the ears from different 
directions. The subcategories include open-back headphones, which offer a more 
natural soundstage, and closed-back headphones, which provide better isolation. 
Some HMDs integrate audio systems directly into the headset for convenience. Spatial 
audio enhances realism, supports directional awareness, and can be used to guide user 
attention or simulate environmental signals, making it indispensable in VR, AR, and 
MR applications [57].

Haptic devices provide tactile and kinesthetic feedback, enabling users to “feel” vir-
tual objects and interactions. These devices can be categorized into vibration-based 
haptics (e.g., game controllers, VR handsets) [14, 21, 23, 30, 37, 40, 48], force-feed-
back devices (e.g., haptic gloves, exoskeletons) [17, 27, 46, 58], and surface haptics 
(e.g., touchscreens with variable friction). More advanced technologies include 
ultrasonic mid-air haptics and electrotactile stimulation, which are still largely 
experimental. Haptic feedback enhances realism and is particularly valuable in train-
ing simulations, such as surgical procedures or mechanical assembly. Nevertheless, 
obstacles persist in attaining high accuracy and seamless integration with completely 
immersive VR, AR, and MR systems, alongside enhancements in comfort and cost-
effectiveness, particularly for full upper limb haptic systems [58].

Table 2 summarizes a comparison of these devices.

3.2 Effectiveness

Studies have shown that VR, AR, and MR therapies can significantly improve 
upper limb function. These technologies are commonly used in conjunction with 
standardized clinical assessments designed to capture different aspects of motor 
recovery and functional ability, such as the Fugl-Meyer Assessment (FMA) [13, 
19–21, 29, 30, 33, 35, 36, 38, 43, 44, 46–48, 50, 51, 55], Box and Block Test (BBT) [12, 
19, 22, 46, 53, 54], Nine-Hole Peg Test (NHPT) [12], Barthel Index (BI) and modified 
BI (MBI) [19, 21, 23, 26, 27, 35, 38, 39, 45, 53–55, 57], and Wolf Motor Function Test 
(WMFT) [20, 30, 44, 46, 57], among others [3]. Assessments are chosen based on 
their ability to measure specific domains such as motor control, dexterity, strength, 
and independence in daily activities.

Motor function is typically assessed using tools like the Fugl-Meyer Assessment 
for Upper Extremity (FMA-UE), which evaluates movement, coordination, and 
reflex activity [3]. It is widely regarded as the gold standard for measuring poststroke 
motor impairment due to its strong psychometric properties. In our revision, 37% of 
the studies use FMA. The Wolf Motor Function Test (WMFT) (7% of the studies) 
complements this by focusing on the time and quality of movement during functional 
tasks, providing insight into how impairments translate into real-world performance. 
To evaluate dexterity, the Box and Block Test (BBT) (12% of the studies) measures 
gross manual dexterity, while the Nine-Hole Peg Test (NHPT) (7% of the studies) 
assesses fine motor coordination and speed, both of which are critical for hand 
function.
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Technology Main characteristics Advantages Disadvantages Main applications Usage (VR, AR, MR) Examples

Head-mounted 
displays 
(HMDs)

Worn on head, 
stereoscopic 3D, 
tethered/standalone

High immersion, 
portability, individual 
user experience

Motion sickness, 
can be heavy and 
uncomfortable

Gaming, training, 
simulations

VR, AR, MR Tethered HMDs (HTC 
VIVE, Oculus Rift/Rift 
S); standalone HMDs 
(Meta/Oculus Quest series, 
HoloLens); mobile-based 
HMDs (Samsung Gear VR, 
Google Cardboard)

Stationary VR Fixed position, 
CAVE systems, 
large-scale projection, 
stereoscopic projectors

Group shared VR 
experience, avoids 
motion sickness, high 
resolution

Requires dedicated 
facilities and software, 
less portable, 
expensive

Industrial design, 
architecture, 
collaborative 
simulations

VR CAVE (BARCO S4, Machdyne 
Bench, and Corner); 
stereoscopic projectors (Sony, 
Barco); active shutter glasses 
(Volfoni, Sony)

Audio output 
devices

Stereo headphones, 
binaural audio, 3D 
spatial audio

Enhances realism, 
guides attention

Limited by audio 
quality, potential 
discomfort

Spatial awareness, 
environmental 
simulation

VR, AR, MR Stereo Heads, HMDs 
integrated audio. Spatial 
audio devices, Music Glove 
(FlintRehab)

Haptic devices Tactile feedback, 
vibration-based, 
force-feedback

Enhances realism, 
crucial for training

Cost, complexity, 
fidelity

Medical training, 
engineering 
simulations

VR, MR Amadeo Trymotion, 
HandTutor Meditouch, 
Neofect Smart Glove

Noncontact 
input

Interpret human 
movement, gestures, 
or spatial positioning

Enable seamless, 
intuitive interaction 
within virtual 
environments

Limited precision. 
Sensitive to 
environmental factors, 
not haptic feedback

Medical training, 
engineering 
simulations

VR, MR Leap Motion Controller, 
Microsoft Kinect, Time-of-
Flight (ToF) sensors, Meta 
Quest 3 Inside-Out Tracking

Table 2. 
Comparison of immersive technologies.
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To assess how motor impairments affect daily life, tools such as the Barthel Index 
(BI) and the Modified Barthel Index (MBI) are used by 28% of the included studies 
to evaluate a patient’s ability to perform basic activities of daily living (ADL), such as 
feeding, dressing, and bathing [3]. These indices are crucial for determining levels of 
independence and planning for discharge or long-term care. Additional assessments 
like the Modified Ashworth Scale (MAS) (2%) [36] for spasticity, manual muscle 
testing for strength, and the national institutes of healt (NIH) Stroke Scale for overall 
stroke severity provide further context to the upper limb evaluation. Together, these 
tools form a robust framework for assessing upper extremity function and tailoring 
rehabilitation to individual needs.

Electromyography (EMG) has also been used by 19% of the studies in conjunction 
with VR tools for assessing muscle function and neuromuscular health in poststroke 
rehabilitation of the upper limb. EMG measures the electrical activity produced by 
skeletal muscles, providing insights into muscle activation patterns, timing, and coor-
dination [14, 26–28, 32, 34]. This information is crucial for understanding the extent of 
motor impairment and the effectiveness of rehabilitation interventions. EMG can detect 
abnormal muscle activation, such as co-contractions or spasticity, which are common 
in stroke patients. By analyzing EMG data, clinicians can tailor rehabilitation programs 
to target specific muscles and improve motor control. Additionally, EMG can be used to 
monitor progress over time, allowing for adjustments to therapy based on objective data.

Functional near-infrared spectroscopy (fNIRS) (2 studies) is increasingly used 
as a noninvasive neuroimaging tool to monitor brain activity during motor recovery 
tasks [17, 25]. It works by measuring changes in oxygenated and deoxygenated 
hemoglobin in the cerebral cortex, providing real-time insights into cortical activa-
tion patterns during hand movements or rehabilitation exercises.

3.3 Patient engagement

Patient engagement is a critical determinant of success in poststroke rehabilita-
tion, particularly for upper limb recovery, where sustained motivation and active 
participation are essential for functional improvement. VR and AR have become 
powerful tools to enhance engagement by transforming repetitive therapeutic exer-
cises into interactive, goal-oriented experiences. They offer dynamic environments 
that can be tailored to individual needs, thereby increasing adherence and emotional 
investment in the rehabilitation process. The immersive nature of VR and the contex-
tual increase in AR help bridge the gap between clinical settings and real-world tasks, 
creating a more meaningful and motivating therapeutic experience. These technolo-
gies also improve patient motivation and adherence to rehabilitation programs, which 
are critical to successful recovery [3].

A key process through which VR and AR aid recovery is neuroplasticity, which 
refers to the brain’s capacity to restructure itself by establishing new neural pathways. 
Stroke often disrupts motor pathways, and recovery depends on the brain’s ability to 
rewire itself through intensive, task-specific practice. VR/AR-based rehabilitation 
systems provide a platform for high-frequency, repetitive, and task-oriented training, 
which are key principles for inducing neuroplastic changes. Six studies (14%) include 
this concept analysis in their works [12, 13, 22, 27, 35, 46, 55]. These systems can 
simulate real-life tasks in a controlled, safe environment, allowing patients to practice 
movements that are functionally relevant. Moreover, real-time feedback and adap-
tive difficulty levels help reinforce correct motor patterns and maintain the challenge 
necessary to stimulate cortical reorganization.
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Multiple studies confirm that VR-based rehabilitation significantly enhances 
motor recovery by leveraging the principles of neuroplasticity. For example, in Ref. 
[51], a scoping review of immersive VR for upper extremity rehabilitation, 85% of 
the included studies reported measurable improvements in motor function. These 
improvements were attributed to the high intensity and task-specific nature of VR 
exercises, which stimulate cortical reorganization. For example, mirror therapy and 
motor imagery tasks delivered through VR headsets were shown to activate motor-
related brain regions, reinforcing neural pathways disrupted by stroke. Furthermore, 
adaptive difficulty and real-time feedback mechanisms were found to sustain patient 
motivation and optimize the challenge level, both of which are critical for inducing 
long-term plastic changes.

Cognitive engagement is another vital aspect of effective rehabilitation. Stroke 
survivors often experience cognitive deficits alongside motor impairments, including 
issues with attention, memory, and executive function. VR and AR environments can 
be designed to simultaneously engage cognitive and motor domains, promoting dual-
task training that mirrors the complexity of everyday activities [27, 45]. For instance, a 
VR task might require a patient to reach for virtual objects while solving simple puzzles 
or responding to auditory cues, thereby enhancing both motor control and cognitive 
flexibility. This integrative approach not only improves functional outcomes but also 
supports the generalization of skills to real-world contexts. For example, Khan et al. 
[59] found that interventions that incorporated dual-task paradigms, such as reaching 
tasks combined with memory or attention challenges, demonstrated superior out-
comes in both domains compared to motor-only training, suggesting that immersive 
technologies can support executive function recovery while reinforcing motor skills.

The concept of exergaming (the use of physical activity based on games) has 
gained traction as a strategy to further increase patient engagement. In VR and AR 
rehabilitation, exergames transform therapeutic exercises into playful, interactive 
challenges that reward effort and progress. These games often incorporate elements 
of competition, achievement, and narrative, which can significantly increase motiva-
tion and enjoyment. Importantly, exergaming allows quantitative tracking of perfor-
mance, allowing therapists to monitor progress and adjust interventions accordingly. 
By making rehabilitation more enjoyable and less monotonous, exergaming helps to 
maintain long-term participation, which is crucial to achieving meaningful recovery 
in upper limb function, as is explored in 11% of the reviewed works [18, 24, 60]. 
However, some works have also noted variability in game design quality and a lack of 
standardized engagement metrics, showing the need for more rigorous development 
and evaluation frameworks [61].

Finally, evaluating the user experience of immersive technologies is essential to 
ensure effectiveness and patient comfort. Commonly used assessment tools include 
the System Usability Scale (SUS), as is evidenced in seven documents (16%) [11, 15, 
22, 24, 37, 49, 50], which provides a quick measure of perceived usability; the NASA 
Task Load Index (NASA-TLX) (5%) [24, 29], which assesses perceived workload 
across dimensions such as mental demand and effort; and the Simulator Sickness 
Questionnaire (SSQ ) (9%) [11, 19, 22, 50], which evaluates symptoms such as nausea, 
oculomotor strain, and disorientation that may arise from virtual environments. 
These tools help researchers and clinicians understand how stroke patients interact 
with VR-based rehabilitation systems, ensuring that the technology supports recovery 
without causing undue strain or discomfort.

Finally, Appendix A, Table 3, summarizes the main characteristics of the included 
works.
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3.4 MR integration with an exoskeleton glove for poststroke rehab

This section describes our progress in developing an integration of a mixed reality 
application, combined with an as-needed assisted exoskeleton previously developed 
[62, 63], aimed at enhancing patient recovery capabilities.

3.4.1 Architecture

The general architecture is presented in Figure 3. The system mainly consists 
of the user, the robotic exoskeleton, and the immersive headsets. The mixed reality 
application is composed of different modules that aim to enhance the user experience 
through two main tasks: implementing a game in mixed/virtual reality and integrat-
ing the existing robotic exoskeleton into an interactive mixed reality system.

The therapy process begins once the user puts on and turns on the immersive head-
sets. When the mixed reality application starts, the user is presented with the possible 
therapy activities: a mixed/virtual reality serious game or recovery routines with the 
exoskeleton. If the user selects the game, they are taken to the game’s start interface, 
where they will need to rely on exercises used during recovery routines to complete 
the game’s challenges and dynamics. However, if the user selects the recovery routine 
option, an information guide is displayed, indicating the components of the robotic 
exoskeleton system and how to interact with them correctly during therapy sessions.

Once the user sets up the system, the user interface is presented to execute rou-
tines with the exoskeleton. In this interface, the user can preview the exercise to be 
performed and visualize the movements executed using a digital twin of the real 
exoskeleton to provide feedback on the exercise performed. The routine execution 
begins when the user selects one of the options in the interface; with this, the HMD 
communicates with the robotic exoskeleton, and a bidirectional communication is 
maintained to carry out the mentioned actions. At any moment, the user can end the 
therapy and receive feedback on the work done during the session.

3.4.2 Exoskeleton digital twin

In Figure 3, we can observe the main elements interacting in specific ways to 
ensure proper functionality. First, we have the user selection, which serves as the 

Figure 3. 
System Architecture. A mixed reality system composed of two modalities: integration with a robotic exoskeleton 
and a standalone mixed reality game. This system aims to stimulate the bidigital pinch movement in the hand.
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initial input to indicate the routine that the system must execute. After the user makes 
the selection, this signal is sent to the microcontroller, where, depending on the 
chosen routine, it calculates the actuator positions for each finger. Once the system 
determines these positions, the data is transmitted via the Bluetooth Low Energy 
(BLE) module to enable wireless communication. This signal is directed to two 
different components. First, it is sent to the exoskeleton to initiate the movement of 
the actuators, aligning with the selected routine. Simultaneously, the actuator data is 
transmitted to the Meta Quest 3 headset, where a specific module receives the signal 
and forwards it to the digital twin actuators.

To ensure accurate movement animation, additional considerations are necessary. 
The digital twin must replicate the behavior of the physical exoskeleton precisely. 
To achieve this, the computer-assisted design (CAD) model of the exoskeleton is 
imported into the Meta Quest 3 environment. Once all components are integrated, the 
kinematic constraints and relationships between the parts are defined. These con-
straints are designed based on the mechanical design principles established in Refs. 
[62, 63], ensuring that the digital twin mirrors the physical exoskeleton’s movements 
accurately. With these elements in place, the system is capable of reflecting real-time 
motion.

3.4.3 Bluetooth LE connection

This sub-task is dedicated to creating a two-way communication link between 
the robotic exoskeleton and the Meta Quest 3S headset. Essentially, this component 
seeks to establish a communication framework that allows sending and receiving 
data between the two devices. The exoskeleton’s control system utilizes the Bluetooth 
Low Energy (BLE) protocol for communication, and thus the application is designed 
accordingly to support this protocol. This module is involved in development sub-
tasks such as the design of the therapy graphical interface and the visual feedback of 
recovery movements performed through the digital twin of the exoskeleton.

As illustrated in Figure 3, the architecture involves the user, the Meta Quest 3S 
headset, and the robotic exoskeleton. The flow begins with the user’s interaction: the 
individual must wear the immersive headset and interact with the Unity-developed 
interface. During therapy, the user can execute recovery routines through buttons or 
signals in the interface; the user sends commands to transmit data from the headset 
to the exoskeleton while also enabling the reception of information from the physical 
model (e.g., actuator positions).

To support the development of modules such as the therapy interface and digital 
twin-based visual feedback, the implementation of four core communication func-
tions is considered: connection request, transmission of exercise routine parameters, 
device disconnection, and reception of actuator state data. Much of this development 
lies in software implementation. Initially, it is necessary to define and establish the 
required permissions for BLE usage, based on the Android version used by the Meta 
Quest 3S headset; these permissions are essential, as they ensure the continuous 
operation of communication functions.

As a follow-up activity, an Android library is to be created using an Android 
Integrated Development Environment (IDE) (e.g., Android Studio), which integrates 
the necessary permissions and core functionalities, as shown in Figure 4. Since 
the main project is developed in a mixed reality-oriented engine, this library must 
be imported into the application so that these custom communication features can 
be efficiently integrated into the user interface. Once the library is imported, its 
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functions are linked to interactive elements in the system’s main interface. As a result, 
when the user triggers a control signal from the therapy interface, the corresponding 
function in the Android library is invoked; this function will execute the predefined 
communication actions with the exoskeleton.

Again, this module operates as a subcomponent in other system sub-tasks; it 
facilitates the integration of multiple tools and resources that enhance the overall 
functionality of the proposed system.

3.4.4 Exoskeleton and gesture recognition

As illustrated in Figure 5, the software recognition architecture comprises four 
sequential phases to enable robust integration with the Meta Quest 3S. For this stage, 
the computer vision model for real-time object detection, YOLOv5 (You Only Look 
Once version 5) [64], is integrated.

•	 Phase 1: Data collection involves capturing images via mobile devices as raw 
input. These images are labeled using tools like Makesense.ai and structured into 
a dataset divided into training and validation subsets, governed by a data.yaml 
configuration file. A critical challenge at this stage is dataset inefficiency, which 
could compromise downstream model performance.

•	 Phase 2: YOLOv5 model training begins by cloning the YOLOv5 GitHub reposi-
tory. The model undergoes training utilizing the prepared dataset, while key 
metrics like precision, recall, and mean average precision (mAP) are tracked. 
Insufficient dataset diversity or labeling errors may necessitate reverting to Phase 
1 for adjustments.

•	 Phase 3: Model integration in Unity requires exporting the trained YOLOv5 
model to open neural network exchange (ONNX) format via PyTorch. The 
ONNX file is imported into Unity using the Sentis engine, and a custom C# 

Figure 4. 
Software Scheme – Bluetooth LE Connection. Development architecture of a custom Android library designed to 
manage Bluetooth Low Energy (BLE) functionalities on Meta Quest 3S immersive headsets. This task is part of 
the exoskeleton integration modality through communication among devices.
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decoder is developed to translate model outputs into actionable commands 
within Unity’s scripting environment, enabling real-time gesture-to-action 
mapping.

•	 Phase 4: The final phase involves integrating the gesture/exoskeleton recogni-
tion module into a Unity project designed for Meta Quest 3S. Several rounds of 
project testing and model evaluation are conducted directly on the headset to 
validate recognition accuracy and system responsiveness.

Figure 6 shows how the Meta Quest 3S’s built-in camera is integrated into 
the Unity-based application to enable dynamic object recognition. The process 
begins when the user interacts with the headset, where a Unity project manages 
core functionalities beyond object detection (rehabilitation routines or a game). 
Moreover, the headset camera captures environmental data, which is processed in 
real time by the object recognition module. The module identifies and classifies 
objects within the camera’s field of view using a pretrained machine learning model. 
Classification results are relayed back to Unity, triggering context-specific responses 
such as behavioral modifications, interactive enhancements, or user feedback. This 
closed-loop system—spanning camera input, real-time recognition, and Unity-driven 
output—enables continuous synchronization between physical and virtual elements, 
achieving cohesive mixed reality integration.

3.4.5 Exoskeleton therapy assisted with immersive MR digital twin

The system is composed of two main components: the exoskeleton and its cor-
responding digital twin, which is visualized through the Meta Quest 3 headset, as 

Figure 5. 
Software recognition architecture composed of four sequential phases to enable the integration with the Meta 
Quest 3S. The block diagram of the interaction system using Meta Quest 3S headsets (software) illustrates the use 
of Unity for the user interface and computer vision algorithms for object recognition and classification.

Figure 6. 
Dynamic object recognition on HMD: Block diagram of the interaction system using Meta Quest 3S headsets 
(hardware), integrating Unity for the user interface and computer vision algorithms for object recognition and 
classification, including the exoskeleton and hand gestures.
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shown in Figure 7. The exoskeleton is designed to assist the patient in performing 
rehabilitation exercises with precision and consistency. Simultaneously, the digital 
twin mirrors the exoskeleton’s movements in real-time, providing the patient with 
visual feedback that enhances spatial awareness and motor learning. This synchro-
nized representation allows for more efficient and engaging therapy sessions, as 
patients can observe their own movements in an augmented reality environment, 
facilitating better alignment and correction during rehabilitation.

The interaction between the exoskeleton and its digital model is facilitated by 
Bluetooth technology, which allows for instant data transfer regarding the actuator’s 
positions. This smooth linkage guarantees that the digital twin precisely mirrors every 
motion of the exoskeleton, enabling the therapist and patient to track progress and 
adjust as necessary. This synergy not only enhances the rehabilitation process but 
also closes the divide between physical and digital therapy, crafting an engaging and 
interactive environment that supports better recovery results.

The system is designed to execute AR interventions utilizing an active support 
approach, facilitated by a robotic-assisted exoskeleton [62, 63]. This robotic setup 
modulates the exoskeleton’s velocity during rehabilitation therapy by incorporating 
the patient’s EMG muscle activity. Additionally, thanks to the bidirectional interac-
tion between the exoskeleton and the AR system, it can incorporate EMG signals in 
both the design and evaluation of AR interventions.

To assess the effectiveness of our proposed system, multiple studies emphasize 
the significance of using standardized questionnaires for evaluating usability. The 
System Usability Scale (SUS), the Virtual Reality Sickness Questionnaire (VRSQ ), 
and customized user feedback forms, designed specifically for the system in ques-
tion, are frequently employed. These tools are integral for gauging user satisfaction 
with virtual environments and for detecting VR-related symptoms, such as dizziness, 
fatigue, or discomfort. Such methodology has been regularly utilized in research, 
including Refs. [11, 25, 48], where usability assessments were crucial for validating 
immersive systems aimed at upper limb rehabilitation.

Besides usability evaluation, clinical outcomes are taken into account for func-
tional validation. Employing a methodology similar to that suggested in Ref. [13], 

Figure 7. 
Exoskeleton and digital twin visualization on the HMD. Implementation of a digital twin of the robotic 
exoskeleton in Unity to provide visual feedback and real-time tracking of the physical model on the head-mounted 
display (HMD).
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participants will be split into a control group undergoing standard rehabilitation 
and an intervention group receiving the same treatment enhanced by immersive VR 
sessions. The results will then be evaluated through clinical scales like the Fugl-Meyer 
Assessment for Upper Extremity (FMA-UE), which assesses motor control, reflex 
function, and coordination.

4. �Discussion

Utilizing a structured approach grounded in PRIMSA-ScR, a total of 43 published 
papers were examined, each concentrating on poststroke upper limb rehabilitation 
using immersive technologies. These studies specifically addressed various interven-
tions, assessment techniques, and engagement evaluations.

Utilizing VOSviewer for co-authorship analysis, both at the author and country 
levels, derived from the 43 chosen documents, 10 are published from China (with 
a total of 195 citations), 9 from the USA (298 citations), 6 from Germany (86 cita-
tions), 4 from Italy (72 citations), and 4 from Japan (13 citations), among others. 
By examining the authors, it is observed that just 9 of them feature in more than 
two publications. In general, this indicates that research in this area is spread across 
numerous authors and institutions worldwide, as Figure 8 shows.

Analyzing the technology, VR creates computer-generated environments that sim-
ulate real-life scenarios, allowing patients to perform task-specific training and receive 
immediate feedback. This approach has been shown to improve motor function, 
cognitive skills, and overall quality of life [51, 60]. Alternatively, AR superimposes 
virtual entities onto the physical world, creating a hybrid setting that allows patients 
to engage with both tangible and virtual components. This method has been used to 
improve upper limb motor function by replacing the paralyzed arm with a virtual one 

Figure 8. 
Relations maps from reviewed papers. Top Left. Country relation map; Top Right: Bibliographic coupling; 
Bottom: Keywords concept map.
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in real-time images [37, 41, 56]. MR combines elements of both VR and AR, allowing 
patients to interact with tangible objects within a virtual environment. The MR-board, 
for example, includes gamified programs that train upper extremity movements 
using real objects, leading to significant improvements in hand function and patient 
satisfaction. Therefore, MR systems have been shown to be effective self-training tools, 
enabling patients to perform rehabilitation exercises independently [28, 54].

It is important to recognize that although VR/AR-based rehabilitation for upper 
extremity management is considered a standalone approach in the literature [3], it 
is frequently used in conjunction with conventional methods such as MR (19% of 
the studies), BAT (12%), CIMT (7%), and MI (2%). Notably, its combination with 
robotics and exoskeletons (14%) for dynamic assistance as needed has been shown to 
expedite the recovery process [17, 27, 28, 55].

Virtual reality (VR), augmented reality (AR), and mixed reality (MR) have shown 
significant positive effects on improving upper limb (UL) recovery and activities 
of daily living (ADL) in stroke rehabilitation [46]. These technologies have been 
found to be superior to conventional treatment in UL impairment and daily func-
tion outcomes. VR, AR, and MR have demonstrated promising clinical outcomes 
in stroke rehabilitation, particularly in improving upper extremity motor function, 
upper extremity activity, participation, functional independence, balance, functional 
mobility, and cognitive function [46, 51, 60].

VR, AR, and MR have demonstrated a variety of advantages concerning func-
tional capacity, encompassing enhancements in functional capacity assessed by 
the Functional Independence Measure (FIM) (2% of reviewed works), the Action 
Research Arm Test (ARAT) (16%), the Box and Block Test (BBT) (12%), and the 
Fugl-Meyer Assessment (FMA) (37%) of physical performance, strength, and bal-
ance outcomes.

These technologies have the potential to maximize recovery through increased 
motivation and adherence, particularly in the rehabilitation of stroke patients’ hand 
motor skills. However, the evidence demonstrating considerably distinct effects of VR 
as opposed to traditional rehabilitation on cognitive function and participation was 
insufficient, indicating the need for further and advanced studies [22, 43, 51].

The literature often misuses the terms VR, AR, and MR to describe tools that do 
not fully meet the definitions, such as PC video games, flat displays, and QR codes. It is 
crucial to clarify VR and AR terminology, distinguishing between immersive and non-
immersive VR and AR. Immersive applications create a deep sense of presence using 
equipment like head-mounted displays (HMDs) or VR goggles, allowing extensive 
interaction through free navigation and specialized input devices. Non-immersive VR, 
on the other hand, offers less immersion and relies on regular screens and conventional 
input methods like keyboards and touchscreens. Evidence shows that immersive VR 
can induce a strong sense of presence, leading to realistic responses to virtual stimuli 
and physiological reactions similar to real-life experiences [51]. Immersion is also more 
effective for upper extremity motor recovery. The feeling of presence allows people to 
react authentically to virtual stimuli, eliciting physiological reactions similar to those 
experienced in an actual environment. Future research should focus on identifying the 
best VR, AR, or MR treatment protocols for promoting upper limb recovery.

Despite the growth of VR and AR usage in poststroke upper limb rehabilitation, 
published VR research to date often does not extend beyond pilot trials and case 
studies. As mentioned in Ref. [43], given the lack of large-scale RCTs examining the 
clinical effectiveness of immersive VR for poststroke, research on evaluating effec-
tiveness and engagement is still valid.
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Presently, robot-assisted systems are not fully harnessing the capabilities of VR. 
Many systems that integrate virtual reality with exoskeletons and robotics oper-
ate within simulated environments displayed on flat screens, despite having been 
designed for three-dimensional scenarios [58].

Virtual reality (VR), augmented reality (AR), and mixed reality (MR) technolo-
gies present various hardware-related limitations, particularly when developing 
applications with high graphical demands. In such cases, latency issues and significant 
increases in device temperature are common, affecting sustained performance. One 
critical factor in these environments is battery life, as headsets—being portable and 
continuously rendering complex graphics—exhibit limited autonomy. Additionally, 
tracking of hands, eyes, or the environment can be impaired by unfavorable lighting 
conditions, such as dim, excessive, or reflective environments. In the case of AR, 
the limited field of view for holograms remains a challenge, reducing immersion in 
prolonged experiences. In VR, physical movement becomes a constraint, as the user, 
fully immersed in a virtual space, may accidentally collide with real-world objects. 
Furthermore, the weight of the devices can cause discomfort or physical fatigue dur-
ing extended use.

In this specific project, Meta Quest 3 headsets were used, which exhibit some of 
the aforementioned limitations. One of the most relevant issues is the sensitivity of 
the hand-tracking system to lighting conditions. Environments with poor or excessive 
lighting, or with reflective surfaces, significantly affect tracking accuracy. Additionally, 
if the hands are too close to the headset or if controllers are used simultaneously, 
gesture recognition may suffer from interference or inconsistency. For this reason, it is 
advisable to configure the application to operate exclusively with hand tracking if that 
is the intended input method. It is also important to avoid hand overlap or crossing, as 
this can cause temporary loss of tracking. High graphical loads within the application 
directly impact the headset’s performance, making it essential to optimize resource 
usage and set the refresh rate to the highest possible level. Finally, frequent updates to 
the Meta Guardian system and software development kit (SDK) may alter the behavior 
of the virtual environment, so regular compatibility checks are necessary.

In order to demonstrate what these technologies are capable of, we developed a 
hardware-software framework that integrates a mixed reality (MR) system with an 
exoskeleton, offering support based on patients’ EMG signals. The architecture of this 
platform allows for the assessment of various intervention combinations using VR, 
AR, and MR, exoskeleton feedback, and EMG signals.

4.1 Challenges and limitations

The use of VR, AR, and MR in stroke rehabilitation presents challenges such as the 
need for further high-quality trials that examine their effects on measures of UL func-
tion, with an emphasis on subgroup meta-analysis by stroke type and recovery stage.

Despite promising outcomes, high-quality evidence for the routine use of VR in 
stroke treatment is lacking, and further research is needed to determine the treatment 
modality, duration, and long-term effects of these technologies on stroke populations.

5. �Conclusions

Immersive technologies such as VR, AR, and MR have shown a strong potential to 
improve upper limb function and daily activities in poststroke rehabilitation. These 
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technologies offer interactive, task-specific environments that improve motor func-
tion, cognitive engagement, and daily living activities. Notably, immersive systems, 
those utilizing head-mounted displays and motion tracking, have shown superior 
outcomes compared to non-immersive setups, largely due to their ability to evoke 
realistic physiological responses and a heightened sense of presence. However, more 
large-scale clinical trials are needed to confirm their long-term effectiveness.

Given this consideration, a novel hardware-software platform integrating a mixed 
reality (MR) system with an exoskeleton capable of offering assistance based on 
patients’ EMG signals is introduced. This architectural framework is designed for 
assessing various intervention combinations utilizing virtual reality (VR), augmented 
reality (AR), MR, exoskeleton feedback, and EMG signals.
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MBI	 Modified Barthel Index (MBI)
SSQOL	 stroke-specific quality of life
ARAT	 action research arm test
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FIM	 functional independence measure
PAS	 performance assessment of self-care skills
SUS	 system usability scale
SSQ	 simulator sickness questionnaire
ADL	 activities of daily living
EMG	 electromyography
EEG	 electroencephalography
BLE	 bluetooth low energy
YOLOv5	 you only look once version 5 (computer vision model for real-time 

object detection)
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23 A.Appendix
Technology Intervention 

method
Assessment Engagement Main results Ref.

HTC VIVE Pro, Leap Motion 
controller

No significant difference between immersive vs. non-
immersive in fNIRS.

[25]

HTC VIVE, Leap Motion 
Controller tracking technology

Bilateral training BI/MBI The VR group has significant improvements in FM-UE scores 
compared to the control group.

[39]

HMD HTC and Oculus Rift + 
HTC VIVE motion trackers + 
SteamVR drivers + EEG + BCI 
emotion detection

CIMT EEG/EMG Home-based system effective with emotion/adherence 
feedback.

[14]

HMD VR + 7


 DOF exoskeleton Robotic-assisted 
exoskeleton

FMA + WMFT Patients increased the score in both the FMA and WMFT 
assessments. Subjects did not experience any problems when 
handling the device during the intervention.

[44]

Meta Quest 2 HMD + Iterative 
VR serious game with usability 
ratings

SUS (or equivalent) Ease of use and feasibility for patients with limited hand 
function.

[15]

HTC VIVE PRO EYE, Unity3D 
Game Engine + VR basketball task 
with MI + AO + EMG/EEG

Motor imagery + 
Bilateral training

BI/MBI + EEG/
EMG

Motor imagery + Action observation showed the strongest 
neural/muscular response. Generate more pronounced Event-
related Desynchronization (ERD) in the alpha band.

[26]

Z800 3DVisor + eMagin + 
Imaging Development Systems 
cameras

Users improved across tasks; suitable for long-term use. High 
motivation, significant performance increase.

[56]

Time-of-Flight (ToF) camera, 
IR stereo camera, head-mounted 
display (HMD)

BI/MBI Cognition Significant gradual recovery of the patients’ skills. [45]

HMD VIVE-P130, HTC + upper 
limb exoskeleton robotic arm with 
CNN + SE BCI interface

Robotic-assisted 
exoskeleton

BI/MBI + EEG/
EMG

Neuroplasticity + 
Cognition

VR + Upper limb exoskeleton enhanced motor imagery (MI) 
model improved task success (up to 88.48%), especially in 
exoskeleton control.

[27]

HTC VIVE virtual reality headset 
+ EEG-based brain-computer 
interfaces (BCIs) + Valve Index 
Knuckle Controllers

EEG/EMG Informative artifacts are a helpful friend in BCI-based 
communication applications.

[34]
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Technology Intervention 
method

Assessment Engagement Main results Ref.

Meta Quest 2 head-mounted 
display (HMD) + Oculus App 
Version

SUS (or equivalent) Virtual environments add value to motivation and engagement 
in VR stroke rehabilitation.

[16]

HTC VIVE headset + Leap Motion 
controller + Intelligent glove

Robotic-assisted 
exoskeleton + 
Bilateral training

EEG/EMG Multimodal feedback improved EEG alpha power and EMG 
in traumatic brain injury (TBI) patients. Neurotypicals’ 
performance worsened with additional visual cues.

[28]

Soft robotic glove + Virtual reality 
glasses holder + NirSmart fNIRS 
system

Robotic-assisted 
exoskeleton + 
Bilateral training

Robotic glove joint with VR tasks induced activation of larger 
cortical areas, with the stroke group showing higher average 
cortical activation measured with a functional near-infrared 
spectroscopy (fNIRS) device.

[17]

VR HMD motor rehabilitation 
serious game

Exergaming VR rehabilitation serious game design framework improves 
long-term patient engagement.

[18]

Cell phone-based immersive VR 
goggles

Mirror therapy FMA SUS (or 
equivalent) + NASA-
TLX

Both mirror therapy (MT) and VR had similar levels of 
perceived usability based on the SUS test, with MT being more 
adaptable and causing less overall discomfort.

[29]

HTC VIVE Focus 3 + Custom-
built system with Unity/Blender

Mirror therapy SUS (or 
equivalent) + SSQ

The VR mirrored-hand system shows promise for clinical 
application in poststroke upper limb rehabilitation.

[11]

DK2 Oculus Rift + Oculus Rift 
controller

Bilateral training EEG/EMG Both VR-based bilateral arm training (VRBAT) and normal-
based bilateral arm training (NBAT) improve UL function 
(motor test) and electroencephalographic EEG activity in 
patients with chronic stroke.

[40]

Leap Motion device mounted on 
HMD (not defined)

FMA + FIM All scores improved more in the VR group; FMA-UE and 
ARAT exceeded clinical significance thresholds. Immersive 
VR rehabilitation is effective in improving upper extremity 
function and self-care skills, but not for functional 
independence.

[47]

Oculus Quest 2 virtual reality 
device. Four VR games with full 
immersion (specific hand motion 
design)

FMA + BBT + BI/
MBI

SSQ Using immersive VR for poststroke motor rehabilitation 
is potentially effective, safe, and acceptable in poststroke 
patients. The VR group showed significantly better outcomes 
in FMA, MBI, BBT, and stroke-specific quality of life 
(SSQOL).

[19]
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Technology Intervention 
method

Assessment Engagement Main results Ref.

HMD HTC VIVE Pro + wireless 
handheld controller for 
interaction with exercise system

FMA + WMFT Patients show clinical benefits after 2 weeks, demonstrated 
in the outcome of active range of motion (AROM), 
perceived upper limb motor function, and quality of life 
(QoL). In addition, statistically significant improvements 
in coordination/speed (Fugl-Meyer Assessment for Upper 
Extremity).

[30]

HMD VR with action observation 
+ focal vibration

Mirror therapy BBT + NHPT An improvement in the NHPT score was found for the paretic 
upper limb during the B-phase. No differences were found in 
the Box and Block Test.

[12]

“HTC VIVE HMD + IR emitters + 
five VR tasks

FMA + BI/MBI Neuroplasticity Significant biomarker and motor improvement in the VR 
group. Results found significant the AROM-Elbow Extension, 
AROM-Forearm Pronation, and FMA-UE-Shoulder/Elbow/
Forearm.

[35]

““Vive (HTC) HMD + fish-
catching task game

VR outperformed conventional and AR settings for grasp 
tasks. Results in rehabilitation therapy by improving patients’ 
motivation and willingness to participate in, by demonstrating 
changes in the Test of Upper Limb Apraxia (TULIA).

[41]

“HMD (Oculus Rift DK2) + Leap 
Motion sensor

CIMT Immersive virtual reality (IVR) with visual enhancement 
can positively influence hand-use decision-making, even 
after the visual feedback is removed. This suggests a lasting 
neurocognitive effect that could support the use of the 
impaired limb in stroke rehabilitation.

[42]

HMD HTC VIVE-VR + 2 wireless 
controllers

FMA Immersive VR-based rehabilitation improves upper limb motor 
recovery and quality of life in stroke patients more effectively 
than traditional therapy.

[48]

Large screen 3D + Microsoft 
Kinect + Gamified VR-based 
upper limb training (custom)

FMA + WMFT Individuals with stroke demonstrated reduced paretic 
arm motor impairment and increased function after the 
intervention with gamified practice.

[20]
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Technology Intervention 
method

Assessment Engagement Main results Ref.

HMD (HTC VIVE) System usability and acceptance were rated as high both in 
stroke patients and healthy controls, showing high usability 
and minimal adverse effects when using VR therapy.

[49]

HMD (Oculus Rift) + Leap 
Motion sensor + real-time 
feedback

CIMT FMA Neuroplasticity The VR group showed improved upper limb function vs. 
control. The IVR group exhibited significant improvements 
in FMA scores, suggesting motor learning and recovery. 
The patients were highly engaged and motivated during 
the sessions because they felt like they were in charge of 
controlling the virtual image of their upper body.

[13]

HMD -Oculus Rift + tabletop 
infrared LED sensors + hand 
controllers

Mirror therapy FMA SUS (or 
equivalent) + SSQ

Immersive virtual reality (IVR) mirror therapy for patients 
with chronic stroke was safe, well-tolerated, and without 
adverse events, such as simulator sickness. Motor outcomes 
revealed improvement for the Fugl-Meyer Upper Extremity.

[50]

HMD Oculus Quest + VR apps for 
pain distraction and upper limb 
rehab

FMA VR can be implemented in both clinical settings and people’s 
own homes, where engagement in ongoing self-management 
approaches is often most challenging.

[43]

HMD (HTC VIVE-VR) + wireless 
controllers

FMA + BI/MBI Trials on 40 patients divided into intention-to-treat (ITT) 
and per-protocol (PP) demonstrated the effectiveness of 
imVR-based rehabilitation. Significant gains in FM-UE and BI 
correlated with brain connectivity shifts.

[21]

KINVIS therapy with therapeutic 
exercise. Kinesthetic illusion 
using visual stimulation 
(KINVIS) with VR

Mirror Therapy FMA + MAS Kinesthetic illusion induced by visual stimulation, KINVIS 
therapy with VR, resulted in significant improvements in 
upper limb motor function, and the effect size was moderate.

[36]

HTC VIVE Pro + HTC VIVE 
tracker + Myo Armband EMG 
sensors + IMU

Mirror therapy BBT + EEG/EMG Neuroplasticity + SUS 
(or equivalent) + SSQ

VR shows positive outcomes from SUS and PQ, negligible 
adverse symptoms, and no significant distinctions between 
visual feedback configurations. Bimanual feedback improved 
task illusion and was highly usable.

[22]
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Technology Intervention 
method

Assessment Engagement Main results Ref.

HTC VIVE Pro + HTC VIVE 
trackers; Meta 2 AR-HMD. 2D 
screen

IVR and AR show better performance compared with the 2D 
screen VR system. Comparison shows improved movement 
quality, high usability, preliminary clinical results, and 
suggests benefits for brain-injured patients. IVR using HMD 
yielded better movements; usability was rated high in the 
elderly and patients.

[37]

CUREO


 immersive 
(HMD (Oculus Quest) vs. 
ARMEOSpring


 device)

IVR-based training was not inferior to electromechanically 
assisted training, with 84% of patients showing improvement. 
IVR led to more patients achieving clinically relevant gains 
than EM-assisted training.

[31]

HTC VIVE HMD bimanual action 
(game-like system)

Robotic-assisted 
exoskeleton

EEG/EMG Using VR with visual feedback is adequate for transferring 
coordination skills to the paretic hand, improving cortical 
network efficiency measured using EEG.

[32]

HTC VIVE HMD, 5 VR tasks BBT + BI/MBI Rehabilitation therapy using virtual reality (VR) shows 
significant functional improvement in all outcome measures 
(MBI, BBT, ARAT) after training. Also shows high overall 
satisfaction assessed using a self-reported questionnaire.

[53]

HMD Pico 3 VR BI/MBI SUS (or equivalent) IVR based on five scenarios for rehabilitation. The result 
of the User Satisfaction Evaluation Questionnaire and the 
modified Intrinsic Motivation Inventory shows varied levels 
of enjoyment and engagement and recommendations for 
tailoring scenarios to match varied upper limb capacities.

[23]

Oculus Quest 2 VR, App Virtual 
Mirror Hand 1.0

Mirror therapy FMA SUS (or equivalent) VR mirror therapy results in a positive upper limb 
functionality score by FMA-UE, and SF-36 improvements 
occurred in both the study and the control group.

[33]

HTC VIVE BBT + BI/MBI Head-mounted-display VR has potential for upper extremity 
rehabilitation in individuals with chronic stroke.

[54]
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Technology Intervention 
method

Assessment Engagement Main results Ref.

HMD Oculus Rift DK2 Task-specific 
training + 
Robotic-assisted 
exoskeleton

FMA + BI/MBI Neuroplasticity System combining adaptive assist-as-needed control (hand 
rehab robot) and immersive virtual environment (VE) 
enhances the efficiency of fine hand motion rehabilitation 
training by 35% on average on FMA, MAS, and kinematic 
ROM.

[55]

Meta Quest 2 device SDKs + 
computer vision algorithms for 
hand and finger tracking

SUS (or 
equivalent) + NASA-
TLX + Exergaming

VR in a home-based environment has demonstrated that users 
and experts have received the application positively when it 
is tested considering standard measures related to usability, 
immersion, workload, and simulator sickness (SUS, NASA-
TLX, and Simulator Sickness Questionnaire (SSQ )).

[24]

HMD Oculus CV1 + Leap Motion 
sensor

Mirror therapy FMA + BI/MBI SUS (or equivalent) Immersive VR systems and mirror therapy protocols are 
feasible for clinical use. A large part of the participants 
showed some improvement in their affected hand after the 
intervention. Someone reported experiencing some psycho-
physical effects, such as tingling or paresthesia on the affected 
limb.

[38]

Table 3. 
Characteristics included works.
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Chapter 4

Age-Related Changes in Upper 
Limb Motor Function, Focusing on 
Bimanual Coordination
Yusuke Shizuka, Shun Sawai, Takato Nishida, Shoya Fujikawa, 
Ryosuke Yamamoto, Naoki Shimizu and Hideki Nakano

Abstract

In an international society where the elderly population is increasing annually, 
developing preventive measures to extend healthy life expectancy and support 
independence in activities of daily living is considered one of the most critical issues. 
It has been pointed out that upper limb function in older adults declines with age, 
especially in bimanual coordination, and that this decline significantly impacts daily 
life. Therefore, it is essential to properly evaluate, maintain, and improve bimanual 
coordination in older adults so that they can lead healthy lives. In this chapter, we 
review the latest findings on bimanual coordination performance in older adults and 
outline aging-related changes. The motor control mechanisms of bimanual coordina-
tion and specific measurement methods are also introduced.

Keywords: older adults, age-related changes, upper limb motor function, bimanual 
coordination, motor control mechanisms

1. �Introduction

1.1 �Relationship between the current aging society and the activities of daily 
living of the older adult

The proportion of older adults worldwide has increased in recent years. 
According to the United Nations World Population Prospects 2022, the global 
proportion of older adults—defined as individuals aged 65 years and older—is 
projected to increase from less than 10% in 2021 to approximately 17% by 2050. 
The global population of older adults is projected to triple from approximately 
260 million in 1980 to 761 million in 2021, quadruple to over one billion by 2030, 
and rise to more than 1.6 billion by 2050. The global population of older adults 
is expected to reach nearly 2.5 billion by the end of the twenty-first century [1]. 
According to the United Nations World Social Report 2023, one in ten people 
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worldwide was aged 65 or older in 2021, and by 2050, one in six people will be in 
this age group [2]. These facts indicate that life expectancy is increasing world-
wide, and the rate of population aging is much faster than in the past.

It is becoming increasingly difficult for older adults to lead independent lives. Age-
related changes may affect independent living in older adults [3]. A decline in physical 
function, including muscle strength, endurance, and walking speed, is associated 
with the loss of the ability to live independently and poses a challenge to public health 
[4]. Cognitive decline makes it difficult for patients to perform activities of daily 
living, including bathing, toileting, and instrumental activities of daily living, such 
as using the telephone, taking medications, and managing money [5]. In addition, 
physical and cognitive decline contribute to reduced motivation in daily life as social 
networks decrease [6], and psychological functions—including self-efficacy, anxiety, 
and depression—can become problematic [7]. In light of the above, it is essential to 
maintain and improve the physical, cognitive, social, and psychological functions of 
older adults so they can lead independent lives in familiar settings.

In recent years, the relationship between independence in activities of daily living 
and upper limb dysfunction in older adults has become clear [8]. Therefore, there 
is a close relationship between upper limb function and activities of daily living in 
older adults. Older adults frequently use their upper limbs because they often move 
and manipulate objects during daily lives [9]. The age-related decline in upper limb 
function decreases the ability to perform activities of daily living, such as eating and 
changing clothes [10]. It has been suggested that the decline in upper limb function in 
older adults may also be a factor limiting their activities, affecting their quality of life 
and independence in daily living [11].

Therefore, we believe that it is necessary to focus on upper limb function to 
improve the independence of older adults in their daily lives.

1.2 Upper limb function and age-related changes in older adults

We previously described the potential impact of decreased upper limb function on 
activities of daily living in older adults. Upper limb function includes joint range of 
motion, muscle strength, and sensation. Bland et al. administered the Jebsen–Taylor 
hand function test to 18 young adults (mean age 27 ± 4 years) and 15 older adults 
(mean age 67 ± 6 years) under restricted upper extremity joint range of motion. 
Previous studies have reported that the completion time for the Jebsen–Taylor hand 
function test is longer in older adults than in young adults when movements of the 
elbow, forearm, wrist, and fingers are deliberately restricted [12]. Delbaere et al. 
evaluated isometric and isokinetic maximal muscle strength in the upper extremities 
of 111 men and women aged 20–89 years. It has been reported that maximal muscle 
strength decreases with age, ranging from 34 to 45% in men and 11–32% in women 
[13]. Grip strength, a measure of upper limb muscle strength, declines with age. 
Therefore, longitudinal changes in grip strength are associated with lifestyle and 
health status in older adults, suggesting its potential as an indicator of healthy aging 
[14]. Additionally, grip strength is a component of the Kihon Checklist (KCL), an 
internationally recognized tool for assessing frailty; values below 28 kg in men and 
18 kg in women are considered indicative of muscle weakness [15, 16]. Therefore, 
upper limb function progressively declines with age in frail older adults.

Cui et al. conducted a systematic review of grip strength and the risk of cogni-
tive decline and dementia in older adults. The review found that reduced upper limb 
muscle strength was significantly associated with increased risk of cognitive decline 
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and higher prevalence of dementia [17]. Thus, upper extremity function declines with 
age among older adults with dementia. In another study, Stevens et al. compared tac-
tile acuity in 19 young adults (aged 18–28 years) and 60 older adults (aged ≥65 years) 
using two-point discrimination thresholds on the dorsal and palmar surfaces of the 
index finger, foot, and forearm. Reports indicate that tactile thresholds of the forearm 
are approximately 22% higher in older adults than in younger adults, while those in 
the foot and fingers are about 80% higher, suggesting age-related decline in upper 
extremity sensory perception [18].

These findings indicate that upper limb function declines with age in older adults. 
In particular, reports on age-related decline in upper limb function among older 
adults more commonly focus on motor function than sensory function. Motor func-
tion is often used as a disease-specific evaluation index, suggesting the importance of 
prioritizing motor function in assessments of upper limb functions.

2. �Upper limb motor function in older adults compared to young adults

Understanding the characteristics of the upper limb motor function in older adults 
is critical for their independence in daily living. In daily life, older adults frequently 
use their upper limbs and often engage in tasks that require the use of both hands. In 
recent years, research has shown that certain aspects of bimanual movement in older 
adults are notably reduced, with this reduction varying depending on task character-
istics and sex. In this section, we first review age-related changes in upper limb motor 
function in older adults, as well as related factors. Next, we review findings on the 
age-related decline in upper limb motor function and associated sex differences, with 
a focus on activities of daily living. We compare the bimanual motor function of older 
adults and young adults based on data from the previous studies. These comparisons 
enabled a better understanding of the characteristics of bimanual motor function 
in older adults from various perspectives. Furthermore, clarifying the differences in 
bimanual motor function between young and older adults contributes to a compre-
hensive understanding of age-related changes.

2.1 Characteristics of upper extremity motor function in the elderly

The upper extremities are frequently used in daily life, with the hands playing the 
most active and important role. The hand is significantly affected by various physi-
ological and anatomical changes associated with aging. Therefore, it has been shown 
that hand function declines with age in both men and women, but the decline is 
particularly pronounced after the age of 65 [19]. It has been suggested that the decline 
in hand function may result from age-related deterioration in sensorimotor func-
tion—such as muscle weakness and sensory-perceptual blunting [14, 18]—changes in 
the central nervous system (e.g., the motor cortex and corpus callosum) [20], and the 
peripheral nervous system, such as reduced nerve conduction velocity and impaired 
excitation-contraction linkage in motor units [21]. It has also been suggested that this 
may affect older adults’ abilities to perform daily activities [11]. Therefore, special 
attention should be given to hand motor function as a key component of upper limb 
functions in the daily lives of older adults.

In real life, upper limb movements in older adults primarily consist of two types: 
one-handed and two-handed movements. Older adults perform more bimanual 
than one-handed activities [9]. In general, studies have reported that with aging, 
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the frequency of one-handed movements increases more in the dominant hand than 
in the non-dominant hand [22], and that decreased dominant hand use due to an 
inactive lifestyle may lead to a shift toward ambidexterity [23]. This shift is based on 
the concept of use-dependent plasticity. Use-dependent plasticity refers to the phe-
nomenon in which repetitive movements induce plastic reorganization in the motor 
cortex [24]. Aging and a sedentary lifestyle may reduce the frequency and dominance 
of dominant hand use, resulting in older adults performing bimanual movements 
more frequently than one-handed movements. Examples of time-consuming daily 
bimanual tasks performed by older adults include pouring milk and taking money out 
of their wallets. The ability to perform these functional movements gradually declines 
after the age of 65 [10]. Therefore, greater attention should be given to two-handed 
movements rather than one-handed movements in the daily activities of older adults.

In recent years, the characteristics of bimanual motor performance in older 
adults have become increasingly well understood, with several age- and task-related 
aspects identified. Krehbiel et al. conducted a systematic review and meta-analysis 
of age-related changes in bimanual movements. Bimanual movements in older adults 
have been shown to result in reduced accuracy, greater variability, and longer execu-
tion time, all of which impair motor performance [25]. Kang et al. also conducted a 
systematic review and meta-analysis of task-specific bimanual motor impairments 
in this population. Bimanual motor performance in older adults is more impaired in 
asymmetric bimanual movements than in symmetric bimanual movements [26].

It has also been reported that bimanual motor performance in older adults differs 
between men and women. Buchman et al. measured grip and pinch strength, finger-
tapping speed, and performance on the Purdue Pegboard in 764 older adults (530 
women) aged 65 years and older with no clinical evidence of dementia. The results 
showed that muscle strength was higher in men than in women. Muscle strength and 
finger-tapping speed were greater in men than in women, whereas Purdue Pegboard 
scores were higher in women [27]. These studies suggest that men tend to perform 
better in tasks requiring motor speed, such as finger-tapping, whereas women may 
perform better in tasks requiring fine motor skills, such as the Purdue Pegboard 
task. These results further indicate that men emphasize movement speed, whereas 
women outperform men in tasks requiring fine motor control, such as the Purdue 
Pegboard task. These differences reflect distinct motor strategies between men and 
women, with men emphasizing movement speed and women prioritizing movement 
accuracy [28].

Furthermore, it has been reported that bimanual motor performance in older 
adults differs between men and women. Vasylenko et al. compared movement times 
and kinematics of one- and two-handed Purdue Pegboard tasks in 45 young adults 
aged 19–31 years and 55 older adults aged 60–88 years. They reported that older men 
had greater movement latencies than older women [29]. In contrast, Sebastjan et al. 
reported that older women showed significantly lower movement dexterity than 
older men in finger-tapping and peg insertion tasks [30]. Although sex differences 
in bimanual motor performance have been reported in older adults, studies on motor 
dysfunction remain limited and inconsistent. However, some factors have been sug-
gested to contribute to the decline in motor function.

These findings suggest that bimanual motor performance in older adults is influ-
enced by three factors—accuracy, variability, and execution time—and may vary 
depending on task and sex. Given that bimanual movements are commonly used than 
one-handed movements in the daily lives of older adults, it is necessary to examine 
how factors such as aging, task type, and sex influence bimanual motor performance.
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2.2 Comparison of bimanual motor function between young and elderly

The bimanual motor performance of older adults declines with age compared 
with that of the young. In particular, older adults’ bimanual motor performance has 
reduced accuracy, greater variability, and longer execution times than that of younger 
adults [25]. In addition, studies have shown that motor performance in asymmetric 
tasks is lower than in symmetric tasks [26]. Serbruyns et al. compared the motor 
performance of 33 young adults (17 females, average age 25.40 ± 4.66 years) and 33 
older adults (17 females, average age 69.33 ± 5.56 years) on finger-tapping and Purdue 
Pegboard tasks. The results showed that younger adults (96.03 taps ±2.29) performed 
more tapping than older adults (70.65 taps ±2.33) in the finger-tapping task and 
manipulated more pegs (12.35 ± 0.25) than the older adults (9.59 ± 0.25) in the Purdue 
Pegboard task. It has been reported that older adults have reduced accuracy in biman-
ual movements and longer execution times than younger adults [31]. Fling et al. also 
compared the motor performance of 14 young adults (five females, 23.1 ± 3.2 years) 
and 16 older adults (seven females, 71.9 ± 5.2 years) in symmetric and asymmetric 
finger-tapping tasks. The results showed that older adults had greater variability in 
bimanual movements in the asymmetric task than younger adults [32]. These findings 
indicate that bimanual movement performance in older adults is significantly lower 
than in younger adults in terms of accuracy, variability, and execution time.

People aged 65 years or older are referred to as older adults. This age classification 
is defined by the World Health Organization [1]. However, individuals aged 65–75 
and those aged 90 or older are classified under the same category of older adults. As 
bimanual motor performance declines with age, there may be significant differences 
in motor performance among older adults of all ages. Therefore, a more detailed clas-
sification of older adults is necessary. Hoogendam et al. investigated the relationship 
between age and hand fine motor performance using the Archimedes’ spiral draw-
ing test in 1912 community-dwelling subjects aged 45 years and older (average age: 
77.4 years). They reported that adults over 75 years of age showed increased deviation 
from the template when drawing spirals and decreased accuracy in that movement 
[33]. In addition, Shiffman compared daily bimanual fine motor tasks such as pouring 
milk and retrieving money from a walkway in 10 adults aged 24–87. Consequently, 
it was reported that the fine motor performance of both hands began to gradually 
decline from the age of 65 years, with a marked decrease in motor performance after 
the age of 75 years [10]. Furthermore, most adults over the age of 75 have, on average, 
three or more chronic diseases and at least one-quarter experience severe functional 
disabilities. This trend reportedly increases exponentially with age [34]. These find-
ings suggest that it may be important to subdivide older adults according to age.

The most widely recognized international classification system for the older adults 
categorizes them as “early-stage elderly” and “late-stage elderly.” In this system, 
young-old adults are defined as those aged 65–74 years, while old-old adults are those 
aged 75 years and older [35]. Recently, bimanual motor performance in early- and 
late-aged adults has been reported. Lee et al. conducted symmetric and asymmetric 
tasks in 12 young adults aged 20–22 years (nine females, average age 21.7 years) 
and 12 older adults aged 65–74 years (nine females, average age 68.8 years). They 
compared the performance of both hands in slicing handle movements in symmetric 
and asymmetric tasks. In this context, coordination refers to both accuracy and 
variability in bimanual coordination performance. It has been reported that young 
adults exhibit lower performance in asymmetric bimanual motor tasks compared to 
older adults [36]. Rudisch et al. compared bimanual force control performance in 
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symmetric, asymmetric, and complexity tasks in 19 young adults aged 21–30 years 
(nine females, average age 21.0 ± 2.6 years) and 52 old-old adults aged 80–91 years 
(32 females, average age 82.3 ± 2.4 years). The results showed that old-old adults had 
lower coordination in both symmetric and asymmetric bimanual force control tasks 
than young adults [37].

We compared bimanual coordination and motor performance in symmetric and 
asymmetric tasks among 97 young adults (72 females, mean age 20.73 ± 1.43 years), 
102 young-old adults (85 females, average age 70.77 ± 2.70 years), and 222 old-old 
adults (170 females, average age 80.71 ± 4.38 years). The results showed that bimanual 
coordination performance was significantly lower in the more difficult asymmetric 
task than in the less difficult symmetric task and was also significantly lower in the 
non-dominant left hand than in the dominant right hand. The number and frequency 
of taps, indicating performance speed in the bimanual coordination task, decreased 
significantly across groups in the order of young adults, young-old adults, and old-old 
adults, while the average tapping intervals, representing rhythm variability, increased 
significantly. These parameters may serve as useful indicators for evaluating age-
related changes in bimanual coordination (Figure 1) [38].

These findings suggest age-related differences in bimanual motor performance, 
particularly between young-old and old-old adults compared to young adults, with 
more pronounced impairments observed in bimanual coordination. Therefore, it is 
necessary to focus on bimanual coordination.

3. �Bimanual coordination and its motor control mechanism

Understanding the characteristics of bimanual motor function in older adults 
requires clarifying the performance features of both simple and bimanual coordina-
tion movements. Additionally, the bimanual coordination performance in older adults 
is task-dependent. Recent findings indicate that neurological and functional factors 
are involved in the motor control mechanisms underlying bimanual coordination. In 
this section, we first review the definition of bimanual coordination and its relation-
ship to daily activities. The following section describes various bimanual coordination 
tasks. Next, the classification and characteristics of bimanual coordination tasks are 
reviewed based on specific examples. Furthermore, the motor control mechanisms 
of bimanual coordination have been clarified from both neurological and functional 
perspectives. This study aimed to reaffirm age-related changes in bimanual coordina-
tion and examine their impact on the daily lives of older adults.

3.1 What is bimanual coordination?

We perform voluntary movements daily to fulfill specific purposes. These vol-
untary movements require not only individual manipulation of the dominant and 
non-dominant hands, but also frequent coordination of both hands simultaneously 
or synchronously. Therefore, bimanual coordination is essential for performing 
daily activities. Bimanual coordination refers to cooperative movement involving 
interactions between both hands. Bimanual coordination is essential for the efficient 
performance of a wide variety of daily activities, such as grasping and moving 
objects, writing, and playing musical instruments [39]. Kang et al. recently conducted 
a systematic review and meta-analysis of task-specific bimanual coordination in 
older adults. The review identified 48 bimanual coordination tasks across 47 reported 
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studies. The review classified nine types of bimanual coordination tasks based on the 
included studies. (1) Tracking task: 11 studies; (2) force control task: five studies; (3) 
tapping task: 10 studies; (4) cyclical movement task: 11 studies; (5) reaching task: 
four studies; (6) grip or grasp task: two studies; (7) activity of daily living task: two 
studies; (8) reaction task: two studies; and (9) matching task: one study [38].

Figure 1. 
Comparison of in-phase and anti-phase tasks and dominant versus non-dominant hand performance based on 
the number of taps, average tapping interval, and frequency of taps. (a) The number of taps showed a significant 
interaction effect between task and group factors (p < 0.05), as well as significant main effects for hand, task, and 
group factors (p < 0.05). Post-hoc tests indicated that the number of taps in both in-phase and anti-phase tasks 
decreased significantly in the following order: young adults, young-old adults, and old-old adults (* p < 0.05). 
Additionally, the number of taps was significantly lower for the left hand than for the right hand († p < 0.05). 
Moreover, across all groups, the number of taps was significantly lower during the anti-phase task than the 
in-phase task (‡ p < 0.05). (b) The average tapping interval showed a significant interaction effect between the 
task and group factors (p < 0.05). Additionally, the average tapping interval demonstrated significant main effects 
for hand, task, and group factors (p < 0.05). Post-hoc test results indicated that the average tapping interval 
in both in-phase and anti-phase tasks significantly increased in the order: young adults, young-old adults, and 
old-old adults (* p < 0.05). Furthermore, the average tapping interval was significantly longer for the left hand 
than for the right hand († p < 0.05). Finally, the average tapping interval in the young, young-old, and old-old 
adult groups was significantly longer during the anti-phase task than in the in-phase task (‡ p < 0.05). (c) The 
tap frequency showed a significant interaction effect between task and group factors (p < 0.05). Additionally, 
tap frequency demonstrated significant main effects for hand, task, and group factors (p < 0.05). Post-hoc 
tests indicated that tap frequency in both in-phase and anti-phase tasks decreased significantly in the order: 
young adults, young-old adults, and old-old adults (* p < 0.05). Furthermore, tap frequency was significantly 
lower in the left hand than in the right hand († p < 0.05). Finally, tap frequency in the young, young-old, and 
old-old adult groups was significantly lower during the anti-phase task than in the in-phase task (‡ p < 0.05). 
Abbreviations: Ave: Average; S: Second; IP: In-phase task; AP: Anti-phase task; YA: Young adult; YOA: Young-old 
adult; OOA: Old-old adult [38].
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Bimanual coordination tasks are classified into four types. (1) Symmetrical 
bimanual coordination tasks, in which both hands perform simultaneous left-right 
movements, (2) asymmetrical bimanual coordination tasks, in which both hands 
perform alternating movements, (3) complex bimanual coordination tasks, involv-
ing integration of identical symmetrical and asymmetrical tasks, and (4) complex 
bimanual coordination tasks, in which different symmetrical and asymmetrical 
tasks are integrated [26]. Specific examples of bimanual coordination tasks include 
the finger-tapping task, Purdue Pegboard task, tracking task, circle description 
task, and force regulation task. For example, in the finger-tapping task, the in-phase 
task, in which the left and right fingers of both hands were tapped simultaneously, 
represented a symmetry task, while the anti-phase task, in which tapping occurred 
alternately, represented an asymmetry task (Figure 2) [38].

In conclusion, bimanual coordination is essential for the efficient execution of 
daily activities. Motor control mechanisms, particularly those involving neurological 
processes, are believed to play a critical role in executing such complex movements.

3.2 Motor control mechanisms in bimanual coordination

Bimanual coordination requires complex motor control mechanisms to perform 
various movements smoothly in daily life. Interhemispheric interactions via the 
corpus callosum (CC) play a key role in motor control during bimanual coordination. 
In particular, interhemispheric inhibition plays a fundamental role in motor control 
during bimanual coordination [40]. Interhemispheric inhibition refers to a motor 
control mechanism in which one cerebral hemisphere inhibits the other. Structural 
and functional connectivity of the corpus callosum undergo age-related changes that 
impair bimanual coordination performance [41, 42]. Tazoe et al. applied transcranial 
magnetic stimulation (TMS) to the left primary motor cortex during a visually guided 
bimanual force-tracking task in 11 healthy young males aged 22–35 years. Motor 
evoked potential (MEP) was recorded from the right short thumb abductor muscle 

Figure 2. 
Bimanual coordination task. (a) In-phase task: Participants performed tapping movements of the thumb and 
index finger simultaneously on both sides. (b) Anti-phase task: Participants performed tapping movements of the 
thumb and index finger alternately on both sides [38].
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during in-phase and anti-phase tasks. The results showed that tracking accuracy was 
equivalent between the two motion conditions; however, synchronization of the left 
and right tracking trajectories was higher in the in-phase condition than in the anti-
phase condition. These findings suggest that interhemispheric inhibition between 
the motor cortices—critical for bimanual coordination—is mediated via the corpus 
callosum [43].

Inter- and intra-hemispheric neural dynamics associated with bimanual coordi-
nation are involved in the planning, execution, and motor learning of such move-
ments [44]. Meister et al. used functional magnetic resonance imaging (fMRI) to 
examine symmetric and asymmetric bimanual coordination movements in 13 young 
adults (five females; mean age 29.4 ± 6.1 years). The results further indicated that 
the degree of functional coupling between the primary motor cortices is associated 
with temporal coupling in bimanual coordination and that activity in the inferior 
parietal lobule and premotor cortex is related to temporal coupling [45]. Karabanov 
et al. used fMRI to examine brain activity during a bimanual pinch force control 
task in 25 young adults (10 females; mean age 26.1 ± 6.1 years). The results showed 
that increased activity in the dorsal premotor cortex was accompanied by enhanced 
connectivity to the supplementary motor cortex, which provided feedback to the 
sensory system regarding bimanual coordination [46]. Additionally, Debaere et al. 
reported an interaction between the dorsal premotor cortex and the cerebellum [47]. 
These findings suggest that interactions among the dorsal premotor cortex, supple-
mentary motor area, and cerebellum play a critical role in controlling bimanual 
coordination.

Non-neurological factors influencing motor control in bimanual coordination 
have also been investigated. Lin et al. used a dynamometer to measure grip strength 
in a bimanual coordination control task in 21 young adults (six females; mean age 
23.05 ± 3.15 years) and 10 older adults (2 females; mean age 80.5 ± 4.53 years). 
Bimanual coordination performance has been reported to decline with age-related 
changes in maximal grip force, potentially leading to difficulties in performing daily 
activities requiring bimanual coordination [48].

These results indicate that interactions between cerebral hemispheres play a 
crucial role in bimanual coordination. Other findings suggest that bimanual coordi-
nation is influenced not only by neurological factors, such as connectivity between 
motor-related brain regions, but also by functional factors, including grip and muscle 
strength.

4. �Methods for measuring bimanual coordination

As previously mentioned, force regulation, the Purdue Pegboard test, tracking, 
and circle description tasks are specific bimanual coordination tasks. Numerous stud-
ies have reported on the relationship between bimanual coordination performance 
and brain function, using TMS and fMRI during these tasks. Recently, a magnetic 
sensor finger-tapping device (UB-2; Maxell, Japan) has attracted attention as a new 
method of measuring bimanual coordination (Figure 3) [49]. This device is equipped 
with a magnetic sensing system consisting of a magnetic induction coil, a sensing 
coil, and a circuit unit [50]. The coil voltage induced by the electromagnetic induction 
law varied with the distance between the two coils. As the coil voltage has a nonlinear 
relationship with the distance between the coils, the distance to the fingertip where 
the coils are attached can be estimated based on the measured voltage [51]. This 
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device was confirmed to be highly reproducible and reliable across periods, devices, 
and measurements [52].

Two types of bimanual coordination tasks use a magnetic sensor finger-tapping 
device: an in-phase task in which the left and right fingers of both hands are tapped 
simultaneously, and an anti-phase task in which the left and right fingers of both 
hands are tapped alternately [38]. The magnetic sensor finger-tapping device can 
objectively evaluate the bimanual coordination performance from the following three 
perspectives using these finger-tapping tasks. (1) Distance: evaluates the range and 
magnitude of hand movement; (2) tap interval: evaluates the average speed of hand 
movement and the variation in tapping timing; and (3) phase difference: measures 
the temporal gap between the left- and right-hand taps [53].

Recently, many studies on bimanual coordination using this magnetic sensor 
finger-tapping device have been reported. The report by Fujikawa et al. on the char-
acteristics of bimanual coordination in physical frailty has been highly evaluated 
internationally and has attracted considerable attention in the field of bimanual 
coordination research. Fujikawa et al. included 47 older adults with frailty (39 
females, mean age 78.38 ± 5.73 years), 136 older adults with pre-frailty (109 females, 
mean age 77.94 ± 6.25 years), and 129 older adults with robust health (96 females, 
mean age 76.85 ± 6.04 years). Bimanual coordination during the in-phase and anti-
phase tasks was evaluated by measuring thumb and index finger-tapping move-
ments of both hands using a magnetic sensor finger-tapping device. Participants 
were verbally instructed to tap the thumb and index finger as quickly and rhythmi-
cally as possible. The participants were instructed to open their fingers 40 mm apart 
during a 15-second pre-practice and measurement period to minimize intersubject 
variability in amplitude. The results showed that the total traveling distance—
interpreted as “momentum” in the bimanual coordination task—was significantly 
shorter in the frailty group than in the robust group. Regardless of frailty severity, 
participants showed lower bimanual coordination in the anti-phase task than in the 
in-phase task, and finger dexterity was lower in the left hand than in the right hand 
during the task [53].

Figure 3. 
Magnetic sensor finger-tapping device (UB-2, Maxell Ltd. Tokyo, Japan) [49].
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Although older adults with frailty exhibited bimanual coordination performance 
similar to those with robust health, the overall coordination was lower than in healthy 
older adults [53]. The results of this international study not only deepen our under-
standing of bimanual coordination but also suggest its global importance as a novel 
approach to frailty prevention and rehabilitation. Furthermore, quantitative evalu-
ation of bimanual coordination using a magnetic sensor finger-tapping device may 
contribute to addressing international health challenges for older adults by applying 
it to the early detection and prevention of frailty and other diseases. Furthermore, 
clarification of disease-specific indices in bimanual coordination may contribute to 
the design and application of individualized rehabilitation programs.

5. �Conclusions

This study examines age-related changes in upper limb motor function, focusing 
on bimanual coordination and its underlying motor control mechanisms in older 
adults. In a super-aging society with a rapidly growing elderly population globally, a 
key academic challenge is to support daily independence and improve the well-being 
of older adults. Older adults rely more on their upper limbs and perform bimanual 
movements more frequently than one-handed movements in daily life. Bimanual 
coordination in older adults is evaluated in terms of accuracy, variability, and execu-
tion time and has been shown to be impaired with age. Therefore, it is essential to 
elucidate the motor control mechanisms involved in bimanual coordination in older 
adults and establish a simple and effective evaluation system. In this study, we review 
the latest findings on bimanual coordination performance in older adults and discuss 
evaluation methods in addition to motor control mechanisms. In particular, the 
magnetic sensor finger-tapping device allows objective and quantitative assessment 
of distance, velocity, and deviations in tapping timing and coordination. This mea-
surement method may help address international health challenges in older adults by 
enabling early detection and prevention of frailty.
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Abstract

This chapter explores the mechanisms, age-related changes, and clinical assessments 
of standing balance control in older adults, with an emphasis on emerging technologi-
cal approaches. It first outlines how multisensory integration of visual, vestibular, and 
somatosensory inputs contributes to maintaining postural stability and how aging 
impairs these processes through reduced sensory sensitivity, muscle strength, and 
neural processing speed. It then reviews conventional clinical assessments, ranging 
from simple screening tools such as the One-Leg Standing Test and Timed Up and Go 
test to comprehensive scales such as the Berg Balance Scale and Mini-BESTest, along 
with quantitative methods such as the Index of Postural Stability. Finally, the chapter 
highlights the technological innovations, including light-touch–based devices, virtual 
and augmented reality systems, and wearable sensors, that enable the detection of 
subtle balance deficits and monitoring in real-world contexts. By integrating these 
technologies into clinical practice, clinicians can achieve higher diagnostic precision, 
continuous monitoring, and personalized rehabilitation strategies that directly improve 
the functional outcomes. Collectively, these sections provide an integrated framework 
for understanding and evaluating postural control in aging populations.

Keywords: clinical evaluation measures, light-touch contact, older adults, postural 
control, rehabilitation

1. �Introduction

Decreased postural control in older adults represents a global public health con-
cern directly associated with increased requirement of long-term care and mortality 
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because of falls and fractures. International systematic reviews report an annual fall 
prevalence of approximately 26.5% among community-dwelling older adults, with 
the rate rising to 40–50% among those aged ≥80 years [1, 2]. According to the U.S. 
Centers for Disease Control and Prevention (CDC), approximately one in four adults 
aged ≥65 years experiences at least one fall annually, with 20% of these falls result-
ing in serious injuries, including fractures or head trauma [3]. Falls are also highly 
recurrent, and a single fall doubles the risk of subsequent falls, significantly impairing 
healthy life expectancy.

The decline in postural control among older adults is a common challenge across 
regions and countries, warranting urgent attention in aging societies worldwide. 
Accurately assessing the degree of decline in postural control among older adults is 
essential for understanding its underlying mechanisms and for extending healthy 
life expectancy. Furthermore, establishing objective evaluation methods to measure 
individual abilities and ensuring their applicability in clinical and community health 
settings is crucial.

Evidence cited in this chapter was mainly drawn from peer-reviewed journals and 
official guidelines published between 2000 and 2025, with selected seminal works 
before 2000 such as the Functional Reach Test. Studies demonstrating methodologi-
cal rigor and standardized assessment protocols were prioritized.

This chapter first examines the fundamental mechanisms of standing postural 
control from neurological, sensory, and musculoskeletal perspectives and discusses 
age-related changes. Next, it outlines representative clinical assessment methods, 
categorizing them into screening and comprehensive evaluations. Finally, it reviews 
recent technological advances in standing postural control assessment and presents 
an integrated framework for evaluating standing postural control in older adults. 
This chapter aims to provide clinicians and researchers with a common foundation to 
strengthen efforts toward fall prevention and independent living support.

2. �Mechanisms of standing postural control

In this chapter, we use center of mass (COM) to describe the body’s mechanical 
reference point and center of pressure (COP) to refer to the ground reaction force-
based measurement obtained from the stabilometric devices. To ensure terminologi-
cal consistency, the term COG is not used.

Maintaining upright posture is a continuous regulatory process in which the 
central nervous system interprets sensory information and generates coordinated 
motor responses. The brain draws on visual cues, vestibular signals, and somatosen-
sory input from the feet and joints to estimate body orientation and detect changes in 
movement. These multisensory cues are then integrated to produce both reflexive and 
voluntary adjustments of the musculoskeletal system, allowing fine-tuned control of 
balance during standing (Figure 1) [4, 5].

The primary goals of postural control can be broadly categorized into two aspects: 
“postural stability” and “postural orientation”. Some literature refers to “postural 
stability” as “postural equilibrium,” but these two terms are synonymous [6]. Postural 
stability refers to the unconscious function of maintaining and controlling the body’s 
COM within its base of support. Meanwhile, postural orientation is the conscious 
ability to adjust the body’s direction and spatial relationships according to the 
intended movement (Figure 2). In daily life, effective postural stability and orienta-
tion are necessary to enable safe and appropriate movement.
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Anticipatory postural adjustments (APA) refer to the postural control mecha-
nism that adjusts the COM before executing a targeted movement. This adjustment 
compensates for instability and facilitates smooth execution of the movement. 
Specifically, it involves pre-emptive activation of the trunk extensor muscles when 
rapidly raising the upper limbs or lifting a load, thereby maintaining a stable pos-
ture. In contrast, compensatory postural adjustments (CPA) occur as a post-action 
response to restore stability when posture is disrupted during an action [7]. CPA 
employ strategies to ensure postural stability within the base of support through 
ankle or hip joint movements, as well as stepping strategies, where a step is taken to 
change the base of support and regain stability when the body’s COM is beyond the 
base of support [8, 9].

Figure 1. 
Basic signal flow involved in postural control. This diagram depicts the neural mechanisms processing 
multisensory signals from visual, vestibular, auditory, and somatosensory inputs. Understanding the neural and 
sensory processes underlying postural control is essential for identifying and interpreting pathological changes in 
stability regulation in individual participants. Reproduced from Takakusaki [4]. Licensed under CC BY-NC 3.0.

Figure 2. 
Two aspects of the postural control. This schematic illustrates the dual roles of postural control: Orientation and 
stability. Differentiating these two aspects enables clinicians to select the appropriate balance assessments.
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APA is a control mechanism that occurs before an intended movement, whereas 
CPA is a control function that occurs after the movement. Although these functions 
differ temporally, both contribute to postural control and are interdependent. When 
APA is appropriately prepared, and CPA is effectively triggered in response to pos-
tural disturbances, the entire movement becomes stable (Figure 3).

3. �Age-related changes

Postural control functions generally decline in older adults, making this a signifi-
cant internal factor contributing to falls. Furthermore, physiological changes in the 
sensory, neurological, and musculoskeletal systems with aging affect standing bal-
ance ability. A summary of these changes is shown in Figure 4, and the main changes 
are listed below.

3.1 Changes in sensory function

With advancing age, the sensitivity of the visual, vestibular, and somatosensory 
systems—essential for maintaining balance—generally declines. Furthermore, 
somatosensory function shows significant deterioration in joint position and vibra-
tion sense. Older adults exhibit reduced sensitivity to changes in ankle angle and 
subtle vibratory stimuli [10]. Additionally, peripheral tactile sensitivity also declines, 
with a decrease in the density of Merkel discs and Meissner corpuscles, the tactile 
receptors in the sole [11].

Figure 3. 
Difference in the roles of anticipatory postural adjustments and compensatory postural adjustments. This figure 
illustrates how APA prepares the body for an intended movement before it occurs, whereas CPA restores stability 
after an unexpected perturbation. Understanding the temporal distinction between these two strategies enables 
clinicians to interpret which phase of postural control is impaired in individual patients.

100



Transformation and Evaluation of Standing Postural Control in Older Adults: Mechanisms…
DOI: http://dx.doi.org/10.5772/intechopen.1014303

5

Vestibular function is also significantly affected by aging. Hair cells in the sensory 
epithelium of the inner ear’s balance organs (semicircular canals and otolith organs) 
decrease with age. Human autopsy studies report that the number of sensory cells 
in the balance organs decreases by approximately 40% in individuals aged >70 years 
[12]. This decline in vestibular sensitivity can cause dizziness and balance disorders 
in older adults. Aging impairs visual function—reducing visual acuity, depth per-
ception, contrast sensitivity, and delayed dark adaptation—which can compromise 
balance in dimly lit or visually complex environments. Overall, the decline in pro-
prioceptive acuity causes older adults to rely more on vision compared to younger 
individuals [13, 14]. In particular, the decline in the sensitivity of the proprioceptive 
sense in the elderly results in insufficient information necessary for postural control.

3.2 Changes in the musculoskeletal system

Decreased muscle strength and reduced range of motion are also major age-related 
changes. Skeletal muscle mass and strength decline markedly with aging—a condition 
known as sarcopenia—with muscle atrophy accelerating particularly after 50 years 
of age and being particularly pronounced in the lower limbs [15]. Changes in muscle 
fiber composition are characterized by a reduction in the diameter and number of 
fast-twitch (Type II) fibers, leading to a decrease in overall muscle explosive power 
and maximum output [16]. This selective atrophy of Type II fibers may result in 
difficulty generating explosive muscle force in older individuals. Muscle weakness 
with aging is most pronounced in the small muscles of the fingers and the muscles 
surrounding the foot and ankle. Specifically, the plantar flexors of the ankle joint 
show a significantly greater selective decline compared to the dorsiflexors [17, 18]. 
The ankle plantar flexors are the key antigravity muscles active during ankle strategy 
in the standing position, and their weakness directly contributes to sway during 
static standing [19]. Declines in musculoskeletal elements also impact the ability to 

Figure 4. 
Integrated model of age-related physiological mechanisms underlying postural control. This figure summarizes the 
age-related physiological mechanisms that contribute to impaired postural control in older adults. By visualizing 
these relationships, clinicians can advocate for the need to evaluate not only the musculoskeletal system but also the 
sensory and nervous systems in rehabilitation aimed at restoring postural stability.
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execute postural control strategies, accelerating the tendency to take a step even in 
response to small shifts in the COM. Older adults generally have a narrower range of 
movement for shifting their COM within their base of support compared to younger 
adults. Consequently, they are more likely to employ stepping strategies to avoid falls 
even with minor shifts in their COM [20]. Reduced muscle output and decreased joint 
range of motion can contribute to this narrowing of stability limits.

3.3 Changes in neurotransmission and information processing capabilities

Aging also affects the central and peripheral nervous system function. 
Longitudinal studies using magnetic resonance imaging indicate that cerebral cortex 
volume decreases by approximately 0.5% per year, with atrophy primarily observed 
in the frontal lobe and hippocampus [21, 22]. In the spinal cord, the number of motor 
neurons in the anterior horn decreases by approximately half with aging, and the 
number of myelinated fibers in peripheral nerves also significantly declines [23]. 
Consequently, nerve conduction velocities, including those of brainstem and spinal 
reflexes, generally slow down. Collectively, these anatomical changes lead to reduced 
central information processing speed and prolonged motor response latency in older 
adults. For example, even a slight delay in postural reactions significantly increases 
the risk of falling in older adults, such as when the ankle collapses or when extend-
ing limbs to recover from a stumble, compared to younger individuals. Age-related 
changes in higher-level brain functions such as attention and judgment cannot be 
ignored. Furthermore, older adults are more prone to a further decline in postural 
control ability during dual tasking, such as performing cognitive tasks while walk-
ing [24]. This stems from the limited attentional resources and reduced information 
processing, leading to posture destabilization when attention to the environment 
is compromised. These neurological changes interact synergistically, resulting in a 
general decline in the timing and accuracy of sensory input, central processing, and 
motor output required for postural control in older adults. Consequently, postural 
sway is greater in older adults than in younger individuals, and responses to sudden 
postural disturbances are often delayed and inadequate. This creates a physical state 
prone to falls, significantly impacting independence and safety in activities of daily 
living. Accurately assessing age-related declines in postural control function and 
reducing fall risk through the appropriate interventions represent critical challenges 
in a super-aged society.

4. �Current status of the evaluation methods for standing postural control

Accurate assessment of standing balance ability in older adults is critical for strati-
fying fall risk and determining the effectiveness of interventions [25]. This chapter 
outlines the assessment methods widely used in clinical practice, categorizing them 
into screening assessments and diagnostic and quantitative assessments (Table 1).

4.1 Screening assessments

Tests that can quickly and easily evaluate balance function in older adults are 
widely used in daily clinical practice, including outpatient clinics and group health 
examinations. These screening assessments are characterized by their simplicity and 
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short administration time, making them suitable for large-scale community checkups 
and for the initial evaluation of older patients. Representative examples include the 
One-Leg Standing Time measurement, the Functional Reach Test (FRT), and the 
Timed Up and Go (TUG). These tools can be administered quickly and allow clini-
cians to stratify fall risk at a population level with the minimal resources. However, 
they cannot identify the precise mechanisms underlying balance dysfunction or 
localize the impaired physiological systems.

The One-Leg Standing Time measures the time a participant can stand on one leg 
with the eyes open [26]. The individual is instructed to cross both arms in front of the 
chest and lift one leg off the floor, maintaining the position for as long as possible. 
Measurements are typically performed on either the left or right leg, selecting the side 
that can be held longer, with an upper time limit of 30 or 60 seconds. This test reflects 
multiple components of balance, including lower limb strength and COM sway. Older 
adults who cannot maintain this posture for more than a few seconds are at a signifi-
cantly higher risk of falls [27]. Nevertheless, participants with musculoskeletal pain, 
dizziness, or other health conditions may find it difficult to perform the test safely, 
and therefore, support and safety measures are essential.

The FRT is another simple test that evaluates dynamic balance ability and stability 
limits by measuring maximum forward reach [28]. The participant stands with feet 
in a predetermined position, raises one arm horizontally to shoulder height, and is 
instructed to reach forward as far as possible without moving the feet. The distance 
reached by the tip of the hand is then recorded. The reach distance decreases with age. 
Values of ≥25 cm generally indicate good balance, whereas values ≤15 cm indicate 
significant limitation and high fall risk [29]. However, the FRT cannot evaluate lateral 
or backward stability and is influenced by individual physical characteristics, such as 
height and arm length.

Purpose Assessments Approx. 
time

Reliability (ICC) Cutoff thresholds

Screening One-leg standing time <1 min 0.78–0.82 <20 s associated with 
fall risk

Functional reach test 
(FRT)

<1 min 0.89–0.98 <15 cm associated with 
fall risk

Timed up and go test 
(TUG)

1–2 min 0.80 ≥9–13.5 s associated 
with fall risk

Five-times sit-to-stand 
test (FTSST)

<1 min 0.94 ≥10–14 s associated 
with fall risk

Diagnostic Berg balance scale (BBS) 10–20 min >0.95 <45 points associated 
with fall risk

Mini-BESTest 15 min 0.91–0.98 <16 points associated 
with fall risk

Quantitative Index of Postural 
Stability (IPS)

5 min Clinical validity is 
limited

No cutoff value

This table summarizes commonly used assessments, their reliability, and representative cutoff values. Clinically, the 
table enables practitioners to select appropriate tools depending on the purpose—rapid screening, detailed diagnostic 
evaluation, or quantitative monitoring—and to interpret whether a patient’s score indicates elevated fall risk.

Table 1. 
Clinical framework for balance assessment in older adults.

103



Physical Therapy and Rehabilitation – Research and Clinical Application

8

In addition, the TUG and the Five-Times Sit-to-Stand tests are convenient 
measures of balance and functional mobility [30, 31]. Their feasibility makes them 
particularly suitable for community-based health screenings, where many partici-
pants are evaluated simultaneously. Nonetheless, these screening assessments provide 
only a broad overview and cannot specify which the aspects of balance control are 
impaired. Therefore, they should be integrated with more comprehensive diagnostic 
and quantitative assessments to obtain a more accurate and clinically meaningful 
evaluation of balance function.

4.2 Diagnostic and quantitative assessments

In contrast to screening assessments, diagnostic and quantitative assessments 
are designed to capture the mechanisms of balance control and identify risk factors 
comprehensibly. These assessments provide detailed information that can be utilized 
in developing individualized intervention plans. Representative examples include 
the Mini-Balance Evaluation Systems Test (Mini-BESTest), comprehensive balance 
scales such as the Berg Balance Scale (BBS), and instrument-based assessments that 
quantify postural sway and COP dynamics. Quantitative assessment using these 
tools helps generate accurate and objective data, enabling clinicians to individualize 
rehabilitation strategies based on specific impairments. However, their reliance on 
specialized equipment and trained personnel may limit widespread adoption in all 
clinical settings.

The BBS is one of the most widely used comprehensive balance evaluation tools. 
It comprises 14 items scored on a 0–4 scale, with a maximum total of 56 points [32]. 
It is highly reliable and reproducible, and BBS scores are often used to stratify fall 
risk in older adults [33]. Meanwhile, the Mini-BESTest comprises 14 items grouped 
into four domains—anticipatory postural adjustments, reactive postural control, 
sensory orientation, and dynamic gait—each scored from 0 to 2 points, with a 
maximum score of 28 [34]. Despite the smaller number of items, the Mini-BESTest 
is valued for its ability to assess qualitative aspects of postural control. For example, 
Yingyongyudha et al. [35] reported an area under the receiver operating character-
istic curve of 0.84 for identifying fall history in a cohort of 200 older adults with a 
mean age of 70 years using the Mini-BESTest, which was higher than both the BBS 
and the TUG tests (area under the curve = 0.69). However, despite its strengths, the 
Mini-BESTest also presents several important trade-offs when compared with the 
BBS. The Mini-BESTest is highly sensitive to qualitative changes in postural con-
trol—including reactive balance, sensory reweighting, and dynamic gait—and shows 
minimal ceiling effects, making it particularly valuable for evaluating higher-func-
tioning older adults. In contrast, the BBS provides broader coverage of basic daily 
activities such as standing up, reaching, and turning, allowing clinicians to assess 
the balance impairments that directly relate to ADL performance. These differences 
imply that the Mini-BESTest excels in detecting subtle deficits in advanced postural 
control mechanisms, whereas the BBS offers stronger comprehensiveness and safety 
for lower-functioning individuals or those requiring assistance. Moreover, although 
the Mini-BESTest enables domain-specific interpretation across its four subcom-
ponents, the BBS remains easier to interpret clinically due to its straightforward 
total score and extensive evidence base across diverse populations. Therefore, the 
choice between the two measures should be guided by the patient’s functional level, 
safety considerations, and whether the clinical goal is to detect high-level balance 
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deficits or to evaluate ADL-oriented fall risk. As each tool has unique strengths and 
limitations, clinical best practice often involves combining multiple assessments. 
A stepwise approach is frequently recommended—for example, applying simple 
screening tests such as one-leg standing or the FRT initially, and then conducting 
more comprehensive evaluations with the BBS or Mini-BESTest if abnormalities are 
detected.

Beyond clinical scales, instrument-based quantitative evaluations provide objec-
tive and highly sensitive data. A common method is the use of a COP sway meter to 
record COP trajectories, while participants maintain a standing posture under various 
conditions [36]. One important extension of such measurements is the Index of 
Postural Stability (IPS), which captures both the stability of quiet standing and range 
over which an individual can voluntarily shift their COP [37]. The IPS is calculated 
by combining the area of intentional COP excursions in multiple directions with 
the baseline sway area during quiet standing, providing a logarithmic index that 
reflects the balance between postural stability and mobility (Figure 5) [38]. However, 
despite its conceptual utility, the IPS faces several methodological constraints. It has 
not yet been standardized across measurement devices, and its reproducibility may 
vary depending on foot placement, task instructions, and stabilometer resolution. 
Evidence linking IPS values to real-world fall events remains limited compared with 
the established force-plate metrics. Moreover, no clinically validated cutoff values 
have been proposed to date, limiting its application for diagnostic decision-making in 
routine practice. Therefore, future research should aim to establish clinically mean-
ingful cutoff thresholds that can reliably stratify fall risk in older adults. Until such 
validation is achieved, the IPS should be interpreted as a supplementary rather than a 
standalone indicator of postural stability.

Figure 5. 
Calculation method for Index of Postural Stability. Participants first undergo the measurement of COP sway 
at the central position. Next, they maintain postures with the COP shifted to the maximum extent forward, 
backward, right, and left. Postural sway area and stability threshold area are calculated from the five-direction 
COP sway data, and the Index of Postural Stability is calculated using the mentioned formula. The IPS provides 
a quantitative indicator of both stability and mobility, enabling clinicians to objectively monitor subtle balance 
impairments and track rehabilitation progress over time. Reproduced from Sawai et al. [38] Licensed under CC BY.
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5. �Technical advances in postural control assessments

In recent years, new methods utilizing cutting-edge technologies for assessing 
postural control abilities in older adults have emerged in medical and research fields. 
This chapter outlines three topics from among these: utilizing the light touch contact 
effect, utilizing virtual reality (VR) and augmented reality (AR) technologies, and 
measurement using wearable devices.

5.1 Virtual light-touch effect (StA2BLE)

Conventional posturography assesses physical function by recording the magni-
tude and patterns of postural sway, but directly measuring sensory function has been 
difficult. In contrast, the recently developed standing assessment device StA2BLE can 
simultaneously evaluate both “physical function” and “sensory function” in postural 
control (Figure 6) [39]. The light-touch phenomenon refers to the reduction in COM 
sway when a person lightly touches an object with their fingertip, demonstrating 
that tactile and mechanoreceptor input significantly contributes to postural stability 
[40]. StA2BLE involves attaching a device that delivers a weak vibratory stimulus 
to an individual’s dominant index finger. While the stimulus is applied, posture 
stabilizes through tactile and vibratory sensation. However, abruptly stopping this 
stimulus causes a momentary loss of balance and an increase in postural sway. The 
device records this change in conjunction with COP, enabling detailed analysis of the 
magnitude of sway and the time required for recovery. This mechanism allows quanti-
fication of “sensory system vulnerability,” such as the stability and reaction speed of 
tactile input, alongside the body’s compensatory control capabilities. This evaluation 
method quantifies sensory function decline and potential fall risks that are difficult 
to detect in daily life. It may also reveal “hidden instability” in older adults that is 
often overlooked by conventional simple sway measurements alone, enabling earlier 
intervention for fall prevention. Consequently, StA2BLE could be a valuable screening 
tool in preventive care programs and health checkups for community-dwelling older 
adults. Furthermore, in research, analyzing bodily responses to changes in sensory 
input can also aid in evaluating age-related declines in sensory integration function 
and neuroplasticity.

5.2 VR and AR technologies

VR and AR are rapidly evolving as the novel frameworks for evaluating postural 
control in older adults. VR enables the manipulation of visual stimuli and dynamic 
environments within a virtual space, facilitating assessments of visual dependence 
and multisensory integration capabilities, which were challenging to assess using 
conventional posturography. For example, presenting floor inclines or background 
movement, followed by analyzing COP trajectories and spectral components, can 
quantify the stimulus intensity required to disrupt posture and adaptation speed 
achieved through repeated exposure [41]. Nonetheless, specific challenges have been 
reported, including the fact that VR sickness occurs in approximately 30% of older 
adults.

Recent attempts have been made to simultaneously measure electroencephalog-
raphy, electromyography, and COP in VR environments and use machine learning 
to distinguish conditions or groups are advancing. This enables more multifaceted 
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evaluations, such as reaction latencies and frequency characteristics during sensory 
input loss, which were previously difficult to observe [42]. Additionally, valida-
tion studies comparing VR headset position data with force plate measurements 
have demonstrated the effectiveness of VR devices as low-cost balance assessment 
tools [43].

Meanwhile, AR technology overlays virtual information onto the real environ-
ment, enabling posture assessment in settings closer to daily life. For example, efforts 
are underway to assess fall risk in real-life environments by virtually projecting steps 
or obstacles and analyzing stepping-over actions or step reactions [44].

Overall, VR and AR technologies are increasingly recognized as powerful tools for 
safely simulating diverse sensory conditions and task environments, enabling more 
precise balance assessments than previously possible.

Figure 6. 
Overview of the virtual light touch (VLT) system. (A) Basic system architecture. The user’s finger position is 
tracked within a defined “virtual sphere” using three-dimensional motion capture. The displacement signal 
is processed and converted into a virtual force through a virtual impedance model consisting of mass, spring, 
and damping elements. The estimated virtual force is then delivered to the fingertip as vibrotactile feedback via 
a stimulator, thereby providing a sensation equivalent to light-touch without physical contact. (B) Wearable 
configuration. A simplified system employing a lightweight accelerometer attached to the finger replaces full 
3D motion capture. The virtual force is estimated based only on acceleration information, and vibrotactile 
stimulation is provided accordingly. This wearable version enables the practical application of VLT during 
daily activities and walking tasks. The VLT system allows safe and sensitive evaluation of tactile contribution to 
postural control, offering new possibilities for early detection of sensory deficits and for training balance in older 
adults. Reproduced from Shima et al. [39]. Licensed under CC BY-NC 4.0.
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5.3 Wearable devices

Home-based and on-site measurements using inertial measurement units (IMU), 
smartphones, and plantar pressure sensors are rapidly gaining popularity for postural 
control assessment in older adults. Their primary advantage is low cost and high 
portability compared to stationary equipment like force plates while enabling quanti-
fication of body sway (approximate COM/COP metrics) and reaction characteristics 
during static and dynamic tasks. For example, a framework is being implemented 
where IMUs attached to the lumbar or sacral region extract features such as RMS, 
velocity, trajectory distance, and frequency components from time series data 
obtained during standing tasks (closed-base, single-leg, tandem). These features are 
used to identify fall-risk groups. The feasibility of implementing an IMU prototype 
for older adults has been demonstrated, with increases in sway corresponding to task 
difficulty, supporting its validity as a clinical screening tool [45].

Research using smartphone-embedded accelerometers has validated standing 
postural stability in terms of both mechanical validity and discriminative ability. 
These devices show moderate-to-high correlation with force plate measurements and 
can stratify fall risk among older adults [46]. For reactive postural control assess-
ment, wearable disturbance devices quantify responses to unexpected mechanical 
disturbances. Tasks measuring outcomes such as reaction latency, step response, and 
stabilization time are under evaluation, and improvements in immediate reaction 
ability and lateral stability have been observed, highlighting their potential for clinical 
application that integrates rehabilitation and assessment [47].

The introduction of advanced technologies is revolutionizing postural control 
assessment for older adults. StA2BLE simultaneously quantifies sensory system 
vulnerability and motor control ability by manipulating subtle tactile inputs, thereby 
visualizing potential fall risk. VR/AR enables the reproduction of diverse tasks 
and sensory conditions within a safe virtual environment, facilitating the assess-
ment of dynamic characteristics such as visual dependence and adaptation speed. 
Furthermore, wearables like IMUs, smartphones, and plantar pressure sensors enable 
continuous monitoring and immediate feedback in daily environments, capturing 
fluctuations difficult to detect on a clinical scale.

However, addressing VR sickness, standardizing equipment and wearing condi-
tions, and validating compatibility with force plates and clinical indicators remain 
future challenges. By integrating these technologies with traditional manual assess-
ments, clinicians can more precisely understand balance ability and develop indi-
vidualized fall prevention strategies. As technology advances and standardization 
progresses, it may significantly contribute to supporting the independence of older 
adults.

Moreover, several of these technologies, particularly wearable sensors and 
smartphone-based balance assessments, can be feasibly implemented in low-resource 
or telehealth settings. Their portability, affordability, and capacity for remote data 
collection make them valuable tools for extending postural control evaluation beyond 
traditional clinical environments.

6. �Conclusions

Age-related declines in sensory, neural, and musculoskeletal systems interact to 
impair postural control. Clinical assessments capture the functional consequences of 
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these deficits, whereas emerging technologies—such as light-touch devices, VR/AR 
systems, and wearable sensors—offer insights into the underlying mechanisms not 
detectable by the traditional tools. An integrative framework that links physiologi-
cal mechanisms, clinical functional scales, and technology-based measurements is 
therefore essential for individualized fall-risk evaluation.

Key research priorities remain. Standardization and validation of technology-
based assessments, including VR-induced perturbations, wearable sensor metrics, 
and indices such as the IPS, are necessary for broader clinical adoption. Establishing 
clinically meaningful cutoff values, improving reproducibility across devices, and 
developing multimodal diagnostic algorithms represent critical next steps. Advancing 
these areas will help build a comprehensive, scalable framework for evaluating 
postural control in aging populations.
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Abstract

As global populations age, dementia has emerged as a pressing public health 
concern, making its prevention and early detection increasingly important. Mild 
cognitive impairment (MCI), a transitional stage between normal aging and demen-
tia, is characterized by cognitive decline with preserved daily functioning and is 
recognized as a high-risk factor for dementia onset. Of particular interest is “cognitive 
frailty,” a condition marked by the coexistence of MCI and physical frailty, which is 
associated with an elevated risk of both dementia and mortality. Despite its signifi-
cance, standardized evaluation and diagnostic criteria for cognitive frailty remain 
undeveloped, highlighting the need for effective early detection methods. Recent 
studies suggest a strong relationship between cognitive and physical function, raising 
the possibility that physical performance assessments could serve as the early indica-
tors of cognitive frailty. This section explores the current approaches for assessing 
cognitive frailty, examines the potential of incorporating physical function into such 
evaluations, and discusses the key challenges involved in developing a new, reliable 
framework for cognitive frailty assessment.

Keywords: older adult, cognitive frailty, dementia, mild cognitive impairment, 
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1. �Introduction

Global aging represents one of the most important demographic changes of the 
twenty-first century. By 2050, the world’s population aged 60 years and older is 
projected to exceed 2 billion [1]. With this rapid aging, dementia has become a major 
public health issue.
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Dementia refers to a syndrome characterized by progressive cognitive decline that 
interferes with the performance of activities of daily living [2]. According to estimates 
by the World Health Organization, the number of people with dementia worldwide 
reached approximately 55 million in 2019 and is projected to increase to 152 million 
by 2050 [3]. In particular, Alzheimer’s disease is the most common cause of dementia, 
accounting for 60–70% of all cases [4]. In Japan, which has the most advanced aging 
population, the prevalence of dementia reaches approximately 15% among older 
adults aged 65 years and above [5], and this percentage increases rapidly with age. 
The global cost of dementia in 2019 was estimated at US$1.3 trillion [6], highlighting 
the enormous socioeconomic burden associated with the disease. Additionally, the 
current medical and nursing care systems face many challenges in responding to the 
increasing number of patients with dementia. First, access to specialized diagnosis 
and treatment remains limited. In many countries, a shortage of dementia specialists 
has resulted in missed opportunities for early diagnosis [7]. Second, the sustainability 
of long-term care systems is under threat. Although many patients with dementia 
eventually require facility-based care, securing sufficient capacity and personnel 
to provide high-quality care remains difficult [8]. These challenges underscore the 
importance of prevention and early intervention as the crucial strategies for mitigat-
ing the social impact of dementia. In particular, early detection is crucial for main-
taining the quality of life for patients and reducing the burden of care. Addressing 
the growing impact of dementia in aging societies requires the establishment of a 
comprehensive approach centered on early detection. Developing a community-based 
dementia screening system and promoting integrated measures focused on early 
detection and early intervention are essential steps toward achieving a sustainable 
dementia care system [9].

A strong emphasis must be placed on identifying pre-dementia stages. In par-
ticular, recognizing cognitive frailty—a condition involving both cognitive decline 
and physical frailty—as a key target for early intervention is essential. Later sections 
discuss methods for assessing cognitive frailty and explore its potential in the early 
detection and prevention of dementia.

2. �Overview of mild cognitive impairment

Early detection and prevention of dementia are critical, and understanding mild 
cognitive impairment (MCI) is essential in this context. MCI represents an intermedi-
ate stage between normal cognitive function and dementia and is recognized as a 
condition with a high risk of progression to dementia. However, progression from 
MCI to dementia does not occur in all cases; appropriate intervention during this 
reversible stage may help maintain or even improve cognitive function. Therefore, 
early detection and appropriate assessment of MCI play vital roles in dementia 
prevention strategies. This section first provides an overview of the definition and 
clinical characteristics of MCI and summarizes basic information, including diag-
nostic criteria, classification, and prevalence. Following this, findings on the risk of 
transition from MCI to dementia are presented, along with a discussion of cognitive 
function assessments, imaging tests, and motor function assessments, which have 
recently gained attention for predicting progression. Integration of these findings 
offers a foundation for developing a comprehensive understanding of MCI and for 
designing effective evaluation strategies.
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2.1 Definition and characteristics of MCI

MCI refers to a state of cognitive decline situated between normal cognitive 
function and dementia [10]. This condition is defined as a decline in memory or other 
cognitive domains beyond what is expected for age, whereas the ability to perform 
activities of daily living remains intact [11]. Recognizing this stage plays a crucial 
role in identifying pre-dementia conditions and creating opportunities for early 
intervention.

The most widely used diagnostic framework for MCI is Petersen’s criteria, 
which includes five elements: (1) reports of cognitive decline by the individual or 
an informant, (2) objective evidence of cognitive impairment, (3) preservation of 
overall cognitive function, (4) maintenance of basic activities of daily living, and 
(5) absence of dementia diagnosis [12]. Additionally, MCI can also be diagnosed as 
Mild Neurocognitive Disorder. This diagnosis utilizes the Diagnostic and Statistical 
Manual of Mental Disorders, 5th edition (DSM-5), which assesses cognitive function 
across six domains: Complex attention, Executive function, Learning and memory, 
Language, Perceptual–motor function, and Social cognition [13]. This assessment 
includes observational evaluations by the individual, family, and clinician, along 
with standardized neuropsychological testing. A diagnosis of Mild Neurocognitive 
Disorder is made when impairment is observed in one or more cognitive domains, 
despite the individual maintaining their daily living activities. These criteria 
distinguish MCI from dementia by emphasizing the preservation of functional 
independence.

MCI is categorized into amnestic and non-amnestic subtypes based on clinical 
characteristics [14]. Amnestic MCI primarily involves memory impairment and car-
ries a high risk of progression to Alzheimer’s disease. Conversely, non-amnestic MCI 
affects cognitive domains other than memory, such as executive function, language, 
and visuospatial cognition, and may be associated with progression to dementia with 
Lewy bodies or frontotemporal dementia. Further classification divides MCI into 
single-domain and multi-domain types, depending on the number of affected cogni-
tive domains. Although estimates of MCI prevalence vary by study, approximately 
10–20% of older adults aged 65 years or older are affected. Among those aged 85 years 
or older, the reported prevalence exceeds 30% [15].

In neuropsychological assessments, MCI is defined as a decline of 1.5 standard 
deviations or more from age- and education-adjusted norms in specific cognitive 
domains [16]. Amnestic MCI is characterized by poor performance on delayed 
recall tasks. Mild deficits in executive function and slowed processing speed may 
also be observed. These cognitive impairments do not significantly interfere with 
daily functioning. Imaging tests often reveal atrophy in the hippocampus and 
medial temporal lobe in individuals with MCI [17]. Such structural changes exceed 
those typically associated with aging and are less severe than those observed in 
Alzheimer’s disease.

Although MCI carries a high risk of progression to dementia, not all cases follow 
this trajectory. According to the longitudinal study, approximately 10–15% of indi-
viduals with MCI progress to dementia within a year, whereas approximately 10–20% 
maintain stable cognitive function, and some recover to the normal levels [18]. These 
findings highlight the presence of MCI cases with stable or reversible symptoms, 
emphasizing the importance of early detection and the implementation of appropri-
ate preventive interventions.
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2.2 Risk of transition to dementia in MCI

The risk of transitioning to dementia among patients with MCI is significantly 
higher than in the general aging population, with an annual transition rate estimated 
at 10–15% [18]. This transition risk varies significantly depending on the subtype 
of MCI, the severity of cognitive impairment, and the presence of comorbid risk 
factors. Among the cognitive function assessments, the severity of episodic memory 
impairment serves as the strongest predictor of progression [19]. In particular, 
impaired delayed recall performance on story memory tests or word list learning 
tests is strongly associated with the transition to Alzheimer’s disease. Additionally, an 
increase in the Clinical Dementia Rating (CDR) Sum of Boxes score and prolonged 
completion time on the Trail Making Test Part B is also associated with the transi-
tion risk [20]. Structural imaging, particularly magnetic resonance imaging, plays a 
critical role in risk prediction. Measurement of hippocampal volume has shown that 
individuals with an annual atrophy rate exceeding approximately 2% face a signifi-
cantly increased the risk of progression [21]. Moreover, amyloid positron emission 
tomography positivity is observed in approximately 50–60% of patients with MCI, 
and the risk of dementia progression is significantly higher in positive individuals 
compared to negative individuals [22].

In recent years, repetitive finger movement assessments have emerged as promis-
ing tools for predicting dementia risk [23]. Sugioka et al. reported that changes in 
the velocity of finger tapping movements are associated with medial temporal lobe 
atrophy [24]. Given that medial temporal lobe atrophy is an early pathological change 
in Alzheimer’s disease [25], finger tapping movement assessments may offer a simple 
and clinically useful method for identifying individuals at higher risk of progression 
from MCI to dementia. Cognitive function tests and neuroimaging findings provide 
high-sensitivity indicators for predicting MCI progression. Meanwhile, physical 
function assessments offer practical advantages for community-based, large-scale 
screening due to their simplicity and non-invasiveness. An integrated assessment 
approach using cognitive, imaging, and physical measures may facilitate participant 
stratification by dementia risk, guide the selection of participants for early interven-
tion, and support the efficient allocation of healthcare resources.

3. �The concept and significance of cognitive frailty

MCI provides a framework for assessing the risk of dementia from the perspec-
tive of cognitive function. However, the onset of dementia in older adults is also 
closely related to physical decline. In recent years, the concept of “cognitive frailty” 
has gained attention for its comprehensive approach for evaluating dementia risk 
from both cognitive and physical perspectives. Cognitive frailty refers to a condition 
characterized by the coexistence of physical frailty and cognitive decline. Studies 
have demonstrated that the risk of transition to dementia is significantly higher 
when both conditions are present simultaneously than when either exists in isolation. 
This concept holds particular importance because physical and cognitive functions 
interact and reinforce one another, creating a vicious cycle that accelerates cognitive 
deterioration. Traditionally, physical and cognitive functions have been evaluated and 
addressed separately; however, the concept of cognitive frailty highlights the need for 
an integrated understanding of both and the development of more effective preven-
tive strategies.
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In this section, we first describe the definition and clinical significance of cogni-
tive frailty, and then outline the mechanisms underlying the interaction between 
physical frailty and cognitive decline. This section will clarify that cognitive frailty is 
an important target for dementia prevention.

3.1 Definition of cognitive frailty

Cognitive frailty is defined as a condition in which physical frailty and cogni-
tive impairment coexist [26]. A joint consensus by the International Association of 
Gerontology and Geriatrics (IAGG) and the International Association of Nutrition 
and Aging (IANA) describes cognitive frailty as “a decline in cognitive function 
(CDR = 0.5) caused by physical or brain disease, or accelerated brain aging in the 
absence of obvious brain disease” [27]. This definition requires the presence of both 
physical frailty and mild cognitive impairment. Compared to either condition alone, 
cognitive frailty has been associated with a poorer prognosis [28]. A meta-analysis 
revealed that the risk of dementia among frail older adults with cognitive impairment 
is approximately 2.5 to 5 times higher than among older adults without cognitive 
impairment [29, 30]. Furthermore, the 5-year cumulative incidence rate of dementia 
in the cognitive frailty group has been reported to reach approximately 30–40%.

3.2 Interaction between physical frailty and cognitive decline

Physical frailty and cognitive decline, which constitute cognitive frailty, have 
a complex bidirectional relationship [31]. Physical frailty is defined as “a medical 
syndrome caused by multiple causes and triggers, characterized by a decline in 
muscle strength and endurance and a decrease in physiological function, with an 
increased vulnerability to requiring care or death” [32]. Physical frailty increases 
the risk of cognitive decline, whereas cognitive decline simultaneously accelerates 
the progression of physical frailty. Common pathological mechanisms and synergis-
tic effects can explain this interaction. One proposed mechanism by which physical 
frailty influences cognitive function involves increased inflammatory cytokines 
associated with muscle mass loss. These cytokines may induce neuroinflammation, 
contributing to cognitive decline [33]. Additionally, brain-derived neurotrophic 
factors play a crucial role in maintaining neuroplasticity and cognitive function. 
However, decreased physical activity may reduce the production of brain-derived 
neurotrophic factors and contribute to cognitive decline [34]. Moreover, decreased 
cardiovascular function has been suggested to reduce cerebral blood flow, further 
impairing cognitive function [35].

Conversely, the impact of cognitive decline on physical frailty holds similar impor-
tance. Cognitive decline makes it difficult to plan and execute daily activities, lead-
ing to a decrease in physical activity. Older adults with cognitive decline frequently 
demonstrate slower gait velocity than cognitively healthy peers [36]. Moreover, a high 
prevalence of malnutrition among cognitively impaired individuals has been reported 
[37], with poor nutrition contributing to weight and muscle loss. Furthermore, 
cognitive decline increases the risk of falls [38]. Falls limit activity and accelerate the 
progression of physical frailty.

Based on the aforesaid, physical frailty leads to social isolation, and a decrease 
in external stimuli accelerates cognitive decline. This vicious cycle promotes the 
progression of cognitive frailty to dementia, underscoring the critical importance of 
early detection and preventive interventions.
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4. �Assessment of cognitive frailty

Cognitive frailty is a condition in which the risk of transition to dementia is 
significantly increased due to the interaction between physical frailty and cogni-
tive decline. Detecting cognitive frailty at an early stage and providing appropriate 
intervention requires the establishment of reliable and valid assessments. However, 
current assessments have many issues and may not fully capture the essence of 
cognitive frailty. In particular, conventional assessment approaches indepen-
dently evaluate physical and cognitive functions and do not adequately reflect 
the dynamic interaction between these two domains. Additionally, the lack of 
standardized assessment tools continues to hinder both research advancement and 
clinical application. Overcoming these challenges and developing more compre-
hensive and practical assessment methods remains critically important for the 
early detection of cognitive frailty and the implementation of effective preventive 
interventions.

This section first summarizes the issues associated with currently used cognitive 
frailty assessments and then discusses the potential of physical function evaluation, 
particularly finger movement assessment, as a comprehensive assessment index for 
assessing cognitive frailty. This discussion aims to clarify the direction for developing 
a novel assessment approach.

4.1 Current assessment methods and issues in cognitive frailty

The primary challenge in assessing cognitive frailty is the lack of established 
assessment methods and diagnostic criteria [39]. Although definitions have 
been provided through the joint consensus of the IAGG and IANA, considerable 
variation exists among researchers regarding the actual assessment procedures. 
This lack of uniformity impedes research progress on cognitive frailty and limits 
its clinical applicability, as evidenced in several areas. Various tools are used to 
assess physical frailty, including the Fried criteria, the Frailty Index, the FRAIL 
scale, and the Clinical Frailty Scale [40]. Fried’s criteria capture the “pheno-
type of frailty” through five items: weight loss, fatigue, reduced grip strength, 
decreased walking speed, and reduced physical activity. This criterion classi-
fies individuals with three or more items as frail, those with one to two items 
as pre-frail, and those with zero items as robust. The Frailty Index is calculated 
based on the concept of accumulated health impairment. It is derived as the ratio 
of the number of deficient items to the total number of items, using a diverse 
set of health indicators (symptoms, diseases, functional impairments, abnormal 
test values, etc.), ranging from 30 to 70 items. A higher score indicates a more 
severe degree of frailty. The Clinical Frailty Scale is a visual scale that assesses 
frailty on a 9-point scale from 1 (very healthy) to 9 (terminal), based on a clini-
cal overall picture including the activities of daily living and cognitive function. 
On this scale, a score of 5 or higher is classified as frail. In other words, Fried’s 
criteria represent a phenotype focused on physical function, the Frailty Index 
demonstrates health impairment using a cumulative deficit model, and the 
Clinical Frailty Scale provides an assessment based on clinical judgment. On the 
other hand, cognitive function assessments utilize tests such as the Mini-Mental 
State Examination (MMSE), Montreal Cognitive Assessment (MoCA), CDR, and 
neuropsychological test batteries [40]. The MMSE and MoCA serve as screening 
tests that quantify cognitive domains, including orientation, memory, attention, 
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language, and visuospatial cognition. In contrast, the CDR is a clinical rating scale 
that evaluates six domains: memory, orientation, judgment and problem solving, 
social adjustment, domestic situation, and care situation. It assesses severity on a 
scale from 0 (normal) to 3 (severe dementia). Neuropsychological test batteries 
aim to accurately assess detailed functions within each cognitive domain. Thus, 
these evaluation methods assess cognitive function from different perspectives. 
Whether cognitive frailty, as diagnosed through these disparate tools, represents 
the same condition remains unclear. Therefore, the reliability and validity of 
current assessments are insufficient. Additionally, conventional assessments 
evaluate physical and cognitive functions independently, without integrating the 
interaction between them [41]. However, as cognitive frailty arises from complex 
interactions between both functions, this assessment approach may not fully 
capture the essence of the condition. Furthermore, independent evaluation of 
each domain makes the detection of subtle changes—especially during preclinical 
or transitional phases—extremely difficult. This limitation increases the risk of 
overlooking frailty at reversible stages, which may delay preventive intervention.

To address these challenges, the development of more sensitive indicators and 
the establishment of internationally standardized cognitive frailty assessments are 
urgently needed. Particularly, new assessment approaches that reflect the interaction 
between physical and cognitive functions are expected to improve early detection 
efforts.

4.2 The importance of physical function assessment in cognitive frailty

Conventional cognitive frailty assessments evaluate the physical and cognitive 
functions independently without adequately considering the interaction between 
them. However, recent studies have revealed that changes in physical function 
reflect the status of cognitive function [42]. This evidence suggests that physical 
function assessment may serve as an alternative indicator of cognitive function. 
In other words, cognitive frailty can be comprehensively evaluated through a 
new approach that indirectly assesses cognitive status using physical function 
measures.

Previous studies have shown that gait velocity, balance ability, and muscle strength 
are related to cognitive function and are useful for predicting cognitive decline [43]. 
However, these physical functions are related to overall cognitive function, making 
it difficult to evaluate specific aspects (executive function, motor programming, 
temporal perception, etc.) in detail. Moreover, older adults with mobility limitations 
or who use wheelchairs often face difficulties undergoing these evaluations. Among 
upper limb functions, finger dexterity holds particular promise for assessing cogni-
tive function. Carment et al. proposed a conceptual diagram presenting a qualita-
tive model of finger dexterity tasks and the complex cognitive functions involved 
(Figure 1) [44]. In this conceptual diagram, force tracking tasks demand real-time 
adjustment of motor output using sensory feedback, indicating stronger involvement 
of the sensory cortex, premotor cortex, and primary motor cortex. Meanwhile, tasks 
involving cognitive factors, such as finger tapping and multi-finger tapping, activate 
the prefrontal cortex and hippocampus. The pegboard test, which assesses atten-
tion and sensorimotor processing, has also been associated with cognitive decline 
in community-dwelling older adults [45]. Furthermore, finger tapping movements 
decline with age [46]. Notably, deterioration in movement variability and rhythmic 
control are the early indicators of cognitive decline [47]. Based on these findings, the 
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next section proposes finger movement assessment as an integrated indicator of both 
physical and cognitive function in the evaluation of cognitive frailty.

5. �Possibility of a new cognitive frailty assessment

The previous sections outlined the fundamental issues in current cognitive frailty 
assessments, including the absence of unified standards and the failure to capture 
the interaction between physical and cognitive functions. To resolve these issues, a 
new approach that can assess both functions in an integrated manner is needed. The 
finger movement assessment described in the latter half of the previous sections holds 
potential as a new indicator for cognitive frailty assessment, as it reflects the complex 
aspects of cognitive function and allows for objective and quantitative assessment. In 
particular, finger tapping movements, although simple in execution, require cogni-
tive processes such as attention, executive function, and motor programming. These 
movements also relate closely to physical frailty, making them well suited for compre-
hensive assessment of cognitive frailty.

This section proposes a specific assessment approach utilizing finger tapping 
movements and presents its scientific basis and advantages. Additionally, this section 
summarizes the key issues that must be addressed for the practical implementation of 
this new assessment method and outlines future research directions. These steps aim 
to establish an assessment strategy capable of enabling early detection of cognitive 
frailty and guiding effective interventions.

Figure 1. 
A conceptual overview of how different brain regions contribute to tasks involving manual dexterity, depending 
on the degree to which cognitive rule formation and sensorimotor processing are required [44]. The thickness 
of the arrows reflects the relative involvement of each brain region in a given task. This hypothesis proposes 
that the neural mechanisms underlying finger dexterity vary according to two task-dependent components: (i) 
online sensorimotor integration (yellow arrows) for adapting movements based on feedback and (ii) rule-
based association (blue arrows) for generating performance predictions and adapting those predictions during 
movement. Force tracking requires real-time adjustment of motor output using sensory feedback, with stronger 
involvement of the sensory cortex, premotor cortex, and primary motor cortex. In contrast, tasks like finger 
tapping or multi-finger tapping, which involve cognitive factors based on task rules (stored in working memory), 
show greater involvement of the prefrontal cortex and hippocampus. For clarity, the basal ganglia and cerebellum 
are not depicted in this diagram [44].
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5.1 Proposal of an evaluation approach using finger movements

This section proposes the use of finger movements as an indicator for the 
integrated assessment of physical and cognitive functions. Specifically, measur-
ing finger tapping movements with a magnetic sensor-type finger tapping device 
allows for the accurate quantification of multifaceted parameters such as move-
ment velocity, rhythm, and phase coordination between both hands (Figure 2) 
[46, 48, 49]. In relation to cognitive function, previous studies have reported 
correlations between cognitive decline and a reduced number of taps [50], altered 
movement velocity [24], and diminished rhythm regularity [48, 51]. These param-
eters reflect complex cognitive processes, including attention, executive function, 
and motor programming. Regarding physical frailty, a study by Fujikawa et al. 
involving community-dwelling older adults revealed that physically frail older 
adults exhibited a significant reduction in movement during the two-hand tapping 
exercise [52]. Finger tapping movements offer an objective and quantitative means 
of assessment using magnetic sensor technology. This method can be easily admin-
istered in a seated position and completed in a short period, making it accessible 
for older populations. Given that both cognitive decline and physical frailty are 
associated with impairments in finger tapping, integrating these characteristics 
may enable a comprehensive assessment of cognitive frailty. Finger tapping 
assessment offers a simultaneous evaluation of cognitive and physical functions, 
addressing the limitations of conventional approaches that evaluate each inde-
pendently. This method presents a promising tool for early detection and severity 
assessment of cognitive frailty by capturing the interaction between cognitive and 
physical domains.

Figure 2. 
Magnetic sensor-type finger tapping device (UB-2, Maxell Ltd., Tokyo, Japan) [47, 48]. The yellow cable is 
attached to the thumb and index finger of the left hand, and the red cable is attached to the thumb and index 
finger of the right hand. When the main unit is connected to a computer, the waveform of the finger tapping can 
be confirmed on the computer screen. The UB-2 is lightweight and portable.
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5.2 �Organization of issues for establishing cognitive frailty assessment using 
finger movements

Several challenges must be addressed to establish cognitive frailty assessments 
based on finger tapping movements for practical application. The first challenge 
involves standardizing assessment criteria. Although previous studies have described 
finger tapping characteristics associated with cognitive decline and physical frailty, 
specific characteristics of cognitive frailty remain unclear, and no evaluation criteria 
have been defined. Establishing standard values that account for age, sex, and edu-
cational background, along with cutoff values aligned with the severity of cognitive 
frailty, will be essential.

Next, we need to build evidence through longitudinal studies to enhance the 
predictive value of bilateral hand tapping. Current findings are primarily validated 
based on cross-sectional studies. However, for the early detection of cognitive frailty, 
it is crucial to clarify whether changes in finger tapping performance can predict 
symptom progression. Therefore, it is necessary to validate changes in finger tapping 
performance through long-term follow-up studies.

By addressing these challenges, it is expected that the evaluation method using 
finger tapping exercises will contribute to the early detection of cognitive frailty and 
the promotion of effective preventive interventions, leading to its establishment as a 
standardized objective evaluation method.

6. �Conclusions

This work discussed the importance of cognitive frailty in the early detection 
of dementia and outlined the new possibilities for assessment methods. With the 
global aging of the population, dementia has emerged as a serious public health 
concern. Early detection of MCI and cognitive frailty, which are pre-stages of 
dementia, plays a crucial role in dementia prevention. Cognitive frailty, defined 
as the coexistence of physical frailty and cognitive decline, represents a condition 
in which both domains interact and mutually reinforce one another. Compared 
to physical frailty or cognitive impairment alone, cognitive frailty carries a 2.5 
to 5 times higher risk of progression to dementia, making it a key target for early 
intervention. Conventional assessment methods typically evaluate physical and 
cognitive functions separately, failing to capture the interactive nature of cogni-
tive frailty. Additionally, the lack of unified evaluation criteria has hindered the 
comparability of studies and the translation of findings into clinical practice. To 
address these limitations, this chapter proposed a novel assessment approach using 
finger tapping movements. Finger movements offer insight into complex cognitive 
functions and correlate with indicators of physical frailty. The use of a magnetic 
sensor-type finger tapping device enables accurate, objective, and quantitative mea-
surement of movement velocity, rhythm, and bilateral coordination. This method 
can be easily performed in a seated position and is less affected by differences in 
cultural and educational backgrounds.

Moving forward, it is necessary to standardize evaluation criteria for finger tap-
ping movements specifically targeting cognitive frailty and to accumulate evidence 
through follow-up studies. Through these efforts, finger tapping movement assess-
ment has the potential to be applied as a standardized evaluation method for the 
early detection of cognitive frailty and for preventive interventions. The practical 
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Chapter 7

Comparing Myofascial Release 
and Muscle Energy Technique for 
Hamstring Muscle Tightness in 
Symptomatic University Students
Chijindu-Orji Iseh-Ntah

Abstract

Hamstring muscle tightness is a common musculoskeletal issue, particularly 
among students, due to prolonged sitting and physical inactivity. This study compares 
the effects of two manual therapies, myofascial release (MFR) and muscle energy 
technique (MET), on hamstring muscle tightness, pain, and flexibility in symp-
tomatic students at the University of Calabar. A total of 60 students were randomly 
assigned to MFR or MET groups. Both groups underwent 12 therapy sessions over 
4 weeks. Pain, flexibility, and tightness were assessed using the numerical pain rating 
scale (NPRS), active knee extension test (AKET), and sit and reach test (SRT). Both 
interventions led to significant improvements (p < 0.05). However, only MET showed 
statistically superior results in reducing hamstring tightness (p = 0.003).

Keywords: hamstring tightness, myofascial release, muscle energy technique, 
flexibility, muscle tightness, manual therapy, pain reduction

1. �Introduction

The hamstring muscles are involved in a wide range of daily activities and physical
movements, making them susceptible to overuse and injury [1]. Students, particularly 
those engaged in prolonged sitting or sedentary routines, face an increased risk of 
hamstring tightness due to physical inactivity and poor posture, which can cause 
the muscles to lose flexibility and subsequently restrict range of motion [2, 3]. Tight 
hamstrings can reduce physical performance and increase the risk of injuries such as 
hamstring strains and low back pain, and if left untreated, may worsen existing mus-
culoskeletal issues like posterior pelvic tilting and reduced lumbar lordosis, ultimately 
impacting quality of life and functional independence [4, 5].

A wide range of interventions, such as cryotherapy, static stretching, and pro-
prioceptive neuromuscular facilitation, have traditionally been employed to manage 
hamstring tightness; however, manual therapies like myofascial release (MFR) and 
muscle energy technique (MET) have gained popularity [6]. MFR uses sustained 
pressure and stretching to release fascial restrictions, potentially improving both 
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muscle extensibility and overall tissue mobility [7, 8]. MET involves isometric muscle 
contractions followed by stretching, leveraging neuromuscular mechanisms like 
autogenic and reciprocal inhibition to restore function [9, 10].

Although these techniques are widely used, most studies evaluating their effec-
tiveness have been conducted in Asia and focused on asymptomatic or athletic 
populations [1, 11]. There is a lack of comparative evidence from African contexts, 
particularly involving symptomatic student populations. This study addresses that 
gap by comparing the effects of MFR and MET on hamstring tightness, pain, and 
flexibility among university students in Nigeria.

2. �Literature review

2.1 Anatomy and function of the hamstrings

Hamstring muscles, comprising the semimembranosus, semitendinosus, and 
biceps femoris, form the posterior compartment of the thigh; they cross both the 
hip and knee joints, acting primarily to extend the hip and flex the knee, and play 
a critical role in locomotion such as walking, running, and climbing stairs [12, 13]. 
Due to their dual function and anatomical location, the hamstrings are particularly 
susceptible to tightness, especially in individuals with sedentary lifestyles or those 
who engage in vigorous physical activity without sufficient stretching [2].

The hamstrings are innervated by the sciatic nerve and originate from the ischial 
tuberosity, with distal insertions on the tibia and fibula. Their long tendons and over-
lapping muscle bellies facilitate force transmission, but this structure also contributes 
to their vulnerability to strain and shortening [14]. An imbalance in their activation or 
flexibility can significantly affect pelvic alignment, resulting in postural dysfunctions 
like posterior pelvic tilt and decreased lumbar lordosis [15, 16].

2.2 Assessment of hamstring flexibility

Clinical tools such as the active knee extension test (AKET), sit and reach test 
(SRT), and the numeric pain rating scale (NPRS) are widely used to assess hamstring 
tightness, flexibility, and related discomfort [17, 18]. These tools are validated for use 
in both clinical and academic settings.

2.3 Myofascial release (MFR)

MFR is a manual therapy technique involving sustained, gentle pressure to fascia 
and surrounding tissues to relieve tension and improve mobility [19]. It facilitates soft 
tissue extensibility and improves blood flow, making it effective for localized tightness 
and fascial restrictions [20]. Techniques such as cross-hand release and longitudinal 
plane release target various fascial planes to restore normal tissue function [7, 8].

2.4 Muscle energy technique (MET)

MET is an active therapy that utilizes isometric contractions followed by pas-
sive stretching to restore muscle length and joint range of motion, with its effects 
attributed to the underlying mechanisms of autogenic and reciprocal inhibition that 
facilitate muscle relaxation and neuromuscular re-education [9, 10].
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2.5 �Empirical evidence supporting myofascial release (MFR) and muscle energy 
technique (MET)

Several studies have evaluated the effects of myofascial release (MFR) and muscle 
energy technique (MET) on hamstring flexibility. One study found that both meth-
ods significantly improved hamstring flexibility in footballers, with no statistical 
difference between the groups [1]. Another study echoed these findings in a student 
population, suggesting comparable benefits of the two techniques [3]. A separate 
study observed that both MET and Active Release Technique (ART) produced sig-
nificant improvements in flexibility and pain reduction, although ART was slightly 
more effective [21]. Similar trends were reported in another trial, which concluded 
that while both MET and ART were effective, ART yielded a superior immediate 
impact on flexibility [4].

3. �Methodology

3.1 Research design

This study utilized a pretest–posttest experimental design. Participants were ran-
domly assigned into two treatment groups: one receiving Myofascial Release (MFR) 
and the other receiving muscle energy technique (MET), with each group undergoing 
identical assessment procedures at baseline and post-intervention.

3.2 Population and sampling

The study population comprised male and female students of the University of 
Calabar, aged 18 to 35 years, presenting with unilateral hamstring muscle tightness 
and full passive knee extension range of motion. Exclusion criteria included acute 
hamstring injury, neurological deficits, systemic illness, or deformities. Simple ran-
dom sampling was used to ensure equal representation. A total of 60 students were 
recruited for the study.

3.3 Data collection instrument

3.3.1 Data capture form

The data capture form was used to collect information on age, gender, level of 
study, height, weight and vital signs, as well as to record baseline health parameters 
and the outcome of the treatment administered to the participants.

3.3.2 Weighing scale

A floor-type weighing scale calibrated from 0 to 160 kg was used to measure 
participants’ body weight in kilograms (kg).

3.3.3 Height meter

A height meter calibrated from 0 to 200 cm was used to measure participants’ 
height in centimeters (cm).
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3.3.4 Digital blood pressure monitor

A digital blood pressure monitor was used to measure systolic and diastolic blood 
pressure in millimeter mercury (mmHg) as well as the pulse rate in beats per minute 
(bpm).

3.3.5 Digital thermometer

The digital thermometer was used to measure body temperature in degree centi-
grade (°C).

3.3.6 Digital stop watch

The digital stopwatch was used to assess the respiratory rate in cycles per minute 
(cpm) following the rise and fall of the chest wall in 1 minute.

3.3.7 Measuring tape

A non-stretch tape measure calibrated in centimeters (0 to 150 cm) and inches (0 
to 60 inches) was used to assess hamstring muscle flexibility in inches during the sit 
and reach test.

3.3.8 Goniometer

A 360-degree universal goniometer was used to measure the popliteal angle during 
the active knee extension test during the active knee extension test.

3.4 Outcome measures

3.4.1 Numerical pain rating scale (NPRS)

The Numerical Pain Rating Scale (NPRS) is a commonly used self-report instru-
ment for assessing pain intensity, using an 11-point scale ranging from 0 (no pain) to 
10 (worst imaginable pain) [22]. The scale is often categorized as follows: 0 indicates 
no pain, 1 to 3 represents mild pain, 4 to 6 indicates moderate pain, and 7 to 10 repre-
sents severe pain [23]. Participants are asked to rate their worst pain intensity over the 
past 24 hours on this scale [22].

The NPRS has demonstrated strong psychometric properties, including good 
to excellent test-retest reliability (intraclass correlation coefficient: 0.64–0.96) and 
strong correlation with the visual analog scale (r = 0.79–0.95), supporting its validity 
[24, 25]. Due to its simplicity, reliability, and sensitivity to clinical change, the NPRS 
is widely accepted in both clinical and research settings [24].

3.4.2 Active knee extension test

The popliteal angle is a common clinical indicator used to assess hamstring muscle 
tightness and is measured using the active knee extension (AKE) test, which evaluates 
hamstring muscle length based on the range of active knee extension when the hip is 
flexed to 90 degrees [26]. During the test, the participant lies supine on a plinth with 
the non-tested leg extended and stabilized, while the tested limb is flexed at the hip to 
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90 degrees and the participant is instructed to actively extend the knee as far as pos-
sible [27]. A lag of up to 20 degrees from full extension is generally considered normal, 
while an angle greater than 20 degrees is indicative of hamstring tightness [26].

The knee extension angle is measured using a universal goniometer, with the ful-
crum aligned with the lateral femoral epicondyle, the stationary arm pointing toward 
the greater trochanter, and the movable arm aligned with the fibula toward the lateral 
malleolus [27]. The active knee extension (AKE) test has demonstrated high inter-
rater and intra-rater reliability, with intraclass correlation coefficients (ICCs) ranging 
from 0.87 to 0.99 and has been validated against radiographic assessments and other 
clinical measures for evaluating hamstring flexibility [28].

3.4.3 Sit and reach test

The sit-and-reach test is a widely used method for assessing hamstring muscle 
flexibility, and in its V sit-and-reach variation, a baseline is marked on the floor with 
a measuring ruler placed perpendicular to it intersecting at the 15-inch mark; the par-
ticipant sits with heels aligned to the baseline, feet 12 inches apart, and legs extended, 
then slowly bends forward as far as possible while keeping the knees straight, holds 
the position for 2 seconds, and the furthest reach is recorded across three trials, with 
the best score taken [29].

This test demonstrates moderate criterion-related validity for estimating ham-
string flexibility, with population-corrected correlation coefficients ranging from 
0.46 to 0.67 [30], and it shows high test-retest reliability, with intraclass correlation 
coefficients typically exceeding 0.80 [31].

3.5 Ethical considerations

Ethical approval was obtained from the Health, Research and Ethics Committee of 
the Department of Physiotherapy, University of Calabar. Written informed consent 
was obtained from each participant. Anonymity and confidentiality were ensured 
throughout the study.

3.6 Intervention protocol

Participants went through a series of pre-treatment assessment using the 
numerical pain rating scale (NPRS), active knee extension test (AKET), and sit 
and reach test (SRT). These pre-treatment assessments established a baseline for 
each participant, which was later compared to post-treatment measurements using 
the same assessment tools. Following the pre-treatment assessments, participants 
received treatments based on their allocated groups three times per week for 4 
weeks, totaling 12 sessions.

For Group A, participants received Myofascial Release (MFR) using the cross-
hand release technique. The participant lay in a prone position with legs extended, 
while the researcher, positioned beside the affected limb, placed one hand on the 
posterior thigh near the knee and the other just below the ischial tuberosity; firm 
pressure was applied into the tissue barrier and maintained for 30 seconds, with the 
technique repeated five times to complete the session [19].

Group B participants received muscle energy technique (MET) using the post 
isometric relaxation approach. The participant lay in a supine position and was 
instructed to fully flex the hip on the affected side; the researcher, positioned beside 
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the treatment bed, extended the knee to the point of resistance and rested the par-
ticipant’s calf over their shoulder, using one hand to stabilize the unaffected leg and 
the other to support the affected thigh, then guided the participant to perform a 20% 
hamstring contraction held for 10 seconds against resistance, followed by a 5-second 
relaxation and further knee extension, repeating the sequence five times [9, 10].

Both groups were reassessed post-treatment using NPRS, AKET, and SRT to evalu-
ate the effectiveness of each intervention.

3.7 Data analysis

Data were analyzed using IBM SPSS Statistics version 27. Descriptive statistics 
summarized demographic and clinical characteristics. Analysis of Covariance 
(ANCOVA) was employed to compare post-intervention outcomes between MFR 
and MET groups, using pre-intervention scores as covariates. Statistical significance 
threshold was set at p ≤ 0.05.

4. �Results and discussion

4.1 Participant demographic, physical, and clinical profile

A total of 60 symptomatic university students participated in the study, with 
equal allocation to the myofascial release (MFR) group (n = 30) and the muscle 
energy technique (MET) group (n = 30). The sociodemographic characteristics 
showed that the majority of participants were aged 21–25 years (55%) and female 
(56.7%). Most participants were in their 300 level of study (28.3%), and the right 
thigh was identified as the dominant side affected by hamstring tightness in 68.3% 
of cases. BMI classification showed that 48.3% of participants were of normal 
weight, another 48.3% were overweight, and 3.3% were classified as obese. These 
details are summarized in Table 1.

Physical and clinical parameters revealed a mean age of 23.4 years (SD = 3.38), 
average BMI of 24.72 kg/m2 (SD = 2.84), systolic BP of 111.6 mmHg (SD = 8.8), 
diastolic BP of 69.9 mmHg (SD = 6.1), and body temperature of 36.74°C (SD = 0.38). 
These details are summarized in Table 2.

4.2 Intervention effects: ANCOVA analysis

Post-intervention results showed improvements in pain intensity, hamstring 
extensibility, and flexibility for both groups. However, ANCOVA revealed statisti-
cally significant differences in favor of MET in the active knee extension test (AKET) 
(F = 9.595, p = 0.003), while other outcome measures did not differ significantly. These 
findings are presented in Table 3 and visually illustrated in Figure 1, which compares 
the adjusted post-intervention mean scores across outcome measures for both groups.

These findings indicate that both techniques were effective, but MET produced 
superior gains in hamstring extensibility.

4.3 Gender variance analysis

Independent t-tests showed no significant differences between male and 
female participants across most parameters. An exception was BMI, which was 
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Variables Frequency Percent

Age group

18–20 years 12 20.0

21–25 years 13 55.0

26–30 years 13 21.5

31–35 years 2 3.3

Gender

Male 26 43.3

Female 34 56.7

Body mass index class

Normal weight 29 48.3

Overweight 29 48.3

Obese 2 3.3

Level of study

100 level 11 18.3

200 level 16 26.7

300 level 17 28.3

400 level 11 18.3

500 level 5 8.3

Affected thigh

Left 19 31.7

Right 41 68.3

Treatment group

Myofascial release (MFR) 30 50.0

Muscle energy technique (MET) 30 50.0

Table 1. 
Frequency distribution of sociodemographic characteristics of Participants (n = 60).

Variables Mean SD Minimum Maximum

Age (years) 23.40 3.38 18 32

Weight (kilogram) 69.35 8.46 54 87

Height (meters) 1.68 0.09 1.51 1.85

Body mass index (kg/m2) 24.72 2.84 19.30 35.30

Systolic blood pressure (mmHg) 111.58 8.84 92 123

Diastolic blood pressure (mmHg) 69.95 6.11 62 84

Respiratory rate (cycles per minute) 15.90 1.67 12 18

Pulse rate (beats per minute) 66.33 3.10 62 73

Temperature (degree centigrade) 36.74 0.38 35.80 38.50

Keys: mmHg - millimeter mercury; kg/m2 - kilogram per meter square; SD - Standard Deviation.

Table 2. 
Descriptive statistics of mean ± SD of physical and clinical characteristics of participants (n = 60).
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significantly higher among females (p = 0.042). No gender-based differences were 
observed in post-intervention NPRS, AKET, or SRT scores. These details are sum-
marized in Table 4.

4.4 Discussion

The findings of this study demonstrate that both MFR and MET are effective 
interventions for reducing hamstring pain and tightness and improving flexibility. 
The greater efficacy of MET in improving popliteal angle supports the neuromuscular 
basis of the technique, which leverages autogenic and reciprocal inhibition to facili-
tate muscle lengthening [9, 10].

These findings align with the results of the studies in Refs. [1, 3], which found 
both MFR and MET effective in improving hamstring flexibility. The current results 
also echo the study in Ref. [4], which concluded that both MET and Active Release 

Variables MFR (30)
Adjusted 

Mean ± SD

MET (30)
Adjusted 

Mean ± SD

F p-value

Numerical Pain rating after intervention 4.03 ± 1.47 4.20 ± 1.38 0.242 0.625NS

Active knee extension test after 
intervention (°)

35.70 ± 8.73 32.67 ± 8.43 9.595 0.003**

Sit and reach test after intervention 
(inches)

19.43 ± 3.01 19.90 ± 2.72 0.455 0.503NS

Keys: ** - highly significant; NS - not significant; MFR - myofascial release; MET - muscle energy technique; ° - degree; 
SD - Standard Deviation.

Table 3. 
Analysis of covariance results for the effect of myofascial release versus muscle energy technique.

Figure 1. 
Adjusted post-intervention mean scores of NPRS, AKET, and SRT between MFR and MET groups. Keys: MFR - 
myofascial release; MET - muscle energy technique; ° - degree; SD - standard deviation.
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Technique significantly improved flexibility, though ART was slightly more effective. 
Moreover, the study in Ref. [2] emphasized that sedentary habits among students 
predispose them to hamstring tightness, reinforcing the relevance of these findings.

Interestingly, while MET was superior in AKET results, pain (NPRS) and flexibil-
ity (SRT) scores did not significantly differ between interventions. This suggests that 
both techniques offer holistic benefits, and selection can be individualized based on 
patient preference or practitioner expertise.

5. �Conclusion

This study compared the effectiveness of myofascial release (MFR) and muscle 
energy technique (MET) in the treatment of hamstring muscle tightness among 
symptomatic university students. The findings confirmed that both interventions 
were effective in reducing pain (as measured by NPRS), increasing flexibility (via 
SRT), and enhancing hamstring extensibility (via AKET). However, MET demon-
strated a statistically significant advantage in improving hamstring extensibility, as 
indicated by superior AKET outcomes (p = 0.003).

These results reinforce previous research affirming the clinical value of both MFR 
and MET [1, 3], while highlighting MET’s potential superiority in muscle length 
restoration. The outcomes also emphasize the importance of incorporating targeted 
manual therapies into physiotherapy regimens for student populations affected by 
musculoskeletal limitations due to sedentary behavior.

Variables Male (26)
Mean ± SD

Female (34)
Mean ± SD

t-value p-value

Age (years) 23.77 ± 3.24 23.12 ± 3.50 .738 0.463

Weight (kilogram) 68.00 ± 8.89 70.38 ± 8.10 −1.082 0.284

Height (meters) 1.69 ± .10 1.66 ± .07 1.243 0.219

Body mass index (kg/m2) 23.87 ± 3.60 25.37 ± 1.91 −2.079 0.042

Systolic Blood pressure (mmHg) 110.54 ± 8.99 112.38 ± 8.78 −.798 0.428

Diastolic blood pressure (mmHg) 70.04 ± 6.19 69.88 ± 6.14 .097 0.923

Respiratory rate (cycles per minute) 15.69 ± 1.57 16.06 ± 1.74 −.843 0.403

Pulse rate (beats per minute) 66.42 ± 3.58 66.26 ± 2.73 .194 0.847

Temperature (°C) 36.68 ± .20 36.78 ± .47 −1.031 0.307

NPRS before treatment 6.00 ± 1.50 6.12 ± 1.57 −.293 0.770

NPRS after treatment 3.92 ± 1.06 4.27 ± 1.64 −.925 0.359

AKET before treatment (°) 42.89 ± 9.55 47.15 ± 9.64 −1.704 0.094

AKET after treatment (°) 32.00 ± 8.21 35.85 ± 8.71 −1.740 0.087

SRT before treatment (inches) 16.58 ± 2.63 15.71 ± 2.37 1.347 0.183

SRT after treatment (inches) 19.89 ± 3.04 19.50 ± 2.74 .514 0.609

Keys: NPRS - numerical pain rating scale; AKET - active knee extension test; SRT - sit and reach test; kg/m2 - kilogram 
per meter square; °C - degree centigrade; mmHg - millimeter mercury; ° - degree.

Table 4. 
Gender variance in age, anthropometric measurements, cardiorespiratory parameters, body temperature, pain, 
active knee extension test, and sit and reach test.
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Appendixes

Data capture form

a.	Demographic and Physical Characteristics

Code:
Age (years):
Gender:
Level of study:
Height (m):
Weight (kg):

b.	Clinical Parameters

Heart rate (bpm):
Blood pressure (mmHg):
Temperature (°C):
Respiratory rate (cpm):

c.	Health status

Presenting condition:

d.	Intervention

Treatment group:
Affected thigh:

e.	Numerical pain rating scale

Baseline:
After intervention:

f.	Active knee extension test

Baseline (°):
After intervention (°):

g.	Sit and reach test

Baseline (inches):
After intervention (inches):
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Chapter 8

Integrative Treatment for Arthritis
Stefka Stoilova

Abstract

Integrative medicine is a holistic approach that focuses on the patient  
(the person as a whole) rather than the disease; it combines methods of conventional 
evidence-based medicine with complementary therapies to improve all aspects of 
health, including physical, mental and spiritual well-being. Leading global orga-
nizations recommend the use of both pharmacological and non-pharmacological 
treatments in the management of arthritis, with the participation of a multidisci-
plinary team. Recommendations include both medical and non-medical interven-
tions provided by healthcare professionals – nurses, physical therapists (PTs) and 
occupational therapists (OTs). The implementation of integrative interventions 
for arthritis management, such as exercise, rehabilitation and diet, as well as the 
assessment of educational needs, provision of psychosocial support and encourage-
ment of self-management, complement pharmacological treatment and involve 
patients in shared decision-making in arthritis care.

Keywords: non-pharmacological treatment, arthritis, rheumatic and musculoskeletal 
diseases (RMD), integrative treatment, complementary and alternative medicine 
(CAM)

1. �Introduction

Arthritis is a chronic disease spread throughout the world. It is characterized by 
pain, joint stiffness, swelling and structural changes that can lead to impairment 
and limitation in the function of the musculoskeletal system. There are over 100 
different types of arthritis, but the most common is osteoarthritis or degenera-
tive arthritis, which is a non-inflammatory arthritis. Inflammatory arthritis can be 
caused by autoimmune diseases (rheumatoid arthritis, psoriatic arthritis, ankylosing 
spondylitis, etc.) or accompany other autoimmune diseases (systemic lupus erythe-
matosus, Sjogren’s syndrome, scleroderma, myositis, inflammatory bowel disease, 
celiac disease, etc.) and can also occur with gout or infections [1]. According to the 
Global RA Network (2021), more than 350 million people worldwide suffer from 
some form of arthritis [2]. In the United States, arthritis affects one in four people, 
and it is estimated that 78 million adults will have arthritis [3]. According to the World 
Health Organization (2021), about 14 million people worldwide suffer from rheuma-
toid arthritis [4], and up to 3% of the world’s population has psoriatic arthritis [5]. 
Osteoarthritis is the most common joint disease in the United States, with more than 
32.5 million adults estimated to have osteoarthritis, and a significant proportion of the 
world’s population, about 42 million people, has gout [6]. The disease is increasingly 
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burdening society economically and socially. In order to meet the complex needs of 
patients, multi-sectoral, integrated strategies for the treatment and support of those 
affected, with an emphasis on interdisciplinary care, are recommended. Modern 
management of rheumatic diseases is largely oriented toward pharmacological 
treatment with the aim of optimally reducing disease activity or achieving remission. 
However, the effect of the applied standard treatment is not always satisfactory, which 
is why some of the needs of patients remain unmet, and this is a reason to search for 
other options such as unconventional therapeutic agents, both pharmacological and 
non-pharmacological. As an integral part of the treatment of arthritis, informing 
patients about the possibilities for changing lifestyle or behavior aimed at improving 
symptoms and preventing disease progression is also considered.

Principles and recommendations from leading world organizations for the treat-
ment of arthritis emphasize the multidisciplinary approach in the implementation 
of integrative interventions for the management of arthritis – the use of exercise, 
rehabilitation, diet and additional integrative interventions that complement pharma-
cological treatment, as well as the need to engage patients for shared decision-making 
in the provision of care for people with arthritis.

2. �Integrative medicine and non-pharmacological integrative therapies

Integrated medicine, also known as integrative medicine [1], combines comple-
mentary and alternative medicine (CAM) procedures with conventional diagnostic 
and treatment methods to increase therapeutic efficacy and effectiveness based on 
the individual’s specific needs [2]. Currently, there is no single generally accepted 
definition of CAM, and the concept is changing over time. The National Center 
for Complementary and Integrative Health (NCCIH) defines complementary and 
alternative medicine as the application of practices and products that are not part of 
standard medicine [3]. Patients with rheumatic diseases report frequent use of CAM – 
between 22 and 95% [4]. However, the prevalence and use of different types of CAM 
varies significantly between different parts of the world. Data obtained from a study 
in the United States indicated that 92% of patients with rheumatic diseases used CAM 
methods [5], and a study in Australia showed that 95% of patients with ankylosing 
spondylitis reported CAM use [6]. Other studies in North America reported chiro-
practic as the most commonly used CAM (31 to 59%) for rheumatic diseases, while 
acupuncture and homeopathy are less common [7]. In their publication, Eardley 
et al. [8] reported that musculoskeletal problems are the most common condition 
treated with CAM [9]. It has also been reported that patients with non-inflammatory 
rheumatic diseases use CAM more often than those with inflammatory diseases 
[10, 11], most likely due to the increasing prevalence and use of effective pharma-
cological therapies for inflammatory rheumatic diseases, as well as concern about 
potential interactions between conventional medical therapies and CAM therapies. 
Furthermore, it is assumed that complementary and alternative medicine is based on 
the notion that the human body is capable of self-healing [12].

3. �Evidence-based CAM (EBCAM) therapies

Integrative medicine is an approach that strives to provide the best care for the 
patient by taking into account the needs of the individual as a whole (body, mind and 
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spirit) and considering all aspects of lifestyle [13]; it places the patient at the center 
of the impact of a range of factors – physical, emotional, mental, social, spiritual and 
environmental – that influence person’s health [14].

Written evidence of complementary and alternative medicine systems dates back 
to before 200 BC, with versions of traditional medicine being presented in China, 
Korea, Japan, India and Vietnam, but many practices predate written records and 
have been passed down orally for over 3000 years [15–17].

Historically, CAM emerged from culturally-based practices and beliefs. Subsequently, 
a dramatic increase in the use of CAM has been observed in countries where healthcare is 
based on Western scientific methods and evidence-based medicine [18].

“Alternative medicine” is defined as a set of products, practices, and theories that 
are not evidence-based or scientifically established, and therefore are not considered 
part of standard medical care. In the 1970s, these practices were rejected by Western 
medicine and even called “quackery”, but in the 1990s, the use of alternative medicine 
began to be promoted [19], with the term complementary medicine being introduced, 
as it is seen as working alongside conventional medicine, rather than in opposition 
to it [20]. Alternative therapies are considered to be those used instead of conven-
tional/allopathic therapies. Complementary therapies are those CAMs that are used 
alongside conventional treatment [21]. Currently, not all modalities included in CAM 
are subject to professional regulation. This depends largely on state regulation and 
the region where these practices are practiced. For example, in the United Kingdom, 
there is no statutory regulation of complementary and alternative treatments other 
than chiropractic. Acupuncture was legalized in the United States in the 1970s [22]. 
In addition, chiropractic and massage therapy are also licensed in most states, while 
naturopathy and homeopathy are permitted in fewer states [23].

Nowadays, evidence-based medicine (EBM) applies the scientific method to 
medical practice, requiring health professionals to make conscientious, explicit and 
judicious use of the best current evidence in making decisions about the provision 
of patient care [24]. At the same time, EBM empowers patients to make informed 
choices about the health care they receive and the use of their preferred technique 
[25].

Evidence-based CAM (EBCAM) therapies have shown success in treating a wide 
range of conditions. Literature data indicate that patients prefer to use conventional 
medical services together with complementary medicine [26]. EBCAM therapies in 
fact emphasize the need to integrate CAM and conventional medicine in terms of 
evidence-based knowledge [27].

These reasons have encouraged various internationally recognized organizations 
to develop guidelines for the methods, techniques and treatments used in the field of 
integrative medicine.

The French Collaborative university platform for Evaluating Health Prevention 
and Supportive care Programs (CEPS) defines non-pharmacological interventions 
(NPI) as scientifically based and non-invasive interventions for human health aimed 
at preventing or treating health problems. They can include products, methods, pro-
grams or services such as psychological, physical, nutritional, digital or other health 
interventions. According to CEPS, non-pharmacological interventions (NPI) can 
be called by different names: preventive actions, behavioral interventions, alterna-
tive and complementary medicines, Chinese medicine, complementary medicine, 
behavioral medicine, alternative medicine, natural medicine, unconventional care 
practices, natural health products, health services, adjuvant care, supportive care, 
non-traditional care, integrated care, non-pharmacological therapies, unconventional 
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therapies, complementary therapies, etc. [28]. In Europe, an estimated 10 to 40% of 
the population uses some form of complementary NPI [29].

Another European project, CAMbrella, defines Complementary and Alternative 
Medicine (CAM) as “a set of different medical systems and therapies based on knowl-
edge, skills and practices derived from theories, philosophies and experience, used to 
maintain and improve health, and to prevent, diagnose, alleviate or treat physical and 
mental illness” [30].

CAM is usually used as a complement to biomedical care, but it can also be an 
expression of a preference for more personalized and holistic care over biomedical 
practice due to unsatisfactory results from it or due to dissatisfaction with the doctor-
patient relationship [31].

In 1978, the First International Conference on Primary Health Care (Alma Ata) in 
Russia made the first recommendations on the application of integrative and comple-
mentary interventions to the practices of traditional medicine [32]. Decades later, 
leading organizations on rheumatic and musculoskeletal diseases (RMD) also provide 
their guidelines on the application of non-pharmacological treatment, including 
lifestyle, for these diseases.

4. �Position of CAM in international recommendation for treatment of 
people with joint diseases

4.1 �ACR (American College of Rheumatology) recommendations for the use of 
non-pharmacological and pharmacological therapies for hand, hip and knee 
osteoarthritis (2012)

The report offers both “strong” and “provisional” recommendations for the 
management of OA. It recommends the use of non-pharmacological interventions 
such as aerobic exercise combined with manual therapies and the use of supplements 
and topical aids, strength training and weight management to achieve therapeutic and 
psychosocial benefits for people with arthritis [33].

4.2 �European league against rheumatism (EULAR) recommendations for 
non-pharmacological primary treatment of hip and knee osteoarthritis: 
2023 update

A multidisciplinary team updated the 2013 recommendations by describing 
recommendations for optimal management of hip and knee OA and clarifying the 
definition of primary non-pharmacological management. The results largely focus on 
the impacts on pain and physical function. The recommendation regarding informa-
tion, education and self-management has the highest priority for implementation 
in order to ensure a better life for patients with OA as well as support for physical 
activity [34].

4.3 �EULAR (European Alliance of rheumatology associations) 
recommendations for physical activity in people with inflammatory  
arthritis and osteoarthritis (2018)

In order to enhance the health benefits of physical activity (PA), recommendations 
have been developed to provide guidance in the development, conduct and evaluation 
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of PA in daily clinical practice for the following conditions: Inflammatory arthritis 
(IA) including rheumatoid arthritis (RA) and spondyloarthritis (SpA) and osteoar-
thritis (OA) including hip/knee OA (HOA/KOA). The recommendations should be 
implemented in accordance with individual needs and national health systems [35].

A recent study by Lin et al. [36] provided a comprehensive evaluation of the 
evidence regarding lifestyle medicine and integrative therapies in inflammatory 
arthritis (IA). The study examines the impact and effect of a number of interventions 
such as acupuncture, diet, exercise, herbal medicine, nutritional supplements and 
mind-body therapies on the following diseases: rheumatoid arthritis, spondyloarthri-
tis and gout. Exercise has been shown to be beneficial for rheumatoid arthritis and 
spondyloarthritis; however, the effects of Chinese herbal medicine, acupuncture, 
yoga and anti-inflammatory diets have not been thoroughly studied, and there is also 
uncertainty regarding other lifestyle recommendations for RA and gout. There is also 
insufficient available evidence regarding the high level of usage of integrative thera-
pies in the specific chronic arthritis population due to the absence of a thorough study 
focused on integrative therapies for СIА [36].

Because there is no specific treatment for OA, non-pharmacological approaches 
are considered the primary treatment for hip and knee OA to prevent or slow disease 
progression, relieve symptoms and improve or maintain physical function.

The ACR strongly recommends aerobic exercise and/or strength training, weight 
loss (if overweight), tai chi and a variety of pharmacological and non-pharmaco-
logical methods for the treatment of osteoarthritis (OA) of the knee, hi or hand. The 
guidelines tentatively recommend balance exercises, yoga, acupuncture and other 
non-pharmacological approaches, such as self-management programs and walking 
aids, for the management of knee OA [37]. All management guidelines strongly sup-
port the use of non-pharmacological therapy not only at the onset but also throughout 
the course of the disease as adjunctive treatment for OA [38].

Exercise (strengthening exercises and aerobic exercises) is recommended as 
beneficial for reducing pain, improving joint mobility and strengthening the muscles 
around the joints [39].

The main non-pharmacological complementary and integrative health treatments 
for OA include mind-body practices such as acupuncture, deep breathing, yoga, tai 
chi, meditation, massage and relaxation techniques [40]. Some studies have been 
published supporting the use of acupuncture, tai chi and yoga in OA [41–43]. A 
2018 Journal of Pain Research report [44] also describes the use of acupuncture as an 
adjunctive therapy for osteoarthritis pain, and although the effectiveness of acupunc-
ture varies, it is considered to provide pain relief in some patients and may be recom-
mended as a suitable treatment for patients with OA of the hand, knee or hip [41].

The effects of omega-3 supplements on OA remain inconclusive [45], and 
alternative medicine treatments such as heat therapy and therapeutic ultrasound 
have also been shown to have little effect on reducing pain in patients with OA [46]. 
Glucosamine and chondroitin are popular, commonly used supplements for arthritis 
patients. The ACR notes that the evidence for their effectiveness is inconclusive [36, 
41, 47].

Current OA treatment guidelines also recommend that CAMs, such as acupunc-
ture, nutritional supplements, massage, meditation, and Tai Chi, be used in conjunc-
tion with conventional therapies, such as physiotherapy, NSAIDs and corticosteroid 
injections [33].

In combination with lifestyle factors, assistive devices may offer another type of 
non-pharmacological treatment for patients. The use of assistive devices, such as 
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braces or splints, is recommended for pain management, but their effectiveness is still 
controversial, and they are not always well-implemented [48]. The use of appropri-
ate interventions, such as canes, braces and some orthoses (especially for the hand), 
should be guided by a physiotherapist.

Maintaining physical activity and weight management are major trends in the 
management of OA [41]. Physical activity improves pain, stiffness and range of 
motion, and weight loss can help relieve OA symptoms and slow down structural 
damage, while obesity or being overweight has been associated with the development 
and progression of knee OA [49]. Lifestyle changes are an integral part of the overall 
management of arthritis pain. To reduce inflammation and pain in arthritis, weight 
loss (if appropriate) is recommended to reduce the burden on joints, as well as the 
inclusion of anti-inflammatory foods such as fruits, vegetables and omega-3 fatty 
acids. Weight loss counseling is a key component of successfully managing over-
weight patients. Counseling can be provided through motivational interviewing by a 
healthcare provider, providing good advice to help the patient and referring them to 
program resources and education [50].

The US Centers for Disease Control and Prevention (CDC) and the American 
Physical Therapy Association (APTA) support the use of arthritis management 
programs and other related chronic conditions [51]. An example of good practice is 
the Arthritis-Appropriate, Evidence-Based Interventions (AAEBIs) programs in the 
United States, which provide effective strategies for the prevention and management 
of arthritis:

•	 Physical activity programs – cover a variety of endurance-building activities, 
relaxation techniques and include health education topics leading to improved 
functional ability and reduced stress and depression. They are individually 
designed and include aerobic, strengthening and flexibility exercises [52].

•	 Self-management education programs – educational programs that offer 
training in coping with the impact of arthritis and promote healthy behaviors 
[53]. Self-management programs in combination with pain control through 
medications, acupuncture, aquatic therapy, etc. support patients with pain 
management strategies, provide social support and self-care opportunities, 
which contribute to improving pain and physical function with the ability to 
maintain an active and fulfilling life [40]. The treatment of OA requires the 
development and implementation of a multifaceted and individualized plan 
that provides improved sleep, support for coping skills and mental health and 
social support [54]. The potential of mind-body techniques such as meditation, 
yoga and tai chi to affect arthritis pain is increasingly recognized. They can 
contribute to increasing muscle strength, improving flexibility and balance, 
improving physical function and mood and reducing stress. They contribute to 
improvements in pain, fatigue, stiffness and helplessness [55]. Evidence in the 
literature recommends the use of tai chi in patients with OA of the hip and knee 
[46]. A publication by Haaz S and colleagues reports that in patients with knee 
OA, yoga can help increase flexibility and strength, as well as develop breathing 
and relaxation techniques [56].

The above statements are also confirmed by the Arthritis Foundation (AF), which 
states that “Yoga can help improve joint flexibility and range of motion, while pro-
moting relaxation and stress relief” [57].
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4.4 �EULAR recommendations on lifestyle behaviors and work participation 
to prevent the progression of rheumatic and musculoskeletal diseases 
(RMD) 2021

An EULAR workgroup of health professionals have summarized the available evi-
dence and have developed new advice by assessing six lifestyle factors in group RMD. 
As a result, five overarching principles and 18 recommendations have been developed 
to support healthy lifestyle choices; they also serve to prevent RMD progression and 
encourage work participation. Exercise recommendations demonstrate the safety and 
benefits of physical activity on pain, particularly in osteoarthritis or axial spondylo-
arthritis. Dietary recommendations stress the importance of a healthy and balanced 
diet for people with RMD. Lifestyle improvements are measured by achieving a higher 
quality of life and better disease outcomes, but the need for education about the 
benefits in lifestyle change is also noted [58].

Integrative medicine recognizes the positive impact of health behaviors on chronic 
musculoskeletal (MSK) pain in patients with rheumatic diseases (RD). Smoking 
cessation and increased physical activity have been shown to be associated with pain 
reduction in patients with RD, and incorporating behavioral health (BH) interven-
tions into rheumatology practices may be key to maintaining desired health behaviors 
leading to improved patient outcomes [59].

Studies by other authors have evaluated the effectiveness of physical activity on 
quality of life (QoL) and self-rated function in patients with RA, spondyloarthritis 
(SpA) and psoriatic arthritis (PsA) [60], as well as in patients with OA [61].

Previous EULAR (2021) recommendations for lifestyle changes in people with 
rheumatic and musculoskeletal diseases, including rheumatoid arthritis, are sup-
ported by new evidence and emphasize the need to maintain a healthy lifestyle, as 
well as the importance of adhering to a whole plant-based diet, physical activity and 
stress management to limit disease activity in the long term [62].

4.5 �ACR guidelines for exercise, rehabilitation, diet and complementary 
integrative interventions for rheumatoid arthritis (2022)

The recommendations appear to supplement the existing pharmacological treat-
ment guidelines, rather than replacing them with disease-modifying anti-rheumatic 
drugs (DMARDs) and are based on a shared decision-making approach between 
patients and clinicians. The significance of multidisciplinary treatment teams, 
that guarantee the implementation of these recommendations, is emphasized as 
an opportunity to provide optimal care for individuals with RA. The integration of 
the recommendations in the overall management of RA seeks to increase patients’ 
and clinicians’ awareness of these interventions by providing additional evidence to 
assist shared decision-making, as well as improving access to recommended inter-
ventions [63].

Integrative medicine for RA patients uses a combination of conventional treat-
ments with complementary therapies to address the physical symptoms and emo-
tional and psychological aspects of the disease.

The ACR strongly recommends, as part of non-pharmacological treatment for 
RA, ongoing engagement in exercise. Exercise should be personalized for each 
patient and adapted to their current health status, abilities and access to resources. 
Tentative recommendations include the use of aerobic exercise, aquatic exercise, 
resistance exercise, mind-body exercises (yoga), tai chi and qigong used as adjuncts 
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to conventional treatment plans, which have been shown to have a positive impact on 
patients’ functional status [64, 65].

Regarding the use of rehabilitation, the ACR tentatively recommends a compre-
hensive program of occupational therapy (OT) and physical therapy (PT) in rheuma-
toid arthritis for pain management.

Exercise is considered to have proven value and is therefore widely accepted as 
part of a comprehensive treatment program for patients with arthritis, with proven 
benefits for physical and mental health.

There is a mixed opinion regarding the role of dietary interventions in the treat-
ment of patients with chronic inflammatory or autoimmune musculoskeletal disease. 
However, the ACR tentatively recommends adherence to a Mediterranean diet, but 
does not recommend adherence to other diets and the use or excessive addition of 
nutritional supplements and the use of herbal therapies [63]. The Mediterranean-
style diet refers to the consumption of low-fat dairy products, fish, whole grains, 
vegetables, fruits, nuts/seeds and olive oil and limits the intake of processed foods, 
added sugars, saturated fats and refined carbohydrates. The Mediterranean diet 
derives fewer calories from animal fat and includes consumption of less red meat and 
processed foods, focusing more on poultry, fish, fruits, vegetables, whole grains, olive 
oil, peas and beans, nuts and seeds. The evidence evaluating anti-inflammatory diets 
(e.g., the Mediterranean) is approaching clinical relevance [66].

As additional integrative interventions for RA, with low-level evidence and few 
harms, the ACR tentatively recommends the use of:

•	 Standardized self-management program.

•	 Cognitive-behavioral therapy and/or mind–body approaches.

•	 Therapeutic massage.

•	 Acupuncture – the existing evidence is of very low certainty and conflicting 
evidence for the benefits of different acupuncture methods, and the results are 
largely not clinically meaningful [67].

•	 Heat treatments.

The ACR tentatively recommends against the use of chiropractic and electro-
therapy [63].

A limited number of studies suggest that tai chi may improve mood and quality 
of life in people with rheumatoid arthritis when used in conjunction with other 
treatments. Following an anti-inflammatory diet and taking targeted herbal and 
nutrient supplements such as boswellia, turmeric, borage oil and green tea may 
have positive effects on the gut and microbiome to balance inflammation [68], 
but further research is needed to demonstrate their beneficial effects in reducing 
inflammation in RA.

Very limited evidence is available for the purported benefits of quercetin and 
omega-3 and omega-6 fatty acids and evidence for other therapies has been assessed 
as clinically inconclusive [66].

Ayurveda: A variety of products and practices are used. Some Ayurvedic blends 
have been studied in osteoarthritis and rheumatoid arthritis, but there is insufficient 
evidence of efficacy.
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Cannabis and cannabinoids. Their use for chronic pain is controversial, with a high 
rate of side effects and concerns about standardization of dosage.

5. �Treatment of acute and recurrent gout: ACR clinical practice guidelines

Clinical guidelines have been developed to provide guidance for the treatment 
of acute and recurrent gout in adults. The review evaluates non-pharmacological 
interventions: dietary regimen, lifestyle changes, hydration and pharmacological 
interventions: anti-inflammatory drugs, colchicine and urate-lowering drugs alone or 
in combinations [69].

According to Chan and colleagues, it is not uncommon for patients with gout to 
use complementary and alternative medicine, although it is less common than for 
other rheumatic diseases [70]. Traditional Chinese Medicine (TCM) has been known 
for thousands of years for its therapeutic effects in the treatment of gout. Today, it is 
successfully used in combination with modern medical approaches for the prevention 
and treatment of gouty arthritis (GA) [71]. Numerous studies have reported the effi-
cacy of traditional Chinese medicines, Western herbal therapies, nutritional supple-
ments and dietary strategies for the prevention and/or treatment of hyperuricemia 
and/or gout [72]. Despite the lack of sufficient evidence regarding the effectiveness 
of Western herbal medicine for the treatment of gout, some benefits to patients from 
herbal treatment have been reported [73]. There is also no strong evidence to provide 
clinical guidelines for the efficacy and safety of natural product dietary supplements 
(NPDS) for the treatment of gout [74]. Numerous publications have reported the use 
of traditional Chinese herbal medicines in the form of decoctions, herbal powders, 
capsules, tablets, herbal teas, tinctures, alcoholic beverages, herbal soaps, ointments 
and creams [75] in East Asia for the treatment of gout, but evidence such as a system-
atic review is lacking [76].

According to a study published in Medicine [77], traditional Chinese medicine 
decoction (TCMD) may be an acceptable complementary and alternative therapy for 
the treatment of patients with gout, although there are few evidence-based results on 
the efficacy and safety of TCMD for GA.

In 2016, the ACR developed a guideline for clinical recommendations on the 
treatment of gout. The report reviewed pharmacological and non-pharmacological 
interventions and combinations of pharmacological and dietary or alternative treat-
ments. Non-pharmacological management of gout focuses on dietary and lifestyle 
changes such as weight loss and exercise:

•	 dietary interventions: low-purine diet, tart cherry juice, dairy products and 
vegetables, Mediterranean diet and DASH [Dietary Approaches to Stop 
Hypertension] diet); restriction of fructose, other carbohydrates, ethanol;

•	 lifestyle measures (smoking cessation, exercise and hydration) and nutritional 
supplements and alternative treatments (vitamin C supplementation and 
traditional Chinese medicine such as herbs and acupuncture), but these have a 
low level of evidence.

It has also been reported that dietary modification approaches (such as reducing 
intake of red meat, shellfish and yeast-rich foods and increasing intake of low-fat 
dairy products, vegetables and cherries) are no more effective than general dietary 
155



Physical Therapy and Rehabilitation – Research and Clinical Application

10

advice (encouraging weight loss and reducing alcohol intake) in reducing serum urate 
levels in patients with gout, so there is insufficient evidence to recommend them [69]. 
However, data are available for patients with gout in whom consumption of specific 
foods and beverages identified as risk factors has been shown to influence the course 
of the disease.

Homeopathy: Few studies have investigated the effectiveness of specific homeo-
pathic therapies.

There is very low certainty of evidence regarding the use of acupuncture for 
patients with gouty arthritis as an alternative or complementary treatment [78].

5.1 �ASAS-EULAR recommendations for the treatment of axial spondyloarthritis: 
2022 update

The latest update of the Assessment of SpondyloArthritis International Society 
(ASAS)-EULAR recommendations for the management of axSpA states that 
the treatment of patients with axSpA includes both pharmacological and non-
pharmacological interventions (Overarching principle “C”). It also emphasizes that 
non-pharmacological treatment is an integral part of the optimal management of 
axSpA and is of paramount importance. Recommendation 4 of the same report 
specifies that patients should perform regular exercise and physiotherapy, and also 
draws attention to smoking as a risk factor and emphasizes the benefits of quitting 
[79]. Ankylosing spondylitis (AS) is part of the axSpA group. The most important 
component of care for patients with AS is exercise and physiotherapy, and natural 
products and mind-body therapies are usually the most commonly used among 
patients with rheumatic diseases.

The European League Against Rheumatism (EULAR) guidelines encourage 
regular exercise and recommend a combination of aerobic and resistance exercise 
to improve functional status. Physical therapy includes physical modalities such as 
exercise, heat, cold and electrotherapy, which aim to maintain and/or improve the 
individual’s comfort, independence, social integration and quality of life [40].

A Cochrane review (2008) investigated the positive effects of individualized home 
exercise programs in AS on spinal mobility and physical function [80].

There are a number of reports of significant use of CAM by patients with arthritis 
(such as RA and AS) to relieve pain and increase mobility [10], although current 
evidence is less supportive of the use of CAM in axial spondyloarthritis [40].

A study by Kocyigit and colleagues summarizes the types of CAM used to relieve 
pain in patients with AS:

Pilates – improves physical capacity in patients with AS [81–84] and helps manage 
symptoms of spondylitis.

Massage – favorable clinical results [85] indicate its use to relieve muscle tension, 
improve blood circulation, thereby suppressing pain.

Balneotherapy – limits disease activity and improves quality of life and functional-
ity in the short term [86–88].

Yoga practices – applicable and acceptable in AS [89] through a combination of 
physical postures, breathing exercises and meditation, help to improve flexibility and 
strength, reduce pain and improve mental well-being.

Tai Chi – has a positive effect on disease activity and flexibility [90] by combining 
deep breathing and slow and controlled movements, to improve balance and overall 
health and helps to reduce pain and improve quality of life [91] and physical function.

Acupuncture – shows efficacy in patients with AS [92, 93].
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Transcutaneous electrical nerve stimulation (TENS) – stimulates nerves to relieve 
pain and improve stiffness and fatigue [94].

A 2021 study shows that aerobic exercise can help improve AS symptoms and 
disease activity [95].

Meditation: helps reduce stress and promote relaxation, which in turn can reduce 
pain perception and lead to improved overall well-being.

Nutritional therapy – following a Mediterranean diet [96, 97] is recommended to 
improve symptoms and reduce inflammation in AS, including foods rich in omega-3 
fatty acids, antioxidants and fiber, vitamin D and turmeric, which has been shown to 
have anti-inflammatory properties; maintaining a healthy gut microbiome, but the 
evidence is currently very uncertain about the benefits of interventions such as diet 
and nutritional supplements.

Hypnotherapy – There is insufficient evidence to assess the efficacy of hypno-
therapy in AS [98], however, clinical hypnosis may be used to manage chronic pain by 
changing the way the brain processes pain signals.

Music therapy: The emotional relief of listening to music can reduce the percep-
tion of pain through distraction and relaxation.

Dance therapy: Used to improve physical fitness and emotional well-being.
Relaxation therapies: Using techniques such as progressive muscle relaxation and 

guided imagery can help reduce muscle tension and relieve pain.
Chiropractic treatment: Doctors do not recommend this treatment for AS.
Medical marijuana treatment – used in shared decision-making.

6. �CAM modalities

The National Center for Complementary and Alternative Medicine (NCCAM) 
(2000) [99] divides CAM modalities into five categories:

1.	Alternative medical systems – exist independently of or in parallel with allo-
pathic (conventional) medicine. Some may be practiced by individual cultures 
around the world. These include traditional Chinese medicine (TCM, including 
acupuncture, Chinese herbs, tui na massage, tai chi and chi kung), Ayurveda, 
homeopathy and naturopathy.

2.	Mind-body interventions – use the power of thought and emotions to positively 
influence health and well-being. Mind-body therapies (MBTs) include medita-
tion, relaxation, hypnosis, biofeedback, prayer, expressive therapies (dance, art 
and music) and breathing.

3.	Biologically based treatment – defined as the use of “substances found in nature” 
and includes specialized diets, the use of plant products, animal extracts,  
vitamins, minerals, herbal products and other natural products.

4.	Manipulative and body-based methods – movement of one or more parts of the 
body with a focus on bones and joints, soft tissues and the circulatory and lymphatic 
systems. Includes osteopathic manipulation, chiropractic, massage and reflexology.

5.	Energy therapies, which involve the manipulation and application of energy 
fields to the body. There are two types:
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•	 Biofield therapies: Energy fields penetrate the human body by applying direct 
or indirect pressure to these fields – qigong, reiki, healing touch and  
therapeutic touch.

•	 Bioelectromagnetic therapies: Electromagnetic fields are used – pulsed  
magnetic fields and alternating or direct current fields [21].

CAM modalities include traditional Chinese or Tibetan medicine, acupuncture, 
Ayurveda, herbal medicine, homeopathy, naturopathy, osteopathy and chiropractic.

It can be said that the original sources of modern integrative medicine are 
Ayurvedic medicine and traditional Chinese medicine and nowadays homeopathy 
and naturopathy (naturopathic medicine) /Naturopathy/exist as more modern 
systems of treatment [16].

Ayurveda means “science of life”, originated in India and has both preventive 
and curative aspects related to the observance of hygiene, the use of exercise, herbs, 
yoga, physiotherapy and diet to achieve physical, mental and spiritual health and 
well-being.

Traditional Chinese medicine (TCM) is based on the balance of yin and yang by 
directing the natural flow of Qi. /qi/ – life energy, to keep the body healthy. Practices 
used in TCM include acupuncture and acupressure, herbal medicine, nutrition, mas-
sage – tui na, exercises – tai chi/tai chi/ and qi gong/qi gong/ combined with medita-
tion [17].

Moxibustion – burning a stick made of ground mugwort leaves on acupuncture 
points above the skin to improve the flow of qi.

Acupuncture – a method in which very thin needles are inserted through acupunc-
ture points into the skin, which is believed to regulate qi along the energy pathways 
in the human body. The World Health Organization (WHO 2002) [100] recognizes 
acupuncture for the treatment of a number of diseases.

Herbal medicine – also called phytomedicine or phytotherapy – refers to the use of 
seeds, fruits, roots, leaves, bark or flowers of plants for medicinal purposes. In TCM, 
herbs and herbal decoctions are used, and some are recognized as nutritional sources, 
others as medicinal.

Dietary therapy – refers to the selection of foods that provide balance to the body 
and the avoidance of foods that can cause imbalance. TCM defines nutritional therapy 
as the first line of treatment.

Tui Na massage– means “pressing grip” and is also used to improve the flow of qi.
Tai chi exercises – slow movements of the Qigong principles of breathing, medita-

tion, strength and balance.
Qi gong – means “cultivation of life force energy,” contains elements of meditation 

by using deep breathing techniques along with performing certain movements, some 
of which imitate animals in nature. Correct posture and diaphragmatic breathing are 
also applied.

Tai Chi and Qigong are part of Mind-body therapies (MBT).
Meditation is a state of constant self-observation or observation of all experiences 

related to the body, feelings, mind and phenomena [17].
Tibetan medicine, Sowa Rigpa (“the science of healing”), is based on the  

mind-body concept and Buddhist psychology. It emphasizes lifestyle and dietary 
changes, uses herbal and mineral remedies and physical therapies to treat 
diseases [101].
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Chiropractic – is most often used to treat neuromuscular and skeletal com-
plaints such as back pain, neck pain, joint pain in the arms or legs and headaches. 
Chiropractic is the spinal manipulation of the spine, known as spinal adjustment, to 
correct spinal abnormalities.

Osteopathy – is based on the theory that the body can heal itself under normal, 
healthy structural relationships, environmental conditions and nutrition. Treatment 
is based on the relationship between individual structure (anatomy) and body func-
tion (physiology) and is patient-centered, not disease-centered. A major component 
of osteopathy is its attention to body mechanics and manual methods.

Yoga – the practice of physical exercise combined with controlled breathing, 
relaxation, dietary control, positive thinking and meditation, aimed at developing 
harmony in the body, mind and environment [101].

Homeopathy is the oldest form of complementary and alternative medicine and 
is the longest-established CAM in Europe. It was founded by Samuel Hahnemann. 
Homeopathy is based on the “principle of similars” and the “Law of the Minimum 
Dose” and aims to stimulate the body’s own healing mechanisms, believing that a 
disease can be cured by natural substances that, when given to a healthy person, will 
cause similar symptoms of the same disease, but to a lesser extent. The treatment 
process in homeopathy begins with a long consultation, discussing all aspects of the 
patient’s illness and life and selecting the appropriate treatment. In homeopathy, 
remedies are obtained by diluting substances, as it is believed that the efficacy of the 
medicine increases with its dilution [102]. Naturopathy emphasizes the prevention 
of disease by focusing on the patient’s overall condition, rather than on individual 
symptoms, using natural treatment methods such as water, fresh air, diet and herbs 
[103]. Naturopathy uses herbal medicines, vitamins and minerals, homeopathy, 
aromatherapy, massage and other natural products and therapies. It emphasizes 
disease prevention by focusing on the overall condition of the patient rather than on 
individual symptoms, using natural healing methods such as water, fresh air, diet and 
herbs [104]. All of these medical systems are based on the idea that the body has the 
power to heal itself using a variety of techniques involving the mind, body and spirit.

According to the WHO Global Report on Traditional and Complementary 
Medicine (2019), various systems of traditional medicine used around the world 
include acupuncture, herbal medicine, indigenous traditional medicine, homeopathy, 
traditional Chinese medicine, naturopathy, chiropractic, osteopathy, Ayurveda and 
Unani medicine [105]. It is essential that the practices used in integrative medicine 
have been scientifically proven to be safe and effective [106].

6.1 Application of integrated care in the treatment of arthritis

Integration is a concept that includes a wide range of definitions. Integrated 
care can be understood as the overall organization of health care delivery with the 
aim of optimizing patient care through better coordination of services provided 
[107, 108].

Integrated care is an approach that aims to simultaneously improve the quality 
of care provided and improve patient outcomes. The patient with rheumatic disease 
requires a multifaceted treatment approach to overcome the consequences of the dis-
ease, achieve better management of comorbidities and improve quality and duration 
of life. As a result, integration and coordinated person-centered care dominate health 
and care policy debates worldwide. Available reports in the literature indicate that 
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many patients with some form of inflammatory arthritis (IA) use complementary 
and integrative therapies, such as 47% of RA patients worldwide use complementary 
therapies, but only 30% of them report this use to their doctor. For patients with 
ankylosing spondylitis, the use of integrative therapy is over 40%. There is even less 
evidence for the use of integrative therapy in gout – 23.9%, despite the limitations of 
the available studies [95].

6.2 Types of integrative approaches

Integrative approaches can be categorized based on their method of delivery.
Nutritional approaches include special diets, nutritional supplements, herbs, 

probiotics and microbial therapies.
Psychological approaches include practices such as meditation, hypnosis, music 

therapy and relaxation therapies.
Physical approaches include techniques such as acupuncture, massage and spinal 

manipulation.
Flanagan S et al. reported the effects of integrated care interventions on improving 

quality of life (QoL) in patients with various chronic conditions [109]. Independently, 
Baxter S et al. also examined the effects of integrated care and concluded that inte-
grated care models were associated with increased patient satisfaction, perceived 
quality of care and access to services. At the same time, it is considered that such 
models of care may be most appropriate for specific patient groups (such as those 
with complex needs) rather than for all patients in general [110].

In this context, Vodopivec V and colleagues analyzed integrated health models for 
rheumatoid arthritis, where they identified a priority for the implementation of strat-
egies aimed at improving outcomes and patient satisfaction, noting that integrated 
care for rheumatoid arthritis is currently poorly developed [110].

This idea was further developed by Courel-Ibáñez and colleagues, who described 
the application of integrative non-pharmacological care for individuals at risk of 
developing rheumatoid arthritis. The study emphasized that the use of integrative 
interventions and multidisciplinary care strategies combining pharmacological 
treatment with non-pharmacological approaches – the implementation of modifiable 
lifestyle factors (e.g., smoking cessation, dental health, physical activity and diet) 
could possibly improve the prognosis of RA in individuals at risk, mainly through 
changes in epigenetics. In conclusion, it is suggested that an integrative, multifacto-
rial intervention approach be offered to individuals at risk of developing and pro-
gressing RA [111].

Integrated care is viewed not only in light of patient benefit but also as an opportu-
nity to improve cost-effectiveness in healthcare.

A study by Delft, E.V. and colleagues described a positive impact of integrating 
care networks on patient outcomes and was associated with cost-effectiveness by 
providing sustainable and comprehensive care for patients with arthralgia [112].

These and other reports in the literature demonstrate the benefit of implementing 
integrated care leading to improvements in clinical outcomes and quality of life in 
chronic diseases [113], such as rheumatic diseases.

An integrated engagement of the healthcare team for patients with rheumatic 
diseases is needed, working on programs aimed at meeting the need for comprehen-
sive, coordinated management of these patients. One component of these programs 
includes access to CAM practitioners.
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7. �Health professionals providing integrative care for arthritis

There is currently an increasing demand for complementary therapies alongside 
conventional treatments, with patients preferring to be guided by health professionals 
when using them [114].

The integrative health professionals who work in integrative rheumatology centers 
are experts in their fields: rheumatologists, immunologists, physical and occupational 
therapists, oncology social workers, psychologists, psychiatrists and dietitians, music 
therapists, experts in epidemiology, exercise physiology, integrative medicine, nurses, 
nutritionists, occupational therapists, physiotherapists. They develop personalized 
treatment plans tailored to the individual needs of each patient, combining evidence-
based therapies with a compassionate approach to improve quality of life.

A key principle in rheumatology is that the management of rheumatic and 
musculoskeletal diseases requires a coordinated, integrated, multidisciplinary and 
multiprofessional approach focused on the needs of the individual, with members 
of this team working closely together [115]. It is also recognized that collaboration 
between primary care providers and providers of non-pharmacological therapies 
can improve access to non-pharmacological treatments. For pain management in 
rheumatic patients, health care professionals may combine conventional treatments 
(anti-inflammatory drugs, immunosuppressants nd biologic agents) with integra-
tive therapies (yoga, acupuncture, tai chi, etc.) aimed at restoring the balance of the 
immune system, suppressing inflammation and alleviating pain. Other complemen-
tary interventions include adherence to nutritional approaches (anti-inflammatory 
diet, targeted supplements) or maintenance of physical activity (implementation 
of a regular exercise regimen), as well as lifestyle changes tailored to the individual 
needs of each patient [116]. It is also emphasized the identification of barriers at 
the clinician level that hinder the implementation of these treatments, such as: 
insufficient knowledge of the efficacy and role of non-pharmacological treatments, 
limited practice opportunities and inadequate communication channels between 
providers [117]. In their work, Majnik and colleagues analyzed the role of various 
non-pharmacological treatments (NPT) in difficult-to-treat RA (D2TRA) cover-
ing a wide range of interventions, such as exercise, psychological interventions, 
physiotherapy and balneotherapy, dietary interventions and education, applied by 
various specialists, which can have a complex and synergistic effect together with 
the applied pharmacological therapies in D2TRA. The authors also recommend the 
development of an individual program for non-pharmacological therapy (NPT) for 
each individual patient under the supervision of a rheumatologist, psychologist and 
physiotherapist [118].

7.1 Contribution of nurses to integrative practices

Healthcare today is a team effort and nurses practicing integrative care are recog-
nized as partners in the delivery of integrated health care [19]. According to Mortada, 
health care professionals (HCPs) should be aware of and apply all clinical options 
complementary to conventional medicine in order to achieve satisfaction in patients’ 
preferences and requirements [27].

Due to the lack of a precise definition of terminology defining the use of 
non-pharmacological interventions complementary to biomedical practice, in 
their publication van der Heijden and colleagues use the terms “complementary 

161



Physical Therapy and Rehabilitation – Research and Clinical Application

16

non-pharmacological interventions” (NPIs) and “integrative nursing” (IN) to 
describe such interventions used in nursing practice [29].

A publication in the American Nurses Association’s (ANA) Scope and Standards of 
Practice describes the competencies of advanced practice registered nurses that enable 
them to prescribe evidence-based traditional and integrative treatments, therapies 
and procedures that are compatible with the cultural preferences, norms and abilities 
of the client and that are consistent with the principles of integrated nursing [13].

In a recent publication, Indridadottir O and colleagues propose a new framework 
for holistic physical assessment in the hospital setting that focuses on the whole 
person, their background and experiences, based on the holistic nursing philosophy 
and integrative nursing principles [119].

Freitas and colleagues view caring as the foundation of the nursing profes-
sion. They conclude that incorporating Integrative and Complementary Practices 
(PICS) into standard care activities allows for greater interaction between nurses 
and patients [32].

Building on the theories of holism and humanism, Jasemi et al. [120] note that 
holistic care considers the “whole” person, within their context including family 
and social environment. Holistic care is characterized by “establishing a progres-
sive relationship between nurse and patient that is based on openness, equality and 
reciprocity and aims to restore patients’ power and responsibility and support their 
self-care practices” [121].

7.2 Integrative nursing

The growing impact of rheumatology worldwide requires an increasing involve-
ment of specialist nurses in the care of patients with arthritis as part of a multidisci-
plinary team. Nurses are expected to provide a specialist service of the highest quality 
to meet complex care needs by applying specific knowledge and skills and initiating 
practices and strategies carried out in collaboration with other professionals. The role 
of nurses has changed significantly in recent years, with their activities in the man-
agement of patients with arthritis including not only disease monitoring and par-
ticipation in treatment but also providing support for self-management and patient 
education. In practice, integrated nursing is a framework for providing care with the 
aim of improving the health and well-being of the whole person through care and 
relationships. The principles of integrated nursing care include the use of evidence-
based complementary therapies, depending on need and context. Complementary 
therapies (CT) are characteristically practiced outside the health systems of Europe. 
In Europe, integrated nursing is relatively unknown, but it is consistent with the 
holistic and person-centered approach to nursing [114], as nurses consider the patient 
as a whole – the sum of physical, mental, emotional and spiritual well-being. In this 
way, the integration of all aspects of health forms the holistic foundation on which 
integrative medicine is based.

Six principles of integrative nursing define the framework within which nurses 
use evidence to select therapeutic strategies for the implementation of all possible 
interventions [13].

Principles:

1.	Human beings are inseparable from and influenced by the environment.

2.	Human beings have an innate capacity for health and well-being.
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3.	Integrative nursing is person-centered and relationship-based.

4.	Nature has healing and restorative properties that contribute to health and 
well-being.

5.	Integrative nursing is evidence-based and uses the full range of conventional 
and integrative approaches, using the least intensive intervention possible, 
depending on the need and context.

6.	Integrative nursing focuses on the health and well-being of caregivers as well as 
those they serve [122].

The principles are a guide that makes it possible to provide purposeful, quality 
nursing care. Nurses who follow these principles do not simply “add” integrative 
interventions to their practice; they actually become the core of their practice, which 
does not mean that they reject biomedical interventions [13].

A qualitative study by Kreitzer and colleagues found that nurses can discuss with 
their patients the inclusion of complementary therapies and non-pharmacological 
interventions in the treatment plan [123].

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 9

A New Outcome to Measure 
Community-Living Care Recipients 
and Their Informal Family 
Caregivers
Hiromi Nakamura-Thomas

Abstract

With a key goal of the long-term care system being to maintain the Quality of 
Life (QOL) of service users, this chapter introduces the Adult Social Care Outcomes 
Toolkit (ASCOT), a QOL outcome developed to measure Social Care-Related Quality 
of Life (SCRQoL), specifically for community-living adult care recipients and their 
informal family caregivers. This chapter explored whether the mutual interdepen-
dence of SCRQoL within cohabiting care recipient-caregiver dyads was associated 
with their overall satisfaction toward home-based rehabilitation services. This chapter 
revealed a significant positive actor effect of care recipients’ SCRQoL on their own 
satisfaction, highlighting the crucial role of service satisfaction given the substantial 
impact of long-term care services on their home-based lives. Recognizing the vital 
supportive role of family caregivers in care recipients’ community living, this chapter 
recommends that therapists providing home-based rehabilitation services utilize the 
ASCOT to capture SCRQoL in both care recipients and their family caregivers.

Keywords: social care-related quality of life, adult social care outcomes toolkit, 
community-living adult care recipients, informal family caregivers, 
home-based rehabilitation services

1. �Introduction

Population aging is a global phenomenon. Among developed nations, Japan
stands out with its exceptionally rapid rate of aging and the highest proportion 
of older adults globally, where 28% of the population is aged 65 years and older. 
In comparison, Germany’s older adult population is 21%, France’s is 20%, and the 
Netherlands’ is 19% [1, 2].

In Asian countries, such as Japan, cultural norms rooted in Confucianism have tra-
ditionally positioned the care of frail or ill family members as a family matter, often 
undertaken by younger female relatives [3, 4]. This cultural backdrop contributes to 
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the significant role of informal family care in Japan’s long-term care system, which 
emphasizes community living. Since the system’s inception in the year 2000 with 
1.49 million users, the number of care recipients has steadily increased to 6.5 million 
by January 2025 [5], with 64% relying on co-residing family—mainly spouses and 
children—in addition to formal support [6]. This heavy reliance on family caregivers 
has led to substantial burdens, particularly for spouses, manifesting as limitations 
in social participation [7] and higher mortality rates [8]. Therefore, ensuring the 
sustainability of Japan’s care systems necessitates careful consideration of the impact 
of services on these informal caregivers [9, 10].

A key goal of the long-term care system, as emphasized by the Ministry of Health, 
Labour and Welfare, is to maintain the Quality of Life (QOL) of service users [11]. 
Improving QOL has become a priority in policymaking at the international level. For 
instance, the Organization for Economic Co-operation and Development (OECD) 
proposed nine QOL indicators in 1976, encompassing health, education, work, 
leisure, income, individual environment, social environment, and safety [12]. This 
initiative spurred the integration of QOL considerations into policies across European 
countries. In contrast, health and medical contexts have historically focused primar-
ily on physiological indicators. The concept of QOL gained significant attention in 
medicine during the 1970s, particularly through discussions at the Society for Medical 
Decision-Making regarding end-of-life care [13]. Driven by economic growth and 
advancements in medical technologies, there has been a growing emphasis on quality 
of life in addition to extending life expectancies.

Health-related QOL outcomes are prevalent in the health and medical fields. 
However, they may not fully capture the experiences of care recipients, who often 
face health decline, along with activity limitations and restricted social participa-
tion. Recognizing this, the World Health Organization (WHO) emphasizes a broader 
understanding of health as a state of complete physical, mental, and social well-being, 
extending beyond the mere absence of disease [14]. Moreover, WHO defines QOL 
as an individual’s perception of their life situation within their cultural and value 
context, considering their aspirations, expectations, standards, and concerns [15, 
16]. Consequently, these broader definitions highlight the limitations of solely relying 
on health-related QOL outcomes in social care settings, where a narrower concep-
tualization often prevails [17]. To overcome this inadequacy, the Adult Social Care 
Outcomes Toolkit (ASCOT) was developed in the United Kingdom to measure Social 
Care-related Quality of Life (SCRQoL), specifically for community-living adult care 
recipients [17] and their informal caregivers [18].

1.1 The adult social care outcomes toolkit (ASCOT)

The Adult Social Care Outcomes Toolkit (ASCOT) represents a suite of instru-
ments developed to measure SCRQoL [17, 18]. SCRQoL refers to the aspects of quality 
of life that individuals accessing adult social care services deem valuable and impor-
tant, and that are affected by these services. Adult social care services, often referred 
to as long-term care, encompass a diverse array of residential and community-based 
supports, including home care, day centers, and residential and care homes for adults 
across all age groups. To effectively measure SCRQoL in adults using these services, 
ASCOT includes several versions. Notably, a systematic review of 29 self-report 
instruments for assessing QOL in older adults receiving aged care services highlighted 
ASCOT’s good validity, reliability, and responsiveness [19]. Among these self-report 
instruments within the ASCOT are the ASCOT-SCT4, a self-completion tool for 
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community-dwelling adult care recipients with four response options [17], and the 
ASCOT-Carer SCT4, a similar self-completion instrument designed for informal 
caregivers [18].

ASCOT was initially developed for the economic evaluation of long-term care 
services. To facilitate this, its scores were designed to range from 0.00 (representing 
the worst possible state, equivalent to death) to 1.00 (representing the best possible 
state). Original scoring systems were developed specifically for the ASCOT-SCT4 [17] 
and the ASCOT-Carer SCT4 [20]. ASCOT has since been derecognized as suitable for 
economic evaluation [21, 22].

The landscape of informal caregiving varies across countries. For instance, some 
European countries offer financial support to individuals providing informal care, 
leading to the categorization of “informal paid caregivers” [23]. Additionally, the United 
Kingdom’s definition of informal caregivers, relevant to the ASCOT-Carer SCT4, extends 
beyond family members to include friends and acquaintances [18]. This heterogeneity 
in defining informal care underscores the importance of studies employing the ASCOT-
Carer SCT4 to clearly delineate between paid and unpaid caregivers, and between family 
caregivers and the wider group encompassing friends and acquaintances.

The ASCOT-SCT4 has been translated into several languages under the supervision of 
the original team, and its structural validity and reliability have been confirmed in these 
versions, including Japanese [24], Dutch [25], Finnish [26], and German [27]. Similarly, 
the ASCOT-Carer SCT4 has also been translated and validated in Japanese [28], Finnish 
[29], and German [30], also under the original team’s guidance. Furthermore, for the 
economic evaluation of long-term care services, Japanese preference weights have been 
developed for both the Japanese ASCOT-SCT4 [31] and the Japanese ASCOT-Carer SCT4 
[32]. Likewise, Finnish preference weights exist for the Finnish ASCOT-SCT4 [33] and the 
Finnish ASCOT-Carer SCT4 [29], and German preference weights have been developed 
for the German ASCOT-SCT4 [27] and the German ASCOT-Carer SCT4 [30].

1.2 Rehabilitation services in Japan

Two main types of rehabilitation services are available within the Japanese long-
term care system: home-based and outpatient, including those provided at day service 
facilities [34, 35]. Home-based services involve physical and occupational therapists 
visiting patients’ homes, with a 2019 nationwide survey reporting 115,000 recipi-
ents who typically used the service for 40 minutes, twice a week [36]. Outpatient 
rehabilitation services are often provided in conjunction with nursing care services 
like meals and bathing at day service facilities [36], serving a much larger population 
of 600,000 recipients in 2019, according to another nationwide survey [37]. These 
outpatient sessions generally occur once or twice a week and last for six to seven hours 
each time [37]. All services provided under the long-term care system in Japan are 
reviewed every six months [34–37]. Given that home-based rehabilitation services are 
typically more comprehensive and resource-intensive compared to outpatient reha-
bilitation services [34–37], it becomes particularly crucial to examine service users’ 
satisfaction with home-based rehabilitation services.

2. �Clarifying key concepts

The key concepts used in this chapter are clarified below to enhance 
understanding.
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2.1 Social care-related quality of life (SCRQoL)

SCRQoL refers to the aspects of quality of life that individuals accessing adult 
social care services deem valuable and important, and that are affected by these 
services.

2.2 Adult social care outcomes toolkit (ASCOT)

The Adult Social Care Outcomes Toolkit (ASCOT) represents a suite of instru-
ments to measure SCRQoL specifically for community-living adult care recipients and 
their family caregivers. Among the suite of instruments, the current chapter employs 
the ASCOT-SCT4 (a self-completion tool for community-dwelling adult care recipi-
ents with four response options) and the ASCOT-Carer SCT4 (a self-completion tool 
for informal caregivers).

3. �Methods

3.1 Research approach

This chapter explored whether the mutual interdependence of SCRQoL within 
care recipient-caregiver dyads was associated with their overall satisfaction with 
home-based rehabilitation services.

3.2 Research design

To analyze the interdependence within care recipient-caregiver dyads, this chapter 
employed Actor-Partner Interdependence Modeling (APIM). Figure 1 presents 
the hypothetical model for this chapter. In this model, overall satisfaction with 
home-based rehabilitation services was the predictor variable, and SCRQoL was the 
response variable. Actor effects are the predictor variable’s effects on its own response 
variable. Partner effects are a predictor variable’s effects on the response variable of 
the paired individual.

The hypotheses of this chapter were as follows: (1) A care recipient’s SCRQoL, 
measured by the ASCOT-SCT4, would be associated with their own overall satisfaction 
with home-based rehabilitation services (an actor effect, path a1). (2) A caregiver’s 

Figure 1. 
A hypothetical model.
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SCRQoL, measured by the ASCOT-Carer SCT4, would be associated with their own 
overall satisfaction with home-based rehabilitation services (an actor effect, path a2). 
(3) A care recipient’s SCRQoL, measured by the ASCOT-SCT4, would be associated 
with the caregiver’s overall satisfaction with home-based rehabilitation services (a 
partner effect, path p1). (4) A caregiver’s SCRQoL, measured by the ASCOT-Carer 
SCT4, would be associated with the care recipient’s overall satisfaction with home-
based rehabilitation services (a partner effect, path p2).

This modeling is considered the gold standard for analyzing pairwise data in 
dyadic relationships [38], making it well-suited for the care recipient-caregiver 
dyads in this chapter. This modeling has been successfully applied to various dyadic 
relationships, including child-parent relationships [39], friendships [40], roman-
tic relationships [41, 42], couples [43, 44], and, importantly, patient-caregiver 
dyads [45].

3.3 Sampling

This chapter employed the following inclusion criteria for care recipients: (1) 
community-dwelling, (2) living together with their family caregivers, and (3) 
receiving home-based rehabilitation services for more than six months. Notably, 
these care recipients were newly registered in the Japanese social care system and 
had commenced home-based rehabilitation after undergoing inpatient rehabilita-
tion to improve their independent living. For the caregivers, the inclusion criteria 
were: (1) acting as the primary caregiver for their family member, (2) providing 
primary care for more than six months, (3) living together with their care recipient, 
and (4) being unpaid family caregivers. The caregivers in this chapter were unpaid, 
reflecting the absence of a financial support system for family caregivers in Japan 
at that time.

3.4 Data collection

Data collection from the dyads in the greater capital area of Japan (Saitama and 
Chiba Prefectures) was conducted between August 2024 and February 2025, timed 
to align with the six-month intervals for the routine review of their services by their 
occupational or physical therapists.

The care recipients were asked to complete several questionnaires, including the 
Japanese version of the ASCOT-SCT4 (described below by Nakamura-Thomas et al. 
[24]) and a question assessing their overall satisfaction with home-based rehabilita-
tion services. Additionally, they provided information on their sex, age, primary 
health issues necessitating care, and their care need levels, categorized into three tiers: 
low, moderate, and high, reflecting increasing levels of support required for indepen-
dent living [34, 35].

The caregivers were also asked to complete several questionnaires, including the 
Japanese version of the ASCOT-Carer SCT4 (described below by Nakamura-Thomas 
et al. [28]) and a question assessing their overall satisfaction with home-based 
rehabilitation services. Additionally, they provided information on their sex, age, and 
relationship to the care recipients.

The Japanese version of the ASCOT-SCT4 [24] comprises eight attributes: control 
over daily life, social participation and involvement, occupation (doing things with 
value and enjoyment), personal cleanliness and comfort, food and drink, personal 
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safety, accommodation cleanliness and comfort, and dignity. For each attribute, there 
are four possible response options representing a continuum of outcome states from 
best to worst: “ideal state,” “no needs,” “some needs,” and “high-level needs.” Care 
recipients were instructed to complete the questionnaire independently using a self-
report paper-pencil format. However, if assistance was required, the therapists would 
read the questions, offer the response alternatives, and record the participant’s choice 
accordingly.

The ASCOT-Carer SCT4 [28] comprises seven attributes: control over daily life, 
social participation and involvement, occupation (doing things with value and 
enjoyment), looking after oneself, personal safety, space and time to be oneself, and 
feeling supported and encouraged. For each attribute, there are four possible response 
options representing a continuum of outcome states from best to worst: “ideal state,” 
“no needs,” “some needs,” and “high-level needs.” The informal family caregivers 
were instructed to complete the questionnaire independently using a self-report 
paper-pencil format.

Overall satisfaction toward home-based rehabilitation services was assessed 
independently for both care recipients and caregivers using a 7-point Likert scale with 
the following response options: “extremely satisfied,” “satisfied,” “rather satisfied,” 
“neither satisfied nor dissatisfied,” “rather dissatisfied,” “dissatisfied,” and “extremely 
dissatisfied.”

3.5 Data analysis

Data were analyzed using IBM Statistical Package for the Social Sciences (SPSS 
Statistics) version 29.0.0.0 and Analysis of Moment Structures (AMOS) 29.0 
(IBM, Chicago, IL, USA) for Japanese. The participants’ basic characteristics were 
summarized using descriptive statistics. For care recipients, this included valid 
data on sex, age, care need levels within the Japanese system, and their primary 
health issues. For caregivers, the summarized characteristics included sex, age, 
and their kinship with the care recipients.

Responses to the Japanese version of the ASCOT-SCT4 were scored using the 
utility weights, ranging from −0.38 to 1.00 [31], with scores below zero signifying a 
perception of social care-related quality of life worse than death [17]. Responses to 
the Japanese version of the ASCOT-Carer SCT4 were scored using the utility weights, 
ranging from 0.02 to 1.00 [32].

The 7-point Likert scale responses for overall satisfaction toward home-based 
rehabilitation services were converted to numerical values as follows: extremely satis-
fied = 7, satisfied = 6, rather satisfied = 5, neither satisfied nor dissatisfied = 4, rather 
dissatisfied = 3, dissatisfied = 2, and extremely dissatisfied = 1.

The model fit for the APIM was evaluated using the following goodness-of-fit 
indices: Goodness-of-Fit Index (GFI), Comparative Fit Index (CFI), and Root Mean 
Square Error of Approximation (RMSEA). For GFI and CFI, values of 0.90 and higher 
were considered indicative of a good fit, while a value below 0.05 was considered 
ideal for RMSEA [46]. Before conducting the APIM analysis, this chapter examined 
individual-level variance and group-level (pair-level variance in this chapter) variance 
[47]. Group homogeneity was identified with the interclass correlation coefficient 
(ICC). A high ICC results in a biased error variance in conventional regression models, 
overestimating the relationship between variables. An ICC of 0.25 or higher indicates 
that much of the variation in the dependent variables is due to the features of pairs 
rather than the individual characteristics [48, 49].
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3.6 Ethical consideration

This chapter received ethical approval from an institutional review board 
(Saitama Prefectural University, 215006). Written informed consent was obtained 
from each participant directly before data collection commenced, ensuring their 
voluntary participation. Furthermore, given that the author had no role in the 
provision of their social care services, participants were assured that their decision to 
participate—or not—would not affect their access to care.

4. �Results

4.1 Demographic characteristics of the participants

The data from 96 dyads with no missing data were analyzed for this chapter. Table 1 
shows the demographic characteristics of the participants. Among the 96 community-
living care recipients receiving home-visit rehabilitation services, the frequencies 

Variable %

Care recipients

Sex Men 50.00

Women 50.00

Do not want to say 0

Age group (years old)

49–64 7.29

65–74 15.63

75–96 77.08

Do not want to say 0

Care need level under the Japanese system

Low 9.38

Moderate 47.92

High 42.71

Do not want to say 0

Primary health issue

Stroke 32.29

Degenerative spine diseases 17.71

Fractures 13.54

Frailty 12.50

Parkinson’s disease 6.25

Cancer 5.21

Osteoarthritis 5.21

Angina 4.17

Others 3.12
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of men and women were equivalent. Their ages ranged from 49 to 96 years. Among 
the age groups, 77% were aged 75 and older, followed by 16% aged from 65 to 74. 
Among the care need levels under the Japanese system, 48% of them were assessed to 
be moderate level, followed by 43% at a high level. Their primary health issues were 
stroke (32%), followed by degenerative spine diseases (18%), fractures (14%), and 
frailty (13%).

Among the 96 primary family caregivers who resided with the care recipients, 
68% were women. Their ages ranged from 39 to 91 years. In the age groups, 45% were 
75 years and older, followed by those aged 65 to 74 (30%). Forty-two percent of them 
took care of husbands, followed by their own parents (29%) and wives (23%).

4.2 Descriptive statistics of the measured variables

Table 2 shows the descriptive statistics of the measured variables (ASCOT-SCT4, 
ASCOT-Carer SCT4, and overall satisfaction toward home-based rehabilitation ser-
vices). Among the care recipients, the ASCOT-SCT4 score ranged from 0.030 to 1.00. 
The mean score was 0.704 (standard deviation was 0.236). For the overall satisfac-
tion toward home-based rehabilitation services, 41% of the care recipients indicated 
“satisfied,” followed by “rather satisfied” (25%), “extremely satisfied” (21%), and 
“neither satisfied nor dissatisfied” (13%).

Among the caregivers, the ASCOT-Carer SCT4 score ranged from 0.327 to 1.000. 
The mean score was 0.824 (standard deviation was 0.163). For the overall satisfac-
tion toward home-based rehabilitation services, 42% of the care recipients indicated 
“satisfied,” followed by “rather satisfied” (20%), “extremely satisfied” (17%), and 
“neither satisfied nor dissatisfied” (16%).

Variable %

Do not want to say 0

Informal family caregivers

Sex Men 32.29

Women 67.71

Do not want to say 0

Age group (years old)

39–64 25.00

65–74 30.21

75–91 44.79

Do not want to say 0

Taking care of

Husband 41.67

Wife 22.92

Own parent 29.17

Parent-in-law 6.25

Do not want to say 0

Table 1. 
Participants’ demographics (96 dyads).
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4.3 Correlations among the measured variables

Table 3 displays the ICC values for the measured variables. Among these, the 
overall satisfaction with home-based rehabilitation services showed an ICC of 0.495 
(p < 0.001), indicating a moderate level of homogeneity or similarity in satisfac-
tion scores within the care recipient-caregiver pairs. This significant within-dyad 

Variable

Care recipients

ASCOT-SCT4 score

Range (the lowest; the highest) 0.030; 1.00

Mean 0.704

Standard deviation 0.236

Skewness 0.038

Kurtosis −0.873

Overall satisfaction (%)

Extremely satisfied 20.83

Satisfied 40.63

Rather satisfied 25.00

Neither satisfied nor dissatisfied 12.50

Rather dissatisfied 1.04

Dissatisfied 0

Extremely dissatisfied 0

Do not want to say 0

Caregivers

ASCOT-Carer SCT4 score

Range (the lowest; the highest) 0.327;1.000

Mean 0.824

Standard deviation 0.163

Skewness 0.338

Kurtosis −1.072

Overall satisfaction (%)

Extremely satisfied 16.67

Satisfied 41.67

Rather satisfied 19.79

Neither satisfied nor dissatisfied 15.36

Rather dissatisfied 4.17

Dissatisfied 2.08

Extremely dissatisfied 0

Do not want to say 0
Note. ASCOT-SCT4 = Adult Social Care Outcomes Toolkit Self-Completion Tool with four response options, ASCOT-
Carer SCT4 = Adult Social Care Outcomes Toolkit for Carer Self-Completion Tool with four response options.

Table 2. 
Descriptive statistics of the measured variables (96 dyads).
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correlation in satisfaction suggests that additional, more complex modeling 
approaches might be warranted to fully account for this interdependence.

4.4 Model examination

Figure 2 presents the results of the APIM. The model demonstrated a good 
fit to the data, as indicated by the following goodness-of-fit indices: GFI = 1.000, 
CFI = 1.000, and RMSEA = 0.000. The hypothesized model was partially supported, 
revealing a significant positive actor effect of care recipients’ SCRQoL (measured 
by the ASCOT-SCT4) on their overall satisfaction toward home-based rehabilitation 
services (ß = 0.326, p < 0.01). In contrast, no significant actor effect was found for 
caregivers’ SCRQoL (measured by the ASCOT-Carer SCT4) on their overall satisfac-
tion toward home-based rehabilitation services (ß = 0.017, p = 0.865). Moreover, no 
significant partner effect was observed of care recipients’ SCRQoL on their caregiv-
ers’ overall satisfaction (ß = 0.026, p = 0.803), nor of caregivers’ SCRQoL on their 
care recipients’ overall satisfaction (ß = 0.029, p = 0.760). In addition, the initial 
model yielded an Akaike’s Information Criterion (AIC) of 20.000 and a Bayesian 
Information Criterion (BIC) of 45.643. These values served as benchmarks for com-
parison with alternative models.

Additional analyses were conducted to explore the impact of the relationship type 
within the dyads, specifically examining pairs of wife (care recipient) and husband 
(caregiver), husband (care recipient) and wife (caregiver), parent (care recipient) 
and biological child (caregiver), and parent-in-law (care recipient) and child-in-law 
(caregiver). This additional model (Model 1), incorporating all relationship types, did 
not demonstrate a good fit to the data, as indicated by a CFI of 0.863, despite a GFI 
of 0.984 and an RMSEA of 0.000. Consequently, this model was rejected. A revised 

Variable ICC p-value

95% CI Lower 95% CI Upper

SCRQoL 0.002 —0.197 0.202 0.490

Overall satisfaction 0.495 0.328 0.632 < 0.001

Note. SCRQoL was measured using the Adult Social Care Outcomes Toolkit Self-Completion Tool with four response 
options (ASCOT-SCT4) in care recipients and the Adult Social Care Outcomes Toolkit for Carer Self-Completion Tool 
(ASCOT-Carer SCT4) with four response options in caregivers, ICC = Interclass correlation, CI = Confidence Interval.

Table 3. 
Values in interclass correlation for measured variables.

Figure 2. 
The final model. Note. Dashed arrows represent statistical non-significance, p < 0.01.
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model (Model 2), which excluded pairs of parent-in-law (care recipient) and child-
in-law (caregiver), showed a good fit to the data, with the following goodness-of-fit 
indices: GFI = 0.998, CFI = 0.990, and RMSEA = 0.000. However, this model (Model 
2) yielded AIC and BIC values (60.355 and 135.349, respectively) that were higher 
than those of the initial, more parsimonious model. Therefore, the initial model was 
sustained.

5. �Discussion

This chapter explored the association between the mutual interdependence of 
SCRQoL within care recipient-caregiver dyads and their overall satisfaction toward 
home-based rehabilitation services. A key finding was the significant positive actor 
effect of care recipients’ SCRQoL on their own satisfaction. This actor effect is par-
ticularly important as care recipients are the direct recipients of these home-based 
rehabilitation services. To ensure the continued uptake and effectiveness of these 
services, future studies should investigate the factors that contribute to care recipients’ 
satisfaction. Supporting the importance of such factors, a previous survey of older 
care recipients found that care managers’ ‘explanation ability’ and ‘polite attitude and 
manners’ significantly influenced satisfaction, with this association being stronger 
among those with higher long-term care literacy [50]. Moreover, the provision of 
long-term care services significantly impacts care recipients’ home-based lives [51, 52], 
making higher levels of satisfaction with these services crucial, especially for older 
women. Indeed, a longitudinal chapter demonstrated that greater life satisfaction in 
older women was associated with a lower risk of functional decline or death over a 
14-year period [53].

In contrast to care recipients, this chapter found no significant actor effect of family 
caregivers’ SCRQoL on their own satisfaction. Furthermore, no significant partner 
effects were identified, meaning care recipients’ SCRQoL did not significantly impact 
their caregivers’ satisfaction, and vice versa. While caregivers did not directly receive 
home-based rehabilitation services, the correlation in satisfaction observed between 
the dyads suggests a potential interconnectedness. Individuals in close relationships are 
known to be interdependent [54], and this mutual influence may have led to similar 
levels of perceived satisfaction with the services, possibly due to emotional contagion. 
Additionally, the “explanation ability” and “polite attitude and manners” of care 
providers, identified as important factors in a previous chapter [50], might have also 
influenced family caregivers’ satisfaction in this context. To better understand the 
factors driving caregivers’ satisfaction and ensure service uptake by this group, future 
research should specifically investigate these aspects. Given the inevitable declines in 
health status and independent living often experienced by care recipients, home-based 
rehabilitation services remain crucial for maintaining SCRQoL in both care recipients 
and their family caregivers.

Given that the specific content, frequency, and duration of home-visit rehabilitation 
services are collaboratively determined by the care recipient, their family caregiver, and 
a case manager, considering their needs and home environment [55], the principles of 
decision-making, autonomy, and choice inherent in the ASCOT framework [17, 18] are 
highly relevant. This chapter, therefore, suggests that therapists providing home-based 
rehabilitation services employ the ASCOT to actively promote and assess decision-
making, autonomy, and choice for both care recipients and their family caregivers. 
Moreover, considering the aim of home-visit rehabilitation services to improve both 
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activities of daily living and social participation [56], utilizing the ASCOT can broaden 
therapists’ understanding of the importance of addressing social participation for 
both care recipients and their family caregivers, moving beyond the traditional focus 
primarily on Activities of Daily Living (ADL) improvement in care recipients.

While this chapter provides valuable insights for therapists delivering home-visit 
rehabilitation services, several limitations should be considered. Firstly, the nonran-
dom selection of a solely Japanese participant limits the generalizability of the find-
ings to other populations. Secondly, the focus on care recipients receiving home-visit 
rehabilitation within the Japanese long-term care system may restrict applicability to 
those with different service models, those not co-residing with family caregivers, or 
those receiving care in other countries. Similarly, the findings may not extend to care-
givers who are not primary family members or those caring for unmarried partners, 
relatives, or friends. Lastly, this chapter examined care recipients already integrated 
within the long-term care system and having a certain level of service access. Future 
research could explore the experiences and outcomes of individuals with varying 
levels of access to long-term care, including those with more limited access or facing 
specific barriers to obtaining services.

6. �Conclusion

This chapter revealed a significant positive actor effect of care recipients’ SCRQoL 
on their own satisfaction, highlighting the crucial role of service satisfaction given the 
substantial impact of long-term care services on their home-based lives. In contrast, 
no significant actor effect of family caregivers’ SCRQoL on their own satisfaction was 
found, nor were any significant partner effects observed between the SCRQoL of one 
dyad member and the satisfaction of the other. Recognizing the vital supportive role 
of family caregivers in care recipients’ community living, this chapter recommends 
that therapists providing home-based rehabilitation services utilize the ASCOT to 
actively promote and assess decision-making, autonomy, and choice for both care 
recipients and their family caregivers.
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Chapter 10

Life after Limb Loss: Addressing 
Activity Limitations through 
Rehabilitation
Peter Bredu-Darkwa

Abstract

Amputation represents a profound and life-altering event that significantly disrupts 
an individual’s daily functioning and overall well-being. Increasing attention has 
been directed toward evaluating how individuals with amputations manage basic and 
complex daily tasks commonly referred to as Activities of Daily Living (ADLs) and 
Instrumental Activities of Daily Living (IADLs) to inform evidence-based rehabilita-
tion strategies. This chapter explores the challenges amputees face in performing these 
activities, examines how such limitations influence their life satisfaction, and consid-
ers the critical role of rehabilitation in addressing these issues. A quantitative, cross-
sectional survey involving 200 amputees was carried out at an Orthopedic Training 
Center in Ghana. Data collection utilized the Groningen Activity Restriction Scale 
and the Life Satisfaction Questionnaire-11. All statistical analyses were conducted 
using IBM SPSS version 23.0, with results presented in tabular form and figures. 
Multivariate analysis identified a notable negative correlation between functional 
limitations and life satisfaction. Participants reported difficulties in performing 
both ADLs and IADLs, with a mean activity limitation score of 36.57 ± 10.93. Their 
average life satisfaction was moderate, scoring 3.86 ± 1.15. The multivariate analysis 
confirmed a statistically significant inverse relationship between activity limitations 
and life satisfaction (ß = −0.13, p < 0.001). These findings underscore the need for 
rehabilitation professionals to thoroughly assess these challenges to inform effective 
program design, resource distribution, and policy development aimed at enhancing 
the quality of life for individuals living with limb loss.

Keywords: amputation, rehabilitation, satisfaction, wellbeing, activity, limitation

1. �Introduction

Amputations occur globally for a wide range of reasons, including congenital limb
abnormalities, poor vascular health, severe burns, cancer, and traumatic injuries. 
The global prevalence of limb amputation remains uncertain, with considerable 
disparities observed across different regions and countries. In the United States alone, 
estimates from 2005 indicated that approximately 1.6 million individuals were living 
with limb loss a figure projected to increase significantly, reaching an estimated 3.6 
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million by the year 2050 [1–2]. Among these amputations Bello and friends reported 
“90% are of the lower limbs and 75% of the Amputees are over 65 years of age”. A 
significant variability exists in the number of acquired amputations across and within 
countries. Lower limb amputations are significantly more common than upper limb 
amputations, a trend consistently observed across various populations and clini-
cal settings. Within the Navajo people of the United States, prevalence estimates, 
indicates a range from approximately 1.2 per 1000 among women and 4.4 per 1000 
among men. Broadly, national date from the United States suggests that an estimated 
30,000 to 40,000 amputation procedures are annually conducted. Mclarney et al. 
reports that “an analysis of data from commercially insured drivers under 18 years of 
age showed an annual incidence of major lower extremity amputations at approxi-
mately 38.5 cases per 100, 000 between 2009 and 2015” [1–6].

Amputation or Limb loss occurs when a limb or external body part is removed 
either entirely or partially through surgical interventions or due to spontaneous 
circumstances [7]. It may be one-sided or two-sided and can be performed at various 
levels of the body segment [8]. The most common are amputations of the knee, hip, 
or ankle followed by removal of the entire limb [9].

Individuals with amputation experience a disastrous change and alteration in their 
life regardless of the cause, and the effect on their quality of life and well-being is sub-
stantial [10]. The performance of personal, skilled, leisure, social and marital activi-
ties, including expression of sexual feelings between partners are greatly affected by 
amputation [11].

According to the International Classification of Functioning, Disability, and 
Health (ICF), activity limitations refer to “the difficulties an individual may experi-
ence in executing activities” [12]. Individuals’ engagement in meaningful activities 
and their overall life satisfaction have been shown to be adversely affected by major 
limb amputations [13]. Fundamental routines, including Activities of Daily Living 
(ADLs) and instrumental Activities of Daily Living (IADLs), are a key component 
of everyday functioning and disruptions in these domains can significantly influ-
ence both quality of life and personal wellbeing [14–16]. These tasks constitute 
fundamental and essential components of a person’s daily functioning. IADLs involve 
more cognitively demanding and multifaceted routines that encourage and support 
independent living such as managing transportation, preparing meals, shopping and 
performance of household chores [13, 17].

Following amputation, the capacity to perform ADLs upon discharge plays an 
important role in predicting a person’s long-term satisfaction and quality of life [18]. 
Research indicates that individuals with amputation often face serious challenges 
in performing routine daily tasks post-surgery. Bello et al. reports that disability in 
individuals with amputations may result from restrictions and barriers which stem 
from the interplay between impairments in body structure and function as well as 
environmental factors that hinder participation and engagement [2]. Individuals liv-
ing with limb loss often experience challenges in carrying out everyday tasks and may 
also encounter barriers in various aspects of social life, including forming relation-
ships, pursuing education, and participating in community activities. Zunzunegui 
et al. defines activities of daily Living limitations as “requiring assistance and help 
in at least one of the following tasks: walking across a small room, bathing, toileting, 
transferring from bed and chair, using the toilet, dressing, or feeding oneself [19].

As reported by the World Health Organization, people with amputation often 
face limitations in carrying out daily activities which can adversely impact on their 
wellbeing, quality of life, satisfaction, and a sense of independence [20]. A report by 
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Wang et al. indicates that reliance on others for ADLs will decrease over time when 
individuals recognize the importance of these activities. A key indicator of progress 
during rehabilitation is the ability to perform ADLs. Additionally, life satisfaction 
is considered a critical outcome of the rehabilitation process [21]. Amputation can 
harmfully impact life satisfaction, often leading to reduced overall well-being and a 
more negative outlook when individuals assess their lives. These effects are basically 
attributed to instant physical limitations following the procedure and the lasting 
impact across various aspects of daily living [10, 22]. Additionally, amputations 
prevent successful reintegration into society due to the limitations placed on individu-
als with amputations and the restrictions to participation they experience in various 
life domains [23, 24].

Essentially, the rehabilitation and management of amputees should commence 
prior to the surgical procedure and be delivered by a multidisciplinary team with 
specialized expertise as reported by Esquenazi and DiGiacomo [25]. The rehabilita-
tion, guided by holistic and multidisciplinary approach [26], typically comprises mul-
tiple stages of variable duration involving the pre-operative phase, the pre-prosthetic 
phase and when appropriate, prosthetic training [27].

The physician, occupational therapist, physiotherapist, prosthesis, social worker 
in a coordinated, team-based approach post amputation, and guided by effective 
rehabilitation strategies work together to effectively rehabilitate and manage the 
amputees to prevent complications and significantly improve health outcomes in 
patients [28, 29]. Evidence suggests that rehabilitation outcomes tend to be more 
favorable in individuals who undergo amputations due to traumatic injury compared 
to those whose limb loss resulted from disease-related causes [30].

This chapter examines the activity limitations encountered by individuals with 
limb loss and assesses the contribution of rehabilitation in mitigating these functional 
challenges. Special focus is placed on the difficulties amputees face in perform-
ing Activities of Daily Living (ADLs) and Instrumental Activities of Daily Living 
(IADLs), along with evaluating how effective rehabilitation efforts are in addressing 
these challenges.

2. �Activity limitations, life satisfaction and amputee rehabilitation

2.1 Experiments

A quantitative, cross-sectional research design was adopted for this study, which 
was carried out at the Orthopedic Training Centre (OTC) in Ghana’s Eastern Region. 
This facility primarily serves individuals with physical disabilities across Ghana 
and parts of West Africa, offering rehabilitation and related services. The OTC was 
selected as the research site due to its large and consistent population of amputees, 
many of whom either reside there temporarily or attend regularly for rehabilita-
tion. A purposive sampling approach was used to choose the study location, while 
both purposive and simple random sampling techniques were employed to recruit 
participants. The random sampling method ensured that every eligible individual 
had an equal chance of being included, thereby enhancing the representativeness of 
the sample and allowing for efficient data collection. In total, 200 participants were 
selected for the study.

Eligibility criteria included adults (aged 18 and above) with either unilateral or 
bilateral amputations who were currently undergoing post-amputation rehabilitation 
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whether they were using prostheses or not. Participants were also required to receive 
treatment or residing at the Centre for at least three months. This criterion ensured 
that respondents were stabilized and in a phase of adjustment post-amputation, mak-
ing them better positioned to provide meaningful insights into the variables under 
study. The inclusion of both male and female participants allowed for the examina-
tion of gender-related perspectives on amputation and rehabilitation experiences.

Data collection was conducted using standardized, validated instruments. 
Respondents completed self-administered paper-based questionnaires under 
researcher’s supervision to ensure accuracy and clarity. Two tools were used: 
the Groningen Activity Restriction Scale (GARS) and the Life Satisfaction 
Questionnaire-11 (LISAT-11). The GARS assesses the extent of difficulty individuals 
face in performing both ADLs and IADLs. It comprises 18 items rated on a 5-point 
Likert scale, where a score of ‘1’ denotes independence and ‘5’ indicates full depen-
dence. Scores range from 18 (least limitation) to 72 (most limitation), with higher 
scores reflecting greater functional restrictions [31]. The GARS was chosen for its 
robust psychometric properties and its ability to measure limitations in ADLs and 
IADLs simultaneously, making it a valuable tool for comparative studies. It is flex-
ible in administration and can be completed either independently or with the help 
of a researcher, depending on the literacy level of the respondent. The LISAT-11 was 
employed to explore the overall life satisfaction of amputees across multiple dimen-
sions, such as physical and psychological health, social relationships, financial status, 
work, sexual life, and leisure. Each item is scored on a scale from 1 (very dissatisfied) 
to 6 (very satisfied). Rather than computing a total score, domain-specific mean 
scores were used to preserve detailed information across different aspects of life, 
which is more beneficial for clinical applications.

Before the main study commenced, the questionnaire was pilot-tested at the 
orthopedic unit of the Korle-Bu Teaching Hospital (KBTH) in Accra. Participants 
in the pre-test shared characteristics with the target population at OTC, providing a 
useful proxy for refining the survey instruments. The pilot helped identify ambigui-
ties, estimate the time required for completion, and ensure the overall coherence 
of the questionnaire. Revisions were made based on feedback from this trial phase. 
Participants were thoroughly briefed on the study protocols, and informed consent 
was obtained in writing before data collection began. For respondents who encoun-
tered language barriers or difficulties understanding specific items, a translator was 
present to help. The research team remained on-site over multiple days to reach the 
target sample size, assigning each participant a unique identifier for follow-up and 
data verification. Completed questionnaires were reviewed for completeness and 
consistency before entry.

Data was analyzed using SPSS version 23.0. Descriptive statistics such as frequen-
cies, means, standard deviations, and cross-tabulations were generated to summarize 
the findings. Results are presented in the accompanying tables and figures.

2.2 Data on activity limitations after limb loss

The study involved 200 participants with either upper or lower limb amputations. 
Of these, 107 individuals (54%) were male, and approximately 49 (24%) were aged 
between 31 and 40 years. The majority of respondents 174 (87%) had amputations of 
the lower limbs, while 179 participants (89%) had undergone unilateral amputation. 
Supporting these findings, research from Kano, Nigeria, reported that males represent 
the largest proportion of amputees in that region. Similarly, a study conducted among 
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Asian populations in the Navajo Nation, USA, indicated an amputation incidence 
rate of 1.2 per 10,000 women compared to 4.4 per 10,000 men [2]. Overall, the 
participants in this study were able to carry out Activities of Daily Living (ADLs) and 
Instrumental Activities of Daily Living (IADLs) but experienced some difficulties, 
reflected in a mean activity limitation score of 36.57 ± 10.93. This aligns with prior 
research among older Nigerian amputees aged 40 years and above, which showed 
elevated levels of activity limitations in this population [2, 5]. These findings indicate 
that advancing age, combined with amputation, tends to increase the severity of activ-
ity limitations and challenges in daily functioning. Regarding Activities of Daily Living 
(ADLs), the study revealed that participants encountered notable challenges, particu-
larly in mobility-related tasks. Respondents reported some difficulty moving around 
within their homes (mean score: 2.07 ± 0.89) and walking outdoors (2.28 ± 0.91). 
More pronounced difficulty was observed in ascending and descending stairs, with a 
mean score of 2.69 ± 0.98. These findings align with expectations, as lower limb ampu-
tations are known to adversely affect physical functioning and overall health com-
pared to non-amputee populations. Prior research has consistently demonstrated that 
amputees exhibit slower walking speeds and increased energy expenditure relative 
to individuals without disabilities, with approximately 60% of amputees identifying 
the inability to navigate uneven terrain as a significant barrier [32–34]. Furthermore, 
the literature indicates that amputation substantially restricts participation in a wide 
range of daily activities, limiting engagement in tasks formerly performed with ease 
[35]. The participants reported experiencing difficulties across nearly all Instrumental 
Activities of Daily Living (IADLs). Specifically, they indicated moderate limitations in 
preparing breakfast or lunch (2.24 ± 0.93), washing and ironing clothes (2.24 ± 0.94), 
and shopping (2.05 ± 1.18). Greater limitations were noted for preparing dinner 
(2.58 ± 0.92) and performing “light” household chores (2.71 ± 0.76). Notably, partici-
pants described “heavy” household tasks (3.53 ± 0.57) as nearly impossible to com-
plete independently, often requiring assistance. These limitations can be attributed to 
the higher physical demands of such activities, consistent with existing literature that 
suggests that amputation results in a threefold reduction in functional capacity [10]. 
Supporting this, studies have found that major limb amputees generally experience 
decreased mobility, which adversely affects their ability to complete daily tasks and 
hampers successful reintegration into community life. Similarly, research focusing 
on upper limb amputees highlights how seemingly simple actions such as stabilizing a 
tomato to slice it or pouring water without spilling become problematic due to the loss 
of functional use of one hand [36, 37]. Detailed activity limitation scores for the study 
participants are presented in Table 1 and Figure 1.

This table displays the mean values, standard deviations (SD), and score ranges 
reflecting the extent of activity limitations among respondents, as assessed by the 
Groningen Activity Restriction Scale. It includes overall limitation scores along with 
separate scores for Activities of Daily Living (ADLs) and Instrumental Activities 
of Daily Living (IADLs). Higher scores correspond to greater degrees of limitation. 
Participants’ responses were recorded on a four-point scale, where a score of 1 denotes 
full independence and a score of 4 indicates total dependence. For enhanced clarity 
and ease of interpretation, these results are also depicted visually in Figure 1.

2.3 Impact of activity limitation and overall wellbeing and life satisfaction

To highlight the necessity for comprehensive rehabilitation among amputees, this 
study examined the influence of activity limitations on overall well-being and life 
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satisfaction. The Life Satisfaction Questionnaire-11 (LISAT-11), a tool that can be 
administered by either the client or the researcher, was employed to evaluate multiple 
dimensions of life satisfaction among participants. Responses on the LISAT-11 are 
rated on an ordinal scale from 1 (very dissatisfying) to 6 (very satisfying). Rather 
than aggregating total scores, mean domain scores were utilized to preserve the 
granularity of information across different life areas, which is crucial for tailored 
clinical interventions. The LISAT-11 was chosen due to its proven utility in delivering 
meaningful quality of life data for both clinical assessment and research contexts [38]. 
In the current sample, respondents reported a moderate overall life satisfaction, with 
a mean score of 3.86 ± 1.15. This aligns with findings from a Portuguese study where 
amputees similarly expressed moderate satisfaction with life, although it contrasts 
with Pereira et al.’s research, which documented lower levels of life satisfaction 
among amputees [39, 40]. Participants in this study generally expressed moderate 
contentment in domains such as self-care, partner relationships, physical health, and 

Activity category Task description Mean ± SD Range (Min–Max)

Overall Score 36.57 ± 10.93 18–72

Activities of Daily Living 
(ADLs)

Dressing 1.29 ± 0.86 1–4

Getting in and out of bed 1.61 ± 0.86 1–4

Standing up from a chair 1.72 ± 0.96 1–4

Washing face and hands 1.38 ± 0.78 1–4

Washing and drying the 
body

1.63 ± 0.78 1–4

Using the toilet 1.81 ± 0.84 1–4

Feeding oneself 1.11 ± 0.46 1–4

Moving around inside the 
house

2.07 ± 0.89 1–4

Navigating stairs 2.69 ± 0.98 1–4

Walking outdoors 2.28 ± 0.91 1–4

Foot and toenail care 1.73 ± 1.01 1–4

Instrumental Activities of 
Daily Living (IADLs)

Preparing breakfast or 
lunch

2.24 ± 0.93 1–4

Preparing dinner 2.58 ± 0.92 1–4

Light household chores 2.71 ± 0.76 1–4

Heavy household chores 3.53 ± 0.57 1–4

Washing and ironing 
clothes

2.24 ± 0.94 1–4

Making beds 1.96 ± 1.10 1–4

Shopping 2.05 ± 1.18 1–4

Table 1. 
Activity limitation scores of participants based on the Groningen activity restriction scale.
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family life. These results may reflect the consistent caregiving support many received 
from family members, which likely facilitates daily self-care activities. Additionally, 
satisfaction with physical health could be attributed to ongoing rehabilitation services 
provided at the facility, including medical treatment, physical and occupational 
therapy, and access to assistive devices such as orthotics, prosthetics, and wheelchairs, 
along with training in their use. The moderate satisfaction levels related to partner 
relationships and family life correspond with findings by Geertzen and Dijkstra, 
who noted that lower limb amputation can hinder marital and sexual expression 
between partners [11]. Conversely, participants expressed dissatisfaction with their 
vocational status, sexual life, financial situation, and psychological health. This 
pattern may indicate that the rehabilitation programs, while effective in addressing 
physical impairments, insufficiently target economic, emotional, and psychological 
challenges faced by amputees. This observation supports previous studies reporting 
psychological distress and employment loss following amputation [11, 41]. Moreover, 
lifestyle disruptions and compromised income sources due to disability have been 
documented, emphasizing the broader socio-economic impacts of limb loss [41]. The 
financial burden of amputation on individuals and healthcare systems has also been 
well recognized [42, 43]. Regarding sexual well-being, these findings concur with 
Williamson and Walters, who described difficulties amputees may face in achieving 
desired sexual positions, which may affect intimacy. Research further suggests that 
individuals with physical disabilities frequently encounter challenges in forming and 
sustaining intimate and romantic relationships [1, 44]. A summary of participants’ 
life satisfaction scores is provided in Table 2.

To assess the direct influence of activity limitations on life satisfaction, the study 
employed logistic regression and correlation analyses. A multivariate regression 
model was utilized to examine the relationship while controlling potential con-
founding variables. The analysis revealed a strong, statistically significant negative 
association between activity limitations and life satisfaction (ß = −0.13, p = 0.000), 
indicating that greater activity limitations correspond to lower life satisfaction levels. 

Figure 1. 
Showing graphical presentation of activity limitation scores using the Groningen activity restriction scale.
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These results underscore the substantial impact that functional impairments have on 
the overall well-being of amputees. A detailed summary of these findings is presented 
in Table 3.

These findings indicate that increased difficulties in performing Activities of Daily 
Living (ADLs), and Instrumental Activities of Daily Living (IADLs) are associated 
with lower satisfaction across various aspects of life. In other words, activity limita-
tions serve as significant predictors of life satisfaction levels. Supporting this, previ-
ous research has demonstrated a notable positive correlation between life satisfaction 
and health-related domains, including physical functioning among amputees [39]. 
Conversely, some studies focusing on older adults with physical disabilities, including 
amputees, have reported no statistically significant link between activity restrictions 
and life satisfaction. Nevertheless, evidence suggests that individuals experiencing 
greater mobility impairments tend to report diminished life satisfaction. Research 
specifically addressing amputees also highlights that mobility challenges can contrib-
ute to reduced overall life satisfaction, emphasizing the critical role of early rehabili-
tation interventions [40, 45, 46].

2.4 Addressing activity limitation through rehabilitation among amputees

Losing a limb significantly affects an individual’s mobility and their capacity to 
carry out daily activities, which in turn hampers social participation, community inte-
gration, and overall quality of life. The primary aim of post-amputation rehabilitation 
is to equip the person with the skills needed to walk effectively, regain functional 
independence, and reintegrate socially. A major challenge faced by many amputees is 
the lack of adequate rehabilitation services and consistent follow-up care [29]. Ideally, 
rehabilitation and comprehensive management should commence prior to amputation 
and be delivered by a multidisciplinary team specialized in amputee care. Through a 
holistic and multidisciplinary approach, the rehabilitation process comprises several 
stages of varying length: preoperative phase; pre-prosthetic phase; and, if likely, 
prosthetic training [25–27]. Post amputation rehabilitation and management is a team 

Life domain Mean ± SD Range (Min–Max)

Overall Life Satisfaction (Life as a whole) 3.86 ± 1.15 1–6

Vocational Situation 2.87 ± 0.96 1–6

Financial Situation 3.31 ± 1.06 1–6

Leisure Activities 3.31 ± 1.03 1–6

Social Contacts (Friends & Acquaintances) 3.57 ± 0.98 1–6

Sexual Life 2.87 ± 1.11 1–6

Ability to Manage Self-Care 3.75 ± 0.90 1–6

Family Life 4.21 ± 1.00 1–6

Partnership Relations 3.76 ± 1.47 1–6

Physical Health 3.74 ± 0.94 1–6

Psychological Health 2.97 ± 1.09 1–6

Overall LISAT-11 Score 38.22 ± 6.82 23–61

Table 2. 
Satisfaction with life scores among respondents based on LISAT-11.
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Variable N Univariate analysis Multivariate analysis

Crude ß 95% CI p-value Adjusted ß 95% CI p-value

Age (years)

18–30 28 Ref.

31–40 49 −2.45 −5.1-0.61 0.116 −2.66 −5.43-0.11 0.06

41–50 45 1.05 −2.05-4.17 0.505 −0.32 −3.22-2.57 0.825

51–60 47 −1.12 −4.21-1.96 0.473 −3.32 −6.26-
(−0.37)

0.027*

60+ 31 −5.39 −8.7-
(−2.02)

0.002* −5.37 −8.84-
(1.92)

0.003*

Sex

Male 107 Ref.

Female 93 .72 −1.19-2.63 0.456

Marital status

Single or 
divorced

82 Ref.

Married 102 4.18 2.28–6.1 0.000* 4.82 2.99–6.66 0.000*

Widow or
widower

16 −0.09 −3.60-3.43 0.962 1.9 −1.54-5.52 0.268

Education

No formal Edu. 25 Ref.

basic 48 2.91 −0.38-6.20 0.083

Second cycle 78 0.34 −2.72-3.41 0.828

Tertiary 49 2.22 −1.06-5.50 0.183

Employment

Employed 107 Ref.

Unemployed 93 −2.33 −4.21-
(−0.45)

0.016* −0.33 −2.25-1.59 0.735

Religion

Christian 141 Ref.

Muslim 45 −2.22 −4.50-0.06 0.056

Others 14 −3.34 −7.18-0.27 0.069

Amputation 
Location

Upper Limb 
Amputation

26 Ref.

Lower Limb 
Amputation

174 0.11 −2.72-2.95 0.08

Form

Unilateral 179 Ref.

Bilateral 21 −8.91 −11.76-
(−6.06)

0.000* −5.97 −9.05-
(−2.90)

0.000*
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approach with a physician, occupational therapist, physiotherapist, prosthetist, social 
worker to prevent complications, method of walking with a prosthesis, application, 
removal, and pressure sores, etc. [29]. Mahesh and Yochitha also reported that with 
good rehabilitation methods patients can be managed effectively with prosthetic limbs 
[29]. The treatment team must consider the patient’s physical and medical status, 
level of amputation, premorbid lifestyle, and cognition in providing this service, 
and will help the patient establish convincing short and long-term goals [25]. There 
is often a loss of economic power of the individual and his/her independence when 
they are not satisfactorily rehabilitated and integrated back into society [12], hence a 
multi-disciplinary team approach to rehabilitation and management offer the most 
effective means for effective re-integration of the patient with an amputated limb 
to their earlier lifestyle. The concern of rehabilitation specialists has long been the 
alterations and fluctuations that result from injury. To date, the restoration of mobil-
ity through proper shaping of the residuum, gait training, and proper selection and 
fit of prosthetic components of individuals with amputations have been the focus of 
rehabilitation [4]. Researchers have reported that psychological responses to amputa-
tion depend on several factors, which comprise expectations from the rehabilitation 
program [47–49]. There is a significant reduction in anxiety and depression scores 
following rehabilitation outcome in above-knee amputation than below-knee amputa-
tion [50]. The process of rehabilitation should be initiated before surgery, and post-
operative rehabilitation should commence as soon as medically feasible to improve 
outcomes wherever possible among amputees [12]. In terms of outcomes, rehabili-
tation has been established to be better in amputees who had trauma as the cause 
of their amputations than those from disease [30]. Using functional independent 
measures to evaluate patients during rehabilitation in all the patients was reported 
to be good [12], but women were seen to be rehabilitated better and faster than men 
[51]. Furthermore, younger age group amputees responded better to rehabilitation 
than the elderly [12]. The rehabilitation provided can vary between individuals, but a 
core role is to provide training on the use of a prosthetic limb [52]. A prosthetic limb 
enables individuals with an amputation to engage in meaningful activities that may be 
too difficult to complete with their other limb [53] and it provides the ability for those 
with an amputation to prevent injury [37]. There is a protocol for providing training 
to individuals with an amputation of the upper limb that focuses on prosthetic use 
and describes characteristics of a successful training protocol for rehabilitation [52]. 
Interventions during rehabilitation aim to enhance a client’s occupational perfor-
mance; that is, the performance of everyday tasks and routines in real-world contexts 
to a level that is effective and satisfying [54]. In summary, rehabilitation for amputees 
involves a multidisciplinary approach aimed at restoring mobility, independence, 
and quality of life. Early interventions focus on wound healing, pain management 

Variable N Univariate analysis Multivariate analysis

Crude ß 95% CI p-value Adjusted ß 95% CI p-value

Groningen score

Activity 
limitation

200 −0.21 −0.29-
(−0.13)

0.000* −0.13 −0.211-
(−0.04)

0.003*

Table 3. 
Linear regression models (crude and adjusted) assessing the impact of activity limitation on life satisfaction with 
adjustment for confounders.
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including phantom limb pain, and psychological support to address emotional 
adjustment [54]. Physical therapy begins soon after surgery to maintain strength, 
flexibility, and balance in the residual limb and remaining body. Key strategies 
include the use of assistive devices, gait training, and desensitization techniques [55]. 
Occupational therapy helps patients relearn daily activities using adaptive methods or 
tools. Prosthetic training is a central component, involving custom fitting, functional 
use, and ongoing adjustments [54]. Mirror therapy and virtual reality are emerging 
techniques to reduce phantom pain and improve motor control. Peer support and 
vocational rehabilitation also play important roles in long-term adjustment. Overall, 
individualized, goal-oriented care is essential to maximize functional outcomes for 
amputees [53].

3. �Conclusions

Amputation significantly affects both activity limitations and overall life satisfac-
tion. Participants reported infrequent engagement in activities of daily living (ADLs) 
and instrumental activities of daily living (IADLs), especially those involving mobil-
ity and household tasks such as preparing meals. While they were able to perform 
these activities, it was often with difficulty and functional limitations, particularly 
in mobility-related ADLs and most IADLs. These challenges are largely due to the 
physical effort and energy demands associated with these tasks. Overall, respondents 
rated their life satisfaction as moderate, suggesting some positive outcomes from their 
ongoing rehabilitation. However, notable dissatisfaction was reported in areas such as 
vocational engagement, sexual activity, financial stability, and psychological well-
being. In contrast, greater satisfaction was expressed regarding family life, partner 
relationships, and physical health. These disparities highlight how financial strain, 
difficulty returning to work, and challenges in intimate relationships can adversely 
impact psychological health. Activity limitation emerged as a key predictor of life 
satisfaction. Greater limitations in performing ADLs and IADLs were associated with 
lower levels of satisfaction. Therefore, effective rehabilitation plays a critical role in 
improving outcomes for amputees. The primary goal of post-amputation rehabilita-
tion is to enable independent mobility, enhance functional ability, and support social 
reintegration. Ideally, rehabilitation should begin preceding the surgical procedure 
and be delivered by a specialized, multidisciplinary team. This team-based approach 
typically involves several phases: preoperative, pre-prosthetic, and prosthetic training 
if applicable. Core team members may include physicians, occupational therapists, 
physiotherapists, prosthetists, and social workers. A comprehensive plan must 
consider the individual’s medical status, level of amputation, cognitive function, and 
pre-amputation lifestyle to establish realistic short- and long-term rehabilitation goals.
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Chapter 11

Assessment and Therapy 
of Speech Sound Disorders 
Associated with Cleft Palate Using 
Electropalatography
Ichiro Yamamoto and Yuri Fujiwara

Abstract

Electropalatography (EPG) is a device that records and displays in real time the 
tongue and hard palate contact dynamics during speech. The clinical application of 
EPG has been underway since the 1970s. There have been many studies concerning 
assessment of speech sound disorders. Visual feedback training with EPG has been 
found to be effective in treating speech sound disorders. The authors have introduced 
the clinical use of EPG for the clients with cleft palate since 2004. EPG assessment 
has identified a variety of spatial distortions such as excessive, and more posterior 
tongue-palate contact or no contact for oral consonants in speakers with cleft palate. 
For these clients, EPG therapy was effective to become aware of their tongue move-
ments. A synchronization system between EPG and endoscopy has also been intro-
duced and is being used to discuss treatment strategies for difficult-to-cure cases. This 
chapter reviews how the authors have utilized EPG in their clinical practice in Japan. 
The significance of clinical use of EPG, including telepractice, is to be discussed.

Keywords: electropalatography, speech sound disorders, cleft palate, assessment, 
visual feedback therapy, telepractice

1. �Introduction

Speech abnormalities associated with cleft palate include resonance, nasal airflow,
and sound production errors [1]. Resonance and nasal airflow can be corrected with 
surgery or with speech aids to improve nasopharyngeal closure, but sound production 
errors cannot be corrected without articulation training. Sound production errors 
associated with cleft palate are called “cleft speech characteristics: CSCs” [2, 3]. 
John et al. [2] developed the cleft audit protocol for speech-augmented (CAPS-A) as 
an assessment tool for use in intercenter audit studies of cleft speech. Based on the 
CAPS-A, the Japanese speech outcome tool (CAPS-A-JP) was developed [4].

CAPS-A classifies CSCs as anterior oral, posterior oral, non-oral, and passive 
errors, while CAPS-A-JP classifies them into three groups: oral, non-oral, and pas-
sive errors. Oral CSCs include inter-dentalization, lateral misarticulation, palatal/
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palatalization, double articulation (intraoral), posterior palatal or velarization 
with a raised tongue body, and backed to velar/uvula. Non-oral CSCs include active 
nasal/nasopharyngeal misarticulation, pharyngeal articulation, glottal articulation, 
and double articulation (oral and non-oral). Passive CSCs include weak pressure 
consonants and nasalized or nasal realization of pressure consonants. These sound 
production errors are basically assessed auditory. However, auditory assessments are 
subjective and may not agree among raters. The evaluation by electropalatography 
(EPG) provides objective support for auditory assessments.

2. �Electropalatographic observation of cleft palate speech

2.1 Equipments

Electropalatography (EPG) is a tool that provides information on the location and 
timing of the tongue’s contact with the hard palate during speech [5]. EPG requires 
that clients wear a custom-made artificial plate fit to their own palate. The EPG 
plate is embedded with 62 electrodes according to the anatomical landmarks and the 
wires from each electrode exit around the back of the rear molars to the corner of 
the mouth. The wires are connected to an EPG system, which shows real-time visual 
feedback of the tongue-palate contacts during speech. As synchronized recordings 
of the tongue-palate contact pattern and speech sounds are made, it is possible to 
analyze sound waves, sound spectrograms, and EPG patterns in synchronization. 
The authors started the clinical use of EPG in 2004. Initially, the Win-EPG system 
(Articulate Instruments Ltd., Edinburgh, UK) was imported and an artificial plate for 
each client was ordered to a dental technician’s office in Edinburgh. However, this was 
time consuming and too expensive.

In order to reduce the time and cost, the authors have developed an artificial plate 
for EPG (McYam Plate; The EPG Research Center, Nishinomiya, Japan) [6]. McYam 
plate was created based on the same concept as the Reading type artificial plate. It is 
made of approved dental materials, embedded with 62 electrodes 1.4x 0.7 mm in size. 
The electrodes are arranged on the plate according to the same anatomical landmarks 
and special regulations as the Reading type plate; thus, data obtained using McYam 
plate can be compared with those recorded using the Reading plate. It is also possible 
to make inter-client comparisons of the EPG data. The cost was reduced to half by 
reducing the time required to create the EPG plate, by using thermoplastic vacuum 
resin instead of acrylic resin base plate and creation of a module with 4 electrodes of 
12 different electrode widths.

A new EPG system (WinSTARS; Asahi Roentgen, Ltd., Kyoto, Japan) was devel-
oped as a Speech Training Aid and Recording System and patented in 2015 (Patent 
No. 5843894). The tongue-palate contact signal is transferred to a multiplexer 
through enamel wires and then by Bluetooth to a tablet-type personal computer. As 
there are no cables connecting the computer and multiplexer, client movement is not 
obstructed and a medical isolation transformer, which was necessary for WinEPG, 
is not required for clinical use of the plate (Figure 1). It is very convenient to operate 
and can be used at any place as needed. For EPG training, real-time visual feedback 
and delayed feedback are available. A model EPG pattern for a target sound can be 
displayed as necessary. The EPG recording setting is 100 Hz, and the audio settings 
are 22,050 Hz, 16 bits, and Mono. Video recording of the face is also possible, using 
a built-in web camera. When a client reads or names the prompted words or pictures 
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on the screen, his/her face is automatically recorded without the client’s awareness 
(Figure 1). Data recording is so easy that even a client can do independently, which 
enables them to practice and make records at their home. In 2021, EPG and nasopha-
ryngoscopy synchronization system was developed to see the relationship between 
nasopharyngeal closure function and articulation by replacing the face recording 
screen with a nasopharyngoscopy screen.

2.2 �Typical tongue-palate contact patterns for Japanese alveolar and post-alveolar 
sounds

Visual feedback training with EPG requires a target pattern for each sound. There 
are several reports of typical adult EPG patterns for English lingual phoneme targets 
[5]. McLeod and Singh [7] presented comprehensive coverage of EPG patterns for 
typical English speakers. However, EPG patterns for Japanese phoneme are limited. 
Imai, Wakumoto, and Niu [8] reported the EPG patterns for only three sounds [ta], 
[sa], and [ɾa], using Dynamic Palatograph (DP-20, Rion Co., Ltd., Tokyo, Japan). 
The EPG artificial plate they used was made from a set of standard templates to fit 
the individual’s palate. Therefore, the number of electrodes varied with each subject; 
furthermore, each electrode was placed at a different point within the hard palate. 
This made it difficult to compare lingual contact patterns among subjects and is prob-
ably a reason why there are limited EPG data regarding typical tongue/palate contact 
for Japanese sounds. Mochizuki, Yamagata, and Tokutomi [9] used the thin film type 
of palatography sensor, which has 96 electrode arrays covering the palate and maxil-
lary teeth. Japanese consonants [s, t, n, ɾ, ʃ, k] in a short sentence were analyzed. The 
contact pattern of each sound was shown as the common contact area for 18 subjects. 
Although the number of consonants analyzed was greater than that of Imai et al. [8], 
EPG patterns of consonants were extracted during a short sentence reading, and the 
number of electrodes was different, making it difficult to use them as targets in our 
clinical practice with the Reading type McYam plate.

To create a targeted EPG pattern for visual feedback training, cumulative tem-
plates were generated from EPG data of 15 typical Japanese-speaking adults [10]. 
Nine alveolar and alveopalatal sounds [t, d, n, s, ɕ, ts, dz., tɕ, dʑ], which are often 
practiced, were recorded in vowel-consonant-vowel syllables, such as [ata], and 

Figure 1. 
EPG equipment. A: EPG artificial plate (McYam Plate) B: EPG system (WinSTARS). C: Screenshot of 
WinSTARS.
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cumulative templates were generated from the maximum contact frame for each 
sound (Figure 2). EPG patterns varied from individual to individual, but the approxi-
mate patterns were consistent. The cumulative pattern of 15 individuals was consid-
ered a suitable target for visual feedback training (Figure 3).

However, it was questionable whether these target patterns are appropriate for 
clients with repaired cleft palate, as their dentopalatal morphology is different from 
that of normal subjects without cleft palate. To verify this question, cumulative EPG 
patterns were generated from data of 15 clients with repaired unilateral cleft lip and 
palate whose speech was perceptually adequate [11]. Although there was higher 

Figure 3. 
Target patterns for Japanese sounds.

Figure 4. 
Cumulative maximum contact frames of 15 post-operative cleft palate cases.

Figure 2. 
The cumulative maximum contact frames of /t/ for 15 examples of typical Japanese speakers.
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variability in tongue-palate contact patterns, the generated EPG patterns for each 
sound were largely similar to those of subjects without cleft palate (Figure 4).

2.3 EPG analysis of cleft speech characteristics

In this section, Cleft Speech Characteristics (CSCs) are analyzed using EPG. EPG 
videos (audio-visual information) are attached in appendices.

2.3.1 Lateral misarticulation

Tongue makes broad contact with the palate and does not form a midline groove 
for exhalation. Thus, airflow comes out from the side of the mouth and causes 
frictional noise. In Japanese, this misarticulation often occurs in high-front vowel 
[i] and syllables, such as [ɾʲi, nʲi, ɕi, ʨi, ʥi, kʲi, ɡʲi] (Figure 5) (Video 1 https://bit.
ly/3Rocphb).

2.3.2 Palatal/palatalization

During alveolar sound production, the extensively raised tongue body makes 
contact with the anterior part of the hard palate (Figure 6) (Video 2 https://bit.
ly/3Rocphb). Audibly, [ta] sounds like [tja].

2.3.3 Posterior palatal or velarization with a raised tongue body

During alveolar sound production, the tongue contact extends from the posterior 
part of the hard palate to the soft palate (Figure 7) (Video 3 https://bit.ly/3Rocphb). 
Alveolar sounds are distorted close to velar sounds.

Figure 5. 
Lateral misarticulation: [ɕi].
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2.3.4 Active nasal/nasopharyngeal misarticulation

This sound is mainly observed as a substitution of the consonants [s], [ts], and 
[dz] and syllables with the high-front vowel [i] and high-back vowel [u]. The tongue 
completely contacts the palate and prevents exhalation from the oral cavity, so the 
airflow is released from the nasal cavity through the nasopharynx (Figure 8) (Video 
4 https://bit.ly/3Rocphb).

Figure 7. 
Posterior palatal or velarization with a raised tongue body: [ʦu].

Figure 6. 
Palatal/palatalization with raised tongue body: [ta].
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2.3.5 Double articulation (intraoral)

Double contact of the tongue with the alveolar area and hard palate, etc. It sounds 
neither [ta] nor [ka] (Figure 9) (Video 5 https://bit.ly/3Rocphb).

Figure 8. 
Nasal/nasopharyngeal misarticulation: [ɕi].

Figure 9. 
Double articulation (intra-oral): [ata].
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2.3.6 Pharyngeal articulation

Fricatives and affricatives originally produced in the oral cavity are produced in 
the pharynx. The oral cavity does not form a groove for the production of fricative 
sounds (Figure 10) (Video 6 https://bit.ly/3Rocphb).

Figure 11. 
Glottal articulation: [ta].

Figure 10. 
Pharyngeal articulation: [sa].
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2.3.7 Glottal articulation

It is produced when the glottis is tightly closed and expiration is released in a single 
stroke. It is used compensatory when nasopharyngeal closure dysfunction makes it 
difficult to produce high-pressure consonants; plosives, fricatives, and affricatives. 
The oral cavity does not show the contact necessary for the production of each sound 
(Figure 11) (Video 7 https://bit.ly/3Rocphb).

3. �Visual feedback therapy using EPG

Visual feedback training using EPG has been used in speech therapy in the last 
three decades. Compared with conventional speech therapy, it is reported that fewer 
therapy sessions are needed to achieve treatment goals [12, 13], and rapid improve-
ment in articulation patterns has been observed during EPG therapy [14, 15]. It is 
also reported that this technique can improve clients’ awareness of their articulation 
problems [16] and provide motivation for therapy [12]. From our experience, EPG 
therapy is effective for older clients with residual articulation problems that have not 
been improved by conventional speech therapy.

3.1 Articulation training in the clinic

Since the authors introduced visual feedback therapy for treating articulation 
errors in 2004, more than 200 clients have experienced EPG therapy. At the 13th 
International Cleft Congress (2017, Chennai), a retrospective study was presented to 
clarify the characteristics of the clients who benefited from EPG therapy [17]. Most of 
the clients started EPG therapy after 6 years of age. The average age at initiating EPG 
therapy was 11 years (Figure 12). The target speech sounds, most often practiced, 
were alveolar and alveolo-palatal consonants [t, d, ʦ, ʣ, s, ɕ, ʨ, n, ʥ, ɾ] in that order. 
The most prominent abnormal EPG pattern was “retraction”, followed by “increased 

Figure 12. 
The age at initiating EPG therapy.
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contact”, “fronting”, “complete closure”, “asymmetry”, and “alveolar-velar double 
articulation” (Figure 13). The majority of the clients completed EPG treatment 
within 1 year and 6 months (Figure 14). In cases requiring a longer period of time, 
surgical and orthodontic intervention during the course interfered with EPG therapy.

This retrospective study revealed that EPG therapy is effective for school-aged clients 
with residual speech sound disorders, especially with alveolar and alveopalatal consonant 
errors. It is desirable to have done physical management before starting EPG therapy.

3.2 Articulation training at home

Although visual feedback training is effective in treating speech sound disor-
ders, increasing the frequency of outpatient treatment was not easy, due to lack of 

Figure 13. 
Atypical EPG patterns at the first recording.

Figure 14. 
Duration of EPG therapy.
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manpower on the treatment side and the busy schedule of the caregivers. To increase 
training frequency, the authors started EPG home training using a portable training 
unit (PTU, Articulate Assistant Ltd., Edinburgh) and a tablet-type WinSTARS.

A preliminary study on the effectiveness of EPG home training was conducted on 
five patients with cleft palate [14]. They visited the clinic once a month and received 
visual feedback training by speech therapist and took PTU home to practice by them-
selves. Each participant practiced three to seven alveolar and alveopalatal sounds, 
which were perceptually judged as palatal/palatalization, posterior palatal or velariza-
tion, and lateral misarticulation. After 10 to 15 months of home training, they acquired 
perceptually acceptable realizations for all of the target sounds and were discharged 
from the EPG therapy. These participants had received conventional therapy for 3 to 
8 years before they started EPG home training. Compared to this long duration, the 
EPG home training produced remarkable changes within a short period of time.

3.3 Telepractice using EPG

The 2019 Coronavirus pandemic (COVID-19) has had a serious impact on speech 
therapy. There was a period when the outpatient speech clinic was closed to prevent 
the spread of infection. Even after face-to-face therapy was resumed, it was required 
to wear a mask or face-shield and to keep physical distance. It was quite difficult 
to perform articulation therapy in this situation. In order to continue articulation 
training even with the COVID-19 pandemic, telepractice was introduced in many 
countries [18, 19]. Telepractice is a system that uses Internet-based telecommu-
nications technology to provide specialized speech-language therapy, including 
evaluation, intervention, and consultation, remotely to patients or community 
speech-language pathologists. Even before the COVID-19 pandemic, telepractice 
has been incorporated into the field of speech-language pathology. Shprintzen and 
Golden-Kushner [20] reported on telepractice for speech disorders in Velocardiofacial 
Syndrome (VCFS). The symptoms presented by VCFS are diverse and require special-
ized knowledge to deal with, yet there is still a lack of understanding of VCFS in many 
areas. They are implementing remote video therapy to provide appropriate treatment 
for patients with VCFS in collaboration with speech therapists in other countries. 
Sweeney et al. [21, 22] proposed the program PLAT: Parent-led Articulation Therapy, 
which allows frequent practice at home with the help of parents, due to the significant 
lack of speech and language therapy (SLT) services for preschool or school-aged chil-
dren after cleft palate surgery. This is a method of telepractice in which SLT provides 
an online articulation training program and checks the progress of the practice at 
home. All have implemented telemedicine to provide programs that meet the needs of 
underserved patients, inexperienced SLTs, and caregivers.

The authors started telepractice in 2020 and have done it for 37 patients so far. 
Initially targeted at patients who were unable to come to the clinic due to COVID-19, 
and subsequently targeted at patients who have difficulty making frequent visits 
for a variety of reasons. PTU (Articulate Assistant Ltd., Edinburgh) or a tablet-type 
WinSTARS (Asahi Roentgen Ltd., Kyoto) is loaned to most patients. Weekly online 
sessions used EPG to monitor the client’s tongue-palate contact patterns remotely, 
and visual feedback was also utilized for self-practice at home. After 10- to 30-weekly 
30-minute online sessions, their speech sound disorders resolved and speech intelligi-
bility improved [23]. The combined use of EPG and telepractice seems to bring wider 
access to speech therapy for patients with speech sound disorders who have little 
opportunity to receive speech therapy for various reasons.
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4. �Relationship between articulation and nasopharyngeal closure function

The author has been organizing the Kobe Conference since 1994 [24]. This is a 
transdisciplinary team of plastic surgeons, dentists, otolaryngologists, and speech-
language pathologists who meet approximately three times a year for joint consulta-
tions. Each time, 4–5 patients with residual speech sound disorders are invited. All 
participating professionals conduct perceptual assessment of speech, nasopharyngeal 
closure function tests (endoscopy, cephalometry, and nasometry) and listen to 
the needs of the patient and the family to determine a treatment plan. The most 
frequently consulted cases are those with nasopharyngeal closure dysfunction after 
primary cleft palate surgery, and some patients still have problems even after sec-
ondary surgery such as pharyngeal flap. Factors leading to nasopharyngeal closure 
dysfunction include residual organic problems, such as a short soft palate or fistula, 
or failure to use the closure function due to incorrect articulatory manipulation [25]. 
At the conference, the treatment plan takes into account organic problems, errors in 
articulatory manipulation, and the patient’s overall development. To see the relation-
ship between articulatory manipulation and nasopharyngeal closure function, a 
synchronization system between EPG and nasopharyngoscopy was implemented.

The idea for a synchronization system between EPG and nasopharyngoscopy came 
from the introduction of the software Articulate Assistant Advanced (AAA) provided 
by Articulate Instruments Ltd. (Edinburgh) [26]. This software is designed to record 
and analyze speech production data from instruments, such as ultrasound, video, 
electromagnetic articulography (EMA), VICON, magnetic resonance imaging (MRI), 
and EPG. It also controls the recording of ultrasound video and allows these to be 
synchronized with other instruments such as EPG.

In 2021, the authors started synchronizing EPG and nasopharyngoscopy using 
WinSTARS (Figure 15). Since then, synchronized EPG and nasopharyngoscopy were 
performed on 12 patients. This method was presented at the 68th Annual Meeting of 
the Japan Society of Logopedics and Phoniatrics, titled “Does articulatory manipula-
tion alter nasopharyngeal closure function?” [27]. Videos showing the synchroniza-
tion of EPG and nasopharyngoscopy can be viewed for one of these cases (Video 8 

Figure 15. 
Synchronized assessment: EPG and nasopharyngoscopy.

222



Assessment and Therapy of Speech Sound Disorders Associated with Cleft Palate Using…
DOI: http://dx.doi.org/10.5772/intechopen.1010001

13

https://bit.ly/3Rocphb, Video 9 https://bit.ly/3Rocphb). In this case, as articulation 
improved, nasopharyngeal closure function also improved.

Henningsson & Isberg [28] reported the cases whose nasopharyngeal closure 
function altered between oral and glottal articulation. That is, good nasopharyngeal 
closure was observed when high-pressure consonants were produced orally, but not 
when glottal stops were produced. This is a good example of the relationship between 
articulatory manipulation and nasopharyngeal closure function. Golding-Kushner 
[29] recommended “that surgical management of velopharyngeal inadequacy be 
delayed until after speech therapy has eliminated abnormal compensatory articula-
tion errors”. Synchronized EPG and nasopharyngoscopy may be useful to confirm 
whether and when surgical treatment is indicated.

5. �Future issues regarding the use of EPG

On the 24 January 2021, the 7th EPG Symposium was held online. At the invitation 
of the Japanese EPG Study Group, participants from several countries reported on the 
impact of the COVID-19 pandemic on research and clinical practice using EPG [30]. 
After the Symposium, Lee et al. summarized future developments regarding the use 
of EPG [31]. According to the report, EPG has been used extensively to investigate 
typical and atypical lingual articulation in dozens of languages [32]. In Japan, many 
studies were conducted with the DP (Rion Co., Ltd., Tokyo, Japan) in the 1980s, but 
they went downhill after DP production was discontinued in 1996 [33]. However, 
EPG studies using WinSTARS (Asahi Roentgen, Ltd., Kyoto, Japan) started to 
increase again from the 2000s. Recent studies in Japan have been conducted on a wide 
range of topics, not just cleft palate speech. For example, analysis of speech associated 
with jaw deformities [34], hearing impairment [35], lateral misarticulations [36], 
changes in tongue and palate contact dynamics due to speech rate control [37, 38], or 
research in the area of Japanese phonetics [39, 40]. International participants in the 
7th EPG Symposium are also continuing their research using EPG and McYam plate 
[41, 42]. EPG is still the unique instrumental technique designed to capture the details 
of tongue and palate contact dynamics during speech.

Lee et al. [31] raised several areas where EPG hardware might improve further; thin-
ner plates with better dental and palatal coverage, wireless connectivity, and new sensors 
for obtaining additional articulatory information. Various studies are being conducted 
on these issues, see Lee‘s paper for more information. Mat Zin et al. [43] also reviewed 
the EPG technology and stated “EPG can be upgraded and incorporates current tech-
nology, such as Bluetooth technology, telemedicine, and mobile application.” Further 
improvements are expected to advance the research and clinical use of EPG in the future.

6. �Conclusion

This chapter presents the clinical use of EPG, which provides detailed information 
on tongue-palate contact during speech. In the assessment, a variety of spatial distor-
tions have been identified in speakers with cleft palate. EPG video in appendices would 
help to understand cleft speech characteristics (CSCs). Visual feedback training using 
EPG is particularly effective in school-age and older cases that are difficult to treat with 
regular training. EPG is also effective at home training and telepractice. The authors 
hope that the clinical use of EPG will expand as one of the tools of speech therapy.
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