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Preface

The appropriateness of clinical judgment in formulating a treatment plan for physical
therapy may affect the effectiveness of physical therapy treatment itself. Therefore,
promoting a shift from conventional empiric-based physical therapy to evidence-
based physical therapy is essential. To implement evidence-based physical therapy,

it is vital to integrate not only the evidence from clinical studies but also the patient’s
intention and values and the physical therapist’s professional knowledge and skills to
make a comprehensive clinical judgment.

Toward the dissemination and practice of evidence-based physical therapy, this book

consists of three sections: “Physical Therapy Theory”, “Physical Therapy Assessment”,
and “Physical Therapy Practice”

The first section, “Physical Therapy Theory”, describes the basic principles and mod-
els of physical therapy and discusses the importance of evidence in physical therapy.

The second section, “Physical Therapy Assessment”, outlines how to evaluate patients
in physical therapy. This section covers the basic principles of assessment and how to
evaluate a patient’s physical condition and function.

The third section, “Physical Therapy Practice’, outlines treatment methods of physi-
cal therapy to improve a patient’s physical function. This section describes the devel-
opment of a physical therapy treatment plan, the actual practice of physical therapy,
and the role of evidence in physical therapy.

We hope this book will be a valuable resource for physical therapists, healthcare
professionals, and students.

I would like to express my great appreciation to the authors of this book and all those
involved in its editing.

Hideki Nakano, Ph.D.

Associate Professor,
Neurorehabilitation Laboratory,
Graduate School of Health Sciences,
Kyoto Tachibana University,

Kyoto, Japan
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Chapter1

Stages of Evidence Based Practice
in Physiotherapy

Ibvahim Ahmad Abubakar

Abstract

Each physiotherapist carries the ethical duty to practice in a holistic manner,
ensuring that treatment approaches are firmly grounded in the most up-to-date
evidence. Consequently, the primary objective of this chapter is to provide a com-
prehensive exposition of the essential stages that physiotherapists ought to adhere
to when addressing patients with deformities. Additionally, it seeks to empower
physiotherapists by offering practical insights into formulating precise and pertinent
queries during patient interactions. This includes effective strategies for sourcing
and evaluating evidence, which can then be judiciously applied to inform optimal
decisions regarding patient care and treatment strategies. Throughout the course
of this chapter, I will illustrate these concepts through the lens of a stroke patient
scenario, facilitating a more accessible grasp of the material. However, it is crucial
to note that the insights and instances presented within this chapter possess appli-
cability that extends to various other neurological conditions within the domain of
physiotherapy.

Keywords: evidence based practice, neurological conditions, physiotherapist, patients,
stroke, treatment

1. Introduction
1.1 Meaning of evidence based practice

Evidence-based practice (EBP) holds a crucial role in the fields of rehabilitation
and physiotherapy, progressively gaining significance. EBP is defined as the dedicated
use of the most reliable evidence available to guide decisions regarding individual
management, involving a fusion of clinical expertise, professional judgment, and
systematic research [1]. Sackett et al. [2] further refined the concept, describing it as
the fusion of top-tier research evidence, clinical proficiency, and patient preferences.
The National Institute of Public Health (NIPH) in 1996 characterized evidence-based
as the latest credible facts derived from pertinent, valid research. These encompass
the effects of healthcare approaches, potential treatment risks, diagnostic precision,
and prognostic foresight [3].

In essence, evidence-based practice in physiotherapy encompasses a methodi-
cal process of locating, evaluating, and applying current preeminent evidence to
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guide clinical actions. Practicing evidence-based physiotherapy involves integrat-
ing contemporary research findings with clinical skill and patient values, result-
ing in the most pertinent and effective care [4]. Despite its evident benefits in
physiotherapy and broader healthcare, the adoption of EBP remains inconsistent
in terms of quality [5]. Researchers and clinicians have voiced concerns about the
compatibility of EBP elements and the scarcity of relevant, substantiated research
[6, 7]. Bridging the gap between research and clinical insights can heighten the
competence of physiotherapists’ practice [8], guarding against inappropriate
healthcare utilization [9].

Given the rising accountability of healthcare professionals, including physio-
therapists, this framework gains significance as a guiding principle. Some argue that
a moral obligation exists for practitioners to base decisions on research findings [7].
Physiotherapists can enhance patient management outcomes by integrating three
distinct forms of evidence into their decision-making process.

1.1.1 Scientific research

Scientific research stems from rigorous hypothesis testing and observation,
providing valuable experiential insights. When communicating research evidence
to patients, it’s essential to use clear and straightforward language and encour-
age open-ended questions to ensure patient comprehension. Physiotherapists are
responsible for identifying, evaluating, and summarizing research evidence perti-
nent to patient care.

Best
External
Evidence

Tl

Value:
& tatic

tions

Figure 1.
Evidence based medicine (EBM).
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1.1.2 Clinical expertise

Clinical expertise encompasses both implicit and explicit knowledge gained
from experience in diagnosing, intervening, preventing, and predicting outcomes
for patients with physical conditions. This knowledge is accumulated over time and
contributes to refining patient care.

1.1.3 Patient values

The foundation of decision-making and management lies within the caregivers,
patient relatives, and the patients themselves. Patient values can be categorized as
values and circumstances. Values include the patient’s beliefs, preferences, expecta-
tions, and cultural identity, which significantly influence their life choices and
decisions [10].

In the original framework (depicted in Figure 1 above), to summarize, the
most reliable evidence often emerges from clinically significant research carried
out with robust methodological procedures. Clinical expertise encompasses the
amassed knowledge, experience, and clinical skills of the Physiotherapist. Patient
values encompass the distinct preferences, concerns, and expectations that each
patient brings when engaging in a clinical interaction. The integration of these
three elements constitutes the foundation of making evidence-based clinical deci-
sions [11].

2. Aim of evidence based practice

The primary goal is to empower healthcare professionals, including
Physiotherapists, to make well-considered choices regarding clinical practice by
employing the ‘thoughtful, clear, and prudent utilization of the most current and
reliable evidence within the healthcare system’ [11].

3. The stages of evidence-based practice (EBP)

In their work [12], a set of six stages outlining evidence-based practice was
delineated. Physiotherapists are advised to adhere to these stages in order to provide
optimal care for their patients (Figure 2).

3.1 How to formulate a clear and answerable clinical question

The time allocated for assessment and diagnosis in a clinic is often limited for
a Physiotherapist. As a result, efficiently searching for the most suitable available
evidence requires mastering the skill of formulating well-structured questions within
a short timeframe. Questions posed by a Physiotherapist to their patients can be
categorized into these groups [11]:

1. Etiology: How can I identify potential causes of a problem? For instance, what
leads to limited shoulder range of motion among stroke survivors?
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St e Formulate a clear and answerable clinical question

* Vigorous searching and finding of relevant literatures

Stage 2

* Assess the evidence for its validity and usefulness

* Find and incorporate the patient’s values and preferences

¢ Integrate findings in clinical practice

» Evaluate effectiveness

Figure 2.
Stages of EBP.

2. Assessment/Diagnosis: What crucial information should I collect? How can I
obtain that information and correctly interpret the results? For example, what’s
the optimal method for evaluating balance in stroke patients?

3. Treatment: Which intervention or procedure will be most beneficial for my
patient? For instance, what are the outcomes of applying the Proprioception
Neuromuscular Facilitation concept in post-stroke patients compared to other
physiotherapy approaches?

4.Prognosis: What’s the recovery pattern over time and what potential complica-
tions might arise? As an illustration, if my patient had a stroke two months ago,
when can they expect to regain independent walking ability?

5.Prevention: How can I avert emerging problems and enhance my patient’s well-
being? As an example, what’s the most effective approach to prevent shoulder
pain in post-stroke patients?

6. Differential diagnosis: When symptoms point to various potential diagnoses,
how do I determine the most probable one? For example, in a young man with
knee swelling, stiffness, pain, crepitus, quadriceps atrophy on examination, pain
on palpation, and resistance during extension, what’s the likely underlying cause?

3.1.1 PICO framework

The PICO framework holds great importance in shaping a precise question. This
framework identifies and outlines the crucial components of a well-organized ques-
tion. It’s important to remember that a focused question should address a single issue
atatime (Figure 3 and Table1).



Stages of Evidence Based Practice in Physiotherapy
DOI: http://dx.doi.org/10.5772/intechopen.1002776

-
#Patient population or problem of interest

J

1
sIntervention of interest

y,

.
eComparison intervention (if applicable)

>

~
*Qutcome

-

Figure 3.
PICO framework.

Example

Patient population or relevant
issue

What is the specific disease or
condition under consideration?

A 60-year-old woman dealing with
shoulder pain post-stroke

Intervention What particular treatment, Transcutaneous Electrical Nerve
modality, or procedure is being Stimulation (TENS)
focused on?

Comparison What is the alternative to Non-steroidal anti-inflammatory
the current treatment being drugs
administered? For instance,
placebo or medication.

Outcome What are the goals in terms of Reduction in the level of experienced
measurement, enhancement, or pain
impact?

Table1.

Using the PICO framework to develop a clear question.

An example of clinical question from the above table could be ‘Is TENS better
than non-steroidal anti-inflammatory drugs at reducing the intensity of post stroke

shoulder pain?’

3.2 Searching and finding the best evidence

Once you have carefully formulated a precise clinical question addressing the dis-
ease or condition presented by your patient, your next step involves sourcing the most
reliable evidence to address this query. A range of resources exists to aid your quest
for answers. These encompass personal experience, logical reasoning, and intuition,
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inquiring with a fellow practitioner, referring to textbooks, accessing pertinent
scientific papers from your personal collection, utilizing bibliographic databases such
as Medline or Embase, and consulting literature that’s clinically assessed or grounded
in evidence, along with established healthcare guidelines.

However, a caveat exists when relying on personal experience and subjective opin-
ions. Such an approach might not yield the most efficient, effective, and economically
viable treatment pathways. Conversely, seeking advice from a seasoned colleague
can be an expedient approach, especially when grappling with unique or infrequent
scenarios. It’s worth noting that textbooks, while informative, often become outdated
even before their publication, necessitating a cautious approach when consulting
them.

The specific type of evidence you seek hinges on your question’s scope. Navigating
the different types of research available will direct you toward attaining the utmost
level of evidence relevant to your specific clinical inquiry. By discerning the nature
of your question, you can methodically select the research avenue that aligns with
your inquiry, leading you to the most robust evidence available to inform your clinical
decisions effectively and accurately.

3.2.1 Levels of evidence

‘Levels of evidence’ refer to frameworks for categorizing research designs. These
systems rank research designs based on intervention assessment, evaluating their
reliability, validity (protection against bias and error), and truthfulness. Systematic
reviews, meta-analyses of randomized controlled trials, and evidence-based clini-
cal practice guidelines hold the highest status on the evidence hierarchy (illustrated

Cohort Studies

Case Series or Studies

Figure 4.
Level of evidence pyramid.
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as a pyramid in Figure 4), forming a robust foundation for treatment decisions.
Conversely, expert opinion is widely considered the least robust evidence category in

this hierarchy.
3.2.2 Observational studies: Understanding vesearch design

Research design encompasses two main approaches: qualitative and quantita-
tive. Both methods, if properly executed, are rigorous and valuable for addressing
significant clinical inquiries [13, 14]. Employing both designs within a single study is
especially advantageous for extensive trials assessing clinical practices. This compre-
hensive approach is particularly beneficial for large-scale trials aimed at evaluating
clinical practice.

3.2.3 Quantitative design

The quantitative design focuses on robustly examining hypotheses related to
predefined variables. Examples of such designs encompass clinical trials, comparative
studies, and epidemiological investigations. These studies primarily address queries
like “whether” (evaluating whether Physiotherapy treatment yields more benefits
than harm) and “how much” (measuring the strength of the correlation between a
specific risk factor, like hypertension, and the occurrence of a particular disease or
condition, such as stroke) [15].

3.2.4 Qualitative design

Qualitative studies delve into inquiries involving “how,” “what,” and “why” [15].
These studies often employ detailed interviews and focus group interactions to inves-
tigate and gain insight into “social, emotional, and experiential phenomena” within
healthcare contexts. Examples encompass exploring the significance of the stroke
experience for survivors and their families, offering a deeper understanding of these
individuals’ perspectives.

4. Critical appraisal

Critical appraisal constitutes a crucial aspect of evidence-based practice (EBP),
involving the meticulous and systematic evaluation of research evidence to gauge
its credibility, significance, and relevance to clinical application [16]. It’s pivotal to
recognize that diverse research designs entail distinct methodological procedures
and levels of validity. This distinction underscores the significance of compre-
hending how findings can be translated into practical use within specific clinical
contexts.

5. Implementing evidence-based into clinical practice

Incorporating optimal evidence-based practices into your daily routine as a
Physiotherapist is challenging. However, identifying barriers specific to your setting
can aid in devising a more efficient strategy, enhancing the likelihood of successful
patient management [17].

9
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Barriers Example
Structural Policies and Financial disincentives
Organizational Lack of staff skills, poor working environment or lack

of equipment/diagnostic tools

Peer group Local standard of care not standard
Individual inadequate knowledge, quackery, attitudes or skills
Professional-patient interaction Problems with information processing, lack of

communication skills

Consumers Wrong information and illiteracy

Table 2.
Barriers to implementing evidence-based practice [21].

6. Barriers to evidenced based physiotherapy

Barriers to evidence-based Physiotherapy can impede optimal patient care. The
challenges of a busy clinical setting may make accessing current, relevant evidence
difficult [18]. Reluctance to alter established practices in light of new evidence can
impede progress. Limited familiarity with research resources and a lack of confi-
dence in interpreting findings are common obstacles [19]. Moreover, the absence of
conclusive evidence might discourage practitioners, though it should not deter them
from engaging in evidence-based processes [20]. Overcoming these barriers through
education, enhanced resource accessibility, and fostering adaptability is vital for
advancing evidence-based Physiotherapy and ensuring informed, effective patient
management (Table 2).

7. Conclusion

Embracing evidence-based practice within Physiotherapy necessitates a resolute
commitment to furnishing optimal care for patients. Amid the bustling hospital
milieu, the initial stride toward effective evidence-based practice in Physiotherapy
lies in discerning where to access the most current, fitting, and superior evidence,
ideally in a readily accessible format. Equally vital is the determination and self-
assuredness to recalibrate practices in light of evidence.

Occasionally, the sought-after answers to inform clinical practice may remain
elusive. It’s essential to internalize that the absence of evidence does not imply
an absence of impact. The absence of conclusive evidence should not hinder
Physiotherapists from participating in the evidence-based process; instead, it
should fuel the impetus to galvanize fresh research endeavors in pursuit of the
requisite evidence within the domain of Physiotherapy. This resilience underscores
the dynamic nature of evidence-based practice as a driver for continuous improve-
ment and growth in the field.
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Chapter?2

Clinical Measurement as a Resource
for Evidence-Based Practice in

Physiotherapy

Sham’unu Isah Abdu, Abduljalil Hussaini Maikarfe,
Hassan Bukar Gambo, Isa Muhammadu Tanko
and Fatima Sada Sani

Abstract

Evidence-based practice (EBP) is the cornerstone of the twenty-first century.
It is an approach to healthcare that emphasizes making decisions based on the best
available evidence, combined with clinical expertise and patient values. The main
goal of every healthcare professional is to have credible and reliable justification for
the treatment of an individual patient. Scientific evidence should be used to influence
practice in physiotherapy. The need to measure outcomes in physiotherapy practice is
undisputed with the growing pressure on physiotherapy to embrace evidence-based
practice. An outcome measure gives baseline data before giving any intervention, and
initial outcomes may assist in establishing the path of therapy intervention. To evalu-
ate and enhance patient care, uphold professional standards, and “do the right thing,”
clinical audit is crucial.

Keywords: evidence-based practice, clinical measurement, clinical assessment tools,
outcome measures, clinical audit

1. Introduction

Evidence-based practice (EBP) is the cornerstone of twenty-first century. It is an
approach to healthcare that emphasizes making decisions based on the best avail-
able evidence, combined with clinical expertise and patient values [1]. The goal of
every healthcare professional is to have a credible and reliable rationale for treating
an individual patient. Physical therapists participate in an assessment process that
includes taking a medical history, conducting a systems review, and performing
clinical tests and measurements to identify potential and existing problems, as well
as to establish diagnosis and prognosis. In more recent times, there has been pressure
on physiotherapist from the government and other health insurers to become more
accountable for their practices and justify what they do. The need to measure out-
comes in physiotherapy is undisputed with the growing pressure on physiotherapy to
embrace EBP [2].
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Herbert and colleagues provided further guidance for using the principles of
EBP in physiotherapy, which is informed by relevant, high-quality clinical research
(evidence), coupled with physiotherapist practice-generated knowledge and patient
preference and perspectives. Integrating research results with the patient’s values,
circumstances and preferences, the physical therapist’s practical expertise, and the
clinical setting constitutes evidence-based physical therapy practice [3]. Despite the
obvious advantages of EBP, its implementation in physical therapy (and other medi-
cal disciplines) has been poor and variable in terms of quality [4]. Concerns about
the compatibility of aspects of EBP and the lack of clinically relevant research were
of concern [2]. Clinical measurement plays a vital role in generating such evidence
in order to promote the best possible clinical outcomes and offer patients/colleagues
with reliable information (Figure1).

1.1 High quality clinical research

The term clinical research is usually used to mean a comprehensive research of the
safety and effectiveness of the most promising advances in patient care that generate
knowledge with either experiment or observation conducted in a clinical environment [5].

1.2 Patient values and preference

Values and preferences relate to the belief that patients place on health outcomes.
Traditionally, healthcare professionals make decisions about treatment for their
patients. Recently, there has been a shift toward patient involvement in making
decisions. These concepts see patient values as a central part of quality healthcare
practices and highlight the importance of considering aspects that people value in
healthcare practices be taken seriously [6-9].

Clinical
Expertise

Best Patient
Research Values and
Evidence Preference

Figure 1.
Core concept of evidence based practice.
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1.3 Clinical expertise/clinical knowledge

Any knowledge that comes from professional practice and experience, which
includes the general basic skills of clinical practice as well as the experience of the
individual practitioner [10]. Practice knowledge should always be incorporated into
the decision-making process and thus contribute to professional judgments that
must be made together with patients. To achieve positive and gratifying outcome,
clinical expertise must take into account and harmonize the patient clinical condi-
tion and context, pertinent research findings, as well as the patient’s preferences
and actions.

1.3.1 Process of clinical decision-making

Clinical decision-making is a continuous and evolving process in which data is
collected, interpreted, and evaluated to make an evidence-based action decision [11].
Clinical decision-making brings together information from high-quality clinical
research, patient preferences, and information from therapists in a specific context.
Practice knowledge alone is not evidence. It only contributes to judgment that has
to be made in day-to-day practice. Decision has to interact with research evidence,
patient values, and practice knowledge.

Five steps for evidence-based Physiotherapy [12].

1. Ask question Converting the need for information into answerable question
(questions related to diagnosis, prognosis or therapy etc.).

2.Find information/evidence to answer question Track down the best evidence
with which to answer that question.

3. Critically appraise the information/evidence Critically appraising that evidence
for its validity and applicability.

4.Integrate appraised evidence with own clinical expertise and patient’s prefer-
ences Integrating the critical appraisal with our clinical expertise and with our
patient’s unique biology, values, and circumstances.

5.Evaluation Evaluating our effectiveness and efficiency in executing Steps 1-4
and seeking ways to improve them both for next time.

1.3.2 Advantages of evidence-based practice

Engaging with both research and clinical findings can enhance the proficiency
of physiotherapists’ clinical practice [1] and help prevent the misuse, overuse, and
underuse of healthcare services [13]. In an era of growing accountability of healthcare
practitioners, this may provide a useful framework within which to work. Indeed,
this has led some to argue that there is a moral obligation to base decision-making
on research findings [2]. Overall, Evidence-Based Practice provides a systematic and
structured approach to decision-making that benefits both practitioners and the
individuals they serve. It combines the best available evidence with clinical expertise
and patient preferences, leading to improved outcomes and higher quality care.
EBP improves patient/client outcomes, provides higher quality of care, ensures cost
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effectiveness, encourages professional development and transparency and account-
ability, reduces variation in practice, integrates research and practice, enhances
communication among interdisciplinary teams, and emphasizes the importance of
considering patient preferences, values, and needs when making treatment decisions.
This helps ensure that interventions align with patients’ goals and promote shared
decision-making.

2. Clinical measurement

Measurement is a key element of evidence-based practice that gives clinicians the
data they need to make decisions regarding patient care [14]. Questioning one’s own
practice is the beginning and end of the evidence-based physiotherapy process. It is
vital to constantly consider if the evidence-based procedure being used is yielding
the optimum results for the patient. The main goal of every healthcare professional
is to have credible and reliable justification for treatment on an individual patient. In
recent years, due to the escalating expenses of health care, providers have been under
more and more pressure to account for how their services are used. Concurrently,
increased competition in the market has made it necessary for practitioners to offer
evidence of treatment success to clients, insurance companies, and other funding
sources. Given these elements, there is a critical need to precisely identify cost-
effective treatments from the standpoint of the patient, their family, the healthcare
provider, and society at large [15]. Scientific evidence should be used to influence
practice in physiotherapy, and appropriately assessing health outcomes is a key tactic
for accomplishing this.

An outcome can be considered as the consequences of care, a substantial change
in the health condition of a patient [16], while outcome measures are tools used for
measuring changes in patients’ functioning, performance, or participation over time
following an intervention [17-19]. Using outcome measure to monitor patient health
status is seen as a crucial component of excellent clinical practice in physiotherapy
[20]. There are many practical concerns that must be taken into account when imple-
menting the day-to-day use of OMs, including the use and interpretation of OMs in
the clinical setting and the psychometric properties.

2.1 Selecting an outcome measure

Choosing the right outcome measure is one of the most crucial steps in its use in
clinical practice. When selecting an outcome measurement tool, the clinician must
consider the purpose for which the outcomes will be used and the key health areas to
be measured in the context of age, stage and patient status, and the clinical environ-
ment [21]. The need to decide which are the most relevant should be based upon
sound psychometric properties, which should be quick and easy to complete and
score and most importantly be intuitive to interpret (Table1).

2.2 Types of outcome measures used in clinical practice

Generic: These are questionnaires designed to evaluate perceived change in the
wide domain of general health and well-being across various medical conditions,
populations, or interventions, for example, SF-12 and Sickness impact profile
(SIP) [26].
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Psychometric Concern

Validity Validity is often defined as the extent to which an instrument measures what it purports
to measure [22].

Content validity: is the degree to which the content of the tool adequately reflects the
construct of interest [23].

Construct validity: is the degree to which the scores of a tool are consistent with
hypotheses based on the abstract concept [23].

Criterion Validity: when the measurement of one tool can be used as a substitute
measurement, for an established reference standard (gold standard) [23].

Concurrent validity: establishes the validity of two measurements taken at the same time
(perhaps one tool is considered more efficient than the Gold Standard) [23].

Reliability is the reliability of an outcome measure is the extent to which the outcome measure
scores remain consistent over repeated tests of the same patient under identical
conditions. (intra class correlation coefficient (ICC)) [24].

Test-vetest veliability: indicates consistency of measures over time, (i.e., with more than
one application).

Intra-rater veliability: indicates agreement of repeated measures obtained by the same
person.

Intervater reliability: indicate agreement between two or more examiners.

Responsiveness is the ability instruments have to measure small changes that are clinically important,
where participants or patients respond to effective therapeutic interventions [25].

Table 1.
Psychometric properties of outcome measures.

Dimension-Specific: focuses on how the patient perceives aspects like pain, locus of
control, anxiety, or coping pain rating scale and the Borg scale of perceived exertion
(limited to a single dimension of health) [27].

Condition-specific outcome measurement tools are questionnaires that have been
devised for specific diseases. Eg Arthritis impact mea-surement scale (AIMS), and
Western Ontario Rotator Cuff Index (WORC) [28].

Region-Specific: These are questionnaires that have been devised for specific
regions of the body, for instance, lower limb task questionnaire, Neck disability index
(NDI), and Disabilities of the arm shoulder and hand (DASH) [28, 29].

Patient-Specific: rely on the experiences of each patient rather than on predeter-
mined queries.

These center on the functional limitations status of the specific determined at the
time of questioning. Questions and answers are specific to individual patients, for
example, Patient specific functional scale (PSFS) [30].

3. Barriers toward evidence-based practice among physiotherapist

Evidence-based practice barriers can be thought of as modifiable elements that
prevent the implementation of EBP, and understanding them could help to improve
the environmental and organizational context as well as education [31]. In a recent
systematic review by Matteo Paci and colleagues that investigated the barriers to
evidence-based physiotherapy. The review included 29 studies reporting the opinions
of nearly 10,000 physiotherapists. Lack of time was the most frequently encountered
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barrier and was reported by 53% of physiotherapists. This was followed by language
(36%), lack of access (34%), and lack of statistical skills (31%). Herbert et al. [32]
report that even in most evidence-based practice settings, implementing an evidence-
based approach to clinical decision-making and practice faces significant practical
challenges. Many studies have identified several barriers to evidence-based practice in
physiotherapy and other health professionals. In a cross-sectional survey conducted
in Columbia, 56% of the respondents indicated that the most common barrier was
lack of research skills as being the most important barrier to using EBP. The next two
highest rated barriers that were rated as significant barriers were lack of understand-
ing of statistical analysis and inability to apply findings to individual patients having
unique characteristics [33]. Hannah C, [34], conducted a survey among the mem-
bers of the Malaysian Physiotherapy Association and other practicing therapists in
Malaysia to identify the knowledge, attitude, and barriers toward the implementation
of EBP among physiotherapists. Time constraints, limited access to databases, and
lack of generalizability of studies result are the three major barriers to implementing
EBP [34]. Another survey carried out in Pakistan identified lack of availability of
resources to access information as the biggest barrier followed by lack of time and lack
of support among physiotherapists [35]. In a well-conducted study carried out in New
South Wale, United Kingdom, 60% of survey participants reported that perceived
impacts on the therapeutic alliance is a barrier to applying evidence, followed by skills
and environmental context and resources [36]. These reported barriers are similar to

Domain Barrier Facilitator

Competence/skills Lack of knowledge, education, Sufficient knowledge and education
routine, and experience
Diagnosis focused on International Measurement instruments are already used in
classification of function domain: daily routine
body functions

Attitude Resistance to change Readiness to change
No conviction of additional value Positive attitude toward the use of
on the plan of care measurement instruments
Being overloaded with information Conviction of contribution to quality of

physical therapy care

Practice Takes too much time Patient computer system
Absence of practice policy Presence of practice policy

Colleagues Lack of discussions, meetings, and Regular meetings and feedback from colleagues
feedback from colleagues
No adherence to the agreements Innovative teamwork and cooperative
made colleagues

Patient Different expectations and Patient wants objectives to evaluate outcome
preferences: needs no measurement of therapy
instruments, wants only therapy,
and puts pressure on therapist

Measurement Poor availability Good availability

instrument Difficult choice
Feasibility: extensive, difficult
interpretation, and unclear
instructions

Table 2.

Stevens, J. G. A., identifies some physical therapist barriers to and facilitators of the use of measurement

instruments.
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those reported from other similar studies conducted by other healthcare disciplines
such as nursing [37-41], internal medicine [42], emergency medicine [43], and
dentistry (Table 2) [44].

4. Audit of clinical practice in physiotherapy

Audit of treatment is an accepted technique for assessing the effectiveness and
efficiency of a practice as well as the accuracy of record keeping that should be
based upon high-quality clinical research. A clinical audit is an approach of qual-
ity improvement that strives to enhance patient care and outcomes by a systematic
evaluation of treatment based on specific criteria. Changes will be undertaken as
appropriate, and additional monitoring will be employed to validate healthcare
improvements [45].

4.1 Why audit the clinical practice?

Clinical auditing is a valuable tool for assessing and enhancing patient care,
maintaining professional standards, and promoting ethical practices. Healthcare
professionals can use this approach to identify and track areas of risk in their services.
Additionally, auditing fosters a culture of quality improvement within the healthcare
industry, increases job satisfaction, and improves healthcare quality and efficiency.
Completion of the audit cycle establishes the effectiveness of the audit in improv-
ing the care of patients [46]. The practice audit can be carried out by the individual
clinician; however, it is better to have someone else collect the data methodically and
without bias. The patient’s physiotherapy record is the primary source of data that
the auditor examines to check if the practice recorded tallies with set evidence-based
criteria. If there was a discrepancy between the practice and the criteria, an action
plan should be implemented against the established discrepancies. Repeating the
audit cycle is mandatory to ensure adherence is greater.

The cyclical process of clinical audit can be outlined in five stages.

* Planning for audit

* Setting standards/criteria
* Measuring performance
* Making improvement

* Sustaining Improvement

Stage 1. Planning for audit: The success of an audit project’s outcome depends on
proper planning and preparation. In this stage stakeholder engagement, choosing the
audit topic and planning the delivery of audit fieldwork are crucial for the success of
the audit [45].

Stage 2. Selection of standards and criteria: Following the selection of the audit
topic, the next critical step is to analyze the available evidence to define the standards
and audit criteria against which the audit will be conducted. Evidence-based stan-
dards are preferred [47].
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Planning for
Audit

Sustaning Standard/Criteria
Improvement selection

Making Measuring

Improvements Performance

Figure 2.
Cycle of clinical audit.

Stage 3. Measuring performance: This stage involves collection of data, analysis
of data, drawing conclusions, and presenting results. It is essential that the data
collected during a clinical audit is accurate and relevant to the audit being con-
ducted. The audit team should specify and approve the data source. Deciding which
source to use depends on various factors, including accessibility, accuracy, and
completeness [48].

Stage 4. Making improvement: Changes should be put into effect in this stage, and
to ensure that necessary changes are made, all effective audit programs must include a
program of change activities and post-identification of the audit results to ensure that
the required changes take place [49].

Stage 5. Sustaining improvements is also crucial: This stage involves monitoring
the quality improvement plan, performance indicators, dissemination and celebrating
success, and reauditing. The audit cycle is a continuous process that involves two data
collections and a comparison of that data after the change has been implemented after
the first data collection to determine whether the desired improvements have been
achieved (Figure 2) [50].

5. Conclusion

Measurement is a fundamental component of evidence-based physical therapy
that provides most of the essential information clinicians need to make decisions in
patient management. Effort to enhance the utilization of outcome measure in physio-
therapy practice through the use of best available research evidence have resulted in
the wide spread use of the term “evidence-based practice.” Physiotherapists should be
better equipped to integrate data from high-quality research with patient preferences
and professional expertise.
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Abstract

Walking disorders not only significantly reduce activities of daily living and lower
the quality of life, but also increase the burden on caregivers and the use of social
resources. Therefore, an appropriate assessment of walking independence is very
important in physiotherapy practice. Several indices have been reported to assess
walking independence in stroke patients. Most of them are evaluated with a focus on
physical function and balance ability, and the cut-off values for each indicator have
been reported. This chapter describes the validity, relevance, and cut-off values of the
balance and walking indices used to assess walking independence in stroke patients,
and outlines their clinical applications.

Keywords: physiotherapy, evaluation, level of walking ability, balance, stroke

1. Introduction

Aging is often associated with a decline in physical function, which ultimately
leads to a loss of independence while performing activities of daily living (ADL).
Walking is a general ADL and is important as a major determinant of the quality
of life (QOL) in older people. Walking velocity has been called the ‘sixth vital sign’
because it is a central indicator of health and function in older people [1]. There is also
a significant difference in the walking velocity and ADL dependence between those
with sarcopenia and healthy older people [2]. Furthermore, walking velocity indicates
neuromuscular quality and is an important determinant of aging [2]. Algorithms
involving walking velocity measurement that have been developed to determine
sarcopenia in older adults are simple and reliable [3]. They have also been used to
diagnose functional impairments and dependency disorders in older adults [3-5].
Similarly, a decrease in walking velocity because of reduced muscle mass is associated
with aging [1]. These factors raise the concern that the likelihood of developing a
walking disorder increases with age, even in the absence of specific diseases. Walking
disorders are accompanied by limitations in mobility and activity and they restrict
ADL and lower the QOL. Therefore, maintaining and improving the walking ability
during rehabilitation is an important goal for physiotherapists. In this chapter, the
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evaluation indices that are generally used to determine walking independence and
those used to determine walking independence in stroke patients are described in
sections.

2. The various assessment indicators in the determination of walking
independence

Most measures of walking independence are based on walking ability, physical
function [disease and motor function in the region of the impairment], and balance
ability. This section describes various assessment indices used to determine walking
independence.

2.1 General assessment indicators for determining walking independence

There are a wide range of diseases that require physiotherapy. Therefore,
physiotherapists need to consider the characteristics of individual diseases and the
stage of the disease to appropriately assess the degree of walking independence. The
most commonly used evaluation indices for walking independence are those that
assess balance and walking indicators. The Functional Reach Test (FRT'), Berg Balance
Scale (BBS), and Mini-Balance Evaluation Systems Test [Mini-BESTest] are com-
monly used as evaluation indices for balance ability, and their reliability and validity
have already been reported [6, 7]. The 10-meter walking test [IOMWT] [8] and the
Timed Up and Go (TUG) test are generally used as walking indicators. This section
summarizes the assessment indicators commonly used in walking independence
assessment and their details (Table1).

TUG is reportedly a reliable assessment, strongly correlating with balance, pos-
tural control, walking ability, and fall risk [8, 13]. TUG >13.5 s and BBS < 46 points
are the cut-off values for a balance disorder [9]. In frail older adults, the cut-off value
of the FRT to determine the risk of falling is >18.5 cm [6]. Furthermore, the cut-off
value of the Mini-BESTest to determine walking independence in patients admitted

Evaluation indicator Detail
Balance Functional Reach Test (FRT) [6] The cut-off value for discriminating the risk of
ability falls in frail elderly people is >18.5 cm.
Berg Balance Scale (BBS) [9] Balance impaired the cut-off value of 46 points.
Mini-Balance Evaluation Systems Test In patients admitted to recovery units, the Mini-
(Mini-BESTest) [10] BESTest cut-off value for determining walking
independence is 18 points.
Walking 10-meter Walking Test (10MWT) [11, 12] In patients admitted to recovery wards, the cut-off
ability value for walking independence is 0.8 m/s.

In community-dwelling elderly, indoor walking
independence is 0.5 m/s; outdoor walking
independence is 1 m/s.

Timed up and Go Test (TUG) [9] The cut-off value for determining a balance
disorder is >13.5s.

Table 1.
Generally used assessment indicators for determining walking independence.
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to rehabilitation wards is 18 points [10]. The BBS score of hip fracture patients
admitted to rehabilitation wards helps to predict walking independence at discharge
and determine treatment according to the predicted level of independence [14]. The
reported cut-off value for the I0MWT, a walking indicator, for walking independence
in patients in recovery wards is 0.8 m/s, indoor walking independence in older adults
living in the community is 0.5 m/s, and outdoor walking independence is 1 m/s [11,
12]. As described above, several previous studies have reported on the use of general
balance and walking indicators to identify cut-off values for determining walking
independence and fall risk.

2.2 Indicators for assessing walking independence based on walking ability
in stroke patients

Walking disorders are one of the most serious consequences associated with
stroke, and approximately 30% of stroke patients have difficulty walking indepen-
dently even in the chronic phase [15]. In addition, 38% of stroke patients are unable
to walk at 6 months after stroke onset [16]. Stroke is a neurological disease and its
sequelae are associated with physical disability. Walking disorders are observed
in more than 50% of stroke patients. Walking disorders may be due to motor or
sensory disorders, spasticity, or balance disorders [17]. It is necessary to assess the
factors involved in walking disorders to improve walking independence. Walking
ability includes walking independence, velocity, and endurance. The Functional
Ambulation Categories (FAC) are used to assess walking independence, the
10MWT to assess walking velocity, and the 6-minute walk test (6MWT) to assess
endurance. Stroke patients suffer problems such as motor paralysis and sensory
impairment [17, 18]. Moreover, impaired balance is due to reduced motor control
of the limbs, pelvis, and trunk, sensory impairment, and impaired spatial percep-
tion of the body [19]. Furthermore, impaired balance has been reported to lead to
reduced mobility [20]. Therefore, it is essential to assess gait ability from multiple
perspectives using the above assessment indices to appropriately assess stroke
patients’ gait ability (Figure1).

The FAC is a walking indicator that classifies walking ability on a 6-point scale
from O to 5 based on the amount of care required while walking and has been
reported to have excellent reliability in patients with post-stroke hemiplegia [21].
The FAC at 4 weeks after stroke onset has been reported to have predictive validity
for walking ability at the regional level 6 months after stroke onset [21]. In addition,
walking velocity is one of the most sensitive measures to assess walking indepen-
dence, using an assessment index related to walking indicators, walking velocity
being one of the walking ability indicators [22]. It has also been reported that the
comfortable walking velocity for the 10MWT is a valid walking indicator for assessing
walking ability in stroke patients [23]. Another study reported that the trunk control
test (TCT) and FAC can predict walking independence 45 days after stroke onset
[24]. Previous studies have compared the BBS, Mini-BESTest, and Functional Gait
Assessment (FGA) in terms of reactivity, floor effect, and ceiling effect at different
levels of walking: The BBS showed the highest relative effect in the FAC2-3 group and
the Mini-BESTest showed the highest relative effect in the other two groups (FAC 4-5
and 6) [25]. In patients with FAC 2-3, the floor effect occurred with the FGA, and in
patients with FAC 6, the floor effect occurred with the BBS [22]. The BBS is suitable
for stroke patients with FAC 2 to 5, while the MBT and FGA are suitable for stroke
patients with FAC 4 to 6 [25]. The cut-off values for the 10MWT in stroke patients are
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<0.4 m/s for those with walking independence at home, 0.4-0.8 m/s for those with
walking independence in a limited area, and > 0.8 m/s for those with walking inde-
pendence in the community [26]. Furthermore, walking endurance and velocity are
good predictors of whether subacute stroke patients will reach community walking
levels at 6-month post-discharge. The cut-off values are 195 m and 0.56 m/s, respec-
tively [27]. The 10MWT and 6MWT have different cut-off values depending on which
level of walking independence is targeted, so the meaning of the measured times and
distances should be interpreted according to the needs of the individual patient.

2.3 Indicators for determining walking independence based on physical function
in stroke patients

Patients present with a wide range of clinical symptoms following stroke.
Post-stroke motor function impairment appears as muscle weakness, abnormal
muscle tone, and impaired motor coordination, and mobility is also impaired with
these symptoms. Voluntary neurological recovery of post-stroke motor function pro-
gressively improves over the first 3-6 months after stroke onset, before reaching the
ceiling [28]. In physiotherapy, it is necessary to quantitatively assess physical function
and plan intervention methods tailored to the patient, with the aim of improving the
patient’s physical function.

Various assessment indices, such as the Fugl-Meyer Assessment (FMA),
Brunnstrom recovery stage, Motor Assessment Scale (MAS), and Stroke Impairment
Assessment Set, have been developed to evaluate motor function in stroke patients.

The reliability and validity of these assessment measures have been reported
[29-31]. Stroke also reduces the ability of the trunk coordination immediately after
stroke onset. In particular, reduced trunk muscle activity reduces pelvic movement,
affecting trunk asymmetry and causing reduced balance ability [32]. The TCT and
Trunk Impairment Scale (TIS) are reliable and valid as assessment indices of trunk
function in stroke patients [33-35]. It has also been reported that in stroke patients,
the TIS score on admission is strongly correlated with the National Institutes of
Health Stroke Scale, upper limb FMA, and lower limb FMA scores [29]. Furthermore,
trunk function has been shown to influence stroke severity and upper and lower limb
motor function. The cut-off values for determining walking independence in stroke
patients using each index to assess motor function are described below. Patients with a
lower limb MAS score of >5 within 4 weeks after stroke onset can walk independently
[36]. In addition, patients with a TCT score of <50 at 14 days after stroke onset have a
FAC < 4 [34]. Thus, previous studies have shown that the motor function of the para-
lyzed lower limb and trunk function affect the physical functional factors involved in
the degree of walking independence in stroke patients.

Motor function impairment Assessment index

Functional Ambulation Categories (FAC)

—— 10-metreWalkingTest (10MWT)

Walking impairment
\ / Timed up and Go Test (TUG)
Impairment of balance

6-minute walk test (EMWT)

Stroke

Figure 1.
Assessment index for gait ability in stroke patients.
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2.4 Indicators for the assessment of walking independence based on balance
ability in stroke patients

Stroke causes a variety of complications, including muscle weakness, sensory
impairment, and cognitive decline [35]. Sensory impairment, in particular, affects
balance and postural control in stroke patients and is important for keeping the body
upright and stable under different conditions [37]. Reduced balance ability after
stroke is associated with reduced ADL [38] and limited social participation [39].
Decreased balance ability is caused by reduced motor control of the limbs, pelvis, and
trunk, sensory impairment, and reduced spatial cognition of the body [19]. It has also
been reported that reduced balance ability increases the risk and fear of falling [20]
and leads to reduced ADL and a lower QOL [40]. After stroke, patients present with a
wide variety of clinical symptoms. It is, therefore, essential to assess motor function
as described in the previous section and balance function in detail (Figure 2).

The commonly used balance assessment indices in stroke patients include the BBS,
FRT, TUG, and one-leg standing (OLS). Their role in determining treatment strat-
egy is limited, but their effectiveness in stroke patients has been reported [41]. The
cut-off value of the FRT to determine the presence of falls in stroke patients is 15.0 cm
[42]. The BBS, one of the typical assessment indices, has also been found to be a very
valid and reliable means of assessment of balance ability in stroke patients [43]. This
section provides a table summarizing the assessment measures used in gait indepen-
dence assessment in stroke patients and their details (Table 2).

The BBS has been reported to have a cut-off value of 31 points as a discriminatory
criterion between the falls and non-fall groups in hospitalized stroke patients [44]. In
addition, stroke patients with a BBS score of >29 points on admission recover to com-
munity ambulation or walking ability without walking aids after 4 weeks. It has been
reported that if the BBS score on admission is >12 points, non-ambulatory patients
can reach walking independence [45]. Furthermore, the cut-off value for the BBS
score in chronic stroke patients based on walking at the community level (>0.8 m/s)
has been reported to be 47.5 points [46]. However, because the BBS, OLS, and FRT

Assessment index

Fugl-Meyer Assessment (FMA)

Motor function impairment Brunnstrom recovery stage (BRS)

Motor Assessment Scale (MAS)

Stroke Impairment Assessment Set (SIAS)

Stroke

Assessment index

Functional Reach Test (FRT)

Impairment of balance

Berg Balance Scale (BBS)

Mini-Balance Evaluation Systems Test (Mini-BESTest)

Figure 2.
Assessment indices for physical function and balance in stroke patients.
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have floor and ceiling effects [49-51], the Mini-BESTest was newly developed as a bal-
ance assessment indicator for patients with neurological disorders. The Mini-BESTest
is an evaluation index that calculates scores for six factors related to balance function
(biomechanical constraints, stability limits, postural change—predictive postural
control, reactive postural control, sensory function, and walking stability). It is also

a useful indicator for clarifying therapeutic intervention strategies for patients with
balance disorders by identifying problems in individual balance functions by the
element [47, 48]. The Mini-BESTest has also been tested for reliability and validity at
all stages of stroke patients. Furthermore, the cut-off value of the Mini-BESTest in
stroke patients based on walking at the community level (>0.8 m/s) has been reported
to be 18.5 points [46]. In summary, walking independence and fall risk can be better
determined by assessing the balance ability using the BBS, Mini-BESTest, and FRT
(Table 2).

3. Determining walking independence based on brain imaging in stroke
patients

Pathophysiological changes in motor recovery after stroke mainly occur within the
first 15 weeks after stroke, regardless of the severity of the initial motor impairment
[52]. Motor impairments stabilize after 6 months, which is considered as the chronic
phase [53]. However, it has been reported that motor function continues to improve
during the chronic phase through various mutually complementary brain plasticities
[52]. Brain imaging showing the structure and function of the motor cortex has also
been reported to help predict both motor recovery and motor outcome after stroke
[54]. Specifically, it has been suggested that the measurement of the corticospinal
tract (CST) in the acute phase may predict motor function. Early measurement of
the number of fibers in the CST predicts motor outcome (FMA score) at 12 months,
especially in patients with first stroke [55]. The number of fibers in the ipsilateral
and contralateral CST (FA value) in the acute phase suggests a good recovery of
motor function after stroke [56]. Moreover, neuroimaging and neurophysiology CST
biomarkers can predict the prognosis of motor function and response to treatment
after stroke and are recommended for use in clinical trials, including patient strati-
fication [57]. The CST can be elucidated using magnetic resonance imaging, and the
FA values of diffusion tensor imaging in particular have been identified as a reliable
tool to identify the structural integrity of CST after stroke [58, 59]. In summary, brain
imaging is a clinically important indicator when planning individualized rehabilita-
tion of patients. Recently, several studies have reported the use of brain imaging to
predict recovery of motor paralysis in stroke patients. It has been suggested that the
FA value of the ipsilateral CST on day 14 after stroke onset is significantly correlated
with improvement in motor paralysis [60-63]. However, the association with an index
to assess walking independence is not clear and is a subject for subsequent studies.

4, Conclusion

In this chapter, each section describes an index to determine the degree of walking
independence in stroke patients. It is clear that not only the reliability and validity of
individual assessment indices but also the degree of brain damage, motor paralysis,
trunk function, balance, and walking ability correlate with each other. Therefore,
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physiotherapists must assess the disability caused by stroke from multiple perspec-
tives. In addition, it is important to match the cut-off values for balance and walking
ability to determine the degree of walking independence. In the future, it will be
important to clarify the relationship between the results of brain imaging analysis
and indices of physical function, balance, and walking ability to improve the accuracy
of prognostic prediction and establish evidence for walking independence in stroke
patients.
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Chapter 4

Assessment of Brain Inhibitory
Function in Physical Therapy
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Abstract

Interhemispheric inhibition is an inhibitory function of the brain that enables
complex human locomotion and plays an important role in motor control. Traditionally,
interhemispheric inhibition has been assessed using transcranial magnetic stimulation,
functional magnetic resonance imaging, and electroencephalography. However, motor
overflow and bimanual coordinated movements have recently attracted attention as
behavioral indices involving interhemispheric inhibition. Motor overflow is defined
as the presence of involuntary movements or weak muscle activity that appears with
voluntary movements and has been found to occur mainly in the elderly, children, and
those with central nervous system diseases. In addition, interhemispheric inhibition is
involved in bimanual coordinated movements associated with interhemispheric motor
control and information processing. This chapter outlines motor overflow and bimanual
coordinated movements as new behavioral indices of interhemispheric inhibition and
proposes assessment methods that can be performed in physiotherapy clinics.

Keywords: brain inhibitory function, interhemispheric inhibition, motor overflow,
bimanual coordinated movement, elderly

1. Introduction

Interhemispheric inhibition is the mechanism by which the left and right cerebral
hemispheres inhibit the activity of the other hemisphere and is believed to occur
during voluntary one-handed movements [1]. Interhemispheric inhibition has also
been shown to be associated with motor control in humans [2]. In 1956, Creutzfeldt
et al. first reported the presence of inhibition in the cerebral cortex of cats [3].
Subsequently, in 1993, experimental evidence of inhibitory effects on the cerebral
cortex in humans was demonstrated using transcranial magnetic stimulation (TMS),
which non-invasively modulates brain activity [4]. Since the 1980s, several studies
have provided supportive evidence for the existence of interhemispheric inhibition
[5-7]. However, using two TMS devices, Ferbert et al. reported particularly reliable
evidence for the presence of interhemispheric inhibition in healthy adults [8]; in this
study, the effects of conditioning magnetic stimulation applied to the hand area of
one primary motor cortex and test magnetic stimulation applied to the hand area
of the contralateral primary motor cortex on electromyographic (EMG) responses
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evoked in the first dorsal interosseous muscle were examined. The results showed
that the test response elicited in the contralateral hemisphere was suppressed when
the interval between the application of conditioning stimuli to one hemisphere, and
the next test stimulus was more than 5-6 ms. The researchers termed this suppression
“interhemispheric inhibition” and hypothesized that it was induced via the corpus
callosum.

The measurement of interhemispheric inhibition has also been used to elucidate
the pathophysiology of movement disorders from a central nervous system perspec-
tive [5]. However, recent studies have demonstrated a link between age-related altera-
tions and interhemispheric inhibition [9]. Therefore, in the context of an increasingly
elderly population worldwide, interhemispheric inhibition may serve as a predictive
indicator of motor and cognitive decline in the elderly [9-11]. In this chapter, we
review the latest assessment indices for interhemispheric inhibition and assessment
methods for potential application in the clinical physiotherapy setting.

2. Interhemispheric suppression and conventional measurement methods

The presence of interhemispheric inhibition has been known since the 1990s, and
many studies have elucidated its mechanism as a cortical inhibitory function necessary
for motor control. Notably, studies on interhemispheric inhibition in humans have
employed functional magnetic resonance imaging (fMRI) and electroencephalog-
raphy (brain) when evaluating unilateral upper limb movements. In addition, some
studies have used noninvasive modulation of the brain activity using TMS to evaluate
interhemispheric inhibition instead of unilateral upper limb motor tasks. This section
reviews the traditional methods used to evaluate interhemispheric inhibition, differ-
ences between the measurement methods, and the results of the associated studies.

2.1 Interhemispheric suppression and TMS

TMS is a noninvasive tool that modulates the excitability of the motor cortex by
generating a magnetic field that passes through the scalp using a wire coil [12]. It has
been used as a rehabilitation treatment for stroke, spinal cord injury, traumatic brain
injury, and multiple sclerosis, as well as for neurophysiological diagnoses [13]. TMS
interventions for assessing interhemispheric inhibition have been reported since the
1990s. In 1998, Mayer et al. investigated the mechanisms underlying the development
of interhemispheric inhibition and tested whether a TMS-based approach could be
used to diagnose interhemispheric inhibition [14]. Fourteen patients with lesions
in the corpus callosum were included in this study. Of all the participants, four had
lesions in the cerebral corpus callosum, two in the anterior trunk, six in the middle
trunk, and two in the vastus callosum. TMS was applied to the hand regions of the
primary motor cortex at an intensity of 80% of the maximum voluntary contraction
(MVC) force. Surface electrodes were placed on the bilateral first dorsal interosseous
muscles, and EMG activity was measured. The results showed that interhemispheric
inhibition did not occur in one participant with a lesion in the corpus callosum nor
in six participants with a lesion in the corpus callosum trunk. The other participants
showed interhemispheric inhibition, leading to the conclusion that the majority of
fibers mediating interhemispheric inhibition passed through the corpus callosum.
Other studies have provided evidence corroborating the notion that interhemispheric
inhibition occurs via the corpus callosum [15, 16]. Therefore, TMS can modulate brain
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activity to induce interhemispheric inhibition. The corpus callosum has also been sug-
gested as a useful neurophysiological target for assessing interhemispheric inhibition.

2.2 Interhemispheric inhibition and fMRI

fMRI, based on MRI, is used to evaluate dynamic changes in the brain tissue
resulting from variations in neurometabolism [17]. In 2000, Allison et al. used fMRI
to examine interhemispheric interactions during a unilateral motor task compared to
during a resting state [18]; in this study, 13 healthy participants with a mean age of
36 years performed one-handed tapping exercises of the thumb and fingers from the
index to the little finger, in turn, for four sets of 30 s each. The tapping speed advised
to participants was to tap each of the four fingers and thumb, approximately every 2 s.
During the tapping task, brain activity was captured every 3 s using MRI, and 128 sets
of brain images were acquired in total. Data on regional changes in blood oxygenation
were extracted from the acquired brain images. The results revealed activation of the
sensorimotor cortex and subcortical regions contralateral to the hand movements, as
well as the ipsilateral cerebellum. In contrast, finger movements were shown to cause
significant inactivation (reduced blood oxygenation) in the ipsilateral sensorimotor
cortex, subcortical areas, and contralateral cerebellum. Thus, this study suggests
that the ipsilateral cerebral hemisphere and contralateral cerebellar hemisphere are
inactivated due to interhemispheric inhibition mediated via the corpus callosum.

Interhemispheric inhibition has also been shown to be related to aging. Gréschel
et al. examined age-related differences in the interhemispheric inhibition process, with
negative changes in the blood oxygenation level-dependent (BOLD) signal [19]. In
this study, 14 individuals from the younger group (mean age 23.3 years) and 13 from
the older group (mean age 73.2 years) were included. Peripheral electrical stimula-
tion was applied to the right median nerve in all participants, and the BOLD signal
of the somatosensory system was measured during stimulation. Peripheral electrical
stimulation was delivered at 40 Hz, a level that produces effective fMRI responses, and
two sets of stimulation for 30 seconds each were applied. The results showed negative
changes in BOLD signals across all participants in the right primary somatosensory cor-
tex, primary motor cortex, thalamus, and basal ganglia. When comparing the two age
groups, a significant difference in the inactivation of the right primary somatosensory
cortex was identified in the one set, indicating that the elderly group had significantly
less cortical inactivation during endogenous electrical stimulation. Thus, this suggests
that the inhibitory function in the brains of elderly individuals is reduced compared to
that in the young. In addition, a previous study reporting age-related changes in brain
structure using fMRI reported that the corpus callosum degenerates and interhemi-
spheric inhibition is reduced in the elderly [20]. This indicates that the measurement
of interhemispheric inhibition using fMRI mainly assesses regional changes in cerebral
blood oxygenation and morphological changes in the corpus callosum in response to
hand motor tasks and TMS. It has also been suggested that interhemispheric inhibition
is reduced in the elderly owing to age-related degeneration of the corpus callosum.

2.3 Interhemispheric inhibition and electroencephalogram (EEG)

EEG is a reliable, inexpensive, and useful tool for investigating electrophysiologi-
cal brain activity [21]. EEG measurements of motor tasks typically involve temporally
aligning repetitive motor events and averaging motor/event-related potentials that
indicate cortical activity. Studies on interhemispheric inhibition have shown that
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cortical activity is often narrowed to the beta frequency band (14-30 Hz) [22], which
is involved in the execution of movement, and to the alpha frequency band (8-13 Hz)
[23], which is involved in inhibitory processes within the brain [24]. The association
between the alpha frequency band and age-related decline in motor performance
control was examined in a previous study by Bonstrup et al. using EEG signal mea-
surement during hand motor tasks [25]. The participants included 15 young individu-
als with an average age of 25.0 years and 15 elderly individuals with an average age of
70.0 years. The specific fingermovement task consisted of ten consecutive tapping
movements with four fingers of the right hand. Tapping movements were performed
at 1 Hz intervals in a randomized, complex sequence. Based on the fact that inhibitory
control over motor performance depends on motor memory formation, EEG was
measured 1 h and 24 h after the task. The results, shown in Figure 1, revealed that

1h after the task, there was an increase in the alpha frequency band in the younger
group; however, this was not statistically significant. A significant decrease was
observed in the alpha frequency band in the older group. However, 24 h after the task,
there was a significant increase in the alpha frequency band in the younger group

but not in the older group. This study suggests that the age-related impairment of
inhibitory neurotransmission may explain the reduced alpha frequency band activity
observed in the elderly group. It has also been suggested that corticocortical interac-
tions in the motor control networks may be reduced in the aging brain.

In a combined EEG and TMS study, Ishibashi et al. [26] assessed interhemispheric
coupling during a motor task in 11 healthy male individuals (mean age, 24.9 years)
using interhemispheric signal propagation (ISP), recognized as a reliable method for
assessing interhemispheric coupling. The participants performed an experimental
task consisting of visual stimulation and TMS with simultaneous measurement of
motor-evoked potentials (MEPs) and EEG. In the experimental task, 100 trials were
performed for each of the four conditions in a randomized sequence: (1) TMS was
administered in the left primary motor cortex at rest, (2) TMS was administered in
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Figure 1.

(Ag) task-related spectral power (TR-Pow) topography diagram of the alpha frequency band of the sensorimotor
cortex in the young and elderly groups at 1 and 24 h post-task [25]. Only the TR-Pow located on the central
coordinates of the bilateral sensorimotor cortex is shown. In the right-hand diagram, the difference between the
two measurements (24 h and 1 h later) is plotted, and (B) bar chart showing the relative change in TR-Pow for
the alpha frequency band of both the groups. Error bars = 1 SEM ( p < 0.05; and p < 0.01).
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the left primary motor cortex at rest during a rapid abduction movement of the right
index finger, (3) TMS was administered in the right primary motor cortex at rest, and
(4) TMS was administered in the right primary motor cortex at rest during a rapid
abduction movement of the left index finger. The occurrence of EMG activity was
defined as the point at which the rectified EMG response in the first dorsal interos-
seous muscle exceeded 100 pV. A 19-channel recording electrode was used for EEG
measurements, and a reference electrode was placed at the earlobe. The sampling
frequency was recorded at 5 kHz. The results showed that the ISP from the left to the
right hemisphere during right-handed fast movements was higher than that from the
right to the left hemisphere. The results of this study suggest that the left primary
motor cortex strongly inhibits the right primary motor cortex. Thus, EEG-based
methods assess the functional connectivity between hemispheres, suggesting that
interhemispheric inhibition is involved in motor control.

3. Motor overflow

Recently, motor overflow has attracted attention as a new index for evaluating
interhemispheric inhibition. Motor overflow is said to be the spread of motor system
output, causing muscular activity in muscles that are supposed to be at rest, as well as in
target muscles [27] and an umbrella term used to describe the involuntary movements
that sometimes accompany the generation of voluntary movements [28]. This refers to
the involuntary movements or weak muscle activities that appear in conjunction with
voluntary movements. When motor overflow occurs on the contralateral side in target
muscles of the same group, it is referred to as a mirror movement [28, 29]. Regarding
the relationship between interhemispheric interactions and mirror movements, it has
been reported that the connectivity of the corpus callosum fibers connecting the bilat-
eral primary motor cortices is directly involved in the mirror movement that occurs
during dominant hand movements [30].

In humans, motor overflow is caused by abnormal corticospinal tracts [31]. Both
transcallosal and ipsilateral corticospinal tract hypotheses have been proposed to
explain the abnormal induction of corticospinal tracts. The ipsilateral corticospinal
tract hypothesis states that motor overflow is caused by the functional activation of
ipsilateral corticospinal projections due to the appearance of independent corticospi-
nal neurons and the abnormal branching of crossing corticospinal fibers [32]. Hence,
motor overflow is believed to occur in the ipsilateral hemisphere. In contrast, the
transcallosal hypothesis states that inhibition via the corpus callosum is reduced and
motor overflow is facilitated in the contralateral hemisphere [33]. Thus, motor over-
flow is believed to occur in the contralateral hemisphere. Previous studies have not
yet determined which hypothesis is applicable, and both theories have been treated
independently [32]. Further investigations are required to elucidate the mechanisms
underlying motor overflow. Motor overflow occurs mainly in the elderly, children,
and in central nervous system diseases. This section reviews the relationship between
motor overflow and diseases of the elderly, children, and the central nervous system,
as well as the evaluation methods and clinical significance of motor overflow.

3.1 Motor overflow in the elderly

Motor overflow in elderly individuals is primarily treated as an index reflecting
motor characteristics associated with age-related alterations in interhemispheric
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inhibition. In 2003, Bodwell et al. evaluated the magnitude and incidence of motor
overflow in the contralateral finger using a finger movement task in elderly individu-
als [27]. The participants of this study were 20 healthy adults aged 18-25 years and

20 healthy older adults aged 65-85 years. The finger movement task was a finger-
tapping task performed in response to auditory stimuli, and measurement parameters
comprised the EMG of the first dorsal interosseous muscle and the extensor and
flexor muscles of the wrist during the finger movement task. The results revealed that
elderly participants with greater manual dexterity exhibited greater motor overflow
in the right hand. These results suggest that motor overflow is not a sign of a decline
in the systems that control movement but instead reflects events that compensate for
compensatory brain activity. Similarly, motor overflow observed during finger move-
ment tasks has been reported to be caused by the increased activation of bilateral
cerebral hemispheres with advancing age [34, 35]. Recently, Morisita et al. reported
arelationship between interhemispheric inhibition and motor overflow using TMS
[11]. In this study, 22 individuals were included in a group of young individuals

with a mean age of 26.1 years and a group of elderly individuals with a mean age of
65.0 years. TMS was applied to induce isometric abduction of the right index finger at
15% MVC. The magnitude of the interhemispheric inhibition was assessed based on
the MEPs produced in the primary motor cortex contralateral to the primary motor
cortex to which TMS was applied, based on the dual-site paired-pulse TMS paradigm.
In addition, the participants performed an anti-phase tapping task in which they
alternated between synchronized tapping of the left index finger and right middle
finger and synchronized tapping of the left middle finger and right index finger. The
magnitude of motor overflow was assessed using the EMG waveform of the left first
dorsal interosseous muscle. The results showed that older adults performed better in
antiphase tapping as interhemispheric inhibition decreased due to higher motor over-
flow. Additionally, the lower the interhemispheric inhibition, the higher the incidence
of motor overflow. Thus, it has been suggested that older adults may mobilize exten-
sive bilateral regions of the brain to improve or maintain performance. Therefore, the
prevalent theory is that motor overflow in older adults appears as a result of decreased
interhemispheric inhibition to compensate for the loss of motor capacity associated
with age-related changes.

3.2 Motor overflow in children

Children experience motor overflow in the same manner as older adults. However,
the factors contributing to motor overflow in children have been shown to be dif-
ferent from those in older adults, who have reduced interhemispheric inhibition to
compensate for their reduced motor skills. Specifically, Adamo P K et al. examined
this factor by comparing children and adults [36]. The study included 17 children
aged 8-11 years and 17 adults aged 18-35 years. The participants performed flexion
exercises of the index finger at 33 and 66% MVC. The results showed that children
had significantly greater motor overflow than adults, especially in the dominant
hand, when exercising with the nondominant hand. These results suggest that motor
overflow in children may serve as a stabilization strategy for movement, especially
when exercising with the nondominant hand. A follow-on study comparing three
generations, comprising 17 children aged 8-11 years, 17 adults aged 18-35 years,
and 16 elderly individuals aged 60-80 years was performed [37]. The participants
performed the same flexion exercises as the prior study [36]. The results revealed
that motor overflow occurs to a greater extent in children and the elderly than in
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adults and that the neurological processes generated are age-dependent. These results
suggest that children have immature motor systems and therefore, mobilize a wider
network of regions when exerting maximum force. Simon-Martinez et al. reported
arelationship between interhemispheric inhibition and motor overflow in children
with unilateral cerebral palsy (uCP) [38]. Children are known to be able to reorganize
the corticospinal tracts projecting to the paralyzed side from the contralateral, ipsilat-
eral, or bilateral cerebral cortices. The reorganization of these three pathways varies
between individuals; in this study, of the 49 individuals included 17 individuals were
recruited with the contralateral pattern, 16 with the ipsilateral pattern, and 16 with
the bilateral pattern. Of all the participants, 30 uCP children had periventricular leu-
komalacia, and nine had cortical-subcortical lesions. The participants performed 10
grip exercises on the non-paralyzed side of the cylindrical transducer. Motor overflow
was measured in the paralyzed hand opposite to the moving side. Hand movements
were performed bilaterally. The results indicated that motor overflow appeared more
frequently on the paralyzed side of children with uCP and an ipsilateral pattern than
in those with a contralateral pattern. These results suggest that the primary motor
cortex contralateral to the working hand activates the ipsilateral corticospinal tracts
innervating the nonworking hand, indicating that unilateral finger movements in
children are executed or maintained through bilateral cerebral cortex mobilization.
Therefore, it is highly likely that motor overflow appears due to bilateral cerebral
hemispheric mobilization in children because their motor systems remain underde-
veloped. It suggests that interhemispheric inhibition emerges with the development
of the motor system.

3.3 Central nervous disorders and motor overflow

In central nervous system diseases, motor overflow is believed to be an indica-
tor of the recovery process in patients following stroke [39]. In 1998, Nelles et al.
examined the association between motor disability severity and motor overflow after
stroke in 23 stroke patients and nine healthy elderly individuals [39]. The participants
performed a series of exercises in which they held a grip-type dynamometer strongly
and rapidly for 10 s. All participants performed this exercise on both the left and
right sides, and motor overflow was measured on the nonmoving side. The results
showed that motor overflow on the non-paralyzed side of the left hemiplegic patients
was significantly greater than that on the paralyzed side in the healthy elderly group.
Therefore, this study suggests that motor overflow, which occurs in healthy elderly
individuals, may be enhanced after stroke. In addition, it has been suggested that
motor overflow may be a clinical indicator of the recovery process of motor function
after stroke. In addition, a correlation between motor overflow occurring on the non-
operating side and muscle activity on the operating side has been reported for unilat-
eral upper limb movements after stroke [40]; in this study, EMG was used to assess
motor overflow in 60 patients with stroke. The participants performed unilateral
elbow flexion exercises for 5 seconds on both sides. EMG was performed on the biceps
brachii bilaterally, and a reference electrode was placed on the left humeral lateral
epicondyle. In addition, the participants underwent Fugl-Meyer assessment (FMA)
for the assessment of proximal and distal upper and lower limb motor function. The
results showed that motor overflow occurred significantly on the non-paralyzed side
when the motor task was performed on the paralyzed side, as shown in Figure 2. The
FMA results also showed that motor overflow in the biceps brachii not only negatively
correlated with motor function in the proximal upper limb but also with motor
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Figure 2.

Cogmpavison between OF' AEMG and OF RMS of bilateral biceps brachii during a unilateval contraction

task [40]. AEMG represents the mean amplitude of the electromyography waveform. OF’ AEMG indicates

the overflow rate calculated by dividing the AEMG value of the nonoperating side by the AEMG value of the
operating side. RMS is the root mean square. OF’RMS indicates the overflow rate calculated by dividing the RMS
value of the nonoperating side by the RMS value of the operating side. On the vertical axis, OF indicates the
overflow rate. On the horizontal axis, UCU represents the group performing the behavioval task on the non-
paralyzed side, and UCA is the group performing the behavioral task on the paralyzed side. When the motor task
was performed on the paralyzed side (UCA), motor overflow significantly increased on the non-paralyzed side.

function in the distal upper limb or lower limb. Thus, the results of this study suggest
that the proximal muscles of the upper limbs can be used to measure motor overflow
and largely reflect interhemispheric interactions.

The developmental mechanisms by which motor overflow occurs after stroke and
whether cortical or subcortical triggers are responsible were examined in a study of
53 patients with stroke and 14 healthy elderly individuals [41]. In this study, partici-
pants performed 40 exercise trials in which each of the 10 fingers was flexed with
four patterns of force: 20, 40, 60, and 80% MVC. Measurements were performed
at2, 4,12, 24, and 52 weeks after stroke onset. In this study, motor overflow was
defined as the difference between the force generated by the nonmoving and resting
finger forces. Brain activity during motor tasks was measured using fMRI. The results
showed that the pattern of motor overflow in stroke survivors was similar to that in
healthy elderly individuals and was enhanced. Therefore, this study indicated that
motor overflow may occur because of increased activity in the ciliary spinal system
after stroke. This suggests that motor overflow is induced subcortically after stroke. In
conclusion, motor overflow after stroke is often observed on the non-paralyzed side
when the paralyzed upper limb is moved, suggesting that motor overflow occurring
in the elderly may be amplified. Recent studies have also highlighted that poststroke
manifestations are of subcortical origin, which could help elucidate the recovery
mechanisms of motor function after stroke.

4, Bimanual coordinated movement

Fingers are a body part responsible for essential movements in daily life that
require highly coordinated movements. It has been shown that motor control
by interhemispheric inhibition is involved in the execution of hand movements
[4]. Furthermore, it has been reported that, during the preparatory phase, hand
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Figure 3.

Fugzctional magnetic resonance imaging (fMRI) activation of premotor cortex and localization by transcranial
magnetic stimulation (TMS) hotspots [44]. (a) ved ellipses represent mean Montreal neurological institute (MNI)
coovdinates (+ standard deviation [SD]) of the fMRI activation peak voxels. Green ellipses represent mean MNI
coordinates (+ SD) of the TMS hotspots. All coordinates are located in the left hemisphere, (b) individual locations
are projected onto the three-dimensional brain template, and (c) scatterplot showing individual locations. It can be
seen that the TMS hotspot differs from the fMRI activation avea in the premotor cortex.

movements in the elderly are more dependent on the premotor cortex than those in
the adults [42]. In addition, a study examining interhemispheric inhibition in the
elderly showed that the quality of finger movement performance was lower than that
in adults with bilateral primary motor areas activated, while premotor areas tended
to be inactive [43]. As discussed in Section 2, modulating brain activity by applying
TMS to the hand regions of the primary motor cortex is commonly used to assess
interhemispheric inhibition. However, it has recently been reported that the hotspot
of TMS in the hand region of the primary motor cortex is different from the fMRI
activation area generated during finger-tapping movements [44]. Figure 3 shows
that the TMS hotspot assigned to the hand region differed from the activation area
corresponding to the premotor cortex measured using fMRI during hand-tapping
exercises. Hence, finger movements may be the best way to induce interhemispheric
inhibition. In other words, hand-tapping exercise may be optimal for inducing

and evaluating interhemispheric inhibition. Thus, the optimal evaluation method
for interhemispheric inhibition is still in the process of establishment, and future
research is expected. This section reviews the current methods used for assessing
hand-tapping movements that reflect interhemispheric inhibition.

4.1 Measurement of bimanual coordinated movements

Recently, magnetic sensor finger-tapping devices have gained attention as a new
method for measuring bimanual coordinated movements (Figure 4) [45]. These
devices consist of a magnetic induction coil, sensing coil, and circuit unit [46]. To
obtain measurements, a coil voltage is induced between the two coils based on the

53



Physical Therapy — Towards Evidence-Based Practice

Distance between two fingers

Magnetic sensors

Figure 4.

Magnetic sensor finger-tapping device (UB-2, Maxell Ltd. Tokyo, Japan) [45]. A yellow cable is attached to the
left thumb and index finger and a red cable to the right thumb and index finger. Magnetic sensors are attached to
each fingevtip, and the waveform of finger tapping can be determined using a personal computer.

law of electromagnetic induction. The induced voltage has a nonlinear modeling
relationship with the distance between the coils; therefore, the distance between

the fingertip and attached coil can be estimated based on the voltage [47]. The
finger movement tasks using the magnetic sensor finger-tapping device include a
unilateral finger-tapping task (left and right), an in-phase task in which both fingers
are tapped simultaneously, and an antiphase task in which both fingers are tapped
alternately (Figure 5) [45]. From the above four types of finger-tapping tasks, 44
measurement parameters can be extracted using a measuring instrument [48].

The 44 measurement parameters can be classified into five categories (Table 1):

(1) Non-domii hand finger tapping (2) Dominant hand finger tapping
(3) Simultaneous finger tapping of both hands (4) Alternate tapping with both hands

Figure 5.

Movement tasks using a magnetic sensor finger-tapping device [45]. (1) unilateral finger-tapping task performed
with the nondominant hand, (2) unilateral finger-tapping task performed with the dominant hand, (3) In-phase
task with simultaneous bilateral finger tapping, and (4) antiphase task with alternating bilateral finger tapping.
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Distance No. 1 Max of distance amplitude
No. 2 Total traveling distance
No.3 Avg. of local max. distance
No. 4 SD of local max. distance
No.5 Slope of approximate line of local max. points
No. 6 CV of local max. distance
No.7 SD of local max. distance in three adjacent taps
Velocity No. 8 Max. of velocity amplitude
No. 9 Avg. of local max. velocity
No. 10 Avg. of local min. velocity
No. 11 SD of local max. velocity
No. 12 SD of local min. velocity
No. 13 Energy balance
No. 14 Total energy
No. 15 CV of local max. velocity
No. 16 CV of local min. velocity
No. 17 Number of freezing calculated from velocity
No. 18 Avg. of distance rate of velocity peak in extending movement
No. 19 Avg. of distance rate of velocity peak in flexing movement
No. 20 Ratio of distance rates of velocity peak in extending and flexing movements
No. 21 SD of distance rate of velocity peak in extending movement
No. 22 SD of distance rate of velocity peak in flexing movement
Acceleration No. 23 Max of acceleration amplitude
No. 24 Avg. of local max. acceleration in extending movement
No. 25 Avg. of local min. acceleration in extending movement
No. 26 Avg. of local max. acceleration in flexing movement
No. 27 Avg. of local min. acceleration in flexing movement
No. 28 Avg. of contact duration
No. 29 SD of contact duration
No. 30 CV of contact duration
No. 31 Number of zero crossover points of acceleration
No. 32 Number of freezing calculated from acceleration
Taping interval No. 33 Number of taps
No. 34 Avg. of intervals
No. 35 Frequency of taps
No. 36 SD of inter-tapping interval
No. 37 CV of inter-tapping interval
No. 38 Inter-tapping interval variability
No. 39 Skewness of inter-tapping interval distribution
No. 40 SD of inter-tapping interval in three adjacent taps
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Phase difference No. 41 Avg. of phase difference between the left hand and right hand tapping
between th.e left No. 42 Standard deviation of phase difference between the left hand and right hand
hand and right tanDi
hand tapping APPIng

No. 43 Similarity of hands

No. 44 Time lag of similarity of hands

Abbreviations: Max: maximum; Min: minimum; Ave: average; SD: standard deviation; and CV: coefficient of
variation.

Table 1.
Forty-four measurement parameters were obtained from four different finger-tapping tasks [48].

(1) distance, to evaluate the distance and magnitude of hand movements (n = 7), (2)
velocity, to evaluate the velocity of hand movements and the speed of hand flexion/
extension movements (n = 15), (3) acceleration, to evaluate the momentum of hand
movements and the differences between hand flexion and extension movements

(n =10), (4) tap interval, to evaluate the average speed of hand movements and
variations in tapping (n = 8), and (5) phase difference, to evaluate the difference in
timing of tapping between the two hands (n = 4). Many recent studies using mag-
netic sensor finger-tapping devices have been performed on elderly people and chil-
dren. However, of the 44 parameters measured, those that differed significantly in
interhemispheric inhibition varied widely from study to study. Table 2 presents the
conditions of the hand-tapping task, measured parameters, individuals compared
with the measured parameters, method of comparison, and parameters for which
significant differences were found and reported in the studies from the PubMed
database [45, 49-54], in which elderly individuals and children were the participants
and a magnetic sensor-type finger-tapping device was used. Future studies identify-
ing at least one promising measurement parameter from the aforementioned 44
parameters for evaluating interhemispheric inhibition using the magnetic sensor
finger-tapping device are warranted.

4.2 Bimanual coordinated movements and aging

Bimanual coordinated movements are controlled by interhemispheric inhibition,
and many studies have reported the effects of age-related changes on these move-
ments. In particular, improved finger movement ability leads to improved activities of
daily living in older adults with dementia [55], and studies investigating the relation-
ship between bimanual coordination movements and cognitive function have gained
attention in recent years. Several studies have compared individuals with Alzheimer’s
disease (AD) or mild cognitive impairment (MCI) with healthy elderly individuals
[49, 50, 54]. In one such study, Suzumura et al. compared and verified the motion
characteristics of bimanual coordinated movement in 173 MCI patients and 173
healthy elderly subjects using a magnetic sensor finger-tapping device [54]. In this
study, four tasks comprise the motor tasks: unilateral finger tapping, in-phase, and
antiphase (Figure 5). In the flow of the study, each task was practiced for 5 seconds as
a pre-practice. The subject performed only one pre-practice and was instructed to “go
as fast as possible.” After that, only one 15-second measurement was performed. The
outcome was 44 measurement parameters (Table 1) that indicate the kinematic char-
acteristics of bimanual coordinated movement. The results showed that MCI patients
had a significantly higher number of hand freezes calculated from acceleration than
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healthy elderly subjects. This study excluded subjects with tremors or Parkinsonian
symptoms. Thus, since atrophy of the corpus callosum seems to be an early change
in dementia, it is suggested that MCI patients show decreased in movements requir-
ing bimanual coordination and rhythm-related parameters. Whereas, Sugioka et al.
reported a relationship between atrophy of the medial temporal region of the brain
and finger-tapping movements [53]; medial temporal atrophy was assessed using a
voxel-based specific region analysis system, which is a well-known early diagnostic
tool for AD. The results showed a significant correlation between the standard
deviation of the distance rate of the velocity peak in extending movements in the left
hand during a nondominant hand task, as well as the in-phase task and the degree of
medial temporal atrophy. Therefore, the standard deviation of the distance rate of
the velocity peak in extending movements from finger-tapping movements may be a
useful parameter for the early detection of AD and for grading its severity.

In addition, bimanual coordinated finger movements in the elderly have been
evaluated not only as a measure of interhemispheric inhibition but also as an initial
treatment for MCI and for training to improve hand dexterity [56, 57]. Naito et al.
performed a study on 48 right-handed elderly individuals (65-78 years) with biman-
ual finger training or right-hand training for 2 months [57]. In this study, interhemi-
spheric inhibition was assessed through fMRI acquired pre-and post-training. The
results revealed that individuals who underwent bimanual finger movement training
exhibited improved hand dexterity, which correlated with reduced ipsilateral motor
cortical activity. Therefore, bimanually coordinated hand movements appear to acti-
vate interhemispheric inhibition and could be used in training paradigms to improve
hand dexterity in the elderly.

5. Conclusion

This chapter reviews conventional assessment methods and recently developed
assessment indices for interhemispheric inhibition with respect to motor control.
Interhemispheric inhibition is one of the most important assessment indices in
physical therapy as it reflects the decline in motor ability associated with age-related
alterations and is involved in the mechanisms of motor function recovery in central
nervous system disorders. Conventional methods for assessing interhemispheric inhi-
bition have used fMRI and EEG to visualize brain activity during finger movement
tasks or during brain activity modulation using TMS. Motor overflow and bimanual
coordinated movements have recently gained attention as new indices for evaluat-
ing interhemispheric inhibition. In particular, a magnetic sensor tapping device can
measure bimanual coordinated movements and evaluate interhemispheric inhibition
in a wide range of age groups from children to the elderly. However, there is a need
to establish further evidence to support the widespread use of bimanual coordinated
movements to assess interhemispheric inhibition in clinical practice. The use of
bimanual coordinated movements to assess interhemispheric inhibition in individuals
could facilitate our understanding of the pathophysiology of motor control.
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Appendices and nomenclature

TMS transcranial magnetic stimulation
EMG electromyographic

fMRI functional magnetic resonance imaging
MVC maximum voluntary contraction
BOLD blood oxygenation level-dependent
EEG electroencephalogram

uCP unilateral cerebral palsy

FMA Fugl-Meyer assessment

AD Alzheimer’s disease

MCI mild cognitive impairment
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Chapter 5

Transcranial Magnetic Stimulation
as Neuroplasticity Modulation Tool
in Rehabilitation

Marziyya Mammadova

Abstract

Since the study of the neuroplastic processes of the brain, it was understood
that these processes could be modulated and used in the neurorehabilitation of
patients with brain damage. The optimal method of neuromodulation of plasticity
is noninvasive transcranial magnetic stimulation (TMS), which can also be used to
induce nerve impulses in the parameters we need. This technique allows for mea-
suring the functional state of the central nervous system (CNS) using neurophysi-
ological methods, measuring the effectiveness of rehabilitation, and predicting the
restoration of lost functions. We measured the effectiveness of TMS in modulating
neuroplasticity using clinical-neurophysiological data and scores of rating scales in
rehabilitation. The main studies were provided on the rehabilitation of stroke, but
these data can be used in the rehabilitation of other brain injuries.

Keywords: transcranial magnetic stimulation (TMS), multilevel magnetic stimulation,
neuroplasticity modulation, reorganization of the human brain, rehabilitation

1. Introduction

Rehabilitation in the broadest sense of this concept is a set of general measures
aimed at returning to life, returning lost functions, improving damaged functions,
adapting to lost functions as much as possible, modifying life to improve the quality
of life, and reintegration into society.

As you can see, a small and short-term damage may be just sufficient to disrupt the
functioning of the brain, and years and quite a lot of work can be spent on recovery.

Rehabilitation methods are increasing with the progress and growth of the world
economy, along with a deep study of the brain and its untapped potential. If earlier
rehabilitation used only methods for recovery only in specialized institutions and
the approaches were standard, now the approaches have become individualized and
rehabilitation activities continue at the patient’s home, robotics and telemedicine are
used, and ideas from science fiction films are being implemented, for example, using
a medical avatar for rehabilitation [1].

It is not for nothing that the World Health Organization (WHO) developed the
Rehabilitation 2030 initiative, which aims to draw attention to the acute unmet need
for rehabilitation worldwide and highlights the importance of strengthening health
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systems to ensure rehabilitation [2]. This document emphasizes that rehabilitation
must be made accessible to all members of society throughout life, and that rehabilita-
tion is a critical component of health care and plays a critical role in ensuring compre-
hensive health coverage.

2. The role of TMS in brain neuroplasticity

Transcranial magnetic stimulation (TMS) is a noninvasive method of stimulating
nerve cells in the brain by applying a pulsed magnetic field to the skull. Now, despite
the name transcranial, TMS is also used to stimulate the spinal cord. By influencing
brain activity, TMS can influence neuroplasticity, which is the ability of the brain to
modulate its structure and function in response to experience and learning.

With the help of TMS, it is possible to induce an increase in the activity of neu-
rons, which can increase the activity of certain areas of the brain, contribute to their
strengthening to improve the functions associated with these areas, and stimulate
neurogenesis. This property is widely used to enhance the activity of motor cortical
areas in the rehabilitation of stroke patients. TMS can affect the balance between
excitation and inhibition in the brain, it can increase or decrease synaptic connections
depending on stimulation parameters, and this property is used as a treatment for
some mental disorders such as depression.

With all this, the TMS method is very convenient for both studying neuroplasti-
city and modulating neuroplasticity for therapeutic purposes, and TMS equipment is
constantly being updated and improved.

Studies show that TMS may have an effect on the stimulation of neurogenesis,
which is the formation of new neurons in certain areas of the brain [3, 4].

The effects of TMS may depend on the intensity of the magnetic field, the fre-
quency of stimulation, the duration and frequency of repetition of stimulations,
as well as the specific characteristics of brain tissues and their response to stimula-
tion. Thus, it has been shown that high-frequency TMS causes a stimulating effect,
and low-frequency TMS, on the contrary, has an inhibitory effect on neuronal
connections.

3. How does TMS work?

The TMS method is based on the impact of pulsed magnetic field (MF) using
an electromagnetic coil on the brain and the subsequent induction of an electric
current in it. The stimulating coil can be located either directly on the scalp or at
some distance from the head (for example, at a different angle), depending on
which it changes the zone and depth of propagation of the magnetic pulse (MP)
and the focus of the stimulus. In modern devices, a magnetic pulse can propagate to
a depth of more than 2-6 cm, that is, mainly to the cortical and subcortical struc-
tures. An electric current arises in the nerve fibers entering this MP, which leads to
depolarization of neurons in the cerebral cortex, and the subsequent propagation
of the impulse along nerve structures that are functionally dependent on the area
of influence. In this case, either suppression or enhancement of the activity of a
number of enzyme and mediator systems occurs. In response to stimulation of
the visual cortex, phosphenes appear, and in the motor cortex, movement of the
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Figure 1.
The steps of TMS’s influence processes.

corresponding limbs (according to Penfield’s motor “homunculus”), i.e., motor-
evoked potential (MEP), takes place.

The effect of TMS on increasing neuronal activity occurs by using magnetic
fields to induce electrical currents in the brain, which can excite neurons and help
increase their activity. The TMS process can be broken down into the following steps
(see Figure1) [5].

Researchers offer several TMS methods to study brain function (see Figure 2).

The effects of TMS may depend on various parameters, such as the intensity of
the magnetic field, the frequency of stimulation, the duration and repetition rate
of stimulation, as well as the specific characteristics of brain tissue and its response
to stimulation. Single-pulse TMS involves the delivery of single magnetic pulses to
a specific area of the brain; this technique is used to diagnose and study brain reac-
tions. Electroencephalography (EEG) and electromyography (EMG) can record
TMS-evoked potentials (TEPs), which provide insight into cortical reactivity [5].
Paired-Pulse TMS are applied one after the next to assess connectivity between
cortical areas. The type of effect depends on their intensity and the interval between
them. Triple-Pulse combines TMS with electrical stimulation to study the integrity
of the corticospinal tract and measures the percentage of excited fibers. Quadripulse
is a unique form of repetitive TMS (rTMS) that allows inducing neuroplasticity with
short pulse intervals (facilitation) or long ones (depression). Repetitive TMS—A
series of pulses are used for prolonged exposure to the cortex. Low-frequency rTMS
(<1 Hz) suppresses cortical activity, while high-frequency rTMS (>1 Hz) increases
it and may cause long-term changes. Navigated transcranial magnetic stimulation
(nTMS) is designed to map the corresponding stimulated projection areas when TMS
is applied to the cerebral cortex [6]. Unlike the alternative to traditional methods,
repetitive TMS (rTMS), theta burst stimulation (TBS) has the advantage of faster
stimulation. Intermittent TBS (iTBS) has excitatory effects similar to long-term
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Figure 2.
Transcranial magnetic stimulation methods.

potentiation (LTP), whereas continuous TBS (cTBS) has inhibitory effects similar to
long-term depression (LTD) [7].

Transcranial magnetic stimulation can have both short-term and long-term effects
on neuronal activity and its use can be employed for therapeutic purposes, in addi-
tion, it has local and long-term effects (see Figure 3).

Neuroimaging studies have shown that TMS is biologically active both in tissues
directly under the coil and in distant areas, probably due to transsynaptic connec-
tions. Local changes in brain activity include the appearance of phosphenes and
motor effects that occur during TMS as a result of depolarization of neuron mem-
branes in the area of stimulus propagation and the subsequent appearance of an
electrical impulse in the cortical axon neurons. Moreover, depending on the param-
eters of the impulse delivery, stimulation of one hemisphere can inhibit or facilitate
the response received from the other hemisphere, which indicates interhemispheric
modulatory effects, reflecting the effect of TMS on brain structures remote from the
stimulation zone [9]. An example of such an effect is TMS with paired pulses. So,
the motor-evoked potential in response to a TMS pulse preceded by a subthreshold
“preparing” pulse is weakened when the interstimulus interval is 1 to 4 millisec-
onds, and strengthened when the interstimulus interval is 1 to 4 milliseconds, but
when this interval is between 5 and 30 milliseconds, it reflects intracortical inhibi-
tion or facilitation of conduction, respectively [10]. Based on pharmacological
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The effects of TMS directly on the distribution zone and on brain structures remote from the impact zone [8].

effects, it has been shown that activation or inhibition at GABAergic (GABA,
gamma-aminobutyric acid) or dopaminergic synapses causes an intracortical
inhibitory effect of paired impulses, while the facilitating effect of paired pulses
takes place due to excitation in synapses, the mediator of which is N-methyl-D-
aspartate, and changes in the motor threshold depend on the conductivity of ion
channels. The identified patterns open up new opportunities for studying local
damage in neurochemical systems [11].

A number of studies show that during TMS, changes in blood flow occur not
only in the zone of impulse propagation but also in brain structures remote from the
stimulation zone [10, 12]. Thus, it was shown, for example, that the intensity of rTMS
positively correlated with the level of regional cerebral blood flow in the anterior
cingulate cortex ipsilaterally, cerebellum, insula contralaterally, primary auditory
cortex, and somatosensory cortex (facial projection). According to some authors,
r'TMS of the left dorsolateral prefrontal cortex (DLPFC) causes changes in blood
flow in both the prefrontal cortex and paralimbic structures [13]. According to other
authors, exactly the same effect was demonstrated with rTMS of the prefrontal cortex
in the blood flow of limbic structures [14]. In human studies, Szuba et al., in subjects
with major depression in response to a single session of rTMS of the left DLPFC
with a frequency of 10 Hz, compared with sessions of sham rTMS at the same site of
action, at the same pulse frequency and session duration, observed an increase in the
production of thyroid-stimulating hormone (TSH) [15]. Activation of hypothalamic-
pituitary system with this method is similar to the relief of symptoms of depression
after a session of electric shock. Finally, normalization of the dexamethasone sup-
pression test with rTMS has been reported [16].

The effect of reducing the excitability of the human brain with low-frequency
r'TMS is used as therapy for phantom pain in paralyzed patients, as well as for ampu-
tations, for inhibition and reorganization of the motor representation of a non-
functioning limb. One study showed the inhibitory effects of repetitive transcranial
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magnetic stimulation (rTMS) on the primary motor cortex (M1) and premotor cortex
(PMC) using low-frequency rTMS (0.2-1 Hz) 1200 pulses (20 min) rTMS at 1 Hz and
intensity 80-90% of the resting motor threshold and measures of short intracortical
inhibition (SICI), intracortical facilitation (ICF) and cortical silent period (CSP),
where SICI is a measure of inhibition reflecting intracortical activation of gamma-
aminobutyric acid-A receptors ( GABA A), ICF is a measure of facilitation, which

is mediated by N-methyl-D-aspartate (NMDA) and GABA A receptors, and CSP is

a measure of inhibition, reflecting processes mediated by GABA B. This ability to
non-invasively induce an inhibitory effect on a specific brain region allows the use

of low-frequency rTMS as a therapeutic tool for patients with neurological disorders
accompanied by low or excessive cortical inhibition [17].

4, TMS in rehabilitation

Transcranial magnetic stimulation (TMS) has many applications in the field of
rehabilitation.

Recovery after a stroke: After a stroke, many patients experience impaired motor
and speech functions. TMS can be used to stimulate the brain and promote functional
recovery, improving motor skills, coordination, and speech. This helps patients to
improve their independence and quality of life. The mechanism of therapeutic action
of TMS is based on the restoration of destroyed or creation of new functional systems
within the damaged hemisphere, inclusion in the implementation of motor programs
of unused neural networks of the damaged hemisphere, activation of uncrossed
pyramidal pathways of the intact hemisphere, creation of collateral pathways
around damaged structures, and inclusion in already functioning connections of
the damaged hemisphere through crossed pathways. In other words, the method of
high-intensity rhythmic TMS, being a powerful neuromodulatory factor, includes a
mechanism of plastic reorganization of the motor cortex.

Transcranial magnetic stimulation acts directly on the initial segment of the cen-
tral motor neuron and transsynaptically within the cortex causing an outgoing volley
of impulses affecting the spinal cord motoneurons with the subsequent appearance of
a motor-evoked potential (MEP). During voluntary muscle contraction, TMS causes
a motor-evoked potential (MEP) and after that—a temporary suppression of muscle
potentials—a period of silence. The silent period arises mainly due to a synchronous
volley of inhibitory postsynaptic potentials produced by an electromagnetic stimulus
at the cortical level. These effects of TMS were decisive for the choice as an auxiliary
method of rehabilitation of patients with ischemic stroke in the recovery period.
Rhythmic TMS is a noninvasive, painless, and safe method for obtaining controlled
activation of the human cortex with a potentiation effect. When stimulating the
motor areas of the hemisphere with a pulsed magnetic field, not only contralateral but
also ipsilateral descending pathways can be activated, since with TMS it is possible to
focus the magnetic stimulus and influence the uncrossed pyramidal tract. The activat-
ing effect of TMS on the reticular formation and dopaminergic structures of the
brain, which contributes to the activation of compensatory and restorative processes
in the central nervous system, improvement in cognitive functions, restoration of
praxis, and gnosis, has also been shown.

A group of European experts has revised recommendations on the therapeutic
effectiveness of repetitive (or rhythmic) TMS (rTMS), previously published in 2014
[18]. These updated recommendations take into account all rTMS publications,
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including data up to 2014, as well as literature currently reviewed up to the end of
2018. Level A evidence (definite effectiveness) was achieved for low-frequency
rTMS (LF-r'TMS) contralateral primary motor cerebral cortex (M1) to restore hand
motor skills in the subacute stage of stroke. Level B evidence (probably effective)
was achieved for: HF-rTMS of ipsilateral M1 to accelerate motor recovery in subacute
stroke and LF-rTMS of the right inferior frontal gyrus in chronic motor aphasia after
stroke. Level A/B evidence regarding the effectiveness of rTMS for any other condi-
tions has not been achieved. Current recommendations are based on the differences
achieved in the therapeutic efficacy of real and sham (sham TMS) rTMS protocols,
replicated in a sufficient number of independent studies. An extensive PubMed
review identified 213 articles, including 25 original placebo/sham-controlled TMS
studies with at least 10 poststroke patients receiving rTMS over multiple daily ses-
sions compared to the affected contra- and/or ipsilateral hemisphere. Among these
studies, a number of studies dealt with limb motor rehabilitation in the subacute stage
using low-frequency rTMS (LF-rTMS) with contralateral M1 and/or high-frequency
rTMS (HF-rTMS) with ipsilateral M1. Some of them dealt with limb motor rehabili-
tation in the subacute stage with contralateral intermittent theta stimulation-theta
burst stimulation (TBS) or ipsilateral intermittent theta burst stimulation (iTBS).
Intermittent theta burst stimulation (iTBS) is a more acceptable protocol, adminis-
tered at lower intensities and shorter intervals, than conventional rTMS protocols.

In addition, studies have been conducted on limb motor rehabilitation in the chronic
stage, as well as low-frequency rTMS or iTBS of the cerebellum and restoration of
swallowing function [19].

We used rTMS according to the method we developed in the rehabilitation
program for patients after stroke, which included multilevel magnetic stimulation
using a high-intensity pulsed magnetic field (2-2.2 T): Level I — rhythmic TMS of
projections of the motor zones of the cortex of the affected hemisphere with a pulse
intensity magnetic field of 70-90% of the maximum output of the stimulator, supply
frequency stimulus 30-40 Hz, and pulse duration 0.1 ms; Level II — rhythmic TMS of

Transcranial
magnetic
stimulation

_ Magnetic_
stimulation of the
Magtiotic spinal cord
stimulation

Figure 4.
Multilevel magnetic stimulation technique [20].
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segmental reflex zones (cervical and lumbar) with a pulsed magnetic field intensity
of 40-60% of the maximum output of the stimulator, supply frequency stimulus
40-50 Hz, and pulse duration 0.1 ms; Level III - rhythmic TMS of the peripheral neu-
romotor apparatus with a pulse intensity magnetic field of 70-100% of the maximum
output of the stimulator, supply frequency stimulus 30-40 Hz, and pulse duration

0.1 ms (see Figure 4). The duration of the procedure was 20-25 min (10 procedures
per course).

The use of therapeutic techniques of transcranial and multilevel magnetic
stimulation in poststroke patients helps to improve the clinical course of the disease
and reduce the degree of cognitive impairment—impairment of memory, attention,
orientation, speech, reading, reducing maladaptation and thereby helping to increase
the level of daily household activity and improve motor functions. Our results allow
us to conclude that the effect of transcranial and multilevel magnetic stimulation on
brain structures responsible for the cognitive sphere occurs at all stages of recovery
after stroke, apparently even residual. Multilevel rhythmic magnetic stimulation is a
pathogenetically justified and therapeutically effective method of rehabilitation of
poststroke patients, which, acting noninvasively on all levels of the neuromotor appa-
ratus (central, segmental, and peripheral), stimulates afferent and efferent impulses,
causes plastic reorganization of the projections of motor zones of paretic limbs in the
cortex and, due to a multilevel effect on the activation of fine and gross motor skills,
accelerates the restoration of cognitive functions [20].

Transcranial magnetic stimulation can help restore damaged neural connections
and improve cognitive function, memory, attention, and learning after traumatic
brain injury.

For Parkinson’s disease, TMS may help reduce symptoms of movement disorders,
and muscle stiffness, and improve motor control.

In the rehabilitation of patients with Alzheimer‘s disease, TMS can be used to
improve cognitive function and slow down the progression of the disease.

For musculoskeletal disorders, paralysis, and spasticity, to relieve pain and speed
up the process of physical recovery after surgery or injury, TMS helps to strengthen
muscles and improve motor skills, reduce pain and inflammation, and helps to speed
up the process of physical and tissue recovery.

The results of a systematic review identified the potential benefits of the com-
bined use of virtual reality (VR) and noninvasive brain stimulation (NIBS) as a new
approach to rehabilitation. Most of the studies reviewed in five pathologies: stroke,
neuropathic pain, cerebral palsy, phobia, posttraumatic stress disorder, and multiple
sclerosis rehabilitation reported positive effects from the use of VR-NIBS, but studies
are ongoing [21].

The use of TMS in rehabilitation requires a privatized approach and supervision
by qualified neurologists, physiotherapists, and occupational therapists, who must
develop treatment plans and adjust stimulation parameters according to the needs of
each patient. TMS continues to develop as a noninvasive, effective method of rehabili-
tation and provides the prerequisites for improving the quality of life of patients.
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Chapter 6

Somatosensory Stimulation
(Acupuncture) Modulates Spinal
and Supraspinal Motor Neuron
Excitability

Akira Nihonmatsu

Abstract

It has been reported that acupuncture is effective in alleviating abnormalities of
muscle tone caused by abnormal motor neuron excitability such as spastic paralysis
caused by cerebrovascular disorder. However, the underlying mechanism is unclear.
Thus, we examined the effect of acupuncture stimulation on long-latency reflexes
(LLR) to determine the site of action of acupuncture stimulation in modulating motor
reflexes. The amplitude ratio of LLR/M was reduced by the acupuncture stimulation
of LI4 (hand). Furthermore, we examined the effect of acupuncture stimulation on
blink reflexes. The R2 component of blink reflexes was decreased by the acupuncture
stimulation of LI4 (hand). LLR is the motor reflex of the central nervous system via
such as cerebral cortex of supraspinal pathways. In addition, blink reflexes are the
motor reflex of the central nervous system via such as brain stem. These findings
suggest that acupuncture stimulation inhibits motor nerve reflexes via supraspinal
modulation systems. Furthermore, we examined the effect of acupuncture stimula-
tion on electromyogram F-wave to determine the effect of acupuncture stimulation
on the excitability of spinal motor neurons. The result of this study indicated that
acupuncture stimulation may have a greater effect on the excitability of spinal motor
neurons.

Keywords: acupuncture stimulation, Li4 acupuncture point, long-latency reflex,
blink reflex, F-wave

1. Introduction

It has been reported that acupuncture is effective in alleviating abnormalities of
muscle tone caused by abnormal motor neuron excitability such as spastic paralysis
caused by cerebrovascular disorder and rigidity in Parkinson’s disease [1, 2]. These
reports that acupuncture stimulation suppresses motor nerve excitability and may
alleviate abnormalities in muscle tone. However, the underlying mechanism is
unclear. The next section introduces our research on motor reflexes via the cerebral
cortex, brainstem, and spinal cord through acupuncture stimulation.
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2. Effect of acupuncture stimulation on the long-latency reflex
2.1 Background and purpose

Many reports have shown the effects of acupuncture stimulation on motor reflexes
via the motor cortex using motor-evoked potentials (MEP) [3-7]. There are reports
that acupuncture stimulation of the upper and lower limbs suppresses MEPs in the
muscles of the upper limbs and reports that MEPs are stimulated, but this has not
been determined [3-7]. In this study, we investigated the effects of acupuncture
stimulation on long-latency reflexes (LLR), which are motor reflexes that pass
through the cerebral cortex.

2.2 Materials and methods
2.2.1 Participants

Sixteen healthy volunteers (mean - standard deviation [SD]:28.9-6.6 years; 10
males and 6 females) with no known neurological dysfunction, and stable appearance
of LLR agree to participate in this study. Written informed consent was obtained from
all subjects. This study was approved by the Research Ethics Committee at Hokkaido
College of Oriental Medicine.

2.2.2 Study design

This study applied the crossover protocol; therefore, each experiment was
randomly needled on separate days. The experiments were performed under two
conditions: (1) acupuncture stimulation of right LI4, (2) control (no acupuncture
stimulation). To prevent a carryover effect, more than 1 week intervals between each
acupuncture stimulation were maintained.

2.2.3 Apparatus and condition for the LLR recording

Prior to the experiment, the maximum amount of contraction due to the opposite
movement of the thumb and middle finger on the measurement side was measured
using a load transducer (Showa Sokki load cell), and 20% of that force was main-
tained. During continuous muscle contraction in that state, electrical stimulation
was performed, and LLR was measured. LLR were recorded and analyzed by using
a Neuropack MEB 9204 recorder (Nihon Koden, Tokyo, Japan) with a band-pass
filter of 5 Hz to 2 kHz. Thirty-two LLR waves, elicited by electric stimulation of the
median nerve to the wrist, were recorded from the opponens pollicis muscle on the
right hand of each subject in a resting sitting position. The stimulus intensity used
to elicit LLR was more than the 120% that is required to elicit an M-wave response.
The electrical stimulus rate and duration were 1 Hz and 0.2 milliseconds, respec-
tively. Electromyographic electrodes were attached firmly over the opponens pollicis
muscle, With the anode positioned thumb phalanges. The ground electrode was
placed between the stimulating and recording electrodes. The electrode impedance
was below 5KQ. The experiments were performed in a quiet room with a consistent
temperature of 23-25°C.
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Figure 1.

Analysis of LLR. Median nerve stimulation resulted in well known two component reflex responses in the
adductor pollicis muscle. The first component (SLR) is short latency (20-30 msec) responses. In contrast, the
second component (LLR) is of longer latency (40—60 msec) responses (veprinted from [8]).

2.2.4 Data analysis for the LLR

Sample images of the LLR and M-wave are shown in Figure 1. The LLR was
analyzed with respect to three parameters: occurrence, the LLR/M amplitude ratio,
and the latency. The sensitivity was set at 5 mV/div for the M-wave and 0.5 mV/div
for the LLR. The occurrence was defined as the number of detected LLR responses
to 32 electrical stimuli and expressed as percentage (%). The LLR/M amplitude ratio
was defined as the peak-to-peak amplitudes of LLR and M-waves were measured,
and the amplitude ratio of LLR/M was expressed as the ratio of LLR amplitude and
the maximal amplitude of M-wave. LLR latency was defined as the period from the
stimulus to the LLR evocation.

2.2.5 Acupuncture stimulation

An acupuncturist applied a needle at the right LI 4 (radial to the midpoint of the
second metacarpal bone) (Figure 2). Disposable stainless steel needles (diameter,
0.18 mm; length, 40 mm; Seirin Co., Ltd. Shizuoka, Japan) were used. The depth of
needle insertion was 10 mm, and the needle was at a right angle to the skin and was
maintained in this position (needle retention) for 5 minutes. No manipulation was
performed during needle retention.

LI4

Figure 2.

Acupuncture stimulation site (L14). An acupuncturist applied a needle at the vight LI 4 (vadial to the midpoint
of the second metacarpal bone). Disposable stainless steel needles (diameter, 0.18 mms; length, 40 mm; Seirin Co.,
Itd. Shizuoka, Japan) were used. The depth of needle insertion was 10 mm, and the needle was at a right angle to
the skin and was maintained in this position (needle vetention) for 5 minutes. No manipulation was performed
during needle retention.
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2.2.6 Experimental setting

M-wave and LLR wave were measured before and after acupuncture (5-minute
needle retention). M-wave and LLR wave in the control group were measured at the
same timepoints acupuncture.

2.2.7 Statistical analysis

The data are reported as means + standard deviation (mean + S.D.). A Wilcoxon
signed-rank test was used to compare occurrence, the LLR/M amplitude ratio, and the
latency results after acupuncture and before acupuncture. For other statistical analyses,
P values <0.05 were considered significant. Statistical analyses were performed using a
commercially available statistical package (SPSS, Ver11.0.1, SPSS, Tokyo, Japan).

2.3 Results

2.3.1 Typical electromyogram waveform under before acupuncture stimulation and
during acupuncture stimulation

Figure 3 illustrates a sample recording of the LLR wave from a typical subject.
LLR wave decreased after acupuncture stimulation (right side), compared with those
before acupuncture stimulation. No effect of acupuncture stimulation was observed
on the M-wave.

2.3.2 Changes in LLR induced by acupuncture stimulation

The changes in LLR are shown in Table 1. The LLR occurrence was significantly
reduced by acupuncture stimulation. There was no significant change in the control
group. The LLR/M amplitude ratio was significantly reduced by acupuncture stimula-
tion. There was no significant change in the control group. The LLR latency was no
significant change in either group.

Before During
Acupuncture Acupuncture
| SLR_LLR SLR _LL
el I | 11 1 1

I 500uV

10ms

Figure 3.

Typical electromyogram waveform under resting condition (left side) and during acupuncture stimulation (right
side). Typical electromyogram waveform under vesting condition and during acupunctuve stimulation. LLR was
decreased during acupuncture stimulation (reprinted from [8]).
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Acupuncture Control
Before After Before After
LLR occurrence (%) 787 +189 622+237" 878 10.0 774+ 118
LLR/M ratio (%) 1.95+0.72 157+072" 1.64 + 0.32 1.70 + 0.59
LLR latency (ms) 56.2 +34 576 + 4.0 56.5+2.3 59.1+25

Mean + SD. **: P < 0.01 Wilcoxon signed-rank test vs. before acupuncture.

Table 1.
Changes in LLR induced by acupuncture stimulation.

2.4 Discussion

Sudden mechanical stretch of the wrist flexor muscles gives rise to EMG
responses, including both short-latency and long-latency components [9]. Marsden
et al. measured electromyograms of the flexor pollicis longus by abruptly extending
the thumb. They reported that following a monosynaptic spinal cord reflex with a
latency of 25 ms, long-latency reflexes of 55 ms could be measured [10]. In addition,
Previous studies have shown that LLR is absent in patients with dorsal column injury
[11] and patients with lesions in the corticospinal tract (motor area, internal cap-
sule) [12]. Therefore, LLR is considered to be expressed by a supraspinal mechanism
such as the cerebrum. It has been shown that LLR is induced not only by mechanical
stimulation but also by electrical stimulation. Previous studies have reported lacking
LLR in hemiplegia, posterior spinal cord injury, and pontine hemorrhage [13-15].
Therefore, LLR induced by electrical stimulation is considered to be a reflex that
occurs by descending the corticospinal tract via the spinal cord, sensory cortex,
and motor cortex. In this study, LLR occurrence and LLR/M amplitude ratio were
significantly reduced by acupuncture stimulation. In addition, we reported that
acupuncture-induced changes in the LLR/M ratio were associated with changes in
SEP N20 amplitude [8]. N20 of SEP is the potential induced when electrical stimula-
tion ascends the dorsal cord of the spinal cord and excites the somatosensory area of
the cerebral cortex [16, 17]. In addition, there is evidence that the afferent pathway
for the LLR to the cortex is identical to that for the somatosensory evoked corti-
cal potential (SEP) after median nerve stimulation [17]. Therefore, it is thought
that changes in the excitability of the somatosensory area of the cerebral cortex
are involved in the suppression of LLR occurrence and LLR/M amplitude ratio by
acupuncture stimulation. In addition, reflexes via the brainstem such as spino-
bulbo-spinal reflex and transcerebellar loop reflex are thought to be involved in LLR
[18, 19]. It is also possible that acupuncture stimulation affected this mechanism.
However, Previous studies have shown that brainstem-mediated reflexes have faster
latencies than LLRs, and cerebellar-mediated reflexes have slower latencies than
LLRs [18, 19]. In this study, no significant changes were observed in LLR latency.
Therefore, it is thought that the decrease in LLR occurrence and LLR/M amplitude
ratio due to acupuncture stimulation is due to an inhibitory mechanism via the
cerebral cortex.

2.5 Conclusion

These findings suggest that acupuncture stimulation inhibits motor nerve reflexes
via such cerebral cortex modulation systems.
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3. Effect of acupuncture stimulation on the blink reflex
3.1 Background and purpose

The blink reflex can be quantitatively measured from the magnitude of the
reaction of the muscle action potential of the orbicularis oculi muscle induced when
the supraorbital nerve, which is the first branch of the trigeminal nerve, is electri-
cally stimulated. The electromyogram associated with the blink reflex consists of
two components called R1 and R2. R1 is a relatively stable early component that
appears with a latency of 10 msec and appears only in stimulus measurements. R2 is
a late component that appears bilaterally after R1. The R1 component is the potential
where electrical stimulation to the supraorbital nerve alters neurons in the facial
nucleus at the pons and leads to the orbicularis oculi muscle. Several studies have
considered the R2 component of the blink reflex to be evoked through a polysynaptic
pathway in the pons and the lateral part of the medulla [20, 21]. In fact, impulses
of the R2 component travel along a longer pathway through the medulla up to the
thalamus or cerebral cortex [20, 21]. Peripheral facial nerve palsy causes R1 and R2
component suppression, and hemifacial spasm causes an increase in the R2 com-
ponent [20, 21]. Furthermore, it has been reported that the R2 component reflects
the disappearance of Myerson’s sign upon administration of L-dopa in patients with
Parkinson’s disease [22, 23]. Therefore, it is thought that not only the brainstem but
also a wide range of central nervous systems, including are involved in the expres-
sion of the R2 component of the blink reflex. In this study, we investigated the
effects of acupuncture stimulation on BR, which are motor reflexes that pass through
the supraspinal modulation systems.

3.2 Materials and methods
3.2.1 Participants

Fifteen healthy volunteers (mean - standard deviation [SD]:30.3-6.2 years; 15
males and 1 female) with no known neurological dysfunction and stable appearance
of BR agree to participate in this study. Written informed consent was obtained from
all subjects. This study was approved by the Research Ethics Committee at Hokkaido
College of Oriental Medicine.

3.2.2 Study design

This study applied the crossover protocol; therefore, each experiment was
randomly needled on separate days. The experiments were performed under two
conditions: (1) acupuncture stimulation of right LI4 and (2) control (no acupuncture
stimulation). To prevent a carryover effect, intervals of more than 1 week between
each acupuncture stimulation were maintained.

3.2.3 Experimental setting

BR was measured before and after acupuncture (5-minute needle retention). BR in
the control group was measured at the same timepoints acupuncture.
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3.2.4 Measurement of BR

BR was recorded and analyzed by using a Neuropack MEB 9204 recorder (Nihon
Koden, Tokyo, Japan) with a band-pass filter of 5 Hz to 2 kHz. Five BR waves, elicited
by electric stimulation of the supraorbital nerve, were recorded from the orbicularis
oculi muscle of each subject. The stimulus intensity was twice the intensity the R2
component responded to. The electrical stimulus rate and duration were 0.1 Hz and
0.2 milliseconds, respectively. Electromyographic electrodes were attached firmly over
the orbicularis oculi muscle, With the anode positioned lateral canthus. The ground
electrode was placed forehead. The electrode impedance was below 10KQ. The experi-
ments were performed in a quiet room with a consistent temperature of 23-25°C.

3.2.5 Data analysis for the BR

Analysis was performed on waveforms in which the blink reflex appeared stable
(Figure 4). The obtained waveforms were analyzed with R1 as the waveform rising at
the latency of 10 msec and R2 as the waveform rising at the latency of 30 msec.

3.2.5.1 R1 component

The R1 component was analyzed with respect to two parameters: the R1 latency
and R1 amplitude. The R1 latency was defined as the time from the electrical stimula-
tion to the rise of the waveform that appeared around 10 msec was measured. The
R1 amplitude ratio was defined as the peak-to-peak amplitudes of R1, An average of
waveforms of 60 uV or more was obtained.

3.2.5.2 R2 component

The R1 component was analyzed with respect to three parameters: the R2 latency,
R2 amplitude, and R2 duration. The R2 latency was defined as the time from the

Right
Orbicularis
muscle

Left
Orbicularis ——e—s—miad

muscle
lat dur | 200pV

Figure 4.

Analysis of BR. Analysis was performed on waveforms in which the appearance of the blink reflex was stable.
The obtained waveforms were analyzed with R1 as the waveform rising at the latency of 10 msec and R2 as the
waveform rising at the latency of 30 msec. Lat: Latency, amp: Amuplitude, dur: Duration.
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electrical stimulation to the rise of the waveform that appeared around 30 msec was
measured. The average of 5 waveforms was obtained. The R2 amplitude ratio was
defined as the peak-to-peak amplitudes of R2. The time from the first negative peak
of the R2 waveform to the last negative peak of the waveform was measured.

3.2.5.3 Measurement of electrical stimulation pain assessment

The subjective magnitude of electrical stimulation pain was rated by visual analog
scale (VAS). It was recorded as no pain at the left end (0 mm) and the maximum pain
the participant experienced in the past at the right end (100 mm) on a linear scale of
100 mm.

3.2.6 Acupuncture stimulation

An acupuncturist applied a needle at the right LI 4 (radial to the midpoint of the
second metacarpal bone) (Figure 2). Disposable stainless steel needles (diameter,
0.18 mm; length, 40 mm; Seirin Co., Ltd. Shizuoka, Japan) were used. The depth of
needle insertion was 10 mm, and the needle was at a right angle to the skin and was
maintained in this position (needle retention) for 5 minutes. No manipulation was
performed during needle retention.

3.2.7 Statistical analysis

The data are reported as means + standard deviation (mean + S.D.). A Wilcoxon
signed-rank test was used to compare BR results after acupuncture and before acu-
puncture. For other statistical analyses, P values <0.05 were considered significant.
Statistical analyses were performed using a commercially available statistical package
(SPSS, Ver11.0.1, SPSS, Tokyo, Japan).
3.3 Results

3.3.1 Typical electromyogram waveform under befove acupuncture stimulation and
during acupuncture stimulation

Figure 5 illustrates a sample recording of the BR from a typical subject. R2
decreased after acupuncture stimulation (right side). There was no change in the R1
component.

3.3.2 Changes in R1 component induced by acupuncture stimulation

The changes in the R1 component are shown in Table 2. The R1 latency and
amplitude showed no significant change in both groups.

3.3.3 Changes in R2 component induced by acupuncture stimulation
The changes in the R2 component are shown in Table 2. Acupuncture stimulation

depressed the latency, amplitude, and duration of the R2 component on both sides.
There was no change in the control group.
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Figure 5.
Typical electromyogram waveform under resting condition (left side) and during acupuncture stimulation (right
side). R2 component decreased after acupuncture stimulation. Theve was no change in the R1 component.

Acupuncture Control
Before After Before After

Right R1 latency 103+2.0 104+ 17 10.3+2.0 103+2.0
(ms)
Right R1 2815+ 124.2 2693 + 106.5 259.5 + 1172 254.7 + 106.5
amplitude (%)
Right R2 latency 348136 36.0+2.8" 354 £72 36951
(ms)
Right R2 2879 + 1985 2259 +1549" 3124 +281.3 290.4 +242.1
amplitude (%)
Right R2 duration 282159 212+105" 243+93 223498
(ms)
Left R2 latency 375+ 67 39.0+63" 357+112 385+85
(ms)
Left R2 amplitude 183.8 + 120.5 1521+102.5° 2199 + 148.7 203.2 + 1368
(%)
Left R2 duration 259 +14.0 206+69° 272£79 26.0 +11.0
(ms)

Mean + SD. **: P < 0.01 Wilcoxon signed-rank test vs. before acupuncture.

Table 2.
Changes in BR induced by acupuncture stimulation.

3.3.4 Changes in electrical stimulation pain induced by acupuncture stimulation

The changes in electrical stimulation pain are shown in Table 3. The electrical
stimulation pain was no significant change in either group.

3.4 Discussion
The blink reflex can be quantitatively measured from the magnitude of the

reaction of the muscle action potential of the orbicularis oculi muscle induced
when the supraorbital nerve, which is the first branch of the trigeminal nerve,
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Acupuncture Control

VAS (mm) 29.14 +26.33 26.71 2319

Table 3.
Changes in electrical stimulation pain induced by acupuncture stimulation.

is electrically stimulated. The electromyogram associated with the blink reflex
consists of two components called R1 and R2. R1 is a relatively stable early
component that appears with a latency of 10 msec and appears only in stimulus
measurements. The R1 component is the potential where electrical stimulation

to the supraorbital nerve alters neurons in the facial nucleus at the pons and leads to
the orbicularis oculi muscle. Several studies have considered the R2 component of
the blink reflex to be evoked through a polysynaptic pathway in the pons and the
lateral part of the medulla [20, 21]. Peripheral facial nerve palsy causes R1 and R2
component suppression; hemifacial spasm causes an increase in the R2 component
[20, 21]. Thalamic hemorrhage and lesions in the sensory cortex have also been
reported to cause R2 abnormalities [21]. Furthermore, it has been reported that the
R2 component reflects the disappearance of Myerson’s sign upon administration
of L-dopa in patients with Parkinson’s disease [22, 23]. Therefore, it is thought that
not only the brainstem but also a wide range of central nervous systems including
are involved in the expression of the R2 component of the blink reflex. No signifi-
cant changes were observed in the latency and amplitude of the R1 component

in both control group and acupuncture group. Thus, our results show that the

R1 component of the blink reflex was not changed by acupuncture stimulation,
suggesting that acupuncture stimulation has no effect on the monosynaptic reflex
of the brain stem. Acupuncture stimulation depressed the latency, amplitude, and
duration of the R2 component on both sides. It is well known that acupuncture
activates various groups of afferent fibers. Kagitani et al. demonstrated that
manual acupuncture needle stimulation to the hind limbs activated the single-unit
afferents belonging to the group I, II, III, and IV fibers in the spinal dorsal roots
[24]. Acupuncture signals are conveyed by afferent fibers to the dorsal horn of the
spinal cord. Then, they project to the thalamus via spinothalamic tract (STT) and
spinoreticulothalamic tract (SRT). It has been shown to project to various regions
such as the lateral reticular formation, central midbrain gray matter, basal ganglia,
and sensory cortex [25, 26]. Willer JC et al. reported that electroacupuncture
stimulation depresses the R2 component. In addition, they assumed the involve-
ment of endogenous morphine-like systems since the depression of R2 components
by electroacupuncture was antagonized by naloxone administration [27]. This
study found no effect of acupuncture on electrical pain. Therefore, we suggest that
the depression of R2 components by acupuncture is not due to the suppression of
pain caused by evoked electrical stimulation. Furthermore, it has been suggested
that there is a longer pathway involving the cerebral cortex for the inhibition of R2
components by acupuncture stimulation.

3.5 Conclusion

Acupuncture stimulation may inhibit R2 components via longer pathways involv-
ing the cerebral cortex.
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4. Effect of acupuncture stimulation on excitability of spinal motor neurons
4.1 Background and purpose

F-waves are muscle action potentials recorded from muscle fibers of motor units
activated by antidromic action potentials ascending in motor axons to the anterior
horn cell [28-30]. F-waves are late motor responses observed following supramaxi-
mal electrical stimulation of a peripheral nerve causing an antidromic activation of
motor neurons [28-30]. Zhao et al. found that the F/M ratio decreased following
acupuncture treatment in patients with spastic hypertonia from stroke; this result
indicated that the acupuncture treatment could inhibit neuron excitability in patients
with spastic hypertonia from stroke [1]. Futhermore, Matsumoto et al. reported that
the F/M ratio decreased following acupuncture treatment in patients with Chronic
Disorder of Consciousness Following Traumatic Brain Injury [31]. As described
above, the effect of acupuncture stimulation on the induced F-wave has been mainly
applied to the effect of patients with motor symptoms such as spastic paralysis. In
this study, we examined the effects of acupuncture stimulation on the spinal motor
neuron in healthy adults, using the electromyographic F-waves of the first dorsal
interosseous muscle immediately below the acupuncture stimulation site.

4.2 Materials and methods
4.2.1 Participants

Ten healthy volunteers (mean-standard deviation [SD]:30.3-6.2 years; 15 males
and 1 female) with no known neurological dysfunction agree to participate in this
study. Written informed consent was obtained from all subjects. This study was
approved by the Research Ethics Committee at Hokkaido College of Oriental Medicine.

4.2.2 Study design

This study applied the crossover protocol; therefore, each experiment was
randomly needled on separate days. The experiments were performed under two
conditions: (1) acupuncture stimulation of right LI4 and (2) control (no acupuncture
stimulation). To prevent a carryover effect, more than 1 week intervals between each
acupuncture stimulation were maintained.

4.2.3 Experimental setting

M-wave and F-wave were measured before and after acupuncture (5-minute
needle retention). M-wave and F-wave in the control group were measured at the
same timepoints acupuncture.
4.2.4 Measurement of F-wave

F-waves were recorded and analyzed by using a Neuropack MEB 9204 recorder

(Nihon Koden, Tokyo, Japan) with a band-pass filter of 5 Hz to 2 kHz. Thirty-two
F-waves, elicited by electric stimulation of the ulnar nerve to the wrist, were recorded
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from the first dorsal interosseous muscle on the right side of each subject in a resting
sitting position. The stimulus intensity used to elicit F-wave was more than the 120%
that is required to elicit a maximal M-wave response. The electrical stimulus rate and
duration were 1 Hz and 0.2 milliseconds, respectively. Electromyographic electrodes
were attached firmly over the first dorsal interosseous muscle, With the anode posi-
tioned second phalanges. The ground electrode was placed between the stimulating
and recording electrodes. The electrode impedance was below 5KQ. The experiments
were performed in a quiet room with a consistent temperature of 23-25°C.

4.2.5 Data analysis for the F-wave

Sample images of the F-wave and M-wave are shown in Figure 6. The F-wave was
analyzed with respect to three parameters: occurrence, the F/M amplitude ratio, and
the latency. The sensitivity was set at 5 mV/div for the M-wave and 0.5 mV/div for
the F-wave. The occurrence was defined as the number of detected F-wave responses
to 32 electrical stimuli and expressed as percentage. The F/M amplitude ratio was
defined as the peak-to-peak amplitudes of F- and M-waves were measured, and the
amplitude ratio of F/M was expressed as the ratio of F amplitude and the maximal
amplitude of M-wave. F-wave latency was defined as the period from the stimulus to
the F-wave evocation.

4.2.6 Acupuncture stimulation

An acupuncturist applied a needle at the right LI 4 (radial to the midpoint of the
second metacarpal bone) (Figure 2). Disposable stainless steel needles (diameter,
0.18 mm; length, 40 mm; Seirin Co., Ltd. Shizuoka, Japan) were used. The depth of
needle insertion was 10 mm, and the needle was at a right angle to the skin and was
maintained in this position (needle retention) for 5 minutes. No manipulation was
performed during needle retention.

F wave

leaa

F amplitude

M amplitude

Figure 6.

Analysis of F wave. The F wave was analyzed with respect to three parameters: Occurrence and the F/M
amplitude ratio and the latency. The sensitivity was set at 5 mV/div for the M-wave and 0.5 mV/div for the F
wave. Occurrence was defined as the number of detected F wave responses to 32 electrical stimuli and expressed
as percentage. The F/M amplitude vatio was defined as the peak-to-peak amplitudes of F and M-waves were
measured and the amplitude ratio of F/M was expressed as the vatio of F amplitude and the maximal amplitude
of M-wave. F-wave latency was defined as the period from the stimulus to the F-wave evocation.
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4.2.7 Statistical analysis

The data are reported as means + standard deviation (mean + S.D.). A Wilcoxon
signed-rank test was used to compare occurrence and the F/M amplitude ratio and
the latency results after acupuncture and before acupuncture. For other statisti-
cal analyses, P values <0.05 were considered significant. Statistical analyses were
performed using a commercially available statistical package (SPSS, Ver11.0.1, SPSS,
Tokyo, Japan).

4.3 Results

4.3.1 Typical electromyogram waveform under before acupuncture stimulation and
during acupuncture stimulation

Figure 7 illustrates sample recording of the F-wave from a typical subject. F-wave
increased after acupuncture stimulation (right side). No effect of acupuncture stimu-
lation was observed on the M-wave.

4.3.2 Changes in F-wave induced by acupuncture stimulation

The changes in the F-wave are shown in Table 4. The F-wave occurrence was sig-
nificantly increased by acupuncture stimulation. There was no significant change in
the control group. The F/M amplitude ratio was significantly increased by acupunc-
ture stimulation. There was no significant change in the control group. The F-wave
latency was no significant change in either group.

4.4 Discussion

LI4 is located in the area covered by the superficial branch of the radial nerve,
and the muscle innervation of the first dorsal interosseus muscle underlying the
same skin is supplied by the ulnar nerve. In addition, there are motor points of the
first dorsal interosseous muscle around LI4, which may be excited by acupuncture
stimulation [32], which may be excited by acupuncture stimulation. Thus, It is

Before After
Acupuncture Acupuncture
M wave F wave M wave F wave

J 500V _l 500pV

bms b5ms

Figure7.

Typical electromyogram waveform under vesting condition (left side) and after acupuncture stimulation (right side).
Typical electromyogram waveform under rvesting condition and during acupuncture stimulation. F wave increased
after acupuncture stimulation (right side). No effect of acupuncture stimulation was observed on M wave.
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Acupuncture Control
Before After Before After
F-wave occurrence (%) 40.8 + 172 481:19.0" 36.2+256 343:251
F/M ratio (%) 1.73+ 0.98 239156 1.65+0.63 1.71+0.80
F-wave latency (ms) 298 +2.6 295+26 29.5+23 296 +2.3

Mean + SD. **: P < 0.01 Wilcoxon signed-rank test vs. before acupuncture.

Table 4.
Changes in F-wave induced by acupuncture stimulation.

thought that acupuncture stimulation of LI4 excites various sensory receptors in the
skin and muscles, spinal motor neuron are thought to undergo various regulations. In
this study, F-wave persistence and amplitude F/M ratio increased after acupuncture
stimulation. Persistence reflects the number of backfiring spinal anterior horn cells,
and the F/M amplitude ratio reflects the synchronization of backfiring spinal ante-
rior horn cells [28-30]. Thus, acupuncture increases the excitability of spinal motor
neurons that innervate the muscles immediately below the stimulation site. Previous
studies have shown that electrical stimulation of the index finger increases MEP in the
first dorsal interosseous muscle [33]. In addition, Previous studies have shown that
electrical stimulation of the index finger increases motor unit in the first dorsal inter-
osseous muscle [34]. This suggests that stimulation of the skin may induce facilitation
of the spinal motor neuron. Furthermore, It has been reported that pain stimulation
to the thumb increases the MEP of the thenar muscle [35]. In addition, groups IIl and
IV muscle afferents facilitated motoneurons and inhibited the motor cortex [36]. This
suggests that painful stimuli to the skin and muscles may induce facilitation of the
spinal motor neuron. Furthermore, there are motor points of the first dorsal interos-
seous muscle around LI4, which may be excited by acupuncture stimulation [32]. In
addition, it has been reported that the number of Golgi tendon organs in the intrinsic
muscle of the hand is maredly small [37]. Koiwa et al. demonstrated that inserted a
needle electrode into the muscle motor point of the first dorsal interosseous muscle
and measuring the action potential of the ulnar nerve of the elbow, the possibility of
activated muscle sensory nerves such as group la afferent nerves [38]. Furthermore,
we reported that the amplitude F/M ratio increased by acupuncture stimulation was
suppressed by vibration stimulation. It is thought that the increase in reflex excitabil-
ity of spinal motor neurons caused by group Ia afferent nerves excited by acupuncture
stimulation is suppressed by presynaptic inhibition caused by the excitation of

group la afferent nerves by vibration stimulation [39]. Furthermore, we inserted an
acupuncture needle into LI4 and applied electrical stimulation to confirm the appear-
ance of F-waves (Figure 8). Therefore, it was thought that acupuncture stimulation
directly excites the ulnar nerve that innervates the first dorsal interosseous muscle.

It may excite various afferent nerves contained within the same nerve trunk. Gracies
et al. reported changes in the motor units of each upper extremity muscle by electrical
stimulation of the median, ulnar, and radial nerves. They reported that stimulation
of homonymous nerves increased the firing of motor units. Furthermore, it is con-
sidered that spatial facilitation by skin-afferent nerves and muscle-afferent nerves is
involved in this effect [40]. Furthermore, It is well known that acupuncture activates
various groups of afferent fibers. Using single-unit nerve recording techniques in rats,
Kagitani et al. demonstrated that manual acupuncture needle stimulation to the hind
limbs activated the single-unit afferents belonging to groups I-1V fibers in the spinal
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Figure 8.
Electromyograms recovded at the first dorsal interosseous muscle during stimulation of L14 acupoint (right side)
and ulnar nerve trunk (left side) in single subject.

dorsal roots [24]. This suggests that acupuncture stimulated sensory receptors and
nerve fibers distributed in the skin and muscles, resulting in increased spinal motor
neuron excitability. Furthermore, in our study, subjects cannot avoid paying attention
to the acupuncture site during needle insertion. Previous studies have reported that
attention causes the facilitation of MEPs [41]. Therefore, acupuncture effect was com-
pensated by facilitation arising from the concentration to the stimulated site. In addi-
tion, the F-wave latency, which is an index showing the conduction velocity of motor
nerves, was not affected by acupuncture stimulation. Therefore, it is considered that
acupuncture stimulation does not affect the conduction velocity of motor nerves.

4.5 Conclusion

The result of this study indicated that acupuncture stimulation may have a greater
effect on the excitability of spinal motor neurons.

5. How to use of acupuncture treatment in neurorehabilitation

In our study, acupuncture stimulation caused suppression of LLR occurrence and
amplitude LLR/M ratio. Therefore, the results of this study are considered to explain
the mechanism of action of acupuncture for Parkinson’s disease and multiple sclerosis
[42-44]. Therefore, the results of this study are considered to explain the mechanism
of action of acupuncture for Parkinson’s disease and multiple sclerosis.

Furthermore, we also found that acupuncture stimulation reduced the amplitude,
latency, and duration of the BR R2 component. The results of this study suggest that
acupuncture can be used for facial spasms and paralysis [45]. Furthermore, it has
been reported that the R2 component reflects the disappearance of Myerson’s sign
upon administration of L-dopa in patients with Parkinson’s disease [22, 23]. The
results of this study suggest that acupuncture can be used for Parkinson’s disease.
Furthermore, it has been reported that acupuncture reduces the amplitude ratio in
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patients with spastic paralysis due to cerebrovascular disease [1]. In addition, acu-
puncture has been reported to depress the increase in F-wave frequency and ampli-
tude ratio in patients with chronic consciousness disturbance after traumatic brain
injury [31]. In addition, there is also a report that acupuncture reduces the incidence
of Parkinson’s disease [2]. In our study, the F-wave persistence and amplitude F/M
ratio before acupuncture stimulation were not high. Therefore, it is possible that
changes in spinal motor neurons by acupuncture may have different effects depend-
ing on the state before stimulation.
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Motor Imagery in Evidence-Based

Physical Therapy

Yoshibumi Bunno, Chieko Onigata and Toshiaki Suzuki

Abstract

Motor imagery allows patients with difficulty in voluntary movements to mentally
practice a target motor task. Numerous neurophysiological studies have investigated
the mechanisms underlying the benefits of motor imagery, but many aspects remain
unclear. Since both central and spinal neural function need to be leveraged to improve
various motor functions, we have investigated motor imagery and spinal neural
functions. Our previous research demonstrated a facilitation effect of motor imagery
on spinal neural function and an immediate effect on muscle strength. Specifically, a
mild imagined muscle contraction strength may be sufficient to enhance the excit-
ability of spinal motor neurons. In addition, kinesthetic imagery or combined action
observation and motor imagery may substantially enhance the excitability of spinal
motor neurons. Also, keeping a position of the upper or lower extremities close to the
desired movements leads to greater enhancement of the excitability of spinal motor
neurons during motor imagery.

Keywords: motor imagery, action observation, sensory modality, F-waves,
spinal neural function, muscle strength

1. Introduction

Motor imagery (MI) is a cognitive process that is realized when an individual
imagines that he/she is creating specific motor actions without actually performing
the action or contracting muscles [1-3]. MI does not require special equipment and it
can be easily performed at any time and location. Therefore, it can be used in a variety
of settings, for example, sports medicine or post-operative and post-stroke rehabilita-
tion. A systematic review and meta-analysis of randomized control trials conducted
by Zhao et al. [4] revealed that combined MI training and physical therapy is more
beneficial for improving the lower limb motor function, gait function (i.e., gait speed,
stride length, and cadence), and activities of daily living (ADL) compared to physical
therapy alone in post-stroke patients with lower limb motor dysfunction. Similarly,

a systematic review and meta-analysis conducted by Li et al. [5] revealed that MI
training is effective for improving range of motion, muscle strength, and indepen-
dence in ADL and to reduce pain in post-operative patients who underwent total knee
arthroplasty. In addition, research has demonstrated the effectiveness of MI both on
muscle strength for young and old healthy adults [6] and upper limb motor function
in post-stroke patients [7]. The number of systematic reviews and meta-analyses on
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MI training has grown in the past years. While the clinical use of MI is expected to
increase in the future, the evidence of its effects and knowledge about the underlying
neurophysiological mechanisms are not yet sufficient. In this chapter, we provide an
overview of our previous studies and we discuss MI training in evidence-based physi-
cal therapy, with a special focus on benefits related to spinal neural function.

2. Central and spinal neural excitability during MI

Various neurophysiological studies using positron emission tomography, functional
magnetic resonance imaging, and near-infrared spectroscopy have revealed mecha-
nisms underlying the effects of MI on the central nervous system. Specifically, research
has shown that MI-induced activity in the primary motor cortex (M1), supplementary
motor area (SMA), premotor area (PM), prefrontal cortex (PFC), parietal cortex, and
subcortical areas such as the basal ganglia and cerebellum [8]. The SMA, PM, basal
ganglia, and cerebellum, are key structures in motor control, particularly the planning
and preparation stages [9, 10]. Furthermore, these areas are activated during both
MI and motor execution (ME). Although numerous previous studies have provided
evidence that MI and ME share many common neural networks [8, 11], the activity of
M1 during MI is controversial. Some studies found a significant increase in the activ-
ity of M1 during MI [12-16] whereas others did not [10, 17-19]. On the other hand,
by evaluating the corticospinal excitability using transcranial magnetic stimulation
(TMS) with high temporal resolution, a significantly increased amplitude of motor
evoked potentials (MEPs) was observed during MI compared with the rest condition,
suggesting elevated corticospinal excitability [20-24]. These results indicated that MI
can increase corticospinal excitability. However, corticospinal excitability is lower dur-
ing MI compared to ME [22]. Similarly, the observed M1 activity has been reported to
be lower during MI compared to ME (i.e., less than a half) [13]. Although many motor-
related brain areas are activated during MI, the role of M1 in MI is still unclear.

In addition, research suggests that it is important to assess spinal neural func-
tion during MI. Lower motor neurons of the spinal cord, namely a motor neurons,
directly command muscle contraction. Descending pathways comprising upper
motor neurons in the motor cortex or brainstem centers such as the reticular forma-
tion modulate the spatial and temporal patterns of activation of «a motor neurons.
Therefore, a motor neurons are the final common pathway for integrating various
excitatory and inhibitory commands from upper motor neurons and for transmitting
the information to the skeletal muscles [25]. To effectively improve motor function,
it is necessary to facilitate both the central nervous system and spinal neural func-
tion. Indeed, a significant reduction of corticospinal excitability including spinal
motor neurons was observed in post-stroke patients [26-28]. Also, the function of the
corticospinal pathway is associated with the acquisition of dexterous motor skills [29,
30]. Therefore, assessing the excitability of spinal motor neurons during MI could
help toward a better understanding of the neurophysiological aspects underlying the
beneficial effects of MI.

3. Assessing the spinal neural function

The F-wave, H-reflex, and T-reflex are typically used to assess the spinal neural
function. In our laboratory, we mainly used the F-wave to assess the excitability of
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spinal motor neurons during MI under various conditions. The F-wave is defined as
compound action potential resulting from the re-excitation (“backfiring”) of spinal
anterior horn cells by an antidromic impulse following distal electrical stimulation of
o motor neurons [31-33]. When electrical stimulation is applied to a motor neurons,
compound muscle action potentials orthodromically propagate through a motor
neurons and can be recorded from the corresponding muscles (M-wave). In addition
to a motor neurons, the H-reflex and T-reflex involve the Ia fiber or muscle spindle

in their reflex pathway, but the reflex pathway involved in the F-wave generation
consists only of a motor neurons. Therefore, the F-wave can be suitable to assess the
spinal motor neurons excitability. The main indexes used to estimate the excitability
of spinal motor neurons are persistence and the F-wave/M-wave (F/M) amplitude ratio.
Specifically, persistence (%) is computed as the number of F-wave responses detected
divided by the number of electrical stimuli delivered and it reflects the number of
backfiring spinal motor neurons [32, 33]. The F/M amplitude ratio (%) is computed
as the mean amplitude of the F-wave responses detected divided by the maximum
value of M-wave amplitude observed. The F/M amplitude ratio reflects the number,
size, and synchronization of backfiring spinal motor neurons [32, 34].

4. Excitability of spinal motor neurons during MI
4.1 Background

The observed effects of MI on the excitability of spinal motor neurons are
inconsistent across studies. For example, research has shown that the excitability of
spinal motor neurons was significantly decreased after 3 hours intentional relaxation
and that it recovered quickly after ME. In addition, when sustained intentional
relaxation and MI of thumb abduction were performed simultaneously, the excit-
ability of spinal motor neurons was maintained at pre-relaxation levels [35]. Also,
excitability increased during MI of isometric ankle plantar flexion movement [36,
37]. These results indicate that MI may enhance the excitability of spinal motor
neurons. However, studies have shown that MI of thumb abduction [21, 38, 39] or
palmar flexion [20, 40] did not alter the excitability of spinal motor neurons. Another
study on speed skaters performing MI in a competition showed varying responses in
participants as both increased and decreased excitability was observed in different
participants compared to that at rest [41].

In the following section, we will introduce previous research from our laboratory
regarding the excitability of spinal motor neurons during MI under various condi-
tions. The protocols were approved by the Research Ethics Committee at Kansai
University of Health Sciences and conducted in accordance with the Declaration of
Helsinki. In addition, written informed consent was obtained from all subjects prior
to participation.

4.2 Influence of sensory inputs on the excitability of spinal motor neurons
during MI

The influence of sensory inputs on the excitability of spinal motor neurons during
MI was investigated in a sample of 11 healthy volunteers (8 males, 3 females; mean
age, 34.0 years) [42]. Subjects were in a supine position on a bed and were asked to fix
their eyes on the display of the pinch meter (Digital Indicator F340A; Unipulse Corp.,
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Tokyo Japan). The F-wave was recorded using a Viking Quest electromyography
machine ver. 9.0 (Natus Medical Inc., Pleasanton, CA, USA). A pair of silver EEG cup
electrodes (10 mm diameter; Natus Medical Inc., Pleasanton, CA, USA) were placed
over the thenar muscles and the base of the first dorsal metacarpal bone. The skin
was cleaned with an abrasive gel (Neprep® Skin Prep Gel; Weaver and Company,
Inc., Aurora, CO, USA). The F-wave was evoked from the left thenar muscles by
delivering supramaximal electrical stimulation to the left median nerve at the wrist.
Supramaximal stimulus intensity was set at a level 20% higher than the maximal
stimulus intensity that could elicit the largest M-wave amplitude.

The baseline excitability of spinal motor neurons was determined by recording
the F-wave during 1 minute of relaxation. Then, the holding trial was performed.
Specifically, the F-wave was recorded while the participant was holding the pinch meter
sensor between the left thumb and index finger. Following the holding trial, partici-
pants were instructed to press the pinch meter sensor between the left thumb and index
finger with maximal effort for 5 s. Then, for the motor task, subjects were instructed to
exert pinch force at their target pinch force [i.e., the pinch force at 50% maximal vol-
untary contraction (MVC)] for 10 s with visual feedback. In addition, subjects learned
isometric left thenar muscle contraction at 50%MVC by performing the motor task for
1 minute. In the MI with sensor trial, subjects performed MI of the isometric left thenar
muscle contraction while holding the pinch meter sensor for 1 minute, whereas in the
MI without sensor trial, subjects performed the MI without holding the sensor for
1 minute. The F-wave was recorded during MI in both conditions.

Thirty F-waves were recorded in each trial. For the F-wave analysis, the amplifier
gain for the M-wave was set at 5 mV per division, 200 pV per division for the F-wave,
and a sweep of 5 ms per division. The bandwidth filter ranged from 20 to 3 Hz. The
minimum peak-to-peak amplitude of the F-wave was 20 pV [43]. Persistence and F/M
amplitude ratio were estimated from the recordings. In addition, we calculated the
relative data obtained by dividing persistence and the F/M amplitude ratio during two
MI trials with those obtained at rest.

With regard to the MI with sensor condition, the values of persistence during
the holding and MI trials were significantly higher than the values obtained at the
baseline. The F/M amplitude ratio during the MI trial was significantly higher than
that obtained at the baseline. Regarding the MI without sensor condition, the values
of persistence observed during the holding and MI trials were significantly higher
than that obtained at the baseline. The F/M amplitude ratio during the holding and
MI trials was slightly higher than that obtained at the baseline, but the observed
differences were not significant. The relative data for persistence and F/M amplitude
ratio during MI with the sensor condition were higher than those obtained during MI
without the sensor condition.

Overall, the observed changes of F-wave during MI suggest that MI could increase
the excitability of spinal motor neurons. In addition, somatosensory inputs, including
tactile and proprioceptive, can help increase the effect of MI on the excitability of
spinal motor neurons. However, substantial inter-individual variability in excitability
was observed and future studies are needed to further elucidate these mechanisms.

4.3 Influence of imagined muscle contraction strength on the excitability
of spinal motor neurons during MI

Our first study using MI of isometric thenar muscle activity at 50%MVC showed
that MI can enhance the excitability of spinal motor neurons, as measured by the
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F-wave. In ME, the excitability increased linearly with the strength of muscle
contraction [44]. To test the hypothesis that MI and ME share common neural
networks and, thus, that the excitability of spinal motor neurons should increase
with the imagined muscle contraction strength, we performed an experiment of
MI of isometric thenar muscle activity at varying %MVC level (i.e., 10, 30, 50, and
70%MVC) [45].

Ten healthy volunteers (5 males, 5 females; mean age, 28.7 years) participated
in the study. Subjects were in a supine position on a bed and were asked to fix their
eyes on the display of the pinch meter (Digital Indicator F340A; Unipulse Corp.,
Tokyo Japan) throughout the experiment. The recording condition for the F-wave
was the same as in [42]. The F-wave recordings were conducted under three trials
termed rest, MI, and post. In the rest trial, subjects kept relaxation for 1 minute.
Before the MI trial, subjects learned the isometric left thenar muscle contraction
while exerting the pinch force at 10%MVC for 1 minute. In the MI trial, subjects
were instructed to imagine the isometric left thenar muscle contraction at 10%MVC
for 1 minute. After the MI trial, subjects kept relaxed without performing MI for
1 minute again. The above process was defined as the 10% MI condition. This pro-
cess was also performed under three other conditions (i.e., the 30, 50, and 70% MI
conditions, respectively). The four MI conditions were randomized and performed
on different days.

Persistence F/M amplitude ratios under the four MI conditions were significantly
higher than those at the rest trial. Both persistence and F/M amplitude ratio in the
post-trial under the four MI conditions were similar to those observed at rest.

Also, Figure 1 shows the relative values of persistence and the F/M amplitude ratio
measured in the four MI conditions. Results showed that the relative data for persis-
tence and the F/M amplitude ratio were similar among the four MI conditions.

Overall, these results suggested that MI of isometric thenar muscle contraction
under various imagined strengths could enhance the excitability of spinal motor
neurons and that the imagined strength did not seem to influence the observed effect.
Thus, it may be sufficient to perform MI at mild (e.g., 10%MVC) imagined muscle
contraction strength to enhance the spinal motor neuron excitability. However,
similar to our previous research [42], there was a lot of variability in the excitability of
spinal motor neurons during MI and further research is needed.
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Figure 1.
Relative data for persistence and F/M amplitude ratio under the four MI conditions. There were no differences
in velative data for persistence and F/M amplitude ratio among the four MI conditions. (adapted from reference

[asD).
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4.4 Influence of sensory modality on the excitability of spinal motor neurons
during MI

Our previous research [42, 45] revealed that MI of isometric thumb opposition
movement enhanced the excitability of spinal motor neurons. However, substantial
inter-individual variability was observed. It is hypothesized that this variability could
be, at least in part, related to different sensory modalities experienced by the tested
subjects.

Sensory experience during MI can be classified into two modalities, specifically
kinesthetic and visual. Kinesthetic imagery (KI) is defined as a subject imagining
muscle contraction corresponding to actual movements. On the other hand, visual
imagery (VI) is defined as a subject imagining movements performed by himself/
herself (i.e., internal VI) or performed by another person (i.e., external VI). Previous
research has shown that KI can activate motor-related brain regions to a larger extent
than VI [46]. In addition, a significantly higher MEPs amplitude (i.e., higher corti-
cospinal excitability) was observed during KI compared to VI [22, 23]. Therefore,
we hypothesized that the sensory modality experienced during MI may affect the
excitability of spinal motor neurons.

We administered a survey to 85 subjects to investigate the sensory modalities
used while performing MI [47]. Results showed that three types of sensory modality
were used during MI: kinesthetic, tactile/pressure, and visual, used either alone or
combined. In Ref. [48], we investigated the possible influence of the sensory modality
of MI on the excitability of spinal motor neurons by using kinesthetic and somatosen-
sory perception.

Fourteen healthy volunteers (10 males, 4 females; mean age, 23.4 years) partici-
pated in the study. Subjects were in a supine position on a bed and were asked to fix
their eyes on the display of the pinch meter (Digital Indicator F340A; Unipulse Corp.,
Tokyo Japan) during the experiment. The recording settings for the F-wave were the
same as in the above described study and are reported in [42, 45]. The baseline of the
excitability was determined in a rest trial by recording the F-wave during relaxation
for 1 minute. Next, subjects were instructed to exert isometric left thenar muscle
contraction at 50%MVC for 1 minute with visual feedback. Subjects were trained with
two sensory modalities: kinesthetic (i.e., thenar muscle contraction while exerting
the pinch force at 50%MVC) and somatosensory (i.e., tactile and pressure perception
of thumb finger pulp while pressing the pinch meter sensor). Following training,
subjects performed a randomized sequence of KI, somatosensory imagery (SI), and
combined kinesthetic and somatosensory imagery (SKI), which consisted of imagin-
ing kinesthetic and somatosensory perception simultaneously. The F-waves were
recorded for 1 minute in each trial. Following the MI trials, subjects were asked how
vivid could they imagine the three imagery tasks on a five-point Likert scale ranging
from 1 (very hard to image vividly) to 5 (very easy to image vividly).

Persistence and the F/M amplitude ratio were analyzed, as in the above-mentioned
studies [42, 45]. Results are summarized in Figure 2. Persistence during KI and SI
was significantly higher compared to the baseline. The F/M amplitude ratio during
KI was significantly higher than that at rest. Both persistence and the F/M amplitude
ratio during SKI were higher than that at rest, but the observed differences were not
significant. The index of the imagery vividness, as measured using a five-point Likert
scale, was significantly lower in the SKI trial than in the KI and SI trials.

Overall, the results of this study indicated that kinesthetic perception may be a more
effective sensory modality to enhance the excitability of spinal motor neurons during MI
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Figure 2.

Peysistence and F/M amplitude ratio during SI, KI, and SKI trials. Persistence was significantly increased during
SI and KI compared to rest (**p < 0.01). The F/M amplitude ratio was significantly increased during KI compared
to vest (*p < 0.05). (adapted from veference [48]).

compared to the other sensory modalities investigated. The excitability of spinal motor
neurons during SKI was similar to the baseline. This may be, at least in part, related

to the relatively low imagery vividness score in the SKI trials, possibly suggesting that
subjects could not imagine kinesthetic and somatosensory perceptions simultaneously.

4.5 Influence of combined action observation and MI on the excitability of spinal
motor neurons

Previous research [42, 45] has shown inter-individual differences in the spinal
motor neurons excitability during MI, which may be influenced by sensory modality
during MI or by imagery vividness [48].

Recently, action observation (AO) has received much attention in the fields of
sports and neurorehabilitation. AO shares neural substrates with MI and ME, includ-
ing the PM, parietal cortex, and somatosensory cortices [49]. Numerous TMS studies
showed a significant increase in corticospinal excitability during AO [50-53]. In
addition, greater enhancement of brain excitability [54] and corticospinal excitability
[55-57] were observed during combined AO and MI. AO has also been reported to
enable more vivid MI [58]. The study outlined below aimed to investigate whether
combined AO and MI can enhance the excitability of spinal motor neurons to a larger
extent than AO alone [59].

Thirty-one healthy volunteers (23 males and 8 females; mean age, 23.5 years)
participated in this study. Subjects were sitting comfortably in a chair with their left
forearm resting on the armrest during the experiment. The left forearm was fully
supinated, and the hand was kept open and relaxed with the palm facing upward.
Prior to F-wave recording, cyclic left thumb opposition movements at 1 Hz were
video-recorded using an iPad (Apple, Inc., Cupertino, CA, USA) for 1 minute.

Then, F-wave recordings were performed for three trials, specifically: rest, AO, and
combined AO and MI (AO + MI). In the rest trial, the F-wave was recorded during
relaxation for 1 minute to determine the baseline. In the AO trial, subjects viewed
the video of their own cyclic left thumb opposition movements. To ensure subjects
recognized the video as if it was their thumb moving to realize the AO modality, the
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Figure 3.

Peysistence and F/M amplitude ratio during AO and AO + MI trials. Peysistence was significantly increased
during AO and AO + MI trials compared to vest (**p < 0.01). The F/M amplitude vatio was significantly
increased during AO + MI compared to vest (**p < 0.01). (adapted from reference [59] ).

size and position of the hand displayed on the video were adjusted to the size and
position of the left hand of the tested subject. For the AO + MI trial, subjects were
asked to imagine the left thenar muscle activity while viewing left thumb opposition
movements displayed on the iPad for 1 minute. To counterbalance the order effect, 15
subjects performed the tasks in the following order: rest, AO, and AO + MI, whereas
the others performed the task in the following order: rest, AO + MI, and AO.

Results are summarized in Figure 3. Persistence during AO and during
AO + MI was significantly higher than that at rest. The F/M amplitude ratio
during AO + MI was significantly higher than that at rest. Overall, these results
indicated that AO + MI may facilitate the spinal motor neurons excitability.

5. Immediate effect of MI on muscle strength

In addition to the study of the spinal motor neurons excitability during MI under
various imagery conditions outlined in the above sections, we performed a study on
the effects of MI on muscle strength [60].

The first study on the effect of MI on muscle strength by Yue & Cole [61] demon-
strated a 22% increase in muscle strength following MI training of little finger abduc-
tion at MVC for 4 weeks. Similarly, Sidaway et al. [62] demonstrated a 17% increase
in muscle strength of ankle dorsiflexion following MI training of ankle dorsiflexion
at MVC for 4 weeks. In addition, MI training for 1 week showed a 10% increase in
muscle strength of ankle plantar flexion [63]. Overall, these findings suggest that MI
training can increase muscle strength in the upper and lower limbs.

It is well known that physical performance improves immediately after MI, and
muscle strength may be involved in this process. However, there were no studies
demonstrating the immediate effect of MI on muscle strength. In addition, while
previous studies [61-64] adopted MI at MVC for MI training, no study investigated
the effect of MI at submaximal muscle contraction strength on muscle strength. The
study summarized in the following aims to investigate the immediate effect of MI at
50% MVC on muscle strength.
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Thirty-six healthy volunteers (20 males, 16 females; mean age, 21.8 years)
with no history of orthopedic and neurological disease participated in this study.
Subjects were randomly divided into two groups using stratification (i.e., 10 males
and 8 females were assigned to each group): MI group (mean age, 22.1 years; mean
body weight, 56.7 kg); and control group (mean age, 21.6 years, mean body weight,
59.2 kg). There was no statistical difference in age and body weight between the two
groups. The dominant leg of all subjects was the right one. The maximal ankle plantar
torque was recorded using a Biodex System 3 dynamometer. Subjects were seated in
the adjustable chair of the dynamometer. The right ankle joint was kept in neutral
position, and the axis of the dynamometer was aligned with the rotation axis of ankle
dorsiflexion/plantar flexion. After warm-up, subjects performed 5 s isometric ankle
plantar flexion movement with maximal effort for three times as a pre-intervention
trial. Next, all subjects were trained on the isometric right ankle plantar flexion
movement at 50%MVC using visual feedback for 1 minute. After training, subjects
in the MI group performed MI of isometric right ankle plantar flexion at 50%MVC
for 1 minute, whereas subjects in the control group kept relaxed for 1 minute without
performing MI. In the post-intervention trial, subjects performed 5 s isometric ankle
plantar flexion movement with maximal effort for three times.

Maximal ankle plantar flexion torque (Nm) was determined as the average value
of peak ankle plantar flexion torque in the three repeated flexion movements. The
maximal ankle plantar flexion torque was normalized to body weight and expressed
as Nm/kg. Relative indexes were computed by dividing the normalized maximal ankle
plantar flexion torque measured in the post-intervention trial to that obtained in the
pre-intervention trial.

In the MI group, the normalized maximal ankle plantar flexion torque at the
post-intervention trial was significantly higher than that measured in the pre-inter-
vention trial. In the control group, no significant difference in normalized maximal
ankle plantar flexion torque between the pre- and post-intervention trials was
observed. The relative index for normalized maximal ankle plantar flexion torque
computed in the MI group was significantly higher than that computed in the control
group (Figure 4).

These results indicated that MI of isometric ankle plantar flexion at 50%MVC
could increase maximal ankle plantar torque immediately after MI. However, this
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Figure 4.
Relative data for normalized maximal ankle plantar flexion torque during MI and control groups. Relative data

for normalized maximal ankle plantar flexion torque in the MI group was significantly higher than that in the
control group (*p < 0.05). (adapted from reference [60] ).
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study did not investigate different imagined muscle contraction strengths, and the
effects of MI on muscle strength as a function of the imagined muscle contraction
strength need to be investigated in more detail.

6. Application of Ml in clinical settings

Our previous findings [42, 45, 48] indicated that MI enhances the excitability of
spinal motor neurons and that a mild (e.g., 10%MVC) imagined muscle contraction
strength may be sufficient for MI training. However, research also suggested that
sensory modality and vividness of MI may influence the excitability of spinal motor
neurons during MI.

Different techniques can be introduced to make MI more effective. The first
method to enhance the effect of MI is providing sensory inputs, including tactile
and proprioceptive perception while performing MI. As discussed above, the excit-
ability of spinal motor neurons during MI while holding the pinch meter sensor was
significantly higher than that observed during MI while not holding the sensor [42].
Similarly, Mizuguchi et al. [65] demonstrated that the corticospinal excitability
during MI of squeezing a ball while touching the ball was higher than that observed
during MI while not touching the ball. Noticeably, no increase in corticospinal excit-
ability was observed while touching the ball with no MI. Accordingly, it is important
to perform MI training with the position of the upper or lower extremities close to the
actual movements. Secondly, combined AO and MI can be effective. Although, the
excitability of spinal motor neurons was increased during AO alone, combined AO
and MI increased the excitability to a larger extent than AO alone [59]. These methods
may activate motor-related neural function more effectively due to synergistic effects
of “MI and sensory inputs” or “MI and AO”, and may allow individuals to imagine the
movements vividly.

In addition, duration of MI should be considered for MI training. We investi-
gated time-dependent change in the excitability of spinal motor neurons during
MI for 5 minutes using the F-wave, and we observed that the excitability of spinal
motor neurons at 1-minute and 3-minutes after MI initiation was significantly
higher than the baseline, returning to the baseline level after 5 minutes. In addi-
tion, subjects could not perform MI vividly for 5 minutes after MI initiation [66].
Mental fatigue caused by repetitive MI of the hand grip movement decreased the
corticospinal excitability [67]. These findings indicate that the benefit of MI on the
excitability of spinal motor neurons is not necessarily a function of the length of
ML. In general, the optimal duration or number of sessions for MI training has not
been determined yet, and a detailed investigation is required. In clinical settings,
condition of MI training, including sensory inputs, intensity, sensory modalities,
the use of AO, and duration, should be set according to the purpose of rehabilita-
tion and individual MI ability.

Finally, the maximal isometric ankle plantar flexion torque was significantly
increased immediately after MI at 50%MVC for 1 minute, suggesting that MI at
50%MVC may be beneficial in rehabilitation to improve muscle strength. When uti-
lizing MI in rehabilitation, it is necessary to learn the desired movements in advance,
but this may be difficult for specific patients, for example, patients with heart failure
who are not able to perform exercise at high intensity. Therefore, MI at 50%MVC may
be able to increase the excitability of spinal motor neurons and muscle strength with
relatively less physical load than MI at MVC.
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7. Conclusion

In this chapter, we presented the influence of MI under various conditions on
the excitability of spinal motor neurons and the immediate effect of MI on muscle
strength. The F-wave data reported here may provide evidence for elucidating the
neurophysiological mechanisms underlying the observed MI effects. Further research
is needed to investigate optimal settings for MI in physical therapy and support
future, effective application of this technique in clinical settings.
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Chapter 8

Motor Imagery-Based
Neurofeedback in Physiotherapy
Practice

Shun Sawai, Shoya Fujikawa, Ryosuke Yamamoto
and Hideki Nakano

Abstract

Neurofeedback (NFB) is a closed-loop technique in which the patient receives
feedback on brain activity to encourage voluntary control of brain activity. NFB
promotes neuroplasticity and changes the brain functionally and structurally. Motor
imagery-based NFB (MI-NFB) can improve motor imagery ability by providing
feedback on brain activity during motor imagery, thereby showing effectiveness in
performance and motor learning. Furthermore, the effects of MI-NFB are further
enhanced when it is combined with noninvasive brain stimulation and motor exer-
cise. Therefore, MI-NFB is used in the physiotherapy of patients with neurological
diseases, such as stroke and Parkinson disease, as well as children with attention
deficit-hyperactivity disorder and elderly people. This chapter reviews MI-NFB in
physiotherapy practice, thus contributing to the development of effective evidence-
based physiotherapy.

Keywords: neurofeedback, motor imagery, neurorehabilitation, stroke, Parkinson
disease, physiotherapy practice

1. Introduction

Neurofeedback (NFB) is a technique that promotes voluntary control of brain
activity by providing feedback on brain activity to the participant [1]. Kamiya
found that electroencephalography (EEG) can be used to notice changes in brain
states [2] and that it can be controlled spontaneously by feeding back activity in
the a-frequency band [3]. These research results were the first step to develop-
ing NFB, which has been widely used to treat psychiatric disorders [4], improve
cognitive function [5], enhance motor performance [6], and so on. In NFB, brain
activity is measured mainly by EEG [7], functional magnetic resonance imaging
(fMRI) [8], and functional near-infrared spectroscopy [9], and feedback on the
activity in the targeted brain regions is provided to the participant to facilitate self-
regulation of the participant’s brain activity. The methods used to provide feedback
include visual feedback [10], in which brain activity is projected on a monitor,
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and auditory feedback [11], which uses sound stimuli of different frequencies.
These methods are used to encourage participants to voluntarily adjust their brain
activity.

Although many neural mechanisms underlying the effects of NFB are still
unclear, several potential mechanisms have been proposed [12-14], one of which
is the induction of neuroplasticity through NFB. In addition to changing motor
performance and brain activity, NFB has also been shown to alter the structure of
white matter [15]. For these reasons, neuroplasticity, which causes changes in brain
structure, has been proposed to be a mechanism underlying the effects of NFB.
The second potential mechanism involves changing the connectivity of the brain.
The neural network associated with NFB can be divided into control, learning,
and forward-processing networks [16]. The control network is composed of the
frontoparietal control network, which consists of the dorsolateral frontal and
posterior parietal cortices, with the participation of brain regions related to the
processing of feedback stimuli, such as the lateral occipital cortex and thalamus.
The dorsolateral frontal and posterior parietal cortices are associated with the
execution of imagery and other processes [17] and may be important in the mental
processes that control brain activity. The learning network consists of the dorsal
striatum, which has been shown to be associated with motor control and learning
based on procedural memory [18] and may be involved in learning to coordinate
neural activity in NFB. Finally, the reward-processing network consists of the
anterior insula, anterior cingulate cortex, and ventral striatum. The anterior insula
[19] and anterior cingulate cortex [20] are associated with a conscious perception
of reward, whereas the ventral striatum is associated with an unconscious percep-
tion of reward [21, 22]. The reward-processing network has been reported to be
activated by the NFB [23], which is also known to regulate brain activity. Thus,
the knowledge of results (KR) for regulating brain activity conferred by the NFB
may be involved in the process of recognizing the accomplishment of the task, and
these neural networks have been proposed to be related to NFB.

In addition to the NFB-related networks described above, NFB alters the con-
nectivity of the language network and visual network, which are involved in internal
reception [24]. NFB has also been reported to alter connectivity not only within the
cerebrum but also between the primary motor cortex and the cerebellum [25], and
NFB may produce its effects by altering connectivity between these brain regions. As
described above, NFB has been suggested to cause functional and structural changes
in the brain. This chapter reviews the NFB to motor imagery frequently used in
physiotherapy practice.

2. Motor imagery-based neurofeedback

Recently, the effect of NFB on motor imagery has attracted much attention. This
approach is called motor imagery-based NFB (MI-NFB). Motor imagery is a cognitive
process of imagining what it is like to exercise without actual movement [26]. Motor
imagery can be divided into myosensory first-person imagery and visual third-person
imagery, and previous studies have reported individual differences in motor imagery
ability [27, 28]. Motor imagery is known to improve performance [29] and has a
motor-learning effect [30] even when the participant does not actually exercise. In
addition, motor imagery has been supported from a neurological aspect, as there
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are areas where brain activity similar to that of actual exercise is observed [31], and
resting EEG is altered by motor imagery [32]. On the basis of these background
characteristics, motor imagery has been used in sports training for athletes [33] and in
rehabilitation for stroke patients [34, 35]. However, one limitation of motor imagery
is that the participant cannot understand the accuracy of the imagery because the
actual movement does not occur [36]. NFB can be used to solve this problem. MI-NFB
provides real-time feedback on brain activity during motor imagery to the participant
and improves the accuracy of imagery by activating brain regions related to motor
imagery [37]. In this section, the mechanism and effects of MI-NFB are explained on
the basis of the results of studies conducted in healthy individuals.

MI-NFB has been reported to provide feedback on activity in the primary motor
cortex (M1) [38, 39] and supplementary motor area (SMA) [40, 41] in many stud-
ies. These areas are activated by motor imagery and have been reported to be related
to the accuracy of motor imagery [31]. The blood oxygen-level dependent (BOLD)
signal in fMRI [40, 41] and the event-related desynchronization (ERD) of EEG
p-rhythms [42] and p-rhythms [43] are mainly used as feedback stimuli for MI-NFB.
In this approach, the ERD reflects a decrease in the EEG signal caused by the occur-
rence of an event [44]. Control of these parameters related to motor imagery is then
encouraged to improve the accuracy of motor imagery and motor performance
(Figure1).

MI-NFB has been proposed to facilitate motor learning by providing KR [45].

KR is one of the basic principles underlying motor learning, and if motor learning
involves actual exercise, the results are automatically returned as feedback by behav-
ioral indicators and sensory stimuli, and motor learning is based on this information
[46]. In contrast, motor imagery does not provide feedback on KR such as behavioral
indices and sensory stimuli because it is not accompanied by actual movement. In
this context, MI-NFB provides brain activity as KR, and motor learning is facilitated
based on this information.

MI-NFB has been shown to alter brain activity and improve motor imagery ability
[37]. Hwang et al. tested the effects of MI-NFB with visual stimuli in healthy young
individuals [47]. In their study, right- or left-hand movements were used as the imag-
ery task, the p activity in the sensorimotor area was displayed on a monitor, and the
participants received visual feedback regarding brain activity. The findings showed

EEG signal processing

e (P i =

EEG p band

Feedback ——M8M8M8M™M
:ZI ([ > )

Visual stimulation  Auditory stimulation

Figure 1.

MI-NFB system using EEG. EEG is measured during motor imagery, and uERD data are used to provide feedback
to the patients, including visual feedback using bar graphs or auditory feedback using sound stimuli. This system
promotes voluntary control of EEG during motor imagery.
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that this system facilitated control of brain activity during motor imagery. Their
results indicated that MI-NFB enabled the control of p activity, potentially indicating
an improvement in motor imagery ability. Additionally, Grigorev et al. examined the
effects of MI-NFB with vibrotactile stimulation in healthy young individuals [48]. In
their study, the imagery task consisted of right- or left-handed movements. Vibration
actuators were attached to the bilateral forearms and behind the neck and set to
vibrate when p-rhythmic ERD occurred, providing vibrotactile brain activity feed-
back (Figure 2). Their results showed that MI-NFB produced significantly greater
ERD for non-dominant hand motor imagery, but it had no significant difference for
dominant hand motor imagery. Since non-dominant hand movements require higher
brain activity than dominant hand movements [49], the present results may modulate
the brain activity mobilized for these non-dominant hand movements. Although
MI-NFB has been suggested to enable the control of brain activity and improve the
accuracy of motor imagery, as shown in the above study [48], the effect of MI-NFB
varies depending on the conditions. Moreover, the effects of MI-NFB