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Preface

Neuromuscular diseases encompass a wide range of disorders that affect both the
nervous system and muscles, often profoundly impacting a patient’s quality of life.
Despite the significant strides made in medicine and research, many of these condi-
tions are still diagnosed late, which can complicate treatment and limit the potential
for improvement. In this context, it becomes increasingly important for healthcare
providers to understand how to recognize and treat these diseases in order to offer
the best care possible.

Neuromuscular Diseases — How to Recognize and Treat Them aims to fill this gap by
providing a thorough and accessible guide to the most common neuromuscular
disorders. The goal of this book is simple yet crucial: to give healthcare professionals
the knowledge and tools they need to make timely diagnoses and provide the most
effective treatments. The author takes a thoughtful and clear approach, breaking
down complex medical concepts while maintaining scientific accuracy.

Throughout the chapters, you’ll find an exploration of the key aspects of neuromus-
cular diseases, from the underlying biology and symptoms to the latest advancements
in treatment options. Clinical cases and real-life examples provide practical insights,
helping the reader better understand how these diseases present and how to approach
their management.

As the medical field continues to evolve, it’s vital for those in healthcare to stay updated
on new diagnostic and treatment techniques. This book provides a solid foundation of
knowledge and invites reflection on how we can improve our daily clinical practices,
tailor treatments to individual patients, and foster collaboration across specialties.

I hope you find this book informative and thought-provoking and that it serves as

a valuable tool for navigating the complexities of neuromuscular diseases. I hope it
will help increase awareness and improve care for those living with these challenging
conditions.

Simona Maria Carmignano
CTR Rehabilitation Therapy Center,
Basilicata, Tramutola, Italy

Adjunct Professor,
DIPMED, University of Salerno,
Italy






Section 1

Neuromuscular Diseases
and Risk Factors







Chapter1
Genetic Neuromuscular Diseases

Adamantios Katerelos

Abstract

Genetic neuromuscular diseases are a diverse group of disorders caused by
mutations that impact muscle fibers, motor neurons, and neuromuscular junctions.
Notable examples of these disorders include Duchenne muscular dystrophy (DMD),
spinal muscular atrophy (SMA), and myotonic dystrophy, all of which manifest
symptoms such as progressive muscle weakness and atrophy. Recent advancements
in genetic diagnostics, particularly whole-exome sequencing, have significantly
enhanced the accuracy of diagnoses and facilitated the development of personalized
treatment strategies, which are crucial for improving patient outcomes. Innovative
therapeutic approaches, such as gene therapy and CRISPR-Cas9 technology, hold
considerable potential for rectifying genetic anomalies and creating targeted treat-
ment options. Current research endeavors aim to expand our comprehension of the
underlying mechanisms of these disorders, with particular emphasis on inflammation
and cellular repair mechanisms. As our understanding evolves, there is optimism for
the emergence of more effective therapeutic interventions, ultimately leading to an
improved quality of life for individuals affected by these complex conditions.

Keywords: genetic neuromuscular disorder, muscular dystrophy, myopathy,
genetic testing, neurological disorder

1. Introduction

Genetic neuromuscular diseases encompass a diverse group of conditions with
underlying genetic etiologies [1]. These disorders, such as muscular dystrophies,
myopathies, and myasthenic syndromes, are primarily inherited and can manifest
with a wide range of clinical presentations [2]. The genetic landscape of neuro-
muscular diseases is complex, with variations in inheritance patterns including
autosomal recessive, dominant, or X-linked modes [2]. Advances in genetic testing,
particularly through techniques like next-generation sequencing (NGS) and exome
sequencing, have significantly enhanced the diagnostic capabilities for these condi-
tions [3]. These technologies have enabled a more comprehensive understanding of
the genetic basis of neuromuscular disorders, leading to improved genotype—phe-
notype correlations [3].

The genetic heterogeneity of neuromuscular diseases poses challenges in diagnosis
and management [4]. Conditions like congenital myasthenic syndromes (CMS)
exemplify this complexity, with mutations affecting proteins crucial for neuromus-
cular junction function [5]. The identification of causative genes for these disorders
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has expanded over the years, shedding light on the molecular mechanisms underly-
ing these conditions [6]. Furthermore, the overlap in clinical presentations among
different neuromuscular disorders underscores the importance of genetic testing in
providing accurate diagnoses [4].

Genetic testing plays a pivotal role in the management of neuromuscular dis-
orders, offering benefits such as less invasiveness, cost-effectiveness, and timely
diagnosis [7]. The American Association of Neuromuscular and Electrodiagnostic
Medicine (AANEM) recognizes the significance of genetic testing in these conditions,
emphasizing its role in diagnosis, disease management, and family planning [8].
Additionally, genetic studies have revealed that approximately 25% of genes associ-
ated with cardiomyopathy also contribute to neuromuscular disorders, highlighting
the interconnectedness of these conditions at a genetic level [9].

The advent of next-generation sequencing has revolutionized the evaluation of
genetically heterogeneous neuromuscular disorders [10]. These technologies have
significantly improved the diagnostic yield, with studies reporting definitive molecu-
lar diagnoses in a substantial percentage of cases [11]. Despite the challenges posed by
the clinical and genetic heterogeneity of these disorders, genetic testing has emerged
as a valuable tool in elucidating their underlying genetic causes [4].

In the realm of genetic therapies, advancements in genome editing techniques
offer promising avenues for the treatment of inherited neuromuscular diseases [12].
These approaches target a broad spectrum of genetic mutations, including point
mutations, insertions, deletions, and chromosomal rearrangements, with the poten-
tial to address the root genetic causes of these conditions [13]. Moreover, the utiliza-
tion of CRISPR-based gene therapies holds great potential for addressing the genetic
underpinnings of neuromuscular disorders, albeit with distinct challenges in clinical
translation [12].

2. Genetics and inheritance patterns

Genetic neuromuscular diseases encompass a variety of inheritance patterns,
showcasing the genetic complexity inherent in these conditions. For example,
myotonic dystrophy type 1 and Limb-Girdle muscular dystrophy Type 2B
(LGMD2B) illustrate the diverse genetic landscape of neuromuscular disorders, with
LGMD2B following an autosomal recessive pattern of inheritance Hauschild [14].
Understanding these specific inheritance patterns is crucial for precise diagnosis and
genetic counseling. Moreover, the co-occurrence of myotonic dystrophy and LGMD
highlights the intricate genetic interactions contributing to these conditions.

In the realm of prenatal diagnosis and genetic testing for neuromuscular diseases,
next-generation sequencing (NGS) has emerged as a powerful tool [3]. NGS and
exome sequencing have transformed genetic diagnostics, enhancing the understand-
ing of genotype—phenotype correlations in neuromuscular diseases. These technolo-
gies have significantly improved the identification of causative genetic variants in
patients with neuromuscular disorders, aiding in early diagnosis and intervention.

The inheritance patterns of genetic neuromuscular diseases can exhibit unique
characteristics based on parental transmission. For instance, in myotonic dystrophy
type 1, the age of onset of signs and symptoms can vary depending on whether the
disease is inherited from the mother or the father [15]. This underscores the impact
of parental inheritance on disease presentation and emphasizes the importance of
considering the specific genetic mechanisms involved in each case.
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Digenic inheritance, as observed in dysferlinopathy, challenges traditional models
of recessive inheritance by revealing the complex interplay of multiple genetic factors
in disease manifestation [16]. Understanding such atypical inheritance patterns is
essential for unraveling the genetic basis of neuromuscular disorders and emphasizes
the necessity of comprehensive genetic testing approaches to capture the full spec-
trum of genetic variations contributing to these conditions.

The prevalence of neuromuscular diseases can vary among populations, as
demonstrated by studies in regions such as Southern China and Thailand [17, 18].
These variations underscore the influence of genetic and environmental factors on the
prevalence of inherited neuromuscular disorders. Additionally, exploring the genetic
spectrum of neuromuscular disorders in different populations, including Africans, is
crucial to elucidate the unique genetic landscape of these conditions [19].

Advancements in next-generation sequencing technologies have significantly
enhanced the molecular diagnosis of genetically inherited neuromuscular disorders
[20]. These technologies enable rapid and comprehensive molecular diagnosis, aiding
in the identification of disease-causing genetic variants in patients with neuromuscu-
lar conditions. The evolving landscape of genetic testing plays a vital role in unravel-
ing the genetic complexity of neuromuscular diseases and guiding personalized
treatment strategies.

The genetic underpinnings of neuromuscular diseases often extend beyond the
muscular system, impacting other organ systems such as the cardiovascular system.
Inherited neuromuscular disorders can be associated with hypertrophic cardiomy-
opathy, emphasizing the systemic nature of these conditions [21]. Understanding the
genetic links between neuromuscular and cardiovascular manifestations is essential
for comprehensive patient care and highlights the importance of multidisciplinary
management approaches.

The genetics and inheritance patterns of genetic neuromuscular diseases are mul-
tifaceted, encompassing a spectrum of inheritance modes ranging from autosomal
recessive and dominant patterns to digenic inheritance. Advances in genetic testing
technologies, such as next-generation sequencing, have revolutionized the diagnosis
and understanding of these conditions. By unraveling the genetic complexities of
neuromuscular disorders and exploring diverse inheritance patterns, researchers and
clinicians can pave the way for more precise diagnostics, personalized treatment strat-
egies, and improved outcomes for individuals affected by these conditions.

3. Common types of genetic neuromuscular diseases

The prevalent categories of genetic neuromuscular disorders include a diverse
range of conditions that impact the neuromuscular system as a result of genetic influ-
ences. Duchenne muscular dystrophy (DMD) stands out as one of the most prevalent
and well-known genetic neuromuscular diseases, characterized by progressive muscle
weakness and degeneration Chen [22]. This condition, caused by mutations in the
DMD gene, leads to the absence of dystrophin, a protein crucial for muscle function.
Another common type is spinal muscular atrophy (SMA), a genetic disorder affect-
ing motor neurons in the spinal cord, resulting in muscle weakness and atrophy [23].
SMA is caused by deletions or mutations in the SMNI1 gene, impacting the production
of survival motor neuron (SMN) protein essential for motor neuron function.

Myotonic dystrophy type 1 (DM1) is another prevalent genetic neuromuscular dis-
ease characterized by muscle weakness, myotonia, and multi-systemic involvement
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[24]. DM1 is caused by an expansion of CTG repeats in the DMPK gene, leading to
the production of toxic RNA molecules that disrupt cellular functions. Additionally,
Charcot-Marie-Tooth disease (CMT) represents a group of inherited peripheral
neuropathies affecting motor and sensory nerves, leading to muscle weakness and
sensory loss [25]. CMT encompasses various subtypes, each associated with distinct
genetic mutations affecting peripheral nerve function.

Congenital myasthenic syndromes (CMS) constitute a group of genetic neuro-
muscular disorders characterized by impaired neuromuscular transmission, resulting
in muscle weakness and fatigue [26]. These syndromes involve mutations in genes
encoding proteins critical for neuromuscular junction function. Furthermore,
Limb-Girdle muscular dystrophy (LGMD) encompasses a group of genetic disorders
characterized by progressive muscle weakness predominantly affecting the shoulder
and hip girdle muscles [27]. LGMD comprises multiple subtypes, each associated with
specific genetic mutations impacting muscle structure and function.

Facioscapulohumeral muscular dystrophy (FSHD) is a genetic neuromuscular
disease characterized by progressive muscle weakness, particularly in the face, shoul-
ders, and upper arms. FSHD is linked to the deletion of repetitive DNA sequences
near the DUX4 gene, leading to abnormal gene expression and muscle degeneration
[28]. Additionally, myasthenia gravis (MG) represents an autoimmune neuromus-
cular disorder characterized by muscle weakness and fatigue due to autoantibodies
targeting the neuromuscular junction. MG can have genetic predispositions and is
often associated with specific HLA gene variants [29].

In summary, common types of genetic neuromuscular diseases encompass a
spectrum of conditions affecting the neuromuscular system due to underlying genetic
mutations. These disorders, such as Duchenne muscular dystrophy, spinal muscular
atrophy, myotonic dystrophy type 1, Charcot-Marie-Tooth disease, congenital
myasthenic syndromes, Limb-Girdle muscular dystrophy, facioscapulohumeral
muscular dystrophy, and myasthenia gravis, highlight the diverse genetic landscape
of neuromuscular disorders and underscore the importance of genetic testing and
personalized management strategies in these conditions.

4. Clinical presentation and symptoms

The clinical features and symptoms associated with genetic neuromuscular diseases
exhibit a wide range of manifestations, which can differ based on the particular disorder
involved. Myasthenia gravis (MG), for instance, may exhibit worsening symptoms
influenced by factors such as emotional distress, systemic diseases like viral respiratory
infections, and certain medications affecting neuromuscular transmission [30]. In
Duchenne muscular dystrophy (DMD), profound hyperCKemia can be observed, along
with muscle weakness and degeneration, highlighting the importance of early diagnosis
through next-generation sequencing and chromosomal microarray analysis [31].

Oculopharyngeal muscular dystrophy (OPMD) presents clinical features that
overlap with other neuromuscular diseases, making diagnosis challenging. These
features may resemble conditions like myasthenia gravis, Kearns—Sayre syndrome,
and inclusion body myositis (IBM), emphasizing the need for precise diagnostic
methods such as insoluble poly-A binding protein nuclear 1 (PABPN1) accumulation
assessment [32]. Muscle magnetic resonance imaging (MRI) of the lower limbs serves
as a valuable diagnostic tool in childhood neuromuscular disorders, aiding in the
identification of characteristic findings in various neuromuscular conditions [33].

6



Genetic Neuromuscular Diseases
DOI: http://dx.doi.org/10.5772/intechopen.1007124

Whole exome sequencing has proven to be diagnostically useful in the neuro-
muscular clinic, with targeted single gene testing remaining a common diagnostic
approach for many patients [34]. In the case of congenital LMNA (lamin A/C)-
related muscular dystrophy, personalized cardiac management strategies have
been implemented to prevent malignant arrhythmias in affected individuals [35].
Additionally, chronic spinal muscular atrophy (SMA) prognosis is significantly
influenced by patient age, impacting disease duration and neuromuscular damage
progression [36].

Exome sequencing in pediatric neuromuscular clinics has led to more frequent
diagnoses of both neuromuscular and neurodevelopmental conditions, high-
lighting the importance of comprehensive genetic testing approaches [37]. The
prevalence of inherited neuromuscular diseases can vary among populations, as
evidenced by studies in regions like Southern China, emphasizing the influence of
genetic and environmental factors on disease prevalence [17]. Furthermore, the
genetic spectrum of cardiomyopathies with a neuromuscular phenotype under-
scores the interconnectedness of cardiac and neuromuscular manifestations in
certain genetic conditions [38].

Facioscapulohumeral muscular dystrophy (FSHD) typically presents with symp-
toms beginning in childhood, with over 90% of patients showing signs of the disease
by age 20 [28, 39]. Autoimmune inflammatory myopathies share common pathways
with genetic neuromuscular disorders, suggesting potential overlapping mecha-
nisms in disease pathogenesis [40]. Prenatal ultrasonic presentations in fetuses with
monogenic neurologic and neuromuscular diseases can provide important clues for
prenatal diagnosis, particularly through the identification of abnormal fetal gestures
and movements [41].

In summary, the clinical manifestations and symptoms associated with genetic
neuromuscular disorders exhibit considerable diversity and complexity, encompass-
ing a spectrum that includes muscle weakness and atrophy, as well as cardiac issues
and respiratory difficulties. Advances in genetic testing technologies, such as exome
sequencing and chromosomal microarray analysis, have significantly improved
diagnostic capabilities, enabling early identification and personalized management
strategies for individuals affected by these conditions. Understanding the nuanced
clinical features and genetic underpinnings of neuromuscular diseases is essential for
accurate diagnosis, prognosis, and treatment planning.

5. Management and treatment strategies

The strategies for managing and treating genetic neuromuscular disorders require
a multidisciplinary approach, designed to tackle the varied clinical presentations and
genetic intricacies associated with these diseases. Therapies targeting the neonatal Fc
receptor (FcRn) have emerged as a promising strategy for managing autoantibody-
mediated diseases by modulating IgG recycling and facilitating immunomodulation
Jaffry [42]. Additionally, the conservation of selective vulnerability in amyotrophic
lateral sclerosis and spinal muscular atrophy highlights the potential for developing
therapeutic interventions to protect the vulnerable neuromuscular system [43].

Prior to discussing treatment options, it is essential to address the significance
of functional rehabilitation for individuals diagnosed with JALS. This rehabilitation
employs a multidisciplinary strategy aimed at optimizing independence, functional-
ity, and overall quality of life. Given the progressive characteristics of ALS, supportive
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therapies play a vital role in alleviating symptoms and enhancing the patient’s holistic
well-being.

Physical therapy is a fundamental component in addressing muscle weakness
and spasticity that accompany juvenile ALS. Key interventions encompass stretch-
ing and range-of-motion exercises, which are instrumental in mitigating spastic-
ity and enhancing mobility—an essential aspect as muscle function deteriorates.
Additionally, strengthening exercises can be advantageous for muscles that retain
some strength, and these should be customized according to the individual’s capabili-
ties and the progression of the disease. Implementing energy conservation techniques
is also critical; patients learn strategies to execute daily tasks more effectively, thereby
extending their functional abilities. The prompt introduction of assistive devices,
such as lightweight ankle—foot orthoses, can significantly reduce the risk of falls and
enhance mobility [44].

Occupational therapy aims to empower patients to sustain their daily living skills
while adapting to their evolving physical limitations. This may involve recommend-
ing adaptive tools that facilitate everyday tasks, thereby promoting independence, or
suggesting modifications to the home environment to enhance accessibility and safety
[45, 46].

As ALS advances, patients frequently experience challenges with communication
and swallowing. Speech therapy may encompass techniques designed to improve
speech clarity and alternative communication methods, such as communica-
tion boards or electronic devices, particularly for those with bulbar involvement.
Additionally, assessments and adjustments to dietary consistency are crucial to
prevent aspiration and ensure safe swallowing [45, 46].

Furthermore, mental health support is imperative for both patients and their
families. Therapeutic interventions can effectively address the emotional and psycho-
logical ramifications of living with this condition [45, 46].

In concluding the discussion on relief strategies for patients with JALS, it is
essential to highlight the significant role of emerging technologies in enhancing
patient support and comfort. The management of mobility for these individuals has
increasingly integrated advanced technologies, robotics, and orthotic devices. These
innovations are designed to improve mobility, foster independence, and elevate the
overall quality of life for those grappling with the progressive challenges posed by this
neurodegenerative condition.

Telemedicine has emerged as an indispensable resource for managing ALS,
particularly in light of the COVID-19 pandemic. It facilitates remote monitoring of
critical health indicators, such as respiratory function and nutritional status, thereby
minimizing the necessity for in-person consultations, which can be particularly
burdensome for patients with mobility constraints [47, 48].

Furthermore, brain—computer interfaces (BCI) and eye tracking technologies have
broadened the avenues for communication and interaction for ALS patients. These
systems empower individuals to operate devices and communicate through eye move-
ments, which is especially advantageous as muscular control wanes. Such technologies
not only enhance communication capabilities but also hold promise for managing
mobility aids and smart home systems [47, 48].

The exploration of robotic devices for mobility assistance and rehabilitation
is ongoing. These devices range from robotic exoskeletons that facilitate walking
to robotic arms that support daily tasks. Although these technologies are primar-
ily found in research environments at present, they offer significant potential for
improving mobility and independence among ALS patients [47, 49].
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Orthotic devices are also crucial in aiding mobility for individuals with ALS.
Ankle—foot orthoses (AFOs), for instance, can stabilize the ankle and foot, thereby
enhancing gait and minimizing fall risks. Additionally, customized wheelchairs and
powered mobility devices can provide greater autonomy for patients as their mobility
declines [46, 48].

Assistive technologies (AT) hold equal significance. AT refer to a diverse array
of devices aimed at facilitating daily living tasks. For individuals with ALS, such
technologies may consist of adaptive utensils and eating aids that are specifically
engineered to assist with feeding as manual dexterity diminishes, as well as com-
munication devices that employ speech-generating technology to enable effective
communication as verbal abilities wane [46, 48].

Transitioning to the domain of science, we now turn our attention to the role of
genetics. Genetic testing, particularly through next-generation sequencing technolo-
gies, plays a pivotal role in diagnosing and managing neuromuscular diseases. Studies
have shown that unbiased genomic approaches, such as whole exome sequencing,
can serve as powerful diagnostic tools for conditions with high clinical and genetic
heterogeneity, enabling personalized treatment strategies [50]. Furthermore, the
restoration of ubiquitin-like modifier activating enzyme 1(UBA1) has been demon-
strated to ameliorate disease progression in spinal muscular atrophy, emphasizing
the potential of targeting ubiquitin pathway defects for developing novel therapeutic
approaches [51].

Artificial intelligence applications in diagnosing neuromuscular diseases offer
innovative avenues for enhancing diagnostic accuracy and efficiency. Modeling
neuromuscular tissues on a chip using advanced technologies has the potential to
capture the diverse genotypes and phenotypes of individuals with various neuro-
muscular disorders, paving the way for personalized therapeutic approaches [52].
Moreover, the optimization of targeted exome sequencing has been identified as a
sensitive and cost-effective method for diagnosing genetic neuromuscular disor-
ders [53].

Immunosuppressive and immunomodulatory therapies have significantly
impacted the treatment of immune-mediated neuromuscular diseases, highlighting
the importance of tailored therapeutic approaches [54]. Antisense oligonucleotides
(AONs) have shown promise in correcting genetic diseases through exon skip-
ping, with the potential to address a wide range of neuromuscular disorders [55].
Additionally, gene therapy and genome editing technologies offer novel avenues for
treating genetic neuromuscular diseases by targeting specific genetic mutations and
pathways [13].

The clinical and genetic heterogeneity of neuromuscular diseases underscores the
need for personalized therapeutic strategies. Advances in precision medicine have
paved the way for tailored treatment approaches that consider individual genetic
profiles and disease characteristics [56]. The development of novel therapies, such as
exon skipping and gene replacement therapy, has revolutionized the management of
neuromuscular diseases, offering hope for improved outcomes and quality of life for
affected individuals [57].

In summary, the effective management and treatment of genetic neuromuscular
disorders necessitate a holistic strategy that encompasses targeted palliative and
therapeutic interventions, immunomodulatory treatments, genetic testing, and the
application of cutting-edge technologies. By leveraging advancements in precision
medicine, gene therapy, and artificial intelligence, clinicians can tailor treatment
strategies to individual patients, addressing the complex genetic and clinical aspects
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of neuromuscular disorders. The evolving landscape of therapeutic interventions
holds promise for improving outcomes and quality of life for individuals affected by
genetic neuromuscular diseases.

6. Research and future directions

The field of genetic neuromuscular diseases (NMDs) is rapidly evolving, driven
by advancements in genetic testing, novel therapeutic approaches, and a growing
understanding of the underlying molecular mechanisms. Future directions in this
area are focused on enhancing diagnostic accuracy, developing targeted therapies,
and improving patient care through personalized medicine. This synthesis discusses
these key areas, supported by relevant literature.

One of the most significant advancements in the diagnosis of genetic neuromus-
cular diseases is the application of next-generation sequencing (NGS). NGS has
revolutionized the diagnostic process by allowing for comprehensive genetic testing
that can identify a wide range of mutations associated with various neuromuscular
disorders. For instance, the use of targeted gene panels has been shown to increase
diagnostic yields significantly, providing critical information for patient management
and treatment options [8, 10]. As the technology continues to improve, it is expected
that the diagnostic capabilities will expand further, allowing for the identification of
previously unrecognized genetic variants and phenotypes [34, 37].

In addition to NGS, the integration of multiomics approaches—combining
genomics, transcriptomics, proteomics, and metabolomics—holds great promise
for advancing our understanding of neuromuscular diseases. These approaches can
elucidate the complex interactions between genetic factors and disease phenotypes,
potentially leading to the identification of novel therapeutic targets [58]. For example,
the application of machine learning algorithms to analyze multiomics data may
enhance the accuracy of genetic diagnoses and improve patient stratification for
clinical trials [59].

The development of gene therapies represents another exciting avenue for the
treatment of genetic neuromuscular disorders. Recent advancements in gene therapy,
particularly for conditions such as spinal muscular atrophy (SMA) and Duchenne
muscular dystrophy (DMD), have demonstrated the potential to significantly modify
disease progression [60, 61]. The approval of gene therapies targeting specific genetic
mutations has opened new possibilities for treatment, but ongoing research is needed
to assess the long-term safety and efficacy of these interventions [62]. Furthermore,
efforts to expand gene therapy applications to older patients and those with pre-
existing conditions are underway, highlighting the need for continued innovation in
this area [63].

The use of patient-derived stem cells for modeling genetic neuromuscular diseases
is another promising direction. These models enable researchers to study disease
mechanisms in vitro and test potential therapeutic interventions in a controlled
environment [64, 65]. The ability to generate high-throughput, automated tissue-
engineered models will facilitate preclinical and clinical applications, accelerating the
development of effective therapies 23. Additionally, the exploration of optogenetic
techniques to quantify neuromuscular function may provide insights into disease
mechanisms and therapeutic responses [64].

Despite these advancements, disparities in healthcare access and genetic testing
remain a significant challenge, particularly in low- and middle-income countries. The
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need for improved genetic diagnostic capabilities and healthcare resources is critical
to address the burden of neuromuscular diseases in underserved populations [19].
Initiatives such as the International Centre for Genomic Medicine in Neuromuscular
Diseases aim to bridge these gaps by providing resources and support for genetic test-
ing and research in these regions [19, 66].

Moreover, the psychosocial aspects of living with genetic neuromuscular disorders
must not be overlooked. The emotional and psychological impact of these diseases
on patients and their families can be profound, necessitating a holistic approach that
includes mental health support alongside medical treatment [67]. The development
of patient registries and natural history studies will be crucial for understanding the
long-term outcomes of genetic therapies and improving care strategies for individuals
with NMDs [68, 69].

In conclusion, the future of genetic neuromuscular diseases is promising, charac-
terized by rapid advancements in genetic testing, innovative therapeutic approaches,
and a growing understanding of disease mechanisms. Continued research and
collaboration among clinicians, researchers, and patients will be essential to translate
these advancements into improved diagnostic and therapeutic strategies, ultimately
enhancing the quality of life for individuals affected by these complex disorders.

7. Conclusion

Genetic neuromuscular disorders represent a multifaceted and varied array of
conditions that pose considerable difficulties in both diagnosis and treatment. A
collaborative strategy that includes neurologists, physical therapists, occupational
therapists, speech therapists, and mental health specialists is essential at the outset.
This multidisciplinary team engages in ongoing assessment and modification of
rehabilitation plans to align with the patient’s changing requirements. It is crucial to
regularly reassess and modify treatment approaches to effectively meet the intricate
and dynamic needs of patients. The integration of advanced technologies, robotics,
and orthotic devices in the treatment of juvenile ALS patients marks a significant
advancement in enhancing mobility and overall quality of life. These technologi-
cal innovations not only facilitate physical movement but also empower patients to
sustain communication and autonomy, which are vital for individuals coping with
a progressive illness such as ALS. Ongoing innovation and implementation of these
technologies will be imperative to tackle the specific challenges encountered by this
demographic.

Recent progress in genetic diagnostics, particularly through the implementation of
next-generation sequencing (NGS) and exome sequencing, has markedly enhanced
the ability to diagnose these disorders, facilitating personalized treatment approaches
and refining genotype—phenotype correlations. The genetic framework of neuromus-
cular diseases is distinguished by various inheritance patterns, including autosomal
recessive, dominant, and X-linked inheritance, each presenting distinct challenges
in comprehending and managing these intricate conditions. The introduction of
next-generation sequencing has transformed the assessment of genetically diverse
neuromuscular disorders, significantly increasing diagnostic success rates and assist-
ing in the discovery of genetic variants responsible for the diseases. Additionally, the
emergence of novel therapeutic strategies, such as gene therapy and CRISPR-Cas9
technology, presents promising opportunities for treating inherited neuromuscular
disorders, highlighting the potential for targeted interventions to correct genetic
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defects. The outlook for genetic neuromuscular diseases is optimistic, character-

ized by swift advancements in genetic testing, pioneering therapeutic methods, and
an expanding understanding of disease mechanisms. Ongoing research initiatives
and collaboration among healthcare professionals, researchers, and patients will be
crucial in converting these advancements into enhanced diagnostic and treatment
strategies, ultimately improving the quality of life for those affected by these complex
conditions.
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Myasthenia Gravis:
Pathophysiology, Diagnosis,
and Management
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Abstract

Myasthenia gravis (MG) is the most common condition affecting the neuromuscular
junction. It is always considered to be a great mimicker, and the diagnosis can be quite
challenging. It occurs due to antibodies attacking receptors in the postsynaptic neuro-
muscular junction. A key symptom of MG is muscle fatigable weakness, often impact-
ing the oculo-bulbar muscles. The disorder is categorized based on antibody status and
clinical features. Diagnosis involves patient history, neurological examination, and a
combination of laboratory and electrodiagnostic tests. The treatment of MG consists
of symptomatic treatment such as acetylcholinesterase inhibitors, rapid therapies such
as IV Ig or plasma exchange, and long-term therapies with immunosuppressant treat-
ments. It is important to remember that certain drugs might induce de novo MG while
others might exacerbate MG symptoms.

Keywords: myasthenia gravis, neuromuscular junction, acetylcholine receptors,
thymectomy, plasma exchange, diagnosis, treatment, pathophysiology

1. Introduction

Myasthenia Gravis is considered a rare disease. At the same time, it is a great
mimicker. In order to make the correct diagnosis, it should be on our differential
diagnosis so that the workup for MG will be ordered. In this chapter, we will explore
the pathophysiology of MG, discuss the clinical features, classification, and diagnos-
tic methods, and review the latest management strategies.

2. Pathophysiology of MG

Myasthenia gravis (MG) occurs due to an antibody-mediated reversible receptor
blocking on the neuromuscular junction, primarily targeting the nicotinic acetylcho-
line receptor (AChR). Other antibodies that may be involved include those against
muscle-specific tyrosine kinase (MuSK) and lipoprotein-related protein 4 (LRP4) [1].

In a subset of MG patients, striational antibodies have also been detected, includ-
ing those targeting titin, the ryanodine receptor, and the alpha subunit of the voltage-
gated potassium channel [2].
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Triple seronegative MG is diagnosed when no autoantibodies are detected in the
serum, but the diagnosis is confirmed through others [1].

The process of antibody-induced damage to the AChR is explained by two
processes. Initially, the antibody binds to the receptor, which can directly obstruct
acetylcholine (ACh) from binding. Secondly, a complement-mediated attack occurs,
leading to the destruction of AChRs and postjunctional folds. Finally, antibody
binding can cause an increased removal of AChRs from the postsynaptic membrane,
known as modulation. This results in a smaller endplate potential despite a normal
ACh release but decreased binding of ACh to its receptor [3].

Studies have demonstrated that antibodies binding to AChR lead to comple-
ment deposition at the NM]J. These antibodies, primarily from the IgG1 and IgG3
subclasses, are responsible for activating complement and subsequently causing NMJ
destruction [4].

2.1 Pathophysiology of thymus pathology and MG

The thymus, a primary lymphoid organ, generates immunocompetent T cells.
With age, the thymus undergoes atrophy, leading to a decline in its functions. It is
essential for the development of a normal immune system [5].

Pathological alterations in the thymus are found in more than 80% of patients
with MG and can be identified using computerized tomography (CT) or magnetic
resonance imaging (MRI) [6].

More than 50% of MG patients exhibit thymic hyperplasia and about 10-15%
present with either a benign low-grade thymoma of the thymic epithelium or an inva-
sive thymoma. Slightly more than 50% of patients with thymoma will have or develop
MG, often showing more severe clinical symptoms and higher AChR antibody titers
than those without thymoma [6, 7].

Cases reported in the literature have shown a strong correlation between thymoma
and early-onset MG, male gender, and the presence of striational antibodies [8, 9].

Other studies have indicated that thymic abnormalities, including thymoma or thy-
mic hyperplasia, are more commonly found in generalized MG than in ocular MG. These
abnormalities are less frequently seen in MuSK MG and seronegative, LRP4 MG [6, 10].

The thymus gland plays a crucial role in the mechanism of MG AChR autoanti-
bodies production. The four-step sequence of intrathymic pathogenesis includes (1)
myogenic induction of thymic stem cells, which leads to the synthesis and expression
of AChR on thymic myoid cells; (2) release of AChR from myoid cells, followed by
uptake of myoid AChR by thymic antigen-presenting cells and immunogenic presen-
tation; (3) recognition of immunogenically presented AChR by specific autoreactive
T lymphocytes differentiating within the thymus; (4) migration of the activated
AChR-specific T lymphocytes to the peripheral immune system, interacting with
AChR-specific B cells to produce pathogenic anti-AChR autoantibodies [11].

These findings support the idea that in MG patients with thymic hyperplasia, the
onset of the generation of AChR antibodies begin within the thymus.

Thymoma, a rare tumor of thymic epithelial cells, is linked to autoimmunity,
because of altered self-antigens expression by the neoplastic cells, including epitopes
similar to AChR, titin, and ryanodine receptors. Unlike thymic hyperplasia, thymo-
mas do not significantly produce autoantibodies. Nevertheless, autoreactive T lym-
phocytes may multiply, and activate B lymphocytes to produce autoantibodies after
leaving the tumor. This is why around 100% of patients with thymomatous MG have
detectable serum AChR antibodies [7].
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3. Classification of MG

MG patients are classified based on different clinical features, which aid in discus-
sions about prognosis and treatment options. Ocular MG is restricted to symptoms
such as ptosis and diplopia, whereas generalized MG is diagnosed when a patient
has weakness in bulbar, limb, axial, and respiratory muscles. Bulbar weakness, in
particular, causes significant morbidity and is therefore considered a component of
generalized MG [1] (Table1).

The type of autoantibodies detected in the serum categorizes MG patients; these
types are antibodies against AChR, MuSK, and LRP4 receptors. Patients with negative
serum for autoantibodies are considered seronegative MG. Identifying the specific
antibodies is crucial because different antibody profiles may lead to varying clinical
courses and responses to treatment [1] (Table 2).

In patients with antibodies to AChR, myasthenic weakness typically impacts the
extraocular, bulbar, or proximal limb muscles (Table 2).

Some studies of MG patients with MuSK antibodies report equal incidence among
males and females, while others indicate a predominance of females [6].

Anti-MuSK MG patients typically experience a severe presentation of the disease
in comparison to other types of MG. This is due to early weakness of bulbar, neck,
and respiratory muscles, and a fast disease progression, with an elevated risk of
myasthenic crises, and a lower likelihood of having a purely ocular MG presentation
(Table 2) [1].

As mentioned earlier, seronegative MG can comprise up to 34% of MG patients,
varying by study and the ethnic background of the cohort. Estimates of the prevalence
of LPR4 autoantibodies among seronegative MG patients vary significantly, ranging
from 3-50%. These variations could be due to differences in ethnic groups, study
methodologies, or the limitations of small sample sizes. Seronegative MG, whether
or not LPR4 autoantibodies are present, displays clinical features, progression, and
treatment responses similar to those of AChR MG [6].

Lastly, MG patients are categorized based on the age at which the disease first
appears. There is a notable clinical distinction between late-onset MG (usually
defined as onset after age 50) and early-onset MG. Better overall outcomes are found
in late-onset MG compared to those with earlier onset (Table 3) [1]. Patients with

Myasthenia gravis classification based on clinical picture

Classes Ocular Generalized
Involved muscles Ocular muscles Ocular, bulbar, axial limb, respiratory muscles
Table 1.

Classification of myasthenia gravis based on clinical picture and involved muscles.

Myasthenia gravis classification based on serum autoantibodies against

Classes AChR MuSK LRP4 Seronegative
Involved Extra ocular, Bulbar, Proximal Early bulbar, respiratory, Similar to AChR
muscles Limb muscles Neck muscles

Table 2.

Classification of myasthenia gravis based on serum autoantibodies and involved muscles.

21



Neuromuscular Diseases — How to Recognize and Treat Them

Myasthenia Gravis classification based on disease onset

Outcome Early-onset <50 y.o Late-onset >50 y.o

Worse outcome Better outcome

Table 3.
Classification of myasthenia gravis based on disease onset and associated outcome.

early-onset MG have a higher incidence of thymic hyperplasia, and thymectomy has
been shown to improve clinical outcomes and reduce the need for immunotherapy.
In contrast, thymic hyperplasia is rare in late-onset MG, and the response to thymec-
tomy is generally less favorable [2].

4, Clinical features of MG

MG patients suffer from fatigable, painless muscle weakness. As the disorder
is restricted to the NM]J, it does not impact mental state, sensory, or autonomic
functions [3].

MG typically develops subacutely and reaches its peak severity within 2 years.

Due to the dynamic nature of the neuromuscular junction, myasthenic symptoms can
fluctuate during the day [6].

The most common symptoms in MG patients are weakness of ocular muscles caus-
ing ptosis and diplopia due to extraocular muscle (EOM) weakness; these findings are
encountered in over 50% of patients at the time of diagnosis [3].

Nonspecific visual blurring can occur before diplopia due to minimal ocular
misalignment. The extraocular muscles most commonly affected are the levator
palpebrae and the medial rectus muscles. Various patterns of ophthalmoparesis may
appear [6].

Bulbar weakness is the second most common type of weakness after extraocular
weakness. This can lead to difficulties with chewing, swallowing, and speaking.
Patients might experience fatigue and weakness in the muscles used for mastication,
making it hard to keep the jaw closed after chewing [3].

Bulbar muscle weakness affects an estimated 40% of MG patients at some stage
of their illness. This condition may lead to hypophonia from vocal cord paresis or
weakness of the expiratory muscles, and the voice might have a nasal tone due to
palatal muscle weakness, which causes nasal air leakage. Patients may also experience
dysarthria from weakness in the lips, tongue, or cheeks. Additional problems may
include difficulty managing food due to tongue weakness and a weak cough [6].

Weakness in facial muscles is commonly observed and can lead to dysarthria and
sialorrhea. It may also impact pulmonary function test results due to a compromised
oral seal [6].

In most MG patients, weakness of the neck flexors is more common and more
severe than weakness of the neck extensors. Head drop is relatively common and may
even be the initial symptom [6].

Limb weakness affects 20-30% of individuals with the condition, primarily
targeting proximal muscles. The weakness can be multifocal or diffuse and may
predominantly involve the ocular and bulbar muscles [6].

Ventilatory insufficiency is an uncommon early symptom of myasthenia gravis but
can occur in a significant number of patients with untreated or resistant disease [6].
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A myasthenia gravis (MG) crisis is marked by the need for ventilatory support
due to weakness of the respiratory muscles in MG patients. This occurs in 10-20% of
individuals with generalized MG at least once during their lifetime, often within the
first 2 years after diagnosis [12].

The main indicator of an impending MG crisis is growing weakness in the respira-
tory and bulbar muscles. Risk factors that contribute to the need for extended ven-
tilation and longer stays in the intensive care unit include older age, late-onset MG,
severe MG before the crisis, and the presence of multiple comorbidities [12].

Independent risk factors for myasthenic crises include the presence of a thymoma,
MuSK antibodies, high disease severity at diagnosis, and the presence of striational
antibodies [12, 13].

Acute ventilatory failure in myasthenia gravis patients can result from a combina-
tion of inadequate airway protection, insufficient secretion clearance due to weakness
in the laryngeal and pharyngeal muscles, and hypoventilation caused by weakness in
the diaphragm, intercostal muscles, and accessory muscles [12, 14].

Weakness in the diaphragm and other respiratory muscles is the main cause of
hypoventilation and CO, retention. While this weakness can be chronic, it often
becomes more pronounced during acute exacerbations, necessitating prompt and
intensive hospital care [12].

Symptoms of hypoventilation due to respiratory muscle weakness are nonspecific
and can include sleep disturbances, daytime sleepiness, and headaches. In myasthenia
gravis patients, shortness of breath can arise from multiple causes and does not neces-
sarily indicate muscle weakness [12].

5. Bedside examination of MG patient

When examining a suspected or confirmed MG patient, several distinctive
features should be noted. Since ptosis is a prevalent symptom of MG, it is advisable to
document the baseline position of the upper eyelid and lid relative to the pupil [6].

To detect or exacerbate extraocular muscle weakness, the patient is asked to hold
an upward or lateral gaze for 1 minute while observing for any drifting of the eyelid
or eye position. Cogan’s lid twitch is another sign considered relatively specific,
though not necessarily sensitive, for MG assessment. In this maneuver, the patient
is first instructed to look downward and then quickly shift their gaze to the primary
position. Normally, the eyelid moves in sync with the eyeball. A positive sign is
indicated by the eyelid overshooting the eyeball position, leading to transient scleral
exposure and upper lid oscillation [6].

Another technique is employed for patients with noticeable unilateral ptosis. In
this method, the physician lifts the affected eyelid, which may either reveal or worsen
ptosis in the opposite eyelid. This phenomenon can be explained by Hering’s law of
equal innervation, which states that manual elevation of one lid reduces the supra-
nuclear stimulation of the levator subnucleus that controls both levator palpebrae
muscles. Thus, elevating the more affected eyelid decreases the need for supranuclear
stimulation of this nucleus, affecting both the contralateral and ipsilateral levator
palpebrae muscles [6].

The icepack test is the final assessment for evaluating ptosis. Due to the known
physiological enhancement of neuromuscular transmission through cooling,
applying an ice pack to the eyelid for 1 minute or less can significantly improve
existing ptosis [6].
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The sensitivity of the ice pack test is 80-95% and the specificity of it is 79-97%.
The sensitivity is as low as 25% when the patient has mild ptosis. However, this
sensitivity increases to 70% by inducing muscle fatigue with prolonged upgaze before
conducting the test [1].

In myasthenia gravis, patients are assessed for limb weakness, and the examina-
tion is repeated after exercises targeting the shoulder and pelvic girdle muscles, such
as shoulder elevation and squatting, to screen for fatigable muscle weakness.

Data indicate that the Single Breath Count test and neck flexor strength testing are
useful tools for evaluating respiratory function at the bedside in MG patients [15].

The Single Breath Count Test (SBCT) involved asking subjects to take a deep
breath and count as far as possible at a rate of about two counts per second. An SBCT
result greater than 25 indicates normal respiratory muscle function. Neck flexor
strength was more closely linked to respiratory function, likely due to their role as
accessory muscles in respiration [16].

As the disorder is restricted to the NM]J, it does not impact mental state, sensory, or
autonomic functions [3].

6. Diagnosis of MG

Myasthenia is a clinical diagnosis confirmed by the presence of one or more of the
following:

1. Presence of autoantibodies against AChR or MuSK
2.Response to edrophonium

3. Confirmatory result on repetitive nerve stimulation (RNS) or single-fiber elec-
tromyography (SFEMG) [6].

6.1 Antibodies testing

AChRs Autoantibodies are found in around 80% of patients with generalized MG.
This test in generalized MG has a specificity of 90% [1].

False-positive results in AChR-binding antibody testing, often associated with low
antibody titers, have been reported in other autoimmune conditions such as systemic
lupus erythematosus, Hashimoto thyroiditis, and rheumatoid arthritis [1].

MuSK antibodies are usually tested when anti-AChR antibodies are not found [1].
If all antibodies are negative, LRP4 antibodies testing may be considered.

Eighty percent of MG patients test positive for anti-AChR antibodies. Seven to
fifteen percent of MG patients test positive for MuSK antibodies. Double seropositiv-
ity for both AChR and MuSK antibodies is uncommon [2, 6]. Around 34% of MG
patients are seronegative (including MG with LRP4 Antibodies) (Figure1) [6].

In generalized MG, anti-AChR antibodies are found in 80% of the cases, and in
ocular MG anti-AChR are found in more than 50% of the cases (Figure 3) [1, 2].

In up to 40% of generalized MG seronegative for anti-AChR, anti-MuSK antibod-
ies are detected (Figures 2 and 3) [2].

The prevalence of anti-MuSK antibodies in isolated ocular myasthenia gravis is
very low. Case reports indicate that among 38 patients with purely ocular seronegative
MG tested for anti-MuSK antibodies, all results were negative (Figure 2) [17, 18].
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The concentration of anti-MuSK antibodies has a significant correlation with
disease severity, making serum anti-MuSK IgG titers valuable biological markers for
the disease. In contrast, AChR antibody titers do not generally correlate with disease
severity, though there is some evidence suggesting a correlation when considering the
IgG1 subclass. Tracking antibody titers can be highly useful for monitoring disease
progression and response to treatment [19, 20].

6.2 Electrodiagnostic testing

For patients suspected of having MG who have negative antibody tests or who may
have false-positive antibody results, electrodiagnostic testing is valuable. Evaluating
MG typically includes routine nerve conduction studies and EMG, exercise testing,
repetitive nerve stimulation (RNS), and single-fiber EMG (SF-EMG) [1, 3].

6.2.1 Nerve conduction studies

Motor and sensory conduction studies should be carried out for both upper and
lower extremities.

Normal CMAP amplitudes are expected in MG, whereas in LEMS, they are typi-
cally diffusely low [3].

Routine nerve conduction studies must confirm that the nerve remains intact
before it undergoes repetitive nerve stimulation testing (RNS) [3].

6.2.2 Repetitive nerve stimulation

RNS are abnormal in over 50-70% of generalized MG patients and are commonly
normal in localized ocular MG [3].

A decremental response on repetitive nerve stimulation reflects clinical muscle
fatigue and weakness. A CMAP decrement of 10% or more during slow (3 Hz) RNS is
typically observed in MG [3].

Both distal and proximal nerves should be examined. Facial RNS is particularly
crucial in suspected anti-MuSK antibody-associated MG due to the severe bulbar and
facial involvement seen in these patients [3].

In generalized MG slow RNS testing (at 2-3 Hz) has a 40-50% sensitivity and
95-100% specificity [1].

6.2.3 Exercise testing

If there is no decrement or a decrement of less than 10% on baseline RNS studies,
the patient undergoes 1 minute of exercise, followed by RNS at 1-minute intervals for
3-4 minutes, to check for a post-exercise fatigue-induced decrease in CMAP [3].

6.2.4 Electromyography

Generally, needle EMG findings in neuromuscular junction disorders appear nor-
mal. EMG is conducted for two primary reasons: First, to rule out severe denervating
disorders and myotonic disorders that could also show a decreased CMAP response
on repetitive nerve stimulation. The needle EMG may identify unstable motor unit
action potentials (MUAPs) and/or small, short-duration MUAPs that resemble
myopathic MUAPs [3].
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6.2.5 Single-fiber electromyography

In generalized MG, single-fiber EMG sensitivity is around 75-90% and specific-
ity ranges from 60-90%. This test evaluates the non-synchronous firing of muscle
fibers within the same motor unit, resulting in the electrical observation of increased
jitter [1].

False-positive results can occur in neuropathies, myopathies, and motor neuron
disease. Therefore, it is essential to correlate single-fiber EMG findings with the clini-
cal presentation [1].

The primary advantage of single-fiber EMG (SF-EMG) over repetitive nerve
stimulation (RNS) is that SF-EMG can reveal abnormalities, such as increased jitter,
even in patients who do not exhibit overt clinical weakness [3].

7. Treatment of MG
7.1 Treatment goals

The treatment of patients with MG aims at abolishing or decreasing the symp-
toms of the disease. An important goal is to keep the patients in their full functional
capacity avoiding fluctuations in their symptoms or exacerbations. A further impor-
tant goal is to improve compliance to medications by taking into consideration the
short and long-term side effects of the medications used and to adjust the dosages
accordingly.

7.2 Overview of therapies
7.2.1 Symptomatic treatment

Oral acetylcholinesterase (AChE) inhibitors increase the acetylcholine amount
at the neuromuscular junction. They are recommended as first-line therapy for MG.
Pyridostigmine is the most commonly used. It is generally considered as safe. It can be
used as a single long-term treatment in patients with generalized stable mild disease
and as an add-on therapy in patients with severe disease whose conditions require
adding immunotherapy [21].

Pyridostigmine begins to take effect about 15-30 minutes after ingestion, with its
peak action occurring approximately 2 hours after administration. The effects typi-
cally last for three to 4 hours, and occasionally longer.

Choosing among the treatments depends on the severity and the pace of the
disease and it is tailored according to each case.

Patients whose disease is well controlled on pyridostigmine alone are followed
clinically. While some patients manage well with pyridostigmine alone for long-term
treatment, the majority of those with generalized MG eventually need additional
therapy at some stage of their illness or for the rest of their lives [22].

7.2.2 Rapid therapies

These therapies start to show effects within a few days, but their benefits typi-
cally last only a few weeks. They include plasma exchange and intravenous immune
globulin.
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Plasma exchange, or plasmapheresis, effectively removes acetylcholine receptor
antibodies from the bloodstream and is commonly used to manage myasthenic crises.
The improvement typically lasts for 3—4 weeks. It is important to note that antibody
levels may rebound within weeks if immunosuppressants are not used concurrently.
The treatment generally involves five exchanges, each removing 3 to 5 liters of
plasma, performed every other day over the course of 1-2 weeks [22].

Intravenous immune globulin (IVIG) is employed similarly to plasma exchange for
treating myasthenia exacerbations. IVIG is made up of pooled immunoglobulins from
numerous donors. Its exact mechanism of action in myasthenia is not well under-
stood. The typical dosage is 2 g/kg, administered over a period of 2-5 days.

7.2.3 Chronic long-term immunotherapies

It is indicated to start immunotherapy for patients who are still symptomatic
despite being on pyridostigmine, or whom relief after taking pyridostigmine is tem-
porary. Typically, management starts with the addition of glucocorticoids. However,
many patients with generalized MG will also need to incorporate a nonsteroidal
immunotherapeutic agent, such as azathioprine or mycophenolate, to mitigate the
long-term side effects of glucocorticoids [22].

7.2.3.1 Glucocorticoids

Glucocorticoids are the preferred choice for initial immunosuppressive therapy due
to their rapid onset of effect. For patients at higher risk of glucocorticoid-related com-
plications, we aim to shorten the duration of the initial prednisone treatment or avoid
glucocorticoids altogether. This may involve early initiation of a nonsteroidal immuno-
suppressive therapy, such as azathioprine or mycophenolate, and using bridge therapies
like intravenous immune globulin (IVIG) or plasmapheresis. The approach should be
tailored based on the disease severity and specific comorbid risk factors [22].

Prednisone is typically initiated at a dose of 20 mg daily, with increments of 5 mg
every 3-5 days until reaching 1 mg/kg per day (not more than 80 mg daily). This pro-
cess usually takes 4-8 weeks, to be able to evaluate the effectiveness of the steroids.
After about a month at this dosage, tapering can commence [22].

The aim should be to reduce the prednisone dose to 7.5 mg/day within 1 year.
Patients on 7.5 mg/day of prednisone with minimal disease symptoms tend to
experience a better quality of life and report fewer side effects compared to those on

higher doses [1].

When high-dose glucocorticoids are initiated, up to 50% of patients may experi-
ence a temporary worsening of their condition, which can be severe [22].

For more severely affected patients in whom corticosteroids are contraindicated,
treatments such as IVIg, plasma exchange, or eculizumab may be considered as a
bridging therapy until non-corticosteroid oral agents become effective [1].

Immunotherapies are frequently used in conjunction with glucocorticoids due to
inadequate response, difficulties in tapering glucocorticoids without symptom recur-
rence, or the development of toxicities from long-term steroid use [22].

7.2.3.2 Glucocorticoid-sparing therapy

The most commonly used glucocorticoid-sparing therapies are azathioprine and
mycophenolate mofetil. These oral non-corticosteroid immunosuppressive agents are
not typically effective until 1-14 months after initiating therapy [22].
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7.2.3.3 Rituximab

Rituximab which is administered via intravenous infusion, is a human/murine chime-
ric monoclonal antibody against the CD20 protein. There is enough evidence about benefit
of rituximab therapy in MG patients who are MuSK-positive. Rituximab is a therapeutic
option even ahead of conventional immunosuppressants. The ideal dose and dosing
schedule for rituximab remain debated. A typical starting regimen is 375 mg/m” weekly
for 4 weeks, while another approach involves administering a fixed dose of 1000 mg,
repeating it in 2 weeks for a total of 2000 mg, followed by 1 g every 6 months [23].

7.2.3.4 Eculizumab

Eculizumab, a monoclonal antibody targeting complement CS5, is the first comple-
ment inhibitor approved by the FDA for the treatment of refractory anti-AChR-
positive myasthenia gravis. Clinical improvements typically begin within 2 weeks
after the initial infusion, reach their peak at around 3 months for most patients, and
remain stable for at least 3 years [1].

In AChR antibody-positive MG, which causes postsynaptic damage through
complement cascade activation, eculizumab functions by blocking the formation of
C5b. This inhibition helps prevent the formation of the membrane attack complex.
Additionally, eculizumab blocks the production of C5a, a powerful pro-inflammatory
and anaphylactic mediator [24].

Eculizumab is infused intravenously over 35 minutes in adults, starting with
900 mg weekly for the first four doses. After that, the dosage is increased to 1200 mg
1 week later and then continued at 1200 mg every 2 weeks [24].

7.2.3.5 Selection of therapy

For AChR-positive and seronegative MG, azathioprine and mycophenolate mofetil
are the most commonly used therapies to reduce reliance on glucocorticoids.

MuSK-positive MG: International expert consensus guidelines highlight key differ-
ences between MuSK-positive myasthenia gravis (MG), AChR antibody-positive, and
seronegative MG treatment regimens. Most patients with MuSK-positive MG have a
limited response to anticholinesterase medications. Although many do respond to gluco-
corticoids, they often remain reliant on steroids, even with the addition of other immu-
nosuppressants like azathioprine or mycophenolate mofetil. Rituximab has become a
preferred early treatment, particularly if glucocorticoids are insufficient. Since IVIG is
less effective than plasma exchange in this group, the three most effective treatments for
MuSK-positive MG are corticosteroids, rituximab, and plasma exchange [22].

IVIG and plasma exchange can be used as a short-term therapy for Moderate to
severe MG, aiming to provide rapid improvement and act as a bridge to prednisone or
other immunosuppressants with a slower onset of action. It can also serve as main-
tenance therapy for patients who have poor responses to or cannot tolerate multiple
immunosuppressants, as well as in preoperative settings to optimize patient strength
and in cases of impending or active MG crisis [1].

7.2.4 Thymectomy

In the treatment of myasthenia gravis, thymectomy has its role in parallel with
symptomatic therapy and immune therapy.
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Patients with thymoma: 10-15% of patients with MG have a thymoma, and it is
an indication to do thymectomy when it is feasible. When it is not feasible, chemo-
therapy and radiation are alternatives.

The role of thymectomy in patients without AChR antibodies or in older individu-
als is more debated, and treatment decisions are tailored to each individual.

Thymectomy is not recommended for patients with anti-MuSK or ocular MG.
However, the landmark MGTX trial demonstrated significant and long-lasting ben-
efits of thymectomy in non-thymomatous patients with anti-AChR-positive general-
ized MG who are under 50 years of age [1].

7.2.5 Rehabilitation therapy

MG significantly affects the physical and social well-being of patients, leading to
areduced quality of life. Rehabilitation, designed to help individuals with disabilities
attain optimal quality of life and maintain functional independence, plays a crucial
role in the multidisciplinary care of MG patients, being both safe and effective.

A well-structured rehabilitation program can help reduce secondary medical
conditions and manage potential MG complications respiratory failure [25].

Research shows that rehabilitative methods, including physical and respiratory muscle
training, help alleviate fatigue and improve the quality of life for MG patients [25].

Another observational study shows that a structured program of physical and
respiratory rehabilitation therapy can be successfully applied to myasthenic patients
for both preoperative preparation and postoperative recovery following thymectomy
surgery. Rehabilitation programs improved key parameters affected by MG, such
as MG quantitative score (13-item direct physician assessment scoring system that
quantifies disease severity based on impairments of body functions and structures),
fatigue score, physical function, walking endurance, and lung capacity. These
improvements were notably greater than those in a matched control group without
rehabilitation. Furthermore, the rehabilitation group experienced shorter postopera-
tive recovery times, lower rates of major complications, fewer intensive care unit
(ICU) admissions, and shorter hospital stays [26].

The greatest benefits of physical training have been seen in patients with mild
to moderate MG, particularly when done at a controlled intensity to prevent muscle
fatigue. It has been especially effective in preventing muscle atrophy due to disuse and
in preserving muscle strength [25].

Respiratory training was found highly effective in strengthening respiratory
muscles, improving endurance, and reducing dyspnea. Its effectiveness is attributed
to long-term endurance training, which lowers respiratory rates, reduces the effort of
breathing, and ultimately enhances physical fitness [25].

7.3 Response assessment

It is important to document baseline neurological function and examination,
which should be monitored over time as therapies are introduced or adjusted. The
effectiveness of treatments is assessed by observing improvements in clinical symp-
toms and neurological deficits during examinations [22].

Because AChR antibody titers do not correlate with disease severity, acetylcholine
receptors (AChRs) are not recommended as markers for treatment response in myas-
thenia gravis (MG). However, as noted earlier, anti-MuSK antibody titers are considered
reliable markers for treatment response due to their correlation with disease severity [22].
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7.4 Acute exacerbations

Myasthenic symptoms may temporarily worsen over time. Common triggers for
this include acute infections, surgery, pregnancy, childbirth, certain medications,
tapering of immunotherapeutic drugs, or spontaneously as part of the disease’s
natural progression [22].

Acute exacerbations can be divided into two parts depending on the severity of
symptoms: Myasthenic crisis and less severe exacerbations.

Myasthenic crisis: As previously noted, patients in a myasthenic crisis often experi-
ence widespread weakness with respiratory insufficiency that is disproportionate to
their limb or bulbar weakness. Once respiratory support is provided, acute manage-
ment of the crisis involves plasma exchange or IVIG. Pyridostigmine is typically with
held to minimize oropharyngeal secretions. If symptomatic treatment is insufficient,
steroid therapy, such as prednisone, may be started. Steroid-sparing agents should be
considered to mitigate potential adverse effects [24].

Less severe exacerbations: Patients with MG often experience a worsening of symp-
toms that is not severe enough to qualify as a myasthenic crisis.

In both types of exacerbations, the initial step is to address any external factors
contributing to the exacerbation, such as treating a concurrent infection or discon-
tinuing a medication that may worsen myasthenia [22].

The treatment approach should be tailored to the patient’s specific symptoms,
considering the rate of neurological decline, the presence of dysphagia, dyspnea, and
other significant functional limitations. Treatment settings can range from outpatient
care to inpatient or even intensive care unit (ICU) admission, depending on symptom
severity and progression [22].

For mild exacerbations (e.g., mild ptosis, diplopia, facial or limb weakness, or
mild dysarthria), treatment may involve increasing the dose of pyridostigmine,
initiating or adjusting glucocorticoid therapy, or closely monitoring the patient while
addressing any secondary causes of the exacerbation.

In cases of worsening dysphagia or dyspnea with the potential for a myasthenic
crisis, ICU admission may be necessary. Treatment in this scenario is managed
similarly to a myasthenic crisis [22].

7.5 Avoiding medications that could worsen myasthenia

A number of medications precipitate autoimmunity and therefore may induce
de novo MG such as immune checkpoint inhibitors, penicillamine, tyrosine kinase
inhibitors, and interferons.

Many more drugs such as certain antibiotics (macrolides, fluoroquinolones,
aminoglycosides, etc.), antiarrhythmics, anesthetics, and neuromuscular blockers
adversely affect the neuromuscular junction transmission and have been implicated in
worsening of MG symptomatology, including precipitation of MG crisis, or unmask-
ing of a previously undiagnosed MG [27].

7.6 Immunizations

Patients with generalized MG who develop respiratory infections face a higher risk
of exacerbations and respiratory failure [28]. Current guidelines advise annual seasonal
influenza vaccination (preferably with the inactivated vaccine) for individuals on
immunosuppressive therapy, as well as for those with neurological conditions that impair

30



Mpyasthenia Gravis: Pathophysiology, Diagnosis, and Management
DOI: http://dx.doi.org/10.5772/intechopen.1007603

secretion management, including neuromuscular disorders like generalized MG or
ocular MG within 3 years of onset, due to the risk of progression to generalized MG [22].

8. Conclusion

Myasthenia Gravis (MG) is a neuromuscular disorder characterized by muscle
weakness, which is typically caused by antibodies that attack receptors in the postsyn-
aptic neuromuscular junction. Myasthenia Gravis is a great mimicker. It should be on
the list of the differential diagnosis of certain symptoms in certain conditions such as
diplopia, dysphagia, dysarthria, and ptosis in order to do the work up.

The classification of MG is based on clinical features and the presence of specific
autoantibodies such as anti-AChR, anti-MuSK, and LRP4. The diagnostic process involves
a combination of patient history, neurological examination, and various laboratory and
electrodiagnostic tests to confirm the condition and determine its specific type.

Treatment for MG varies based on the severity and antibody profile.

Acetylcholinesterase inhibitors, corticosteroids, and immunosuppressants are
commonly used to manage symptoms and slow disease progression. Plasma exchange
and intravenous immunoglobulin (IVIG) are often considered for rapid relief in cases
of crisis or severe exacerbation. Rituximab and eculizumab have shown particular
effectiveness in patients with specific antibody profiles, such as anti-MuSK or refrac-
tory anti-AChR-positive MG, offering new avenues for treatment.

Long-term management of MG focuses on minimizing symptoms, improving
quality of life, and reducing medication side effects, with thymectomy recommended
for certain subtypes, especially younger patients with anti-AChR-positive generalized
MG. A personalized treatment approach and regular monitoring are essential to adapt
therapies to individual needs. Additionally, rehabilitation, particularly structured
physical and respiratory programs, plays a crucial role in enhancing quality of life,
preventing muscle atrophy, improving respiratory function, and reducing complica-
tions, especially in surgical recovery.
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Nomenclature

AChR acetylcholine receptor

MuSK muscle-specific kinase

LRP4 low-density lipoprotein receptor-related protein 4
IVIG intravenous immunoglobulin

MG myasthenia gravis
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NM]J neuromuscular junction

CMAP compound muscle action potential
SFEMG single-fiber electromyography
A.Appendix

Figure 1 showing the percentages of seropositive and seronegative myasthenia
gravis (MG) cases, including anti-AChR (80%), Anti-MuSK (11%), and seronegative
(including LRP4) cases (34%).
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Figure 1.
MG seropositive and sevonegative percentages.

B.Appendix

Figure 2 showing the distribution of seropositive antibodies in ocular MG cases.
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Figure 2.
Seropositive antibodies in Ocular MG.

C.Appendix
Figure 3 illustrating the distribution of seropositive antibodies in generalized MG
cases.
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Figure 3.

Seropositive antibodies in Generalized MG.
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Expiratory Muscle Training in
Motor Neuron Diseases: Impact on
the Upper Airways
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Abstract

Amyotrophic lateral sclerosis (ALS) is a progressive and idiopathic neurodegenerative
disease with no known cure, influenced by a variety of factors. The survival of
individuals with ALS is closely tied to the effective management of symptoms, particularly
the preservation of respiratory and motor functions. This chapter focuses on the impor-
tance of clinical protocols designed to delay respiratory deterioration, emphasizing the
role of noninvasive ventilation (NIV) and upper airway expiratory techniques in extend-
ing survival and enhancing the quality of life. Multidisciplinary approaches in ALS care
aim to postpone the need for tracheostomy, with a central focus on NIV to optimize lung
function and improve patient outcomes. The use of ventilators with mouthpiece inter-
faces contributes not only to respiratory safety but also to the preservation of voice qual-
ity. Additionally, expiratory muscle training enhances the strength of muscles involved
in breathing, leading to significant improvements in respiratory function.

Keywords: amyotrophic lateral sclerosis, muscle training, noninvasive ventilation,
motor neuron diseases, respiratory exercises

1. Introduction

Motor neuron diseases (MNDs), including amyotrophic lateral sclerosis (ALS),
manifest in various ways. Moreover, respiratory changes play a crucial role in disease
progression and patient survival [1]. Respiratory infection, secondary to impaired
respiratory defenses, chest wall restriction, weak cough, and recurrent respiratory
tract infections, is the leading cause of morbidity and mortality in this population.

ALS can be subdivided into bulbar onset and limb onset based on the somatic
region involved [2]. Respiratory complications are particularly prevalent and fatal in
patients with bulbar-onset alS, accounting for more than 85% of deaths. In contrast,
limb-onset alS is associated with longer survival, although respiratory dysfunction
still occurs as the disease progresses [3].

Restrictive ventilatory impairment is a common feature in most MNDs. As the
disease progresses and lung volumes decrease, individuals lose the ability to inhale
and cough effectively, which can lead to hypercapnia, respiratory failure, and the
need for home mechanical ventilation. Eventually, most individuals die due to these
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complications. The reduction in vital capacity (VC) is an indicator of respiratory
muscle weakness, both inspiratory and expiratory, but the loss of lung volume tends
to be greater than expected based solely on muscle weakness [4].

Multidisciplinary interventions for ALS patients aim to delay the need for trache-
ostomy, focusing on noninvasive ventilation (NIV), which improves survival and
preserves lung capacity. Using ventilators with a mouthpiece attachment contributes
to respiratory safety and enhances voice quality. Furthermore, expiratory muscle
training targets the strengthening of the muscles involved in expiration, leading to
improvements in respiratory variables [5, 6].

2. Functional respiratory changes in different phenotypes of MND

The ALS spectrum encompasses various clinical phenotypes, with variations in the
degrees of involvement of upper motor neurons (UMNs) and lower motor neurons
(LMNs), as well as extramotor manifestations, primarily frontotemporal. In the dif-
ferent phenotypes, respiratory manifestations can vary. In the case of limb-onset alS
(appendicular), weakness typically begins in the distal muscles and progresses to the
muscles responsible for pulmonary mechanics, resulting in alveolar hypoventilation
and respiratory failure [7]. In contrast, bulbar-onset alS involves early engagement of
the respiratory muscles, especially the diaphragm, leading to a rapid decrease in lung
volumes, such as tidal volume (TV) and VC, culminating in hypercapnia and respira-
tory failure (Figure 1) [8].

The weakness resulting from the degeneration of LMNs underlying ALS leads to
areduction in the ability to generate intrathoracic pressure, decreased chest expan-
sion during inhalation, and diminished elastic recoil forces during exhalation. The
involvement of UMNSs in ALS causes rigidity of the chest wall, increasing resistance
and limiting the range of motion, which functionally elevates the mechanical forces
required to maintain adequate ventilation. In addition, the reduction in speed, range
of motion, and weakness of the respiratory, laryngeal, and bulbar systems further
affects the ability to clear the airways in individuals with ALS. Clinically, this mani-
fests as difficulties in managing secretions, airway defense, and the effective expul-
sion of tracheal contents [8].

Respiratory manifestations, regardless of the phenotype, include exacerbated
dyspnea during exertion and at rest, orthopnea, sleep-related breathing disorders,

Figure 1.
Videofluoroscopy at rest of individuals with ALS. A: Individual with limb-onset (appendicular) ALS, 89%
forced vital capacity; B: Individual with bulbar-onset alS, 12% forced vital capacity. Source: personal collection.
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and weakness of the expiratory muscles, which compromises the ability to cough and
clear secretions. Using accessory muscles for breathing and paradoxical breathing are
typical clinical signs observed during disease progression [9].

3. An overview of respiratory changes and their consequences
3.1 Functional respiratory changes in ALS

In ALS, functional respiratory changes are one of the most critical manifestations
of the disease, directly impacting patients’ quality of life and survival. The progres-
sive weakness of the respiratory muscles, including the diaphragm, is central to
pulmonary function deterioration, resulting in a series of respiratory complications
that eventually lead to respiratory failure, the primary cause of death among patients
with ALS [9].

Initially, diaphragm weakness compromises thoracic excursion and forced vital
capacity (FVC), one of the primary parameters used to monitor respiratory function.
The diaphragm, which is responsible for most inspiration, when weakened, limits the
expansion of the thoracic cavity, resulting in decreased lung volumes. As the disease
advances, accessory respiratory muscles, including the intercostals and neck muscles,
may become increasingly engaged. However, this compensation is temporary and
insufficient to maintain adequate ventilation in the long term [10].

As diaphragmatic dysfunction worsens, the phenomenon of paradoxical abdomi-
nal movement is observed, where, during inhalation, the dysfunctional diaphragm is
drawn inward into the thoracic cavity instead of moving downward. This clinical sign
indicates severe respiratory weakness and is associated with a significant reduction
in FVC and thoracic excursion. The resulting hypoventilation leads to hypercapnia
and hypoxemia, exacerbating the sensation of dyspnea, especially during sleep, and
increasing the risk of complications such as aspiration pneumonia and lung infec-
tions, including pneumonia [1].

Assessing pulmonary function is essential from the first signs of muscle weakness
in patients with ALS. Measurements such as FVC and slow vital capacity (SVC) are
used to predict the progression of respiratory dysfunction and survival. Studies show
that FVC, especially when measured in the supine position, is a sensitive marker for
detecting early diaphragmatic weakness. Moreover, SVC has proven to be an impor-
tant predictor of survival and is correlated with disease progression, particularly in
patients with bulbar onset or respiratory involvement [11].

The progression of respiratory weakness in ALS not only worsens dyspnea and
exercise intolerance but also interferes with the ability to cough and clear secretions,
increasing the risk of severe respiratory infections. Respiratory failure, made worse
by diaphragmatic dysfunction and weakness of the accessory muscles, becomes a
medical emergency as the disease advances, requiring interventions such as NIV or, in
more severe cases, tracheostomy [11].

Early and continuous assessment of respiratory function is fundamental for effec-
tive disease management, helping to improve patients’ quality of life and survival.

By understanding how to manage these complexities, more targeted and effective
therapeutic approaches can be developed, providing more humanized care focusing
on the specific needs of each ALS patient [12].

Respiratory changes associated with disease progression can cause impairment

of the upper airways, including the pharynx, larynx, and oral cavity. These are
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critical components for speech and swallowing. These processes depend on the
complex coordination of various muscle groups, many of which are controlled by
motor neurons that are progressively affected in ALS. Motor neuron degeneration
results in muscle weakness, dysarthria (difficulty articulating speech), and dysphagia
(difficulty swallowing) [12].

Dysarthria in patients with ALS occurs due to muscle weakness responsible for
articulation, such as the tongue, lips, and soft palate. Speech production involves precise
coordination between breathing and the muscle movements of the oral cavity, pharynx,
and larynx. As ALS progresses, the ability to control these muscles diminishes, resulting
in slurred, nasal, or unintelligible speech. Impairment of subglottic pressure, which is
essential for voice modulation, further exacerbates these difficulties [11].

Dysphagia in ALS is a consequence of weakness in the muscles involved in swal-
lowing, such as the tongue, pharyngeal, and esophageal muscles. Swallowing is a
reflex process that involves multiple phases, including the oral, pharyngeal, and
esophageal phases. Muscle weakness leads to difficulty initiating swallowing, reduces
the effectiveness of food transport, and increases the risk of aspiration. Aspiration
occurs when food or liquids enter the airways instead of going into the esophagus,
heightening the risk of aspiration pneumonia, which is a common cause of mortality
in patients with ALS [13].

These factors contribute to the overall decline in health and may accelerate
disease progression. Speech impairment and swallowing are also directly related to
the ventilatory pattern of patients. Studies indicate that the weakness of respiratory
muscles, characteristic of ALS, reduces FVC and TV, negatively affecting the ability to
speak and swallow. As the disease progresses, respiratory failure becomes a predomi-
nant concern, requiring interventions such as NIV, postural techniques, for instance
leaning the head forward while swallowing, and modifications in food consistency to
reduce the risk of aspiration [13].

4. Coughing and the need for strength in the laryngeal and respiratory
muscles

Coughing is a fundamental defense mechanism of the respiratory system,
designed to protect the airways from excessive secretions, irritants, and foreign
bodies. To be effective, coughing depends on the precise coordination of the respira-
tory and laryngeal muscles [14]. This section explores the physiology of coughing,
emphasizing the critical need for adequate muscular strength to ensure its efficacy,
particularly in conditions such as ALS, where muscle weakness significantly compro-
mises this vital function.

4.1 Physiology of coughing
Coughing is a reflex response that can be voluntary or involuntary, initiated by
stimuli in the airway receptors. The coughing process can be divided into three main

phases (Figure 2) [14]:

1. Inspiratory phase: this begins with a deep inhalation, increasing lung volume and
preparing the respiratory system to generate the pressure needed for expulsion.
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Figure 2.
Representation of spirometry during voluntary coughing.

2. Compressive phase: the glottis closes briefly to allow an increase in intrathoracic
pressure.

3. Expulsive phase: the abrupt opening of the glottis results in an explosive expul-
sion of air from the lungs, carrying away secretions or irritating particles. The
speed and flow of the expiratory air are crucial for the effectiveness of the cough,
which is directly influenced by the strength of the muscles involved.

Spirometry waveform during voluntary coughing representing A: cough flow with
distinct inspiratory and expiratory parameters in a healthy individual, illustrating the
three phases of coughing from which the objective temporal airflow parameters are
computed and aberrant. Cough flow in two individuals with ALS: B: spinal onset and
C: bulbar onset. Source: Adapted from Andersen et al. [14].

The laryngeal muscles play a central role in modulating airflow during coughing.
During the compressive phase, the larynx needs to quickly close the glottis to allow
for the accumulation of intrathoracic pressure. This requires efficient contraction of
the laryngeal muscles, such as the cricothyroid, which adjusts the tension of the vocal
cords, and the thyroarytenoid, which controls glottic closure [15].

The strength of the laryngeal muscles is crucial for achieving a rapid and
effective glottal closure. Any impairment in the function of these muscles, as seen
in neuromuscular diseases (NMDs), can lead to inadequate glottal closure, result-
ing in a weak cough that is unable to effectively expel material from the airways.
The respiratory muscles, including the diaphragm, intercostals, and abdominals,
are responsible for generating the necessary pressure for the expulsive phase of
the cough. These muscles must contract with sufficient force to increase intra-
thoracic pressure, which is the driving force behind the expiratory airflow during

coughing [15].
4.2 Impact of muscle weakness on cough

The weakness of the laryngeal and respiratory muscles compromises all aspects
of coughing. In patients with ALS, motor neuron degeneration results in the progres-
sive weakness of these muscles, which manifests as a weak and ineffective cough.
The inability to generate adequate expiratory airflow means that patients cannot
clear secretions from the airways, increasing the risk of pulmonary infections and
asphyxiation [16].
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Weakness in coughing can lead to severe complications, including recurrent pneu-
monia and atelectasis (lung collapse), which are common in individuals with ALS.
The ineffectiveness of coughing also contributes to the retention of carbon dioxide
(hypercapnia) and hypoxia, further exacerbating respiratory failure [16].

4.3 Strategies to improve muscle strength and coughing

Considering the critical role of the laryngeal and respiratory muscles in coughing,
several strategies can be implemented to improve cough effectiveness in patients with
muscle weakness [13]:

1. Respiratory exercises: targeted exercises to strengthen the laryngeal and respira-
tory muscles can be implemented. Therapy may include diaphragmatic breathing
techniques, respiratory resistance exercises, and specific training for the laryn-
geal muscles [13].

2. Cough assistance: cough assistance devices, such as mechanical insufflation-ex-
sufflation devices, can be used to help patients who cannot generate an effective
cough on their own. These devices apply positive pressure to the airways during
inspiration and negative pressure during expiration, simulating the cough pro-
cess and helping to clear secretions.

3. Noninvasive ventilation (NIV): NIV can be used to improve ventilation and in-
trathoracic pressure, facilitating a more effective cough. In some cases, it may be
combined with cough assistance to maximize secretion clearance.

4. Breath stacking: this technique involves introducing successive volumes of air into
the lungs before attempting a cough, thereby increasing the total lung volume
and the intrathoracic pressure available for expulsion during coughing.

5. Expiratory muscle training (EMT) to improve coughing in ALS

EMT is a promising intervention to improve expiratory function by increasing the
subglottic pressure necessary for effective coughing and airway protection. It focuses
on strengthening the muscles responsible for expiration, such as the abdominal and
intercostal muscles, generating higher expiratory pressures. In individuals with ALS,
weakness of these muscles can lead to ineffective coughing, increasing the risk of
respiratory complications [17].

Clinical studies have shown that EMT is a viable and effective intervention for
improving respiratory function in ALS. In a study conducted by Plowman et al. [17],
the feasibility and impact of EMT on expiratory force generation capacity, swallowing
kinematics, cough physiology, and airway protection were evaluated in individu-
als with ALS. The results indicated that EMT was safe and well-tolerated and led to
immediate improvements in expiratory force and hyoid movement during swallow-
ing. The hyoid movement is a crucial event in swallowing, as it facilitates the relax-
ation and opening of the upper esophageal sphincter, allowing the effective transit of
the food bolus from the pharynx to the esophagus and reducing the risk of aspiration.

Another study conducted by Plowman et al. [18] investigated the effect of a
5-week EMT program in individuals with ALS and found significant improvements
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in respiratory and bulbar function. Although there were no statistically significant
differences in cough spirometry measurements, the 22% reduction in the inspiratory
phase suggests a clinical improvement in the ability to inflate the lungs efficiently and
in glottic closure, both of which are essential for producing an effective cough.

5.1 EMT techniques to improve outcomes

EMT can be complemented by other respiratory techniques, such as breath
stacking. This technique involves accumulating successive volumes of air in the
lungs before attempting to cough, thereby increasing the inspired volume and,
consequently, the peak cough flow. The increase in inspired volume can enhance
the effectiveness of EMT, helping clear secretions and prevent atelectasis.
Furthermore, combining EMT with inspiratory muscle training can provide a more
comprehensive approach to respiratory rehabilitation in patients with ALS, improv-
ing both expiratory and inspiratory pressures, resulting in a more robust overall
respiratory function.

Maintaining the ability to generate adequate subglottic pressure is vital for the
quality of life of patients with ALS. A study by Plowman et al. [18] demonstrated that
EMT, when performed over 12 weeks, had a positive impact on specific respiratory
capacity and airway clearance functions during the early stages of ALS. These results
suggest that EMT not only improves respiratory function but may also have a positive
effect on patient survival.

Although EMT has shown promising results, further research is needed to deter-
mine the optimal training intensity, resistance load specifications, and potential long-
term benefits. Further studies are needed to explore how combining EMT with other
respiratory techniques, such as breath stacking, can optimize clinical outcomes [19].

The rapid progression of ALS and the variation in treatment response among
individuals highlight the importance of personalizing therapeutic interventions.
Integrating EMT into a comprehensive respiratory rehabilitation plan can provide
significant benefits for patients, helping to preserve respiratory function and
prolong survival.

6. Volumetric recruitment and impact on the upper airway

Forced expiration plays a crucial role in clearing the lungs, trachea, and larynx.
Throat clearing involves the closure of the supraglottic folds, effectively moving
material from the laryngeal vestibule to the pharynx. The hawking technique involves
arapid exhalation combined with the soft palate making contact with the base of the
tongue. This action is used to move material from the oropharynx to the front of the
mouth. Furthermore, postswallowing is an important airway protection behavior,
preventing the entry of fluids, food, or secretions into the larynx and lungs.

The supraglottic swallowing maneuver aims for the voluntary closure of the vocal
folds before and during swallowing, causing the arytenoid cartilage to tilt toward the
base of the epiglottis. This technique is especially recommended to improve two of the
most common swallowing challenges faced by people with ALS [20].

Clinical guidelines recommend daily pulmonary volume recruitment (PVR)
therapy to combat the decline in lung volume through assisted inflation [21]. PVR
is a technique often used by individuals with NMDs to achieve higher lung volumes
and improve coughing. This technique involves providing consecutive “breaths” with
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Figure 3.
Individual performing pulmonary volume recruitment. Source: Personal archive (authorized by the individual).

inspiratory pressure to the airways, using a manual self-inflating bag, with or without
a unidirectional valve, connected to an oronasal mask or mouthpiece (Figure 3).

The assisted breaths accumulate, resulting in a greater pulmonary inflation volume
than can be achieved with spontaneous breathing. Previous research has shown that
PVR increases maximum inspiratory capacity (MIC) or pulmonary inflation capacity
(PIC), as well as the peak expiratory flow during the maneuver. Retrospective and
cohort studies in NMDs suggest that PVR may slow lung function decline [21].

The PVR, also known as breath stacking, is a simple, low-cost manual inflation
technique that enhances coughing. Breath stacking maneuvers are essential for
maintaining lung capacity and facilitating expulsion in patients with neuromus-
cular disorders, especially in children [22]. In adults, using an inflation bag with a
unidirectional valve increases lung volume. In ALS, breath stacking and MIC are
fundamental methods for improving cough effectiveness and providing muscular
rest [23, 24]. These techniques rely on good muscular strength in the oropharynx,
glottis, and larynx [22].

Although progressive muscle weakness is a central characteristic of ALS, using
strength-focused interventions has historically been discouraged due to the concern
of muscle overload, which could accelerate physical decline. Traditionally, treatment
models for ALS have been primarily palliative in nature. However, recent evidence
indicates that light to moderate exercise programs, started early, can enhance physi-
ological capacity and strength, prevent disuse atrophy and deconditioning, as well
as alleviate pain and spasticity, and improve the overall psychological well-being of
individuals with ALS [25].

7. Perspectives on muscle training in neuromuscular diseases
Integrating expiratory muscle training (EMT) with other respiratory rehabilita-

tion strategies can maximize clinical benefits, providing a valuable intervention to
improve respiratory function and survival in ALS. Studies [26, 27] on respiratory
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muscle strength training interventions in individuals with ALS have shown transient
improvements in inspiratory and expiratory pressures, although long-term effects
are still inconclusive. Plowman [28] observed that these interventions resulted in
transient gains in variables such as maximum inspiratory pressures and respiratory
benefits on the Amyotrophic Lateral Sclerosis Functional Rating Scale (ALSFRS), but
the effects were not considered significant.

Clinical trials [27, 28] demonstrate that inspiratory and expiratory muscle strength
training programs can extend survival by up to 14 months and improve respiratory
and bulbar function, serving as potential prognostic indicators of survival. However,
the need for control groups and further investigation is crucial to validate these
hypotheses.

Techniques such as breath stacking and EMT have proven viable, safe, and benefi-
cial in enhancing expiratory force generation, swallowing function, and airway pro-
tection, especially in early stages of ALS [17]. Moreover, increased inspired volume
through breath stacking can lead to improvements in both reflexive and voluntary
cough, aiding in mucus clearance and preventing atelectasis.

The recent study by Plowman et al. [19] suggests that respiratory training inter-
ventions may positively impact the physiological capacity of respiration and airway
clearance function in the early stages of the disease. However, they emphasize the
need for additional studies to determine the ideal intensity and long-term benefits.
Short-duration training, such as the 8-week protocol applied by Tabor et al. [6], also
demonstrated promising results, including increased peak cough flow and expiratory
muscle strength.

In 2020, Dorga et al. [29] conducted a pilot study involving 8 patients with ALS
who followed a set of techniques combining pulmonary recruitment with expiratory
resistance exercise, called respiratory readaptation and reorganization therapy (TR3).
This therapy consists of a series of three respiratory exercises, including maximum
lung inflation using an inflation bag (pulmonary recruitment) and slow, gradual
expiratory muscle training (endurance training). The study described the technique
and demonstrated its impact on the airway during its execution. A notable aspect of
the study was the innovative use of videofluoroscopy to demonstrate the techniques
(Figure 4).

Figure 4.

Im%mct of Volumetric Recruitment against Expiratory Resistance. Details of the main videofluoroscopic photos

of interest analyzed. Overview of the differences in the pharyngeal constriction area during rest and during
respiratory training. A. Resting position showing measurements of the pharyngeal area; B. Example of maximum
pharyngeal expansion (MPE) during the technique with positive unidirectional pressure valve (PUPV); C.
Maximum pharyngeal constriction (MPC) during the PUPV technique. Source: Dor¢a et al. [29].
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8. Conclusion

Understanding the factors related to respiratory dysfunction in NMDs, specifi-
cally ALS, is essential for prescribing individualized therapeutic approaches aimed at
slowing the progression of the disease. EMT is a systematic technique with promising
prospects for exercise prescriptions in this population. However, studies with more

robust methodologies, such as clinical trials and control groups, are required for a
better understanding of the effects of this therapy and its impact on NMDs.
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Approach to Peripheral Neuropathy

Chee Shin Yong and Mathew Alexander

Abstract

Peripheral neuropathy is frequently encountered in the clinical setting by doc-
tors of various specialties. Neuropathies can be approached based on the temporal
profile, spatial pattern and pathology. There is a need for eliciting a focused history,
co-morbidities, exposure to medications and toxins, family history and examination,
electrodiagnostic testing and laboratory testing. The prevalence of neuropathy is
based on epidemiological studies, and it is important to know the yield of etiological
diagnosis, even after extensive investigations. Acute neuropathies include Guillain-
Barre syndrome, porphyria, ICU-acquired paresis, neuropathies associated with
systemic diseases, autoimmune diseases, nutritional, toxic and genetic disorders.

It's important to have knowledge about electro-diagnostic characteristics, the role of
nerve biopsy in select cases, treatment, both disease-modifying and symptomatic and
outcome.

Keywords: peripheral neuropathy, prevalence, temporal profile, spatial,
electromyoneurography, pathology, treatment, outcomes

1. Introduction

The peripheral nervous system consists of all nerves distal to the spinal cord
including motor neurons that originate in the spinal cord, the sensory nerves that
terminate in the spinal cord, as well as autonomic nerve fibers. Peripheral neuropa-
thy is the disorder of the said system and is one of the most common neurological
presentations. Peripheral neuropathy is commonly encountered and is seen in
several disorders like metabolic syndrome, diabetes mellitus, uremia, infections,
parainfectious, paraproteinemic, nutritional, toxins and inherited causes. Peripheral
neuropathy affects all populations worldwide, with prevalence increasing with age,
with over half the cases being attributed to diabetes after work up by a neurologist.
The International Diabetes Federation estimates 425 million people worldwide have
diabetes, which makes it a large global epidemic, and the most prevalent complication
is neuropathy, distal symmetric sensory neuropathy being most common. About 12%
of global expenditure or $ 727 billion is directed to diabetes and its complications.

The prevalence of peripheral neuropathy based on several population-based stud-
ies is estimated to be between 2.4 per 100,000 with prevalence increasing with age
and 8/100000, with diabetes being the most common cause [1, 2].
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Diagnosis of peripheral neuropathy could be quite challenging, given the spec-
trum, heterogeneous presentation and diverse etiology. It is vital to have a structured
approach with respect to eliciting a good history and clinical examination to elucidate
the temporal profile, spatial pattern, fiber type and underlying pathogenesis and do
appropriate investigations.

Identifying features of time-sensitive treatable causes of peripheral neuropathy
is crucial to limit nerve damage and avoid poor outcome. Screening of asymptomatic
patients at risk of peripheral neuropathy secondary to systemic diseases is vital to
avoid complications. Despite extensive investigations, in up to 30% of patients, no
cause can yet be identified [3, 4].

2. Step 1: First and foremost, is there a peripheral neuropathy?

It is prudent to exclude cortical and spinal involvement. Hyperreflexia and spasticity
would favor localization to a central pathology. If signs and symptoms do not localize to
either central or peripheral nervous systems, psychogenic factors need to be considered.
Most presenting complaints are more sensory, as motor and autonomic dysfunctions are
usually not apparent to the patient immediately. Further inquiry of dry skin, cracked
heels, postural dizziness and erectile dysfunction will need to be made (Table 1).

Symptoms Positive Negative
Sensory Paraesthesia Numbness
Burning, electric-like, hypersensitivity, squeezing/tightness Reduced sensation
Unsteadiness
Motor Cramps, fasciculations Weakness
Atrophy
Table 1.

The sensory and motor symptoms and signs found in peripheral neuropathy.

3. Step 2: Spatial involvement/distribution — Which part of the peripheral
nervous system is involved and to which extent?

The peripheral nervous system is composed of somatic (sensory and motor) and
autonomic nerves. Sensory cell bodies are in dorsal root ganglion or one of the sensory
ganglia of sensory cranial nerves. A motor unit consist of anterior horn cell, its axon,
the neuromuscular junction and the muscle fiber it innervates. Autonomic nerves
are composed of two neuron pathways (preganglionic or postganglionic) and have
parasympathetic and sympathetic arm.

On looking at the spatial pattern, there could be one nerve, several discrete nerves
or multiple nerves diffusely involved:

* Mononeuropathy
* Mononeuropathy multiplex

* Distal-predominant polyneuropathy
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* Distal and proximal polyneuropathy
* Plexopathy

* Radiculopathy

* Asymmetric — unusual

Length-dependent neuropathies start symmetrically with sensory disturbance in the
feet and, as it ascends to the knee, then involves finger tips and then forearms, and this is
a dying back neuropathy. Immune-mediated neuropathies like GBS and CIDP have a non-
length-dependent pattern and have proximal predominant weakness and trunk weak-
ness. Neuropathy that begins in one leg or hands indicates an asymmetric disorder, and
a careful history is vital as over a period this becomes confluent and looks symmetrical.
Careful examination helps in discerning asymmetries in the degree of nerve involvement.
Mononeuritis multiplex could be due to vasculitis, leprosy, CIDP variants and multifocal
motor neuropathy with conduction block. The neuropathy in lepromatous neuropathy
has a temperature-dependent distribution affecting superficial often unnamed nerves
from the coolest regions of body, ear lobes, nose and dorsal extremities.

Nerve conduction studies and needle electromyography help in confirming the
presence of spatial distribution and help in ascertaining nerve-muscle continuity and
assess the extent of denervation/re-innervation [5, 6].

Erlanger and Gasser’s Classification of Nerve fibre Types

Motor Sensory Autonomic
Distal degeneration of SFN free nerve endings in epidermis
Myeli | Myelii | Thinly myeli | Unmyeli | Thinly myelinated Unmyelinated

Aa Aafp A 8 (Preganglionic) C (Post ganglionic) c
==y Loose myelin in epidermis

Muscle control Touch, Cold perception, Warm perception, Heart rate, Blood
Vibration, Pain Pain pressure, sweating
Position

13-20 ym 6-12 pm 1-5m 0.2-1.5 pm

80-120 m/s 35-75 m/S 5-35 m/s 0.5-2 m/s

Adapted from Vinik et al Nature Clinical Practice endocrinology and Metabolism, 2006 [7-8]

Figure 1.
Classification of nerve fiber types. Adapted from [7-9].

4. Step 3: What nerve fibers are involved?

Large fiber nerves include motor nerves, A-alpha and A-Beta sensory nerves.
[Erlanger/Gasser classification] Small fiber nerves include A-delta that respond
to pressure-producing sensation of fast pain and C-fibers that mediate pain and
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temperature. Smaller fibers are preferentially affected in systemic disorders and are
length dependent with longest and most distal nerves affected first (lower limbs).
Autonomic nerves are unmyelinated and outnumber somatic nerves (Figure 1).

5. Step 4: Temporal profile

When one looks at the temporal profile, acute neuropathies occur within 4 weeks,
subacute neuropathies occur within 4-8 weeks and chronic neuropathies, beyond
8 weeks. Most acquired causes are acute to subacute while hereditary neuropathies are

chronic (Table 2) [6].

Types Main etiological Sub-classification Pathology
groups
Primary Guillain-Barre Acute Inflammatory Demyelinating Demyelination (+
Syndrome Polyneuropathy (AIDP) conduction block) with
variable axonal loss
Acute Motor Axonal Neuropathy (AMAN)
Axonal degeneration of
motor fibers
Acute Motor and Sensory Axonal
Polyneuropathy (AMSAN)
Axonal degeneration of
motor and sensory fibers
Miller Fisher Syndrome
Mixed axonal degeneration
and demyelination
Secondary Autoimmune Connective tissue diseases, Poly-Arteritis Axonal degeneration

and malignant
disorders

Nodosa, Wegener’s granulomatosis,
Systemic Lupus Erythematosus, rheumatoid
arthritis, Sjogren’, cancer

Infectious disease

AIDS, neuroboreliosis, Hepatitis C

Axonal degeneration

Metabolic disorders

Diabetes Mellitus; Uremia; Acute Porphyria;
Critical lllness Neuropathy’

Axonal degeneration

Toxins

Arsenic, Amiodarone, Vincristine,
Cisplastin, Pyridoxine, Disulfram, Gold
salts, Glue, Alcohol, Organophosphates

Mostly axonal degeneration
(Amiodarone associated
with demyelination

‘Standard Textbooks do not mention CIN in the Classification of Acute Neuropathy.

Table 2.

Classification of acute polyneuropathy.

6. Step 5: Are there other associated features?

Physical features: It’s important to look for associated features like alopecia,
madarosis, corneal opacities, Bitot’s spots, scleritis/episcleritis, malar rash, angular
stomatitis, cheilitis, blue line on gums, Mees’ lines, cutaneous nerve thickening, pes
cavus and hammer toes (Figure 2).
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Head to toe signs for clues in clinical examination for polyneuropathy

Episclertis/ uetis Hair Alopecia (SLE)
Eyes gl Hypartrichesi (Malignancy)
Retinal pigmentation Carly brittle kair (Giant Axosal Neuropathy)
Relsm's S erebdor 3 L et ot e
[

Hereditary Metor | dorace
b Hearing  Mtochonirl Yscubis ackayee Syneame elsam s

Cataracts

Mails

Mee's nes
b o Mot [ il
"

Levkenychia white nails) 1
I hematoisgeal ot Cyclosria t }
Slphoname: e | )

Macroglossia (hmylsidosis)
Brangstonsis i Tangier's

Oro-Buccal

Bortonian bue e in lead tmicity

Lymphoreticular  Maligrancies. Paraproteineria, HV

Organomegaly  PiEus Amyinidosis Malignancies

] Baatraparesis n Diabetics Skin changes
bl pains in haavy metal poisaning
Colicky Abdo pains in Poarphyria
Inflamematary bowel diseasa

HEn

Vascallic ish  Angiokerstomas Hypagigmentaion Trophic
changes

Respiratory Bhinitts, Hemoptysis- C-ANCA and p-ANCA vascultis

Renal Disbetes Vasculis, Fabry's disease

— QAT

Hammerises PesCovur  Foot deformities
{ln hereditary sensory neurapathies)

Trepic leers
| = Disbetes Legrosy and sexsory mearepathies

Figure 2.
Mini atlas on head-to-toe clinical signs in clinical examination for polyneuropathy.

7. Step 6: Axonal versus demyelinating

Many neuropathies have overlapping pathological features, but it is important
to define the predominant pathophysiological damage. Demyelination affects large,
myelinated fibers causing reduced conduction velocities. There would be manifesta-
tion of motor weakness, paraesthesia and absent deep tendon reflexes. A hallmark for
acquired demyelinating neuropathies is severe motor weakness with minimal atrophy.
They are symmetric but, early into illness, could be asymmetric. Damage to myelin
sheath is repaired by Schwann cells in 6-12 weeks.

Damage to axon (microtubules and microfilaments) affects smaller fibers particularly
the smaller fibers at the most distal part first presenting as dying back phenomenon. This
manifests as muscle wasting along with weakness. Nerve conduction studies and EMG are
required to delineate the pathophysiology. In small fiber neuropathies, it might be prudent
to do sympathetic skin responses and cardiovascular autonomic function tests, and the
physician might need epidermal biopsies to look at epidermal nerve fiber density [10-13].

8. Medical and social conditions: Alcohol, diets, occupational exposure

After ascertaining the neuropathy, the physician needs to review all the systems,
perform meticulous examination and look for an underlying medical disorder.
Diabetes mellitus, connective tissue disease, underlying infection, cancer, malnutri-
tion, and exposure to drugs, alcohol or occupational exposure to toxins need to be
considered and addressed [12-15].

9. Family history

Inherited neuropathies are detected in 40% of undiagnosed neuropathies in
dedicated centres. The diagnosis could remain elusive due to reasons such as inability
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to elicit a family history, occurrence of de-novo mutations (PMP gene 22 gene duplica-
tion), recessive and X-linked recessive mutations, and the neuropathy could remain
asymptomatic for decades. These patients could have signs of neuropathy with skeletal
markers like pes cavus or kyphoscoliosis but could be unaware because of slow pro-
gression. A careful history to elicit the inheritance pattern, clinical examination and
nerve conduction studies will help to guide genetic tests. The most common types are
CMT 1A, CMT1B, CMTX and HNPP. There could be situations in which family history
is lacking, with atypical presentation like CIDP mimics. Knowledge on the phenotypes
of various inherited neuropathies is required for genetic counseling [16-18].

10. Tying it together

Having established neuropathy, there is a group where one might be able to estab-
lish a probable diagnosis like GBS and Diabetic Polyneuropathy. Another group where
one could get clues from medical history and family history to help direct specific
investigations. There could also be a group of chronic polyneuropathies where there
are no defining feature or clue, and it is important to have a diagnostic algorithm for
the said neuropathic syndrome.

11. Role of laboratory testing

It is important to focus and decide on further investigations. Basic laboratory inves-
tigations include a complete blood count, serum electrolytes, renal and liver function
tests, screening for diabetes mellitus, immunofixation and immunoelectrophoresis.
One must restrain from ordering a battery of laboratory tests and antibody panel with-
out regard for the most probable cause of neuropathy [19, 20]. If there are no pointers
to underlying cause, there needs to be judicious use of laboratory tests (Table 3).

Polyneuropathies Investigations

Acute Lumbar puncture/ CSF studies

Ganglioside antibodies

Urine/ fecal Porphyrins

24 hr. urine for heavy metals (Arsenic, Thallium)

Red cell Transketolase activity (Thiamine Deficient))

Lyme Serology (Endemic Areas)

Subacute/ Chronic Fasting glucose, HbA1C

Serum Protein electrophoresis/ immune fixation

HIV serology

Vitamin B12 levels +/— Methylmalonic acid (MMA) levels

Thyroid Function Tests

Serum Triglycerides/ HDL (Tangier’s disease)
ANA, Anti-Ro, Anti-La

Table 3.
Recommended laboratory investigations for polyneuropathies.
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11.1 Small fiber neuropathy

The symptoms are burning pain, allodynia, impaired pain and tem-
perature sensations and the autonomic symptoms such as facial flushing, sicca,
accommodation symptoms, hyper—/hypohidrosis, palpitations, orthostatic
intolerance, gastroparesis, constipation, diarrhea and bladder disturbances. The
etiology includes metabolic diseases (diabetes mellitus and hypothyroidism),
drugs/toxins (e.g. alcohol, highly active anti-retroviral therapy (HAART), met-
ronidazole and bortezomib), immune-mediated diseases (e.g. coeliac disease,
Sjogren’s syndrome and sarcoidosis) and paraneoplastic syndrome. Genetic
causes include Fabry’s disease, amyloidosis, SCN 9A and familial burning feet

syndrome.

Investigations include sympathetic skin responses; cardiovascular autonomic
function tests including RR interval on deep breathing and supine to standing; and
beat to beat recording using Finometer for accurate non-invasive beat to beat record-
ing, which could be used to differentiate orthostatic hypotension from postural
tachycardia syndrome (Tables 4 and 5).

Immune Mediated Neuropathies- Autoantibodies associations with clinical phenotypes

Disease Phenotype Antigens Antibody  Clinical
isotype implications
Acute Motor Axonal Neuropathy ~ Pure motor GM1, M1b-GD1a  IgG Guide to GBS
(AMAN) subtype
GD1a
GalNAc-GD1a
Acute Motor and Sensory Axonal ~ Motor and sensory GM1 and GD1a IgG
Neuropathy (AMSAN)
Miller Fisher Syndrome Ataxia, GQ1band GT1a IgG
Ophthalmoplegia,
Areflexia
Pharyngeal-Cervical-Brachial Oropharyngeal, facial, GT1, GQlb and IgG
variant of GBS neck and shoulder GD1a
weakness
Multifocal Motor Neuropathy Motor GM1 and IgM Diagnostic guide
complex
GM1L:.GalC
Chronic Inflammatory Aggressive onset Contactin 1 IgG4 Poor response to
Demyelinating and initial axonal IVIg
Polyneuroradiuclopathy (CIDP) involvement
Tremor, Ataxia NF155 IgG4
and distal motor
involvement
Subacute onset, sensory  NF186 and IgG4 Good response
Ataxiaand conduction ~ NF140 toIVIgand
block steroids
Adapted from [19].
Table 4.

Investigations for immune mediated neuropathies.
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Small fiber polyneuropathy Investigations
Acute Fasting glucose, HbA1C
Subacute/Chronic Fasting glucose, HbA1C

ANA, anti-Ro, anti-La

Serum Protein electrophoresis/ immune fixation

Transthyretin Mutations

Cholesterol/HDL (Tangier’s disease)

Leukocyte alpha galactosidase (Fabry’s disease)

Tables.
Recommended laboratory investigations for small fiber neuropathy.

12. Blood biomarkers of peripheral neuropathy

Neurophysiology is currently used as a biomarker, for both diagnostic and
prognostic purposes. It has limitations due to the need for high skills, inter-operator
variability and lack of sensitivity.

There has been development of ultrasensitive protein assays with a lower level
of detection than that of traditional ELISA techniques. This has allowed markers of
neuronal damage such as neurofilament light chains (NFL) to be accurately measured
in blood. One of the key setbacks, however, is the inability to distinguish central from
peripheral nerve damage. These biomarkers have been found to be effective at identi-
fying patients with peripheral neuropathy compared to controls and show efficacy asa
marker for disease activity in patients with rapidly progressive peripheral neuropathy
such as vasculitis and amyloidosis. The use of axonal protein biomarkers like NFL in
slowly progressive diseases with or without axonal loss such as Charcot-Marie-Tooth,
CIDP and multifocal motor neuropathy is less certain. Measurements of relevant cir-
culating micro-RNAs are showing great promise as the technology to quantify is well
established and specific mRNAs could be identified for disease-specific states [21].

13. Genetic testing and algorithm

Nerve conduction studies would help guide what panel should be run for the most
plausible etiology (Figure 3).

14. Role of imaging

Imaging has emerged to be a useful tool in investigating neuropathies and comple-
ments nerve conduction studies. The two modalities are nerve ultrasound and MRI
including MR neurography, and in select cases, positron emission tomography is of
value.

Nerve ultrasound is useful in evaluation of entrapment neuropathies, when NCS
does not delineate and help in evaluating patients with CIDP and inherited neuropa-
thies like HMSN. MRI including MR neurography is a useful tool to study brachial
and lumbosacral plexopathies and could help in guiding fascicular biopsies [23-25].
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Mgorithm for Genetic testing in Inherited Neuropathies

Inherited Neuropathy

!
‘:l:mna. 38
l 1
Jﬂw 17p [ Sensory Predominant || Sensory and Motor | | Motor predominant
If negative
CMT1/ intermediate panel Im:l [ CMT2/ intermediate panel | H MNpa_ndl

If negative If negative If negative

Whole-exome and / or whole-genome sequencing

GJB1- Gap-Junction Beta-1 protein

CMT — Charcot Marie Tooth

HSN- Hereditary Sensory Neuropathy Panel
HMN- Hereditary Motor Neuropathy Panel

Adapted from Rossor et al, Practical Neurology, 2015 [21]

Figure 3.
Flow chart/algorithm for genetic testing in inherited neuropathies [22].

Included are examples of MR and ultrasound imaging in the evaluation of periph-
eral neuropathies and plexopathies (Figures 4-9).

14.1 Utility of nerve biopsy

Over recent years, though the utility of nerve biopsy has decreased, there is still
arole in the diagnostic workup of neuropathies with definite indications such as in
diagnosing vasculitis, leprosy, amyloidosis, sarcoidosis, Tangier and giant axonal
neuropathy. It is important to consider the clinical setting, choose involved nerves
and sometimes consider nerve-muscle-skin biopsies and the availability of appropri-
ate neuropathological techniques. Sural nerve is preferred as it is purely sensory and
accessible and in cases of non-systemic vasculitic neuropathy, superficial peroneal
nerve or involved sensory nerves. Epidermal skin biopsy can also be performed for
the diagnosis of small fiber neuropathy (Figure 10) [27].

Figure 4.
MR Neurography showing thickened brachial plexus (bilateral) in a patient with CIDP [26].
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Figures.
Complete transection of preganglionic vight brachial plexus with denervation atrophy of shoulder givdle muscles.

Figure 6.
Plexiform neurofibromatosis involving left brachial plexus.

MSK Superfic TIS0.1 MI0.7

Figure7.
Ultrasound images showing A: transverse and B: longitudinal images of common peroneal nerve with diffuse
asymmetrical thickening of fascicles with preserved fascicular architecture.
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Figure 8.
Iatrogenic ulnar nerve lesion forearm segment with neuroma.

Figure 9.
Ganglion causing deep branch ulnar nerve compressive neuropathy.

15. Pitfalls in diagnosis

There could be errors in the diagnosis of neuropathies if one does not consider
the clinical setting and if nerve conduction studies are not planned well and
performed.

15.1 False positive

Lumbar canal stenosis with radiculopathy could sometimes be difficult to distin-
guish from polyneuropathy with distal sensory loss and absent ankle reflex. Intact
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Figure 10.
Vasculitis showing inflammation around vessel wall with intact vessel wall. Vasculitis with peripheral neuropathy
(non-systemic vasculitic neuropathy).

sensory nerve action potentials and denervation of proximal lower limb and paraspinal
muscles in lumbar canal stenosis and low amplitude sensory nerve action potentials
(SNAPs) and abnormalities in upper extremities could also be found in polyneuropathy.

Inclusion Myositis and distal spinal muscular atrophy could masquerade asa
motor neuropathy.

In the elderly population, reduced vibration sense and absent ankle reflexes are
not uncommon and nerve conduction studies could show low sural nerve sensory
nerve action potentials, and one might overcall and need to interpret in the light of
symptomatology.

Rarely, acute mononeuropathies involving radial, proximal median and peroneal
nerve could mimic acute ischemic strokes, and careful attention to the weakness
distribution would help in discerning.

Temperature-linked slowing of nerve conduction velocities can lead to erroneous
diagnosis of CIDP and it’s vital to warm the extremities.

There could be settings in which diagnosis of peripheral neuropathy is correct, but
the cause is falsely attributed (see vignette 4-MNGIE).

15.2 False negative

False-negative diagnosis of peripheral neuropathy can occur in the setting of mild
sensory polyneuropathy or small fiber neuropathy, with hardly any clinical findings
when routine nerve conduction studies are normal.

16. Rating scales

Rating scales are required in research to better report outcome measures by stan-
dardizing the description of severity of disease and to monitor progression/response
to treatment or interventions. Due to the heterogeneity of peripheral neuropathies,
there is no designated gold standard scale yet for peripheral neuropathies.

List of scales used for studies in peripheral polyneuropathy over the years [28]:
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* Clinical scales for peripheral neuropathy:

* Neurological Symptoms Scale

* Neuropathy Symptom Profile

* Neuropathy Disability Scale

* Overall Disability Sum Score (ODSS)

* Overall Neuropathy Limitation Scale (ONLS)
* Medical Research Council Sum Score

* Neuropathy Impairment Scale

* Inflammatory Neuropathy Cause and Treatment (INCAT) Sensory Sum Score
* Total Neuropathy Scale

* Veterans Affairs Neuropathy Scale

* Erasmus GBS Respiratory Insufficiency Score (EGRIS)

17. Treatment strategies

Treatment strategies include treating or removing the underlying cause and symp-
tomatic management. The underlying etiology determines the type of treatment, and
there have been evidence-based guidelines for treatment of Guillain-Barre syndrome
and multifocal motor neuropathy. There is treatment algorithm for vasculitis-associ-
ated neuropathies, and it is always important to have pre-determined end points.

After evaluation, even after a specific etiology is found and targeted
treatment is provided, the course of neuropathy can stabilize, and symptoms could
improve but could be left with residual symptoms. Supportive and symptomatic care
is paramount. The pain management includes anticonvulsant drugs, serotonin and
noradrenaline reuptake inhibitors and tricyclic antidepressants. Patients who have
lost sensations in their feet should be counseled on regular foot care and monitoring
for wounds and injuries. Microvascular complications and diabetic neuropathy lead to
the complication of diabetic foot, and the expenditure in the management of diabetic
foot is quite high. Patients with muscle weakness would benefit from both physio- and
occupational therapy and orthotics like ankle and foot and wrist and finger splints.
Rehabilitation strategies are especially important in limiting disability and in preser-
vation and maintenance of functional status.

18. Monitoring disease progression

Neuropathies need to be followed up to monitor the response to treatment modali-
ties, both clinically and with follow up NCS/EMG. There is need to work closely with
rehabilitation team including physio- and occupational therapy. Immune-mediated
neuropathies especially require close follow up as they would need induction therapy
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followed by maintenance therapy. In the clinical setting, Medical Research Council
(MRC) grading would be used to assess motor power, and in small fiber neuropathies,
one might need protective foot gear and advice to avoid deformities.

19. Vignettes
Please find a few vignettes that would give an exposition to real-time scenarios:

19.1 Vignette 1: Acute inflammatory demyelinating polyradiculoneuropathy
(AIDP)

A 26-year-old man presented to the emergency department with a 1-week history
of ascending weakness with quadriparesis, preserved sensory and bladder/bowel
function and was areflexic. He had an antecedent viral infection 3 weeks prior to the
weakness. Nerve conduction studies show evidence of demyelinating polyradicu-
loneuropathy with proximal conduction block with sural sparing. CSF showed 2
lymphocytes with normal sugar and high protein. This is in keeping with a diagnosis
of AIDP. He was treated with high dose IVIg 400 mg/kg/day x 5 days and received
physiotherapy and occupational therapy. He responded to immunotherapy, and he
made a good recovery in 8 weeks (Table 6).

19.2 Vignette 2: Critical illness neuropathy (CIN)

A 69-year-old man was admitted to the ICU for pneumonitis and sepsis and had to
be ventilated for 2 weeks. There is significant PMHx of lung malignancy; he under-
went lobectomy, chemo- and radiotherapy; and he has paroxysmal AF, for which he
was on amiodarone. While in ICU, he was exposed to neuromuscular blocking agents
(NMBA), corticosteroids, furosemide and colistin. The referral was for failure to
wean off the ventilator. He was conscious, alert but had profound weakness of all 4
limbs with muscle wasting and areflexia. He was off NMBAs for over 48 h, and this

Motor Nerve Conduction:

Nerve and Latency Amplitude Conduction Duration Latency Distance S
Site Velocity Difference

Median.R

Wrrist 5.2ms 123 mV m/s 7.5ms ms mm
Elbow 10.8 ms 10.3mV 48 m/s 8.1ms 5.6 ms 230 mm
Axilla 12.0 ms 9.5mV m/s 84 ms 12 ms mm
Erbs points 173 ms 5.5mV m/s 10.6 ms 53 ms mm
Median.L

Wrist 6.5 ms 10.6 mV m/s 8.8 ms ms mm
Elbow 12.0 ms 8.6mV 49 m/s 9.2ms 5.5ms 230 mm
Axilla 13.2ms 8.2mV m/s 9.3ms 1.2ms mm
Erbs points 19.7 ms 49mV m/s 9.1ms 6.5 ms mm
Ulnar.R

64



Approach to Peripheral Neuvopathy
DOI: http://dx.doi.org/10.5772/intechopen.1008140

Motor Nerve Conduction:

Nerve and Latency Amplitude Conduction Duration Latency Distance S
Site Velocity Difference

Wrist 3.4 ms 10.7 mV m/s 7.8 ms ms mm
Above elbow 11.7 ms 5.5mV 37m/s 8.1ms 8.3 ms 310 mm
Below elbow 9.2 ms 8.0 mV 40 m/s 8.0 ms 2.5ms 100 mm
Ulnar.L

Wrist 33 ms 9.5mV m/s 8.5ms ms mm
Above elbow 10.6 ms 81mV 42m/s 9.5 ms 7.3 ms 310 mm
Peroneal.R

Ankle 5.4 ms 1.7mV m/s 9.3 ms ms mm
Fibula (head) 172 ms 0.9 mV 36 m/s 8.2 ms 11.8 ms 420 mm
Peroneal.L

Ankle 6.2 ms 49 mV m/s 79 ms ms mm
Fibula (head) 173 ms 3.2mV 38 m/s 8.8 ms 11.1ms 420 mm
Tibial.R

Ankle 6.7 ms 2.0 mV m/s 11.6 ms ms mm
Popliteal fossa 18.9 ms 12mV 36 m/s 11.9 ms 12.2 ms 440 mm
Tibial.L

Ankle 75 ms 23mV m/s 10.6 ms ms mm
Popliteal fossa 21.0 ms 1.0 mV 33m/s 13.0 ms 13.5ms 440 mm
Recording on

TAL

Right 5.5ms 4.0mV m/s ms 5.5ms mm
Left 5.3 ms 42mV m/s 154 ms 0.2ms mm
Facial.L

RIGHT 52ms 33mV m/s 8.6 ms 0.5ms mm
Facial. R

LEFT 4.7 ms 3.2mV m/s 76 ms ms mm
Phrenic.R

Right 113 ms 03mV m/s ms 113 ms mm
Left 10.4 ms 03mV m/s ms 10.4 ms mm
F-Wave Studies

Nerve F-Latency

Median.R 30.2 ms

Median.L 34.7 ms

Ulnar.R 311 ms

Ulnar.L 34.8 ms

Peroneal.R 64.5 ms

Peroneal.LL 64.8 ms
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F-Wave Studies

Nerve F-Latency

Tibial.R 73.8 ms

Tibial.L 76.2 ms

H-waves:

Nerve Latency Amplitude (max)

Tibial.R

H-wave: Not Obtained

Tibial.L

H-wave: Not Obtained

Sensory Nerve Conduction:

Nerve and Distal Amplitude Conduction Segment Latency Distance S

Site Latency Velocity Difference

Median.R

Wrist 2.2ms 6V 51m/s Digit II 2.2ms 110 mm

(index

finger)-Wrist

Median.L

Wrist 34 ms 6V 35m/s Digit IT 34 ms 120 mm

(index

finger)-Wrist

Ulnar.R

Whrist 2.0 ms 14 pv 54 m/s Digit V (little 2.0 ms 110 mm
finger)-Wrist

Ulnar.L

Whrist 2.7 ms 8 uv 43 m/s Digit V (little 2.7 ms 115 mm
finger)-Wrist

Sural.R

Lower leg 19 ms 22V 59 m/s Ankle-Lower 1.9 ms 110 mm

leg
Sural.L
Lower leg 1.7 ms 27 uV 65m/s Ankle-Lower 1.7 ms 110 mm
leg

Superficial

peroneal. R

Ankle 24 ms 16 pv 42m/s Dorsum of 24 ms 100 mm

foot-Ankle

Superficial

peroneal.L

Ankle 2.4 ms 22 pv 42 m/s Doesum of 2.4 ms 100 mm

foot-Ankle
Table 6.

Nerve conduction studies of the patient with AIDP.
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was the setting for critical illness neuropathy (CIN). NCS shows severe reduction of
motor CMAPs of upper and lower limbs, and sensory nerve action potentials were
reduced. The phrenic nerves were inexcitable and received physiotherapy but had a
prolonged ICU stay and succumbed to severe sepsis after 10 weeks. CIN is an impor-
tant cause of ICU-acquired paresis and is important to recognize as this has implica-
tions for problems in weaning off the ventilator and resultant prolonged ICU stay.

19.3 Vignette 3: Diabetes with lumbosacral radiculoplexopathy

A 77-year-old man with PMHx of diabetes mellitus presented with 2 months history
of intermediate-proximal weakness of the right lower limb, which then progressed to
the distal group and then spread to the left lower limb. O/E The motor power was grade
2/5 in right lower limb, proximo-intermediate and distal group of muscles and left lower
limb was grade 3-4/5 weakness of proximal group and 4/5 in intermediate-distal group
in the left lower limb. Sensory impairment distal to ankle and also in lateral cutaneous
nerve of thigh distribution on right side and deep tendon reflexes were absent. Nerve
conduction studies showed evidence of lumbosacral radiculoplexopathy. MRI of the
lumbosacral spine showed enhancement of lumbosacral plexus. The right superficial
fibular nerve biopsy shows evidence of asymmetrical nerve fibers with Wallerian degen-
eration. He was treated with pulse IV cyclophosphamide, pulse IV methylprednisolone
and physiotherapy and made a very good recovery with improvement in motor power of
lower limbs, and in a years’ time, he was ambulant without walking aid (Figure 11).

19.4 Vignette 4: MNGIE

A 21-year-old man presented with recurrent episodes of weakness of all 4 limbs,
precipitated by fever with autonomic disturbances and failure to thrive. There is a fam-
ily history of his sister being affected and was being treated as a CIDP but succumbed
to illness. NCS showed demyelinating neuropathy, CPK was 4680 IU, and blood lactate
was 2. MRI brain showed diffuse white matter hyperintensity. Autonomic function
testing showed GI dysmotility and orthostatic hypotension. Biochemical screening
showed thymidine phosphorylase deficiency (< 10% of normal assay). The diagnosis
was mitochondrial neurogastrointestinal encephalopathy (MNGIE), and he was treated
with hemodialysis followed by peritoneal dialysis. He had a protracted recovery and
autonomic symptoms abated and neuropathy improved with weight gain (Figure 12).

19.5 Vignette 5: Sciatic neuropathy

A 65-year-old man presented with a 10 days history of gluteal pain, tingling of
dorsal surface of foot followed by weakness of dorsiflexors, plantar flexors, evertors
and invertors of right foot, and there was a history of an invasive procedure to the
right hip 2 weeks ago. Nerve conductions showed evidence of a right sciatic neuropa-
thy, with fibular more involved than tibial nerve. MRI of pelvis showed a hypointense
lesion in piriformis fossa, which was evaluated with CT pelvis and CT angiogram
done to rule out a pseudoaneurysm that showed a hematoma at the greater sciatic
foramen causing compression of the right sciatic nerve (Figure 13).

The hematoma was evacuated by the surgeons, and the patient improved with
physiotherapy but had residual foot drop requiring orthosis for a period of 1 year.
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Figure 11.
MRI showing right lumbosacral plexus thickening with mild hyperintensity.

Pre-treatment Post-treatment

a: Features of Leukoencephalopathy.
b: beat to beat record with OH. c: Resolution of OH after Rx.
c: dilated loops of intestine. d: normal loops of intestine after Rx

Figure 12.
MRI brain, Autonomic Function Tests and CT abdomen in the pt with MNGIE - Sivadasan and Alexander [29].
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Figure 13.
(A. Ultrasound; B: CT Pelvis): Hematoma in the right greater sciatic foramen with compression of sciatic nerve.

19.6 Vignette 6: Post-infectious pan-dysautonomia

A 30-year-old lady was admitted with a 2-month history of abdominal pain,
vomiting, diarrhea, postural giddiness and syncope. There is an antecedent illness of
mumps 2 weeks before the illness. There is no motor weakness and cranial neuropa-
thy, and deep tendon reflexes were elicited. Bed side autonomic tests were abnormal
including cold pressor test, Valsalva, E-I ratio, supine to standing heart rate response
were all abnormal. Workup for porphyria and toxins was negative and CSF was acel-
lular with protein of 70 mg and sugar was normal. Mumps antibody was negative. She
was treated with IVIg and fludrocortisone. There was improvement, both clinically
and on AFT, and by 1 month, she was normal with normal AFT.

Serial Bedside Autonomic Function Testing (Table 7).

Parameter Date 21/07/1997 03/08/1997 02/09/1997
Supine BP, systolic/diastolic (mm Hg) 130/90 140/90 116/82
Erect BP, systolic/ diastolic (mm Hg)* 90/70 110/70 110/80
Supine pulse rate (beats/min) 94 92 86
Erect pulse rate (beats/min)** 110 108 102
Cold pressor test- Baseline BP (mm Hg) 128/90 130/90 110/80
Cold pressor test- BP with 5 min immersion (mm Hg) 128/90 140/90 120/86
Isometric exercise - Baseline BP (mmHg) 130/80 130/90 110/80
Isometric exercise - BP with 5 min sustained hand grip 130/100 130/80 120/80
Expiration to inspiration ratio on ECG ) 112 118 121
Valsalva maneuver- longest R-R / shortest R-R on ECG ¢ 113 138 143
RR ratio- 30th beat to 15th beat after standing on ECG # 0.86 0.93 1.07

*Normal fall in systolic/diastolic BP < 30/15 mmHg on standing.

**Normal increase in pulse rate of 11-29 beats/min on standing.

1 Normal increase in BP by 15-20 mm Hg systolic or 10-15 mm Hg diastolic.
F Normal increase in diastolic BP by 15 mm Hg.

[ Normal >1.2.

¢ Normal >1.4.

ff Normal >1.04.

RR - distance between 2 successive R waves on ECG in seconds.

Ref. [30].

Table7.
Bed side autonomic function testing in pt with acute Pan-dysautonomia.
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19.7 Vignette 7: Neurolymphomatosis (primary)

A 67-year-old man presented with a 2-week history of pain and weakness in the
left arm and forearm. On examination, there was swelling of the left supraclavicular
region. MRI of cervical spine including brachial plexus showed an elongated mass
along the left C7 nerve and extending into the brachial plexus. Ultrasound showed
alamellated appearance of the mass with preserved nerve architecture. He also had
arecent onset of significant loss of weight and change in bowel habits. Whole-body
PET CT showed high standardized uptake value (SUV) lesion in the left brachial
plexus, right lumbar and lumbosacral plexus, and presacral plexus. There was a swell-
ing in the left L3 nerve extending into paraspinal muscle, which was biopsied, and

Figure 14.

A. MRI shows an elongated soft tissue mass involving left brachial plexus; B. US showing expanded brachial
plexus with preserved architecture; C. PET CT showing high SUV uptake from left brachial plexus; D. MRI
showing enlargement of right lumbosacral plexus.
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the tissue diagnosis showed diffuse large B cell lymphoma (neurolymphomatosis).
The presence of severe pain, where one needs to try anticonvulsant drugs, SNRI and
tricyclic antidepressant drugs, should alert the clinician that the nature of brachial
plexopathy to be an infiltrative pathology and investigate appropriately. He was
started on R-EPOCH regime by the oncologist, and a repeat MR imaging of brachial
plexus 8 weeks after chemotherapy showed significant reduction in size of the bra-
chial plexus mass lesion, which corroborated with clinical improvement (Figure 14).

20. Conclusion

This chapter has attempted to give a comprehensive overview on the approach to
peripheral neuropathy and hope this could be a good reference, when one encounters
this disorder. The field of polyneuropathies is quite vast, and authors would recom-
mend more focused reading on the etiopathogenesis, electrophysiology, pathology,
evidence-based treatment guidelines, rehabilitation strategies and outcome.
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Chapter 5

More Consumption of
Ultra-Processed and
Sugar-Sweetened Beverages Could
Increase Odds of Sarcopenia in
Kidney Diseases
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Abstract

Chronic kidney disease (CKD) is a degenerative condition characterized by the
gradual deterioration of renal function. Among the risk factors for the disease, older
age, ethnicity, low birth weight, and family history of kidney disease are the most
important. Other significant risk factors include smoking, obesity, hypertension,
uncontrolled diabetes mellitus, exposure to heavy metals, chronic alcohol consump-
tion, and the use of analgesic medications. Findings have also shown the relationship
between CKD and sarcopenia. The prevalence of sarcopenia increases with the
severity of CKD, independent of the definition of sarcopenia used. Muscle wasting in
CKD is multifactorial. Several factors related to the development of chronic kidney
failure lead to muscle loss, making CKD an independent risk factor for sarcopenia.
Increasing age and female gender are known as non-modifiable risk factors for
sarcopenia, while dietary intake is considered a modifiable risk factor. In the elderly,
nutritional imbalances have been reported due to age-related physiological changes,
such as loss of appetite, diminished senses of taste and thirst, and impaired nutri-
ent absorption and utilization. Poor diet quality can potential increase the risk of
worsening sarcopenia in CKD patients. Therefore, nutritional recommendations for
CKD patients should emphasize nutrient-dense foods to support overall health and
mitigate the risk of sarcopenia.

Keywords: kidney diseases, sarcopenia, sugar-sweetened beverages, ultra-processed
food, diet, nutritional intake
1. Introduction

Chronic kidney disease (CKD) is a degenerative condition characterized by the grad-
ual deterioration of renal function. Its affects about 10% of the world’s population [1].
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Reported findings indicate an increasing trend in the prevalence of the disease world-
wide [2]. The results obtained from a systematic analysis of population-based data
worldwide have demonstrated that the age-standardized global prevalence of CKD
stages 1-5 in among individuals aged 20 years and older in men and women is 10.4 and
11.8%, respectively [3]. In another study, geographical differences based on income
level were found to significantly influence CKD prevalence [2]. Age-standardized CKD
prevalence rates in high-income countries are 8.6% in men and 9.6% in women, while
in medium and low-income countries, rates are reported as 10.6% in men and 12.5% in
women [2].

In addition, the age-standardized global prevalence of CKD stages 3-5 in adults
aged 20 years and older is reported as 4.7% in men and 5.8% in women [2]. In a recent
systematic review and meta-analysis study that examined 6,908,404 patients across
100 studies, the global prevalence of CKD stages 1-5 was reported as 13.4%. For CKD
stages 3-5, the prevalence was 10.6%. These finding provide valuable insights into the
global burden of CKD [4]. Moreover, according to the findings, the total number of
people worldwide with CKD stages 1-5 is approximately 843.6 million [2].

2. Risk factors

Chronic kidney disease has become a significant public health issue. Therefore, early
intervention is crucial to mitigate its economic burden. This necessitates through inves-
tigation and identification of the diseases risk factors [5]. Among the risk factors of
the disease, older age, African American descent, low birth weight, and family history
of kidney disease are the most important factors [5]. Additionally, smoking, obesity,
hypertension, uncontrolled diabetes mellitus, exposure to heavy metals, chronic alcohol
consumption, and the use of analgesic medications are also significant risk factors [5].

Research demonstrates a relationship between CKD and sarcopenia, where the
prevalence of sarcopenia increases with the severity of CKD regardless of its defini-
tion [6]. To understand the pathophysiology of sarcopenia in CKD, it is crucial to
recognize that muscle wasting in CKD is multifactorial [6]. Several factors associated
with the progression of chronic kidney failure contribute to muscle loss, establishing
CKD as an independent risk factor for sarcopenia [6]. Sarcopenia and CKD are both
progressive diseases sharing similar pathophysiological pathways and risk factors [6].

Muscle homeostasis relies on balancing anabolism and catabolism. In CKD, muscle
loss occurs due to increased catabolism, involving activation of pathways like the
ubiquitin-proteasome system, caspase 3, and lysosomes. Additionally, CKD impairs
muscle growth, regeneration, and protein synthesis [6].

The decline in myogenesis is attributed to impaired function of muscle precur-
sor (satellite) cells in individuals with CKD [6]. Several factors contribute to this
imbalance in individuals with CKD, including metabolic acidosis, endocrine dis-
orders affecting insulin-IGF-1 signaling, low testosterone levels, alterations in the
renin-angiotensin-aldosterone system, systemic inflammation, and dysregulation of
hypothalamic appetite control [6].

3. Definition of sarcopenia

Sarcopenia is a progressive disorder characterized by decreased muscle strength
(dynapenia), reduced muscle mass, and impaired muscle function [7]. For the first
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time in 1989, Rosenberg defined sarcopenia as an age-related decrease in muscle mass
in his publication [8]. Recently, the European Working Groups on Sarcopenia in Older
People (EWGSOP), the European Society for Clinical Nutrition and Metabolism Special
Interest Groups (ESPEN-SIG), and the International Working Group on Sarcopenia
(IWGS) have defined sarcopenia, each providing distinct criteria and perspectives [8].

According to the EWGSOP, sarcopenia is defined as a decrease in muscle mass
accompanied by a decrease in muscle strength or function. ESPEN-SIG considers
sarcopenia as the loss of muscle mass and strength. IWGS defines sarcopenia as
decreased muscle mass and decreased muscle function, which may be associated with
either decreased muscle mass alone or increased fat mass. According to the defini-
tion of EWGSOP, severe sarcopenia is characterized by decreases in all three aspects:
muscle mass, strength, and function [8-10].

AWGS, like other groups, defines sarcopenia as a reduction in muscle mass, strength,
or performance [8]. In general, sarcopenia is recognized as a progressive musculo-
skeletal syndrome associated with age-related declines in muscle mass, strength, and
function [11]. Sarcopenia plays an important role in physiological and cognitive decline
and is associated with an increased risk of death, disability, falls, and hospitalization
[7, 12]. A gradual decrease in muscle mass and strength due to muscle atrophy and cell
death has been reported in individuals starting from the sixth decade of life [12].

4. Prevalence of sarcopenia

A 30% decrease in muscle mass has been reported in 80-year-old adults, with
greater changes observed in fiber size and number, particularly affecting type 2 fibers
[12, 13]. A decline in muscle strength also has been shown with age [14]. Sarcopenia is
a common condition in elderly individuals over 65 years old, with reported prevalence
rates ranging between 10% and 50% depending on varying definitions and study
populations [15].

5. Risk factors for sarcopenia

Neurological factors associated with the lack of motor neurons, endocrine changes
due to the reduced of hormone expressions such as growth hormone (GH) and testos-
terone, loss of muscle motor units, and lifestyle and nutritional changes related to the
adaptation of sedentary habits are all recognized as contributing causes of sarcopenia
[12]. Therefore, sarcopenia is often observed during periods of life characterized by
significantly reduced physical activity, as documented in various studies on aging and
muscle health [12, 16]. Age, sex, low physical activity, poor diet, and chronic inflam-
mation are recognized as risk factors for sarcopenia, a multifactorial disease affecting
muscle health [15].

6. Effect of hormones on the progression of sarcopenia in CKD

Hormones play an important role in the development of sarcopenia by affecting
muscle mass and muscle strength in patients with CKD. These hormones include
testosterone, growth hormone, insulin, thyroid hormones, and vitamin D [17].
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6.1 Testosterone

A high risk of muscular atrophy and sarcopenia in CKD patients has been reported
due to testosterone deficiency, CKD-related complications, inflammation, and mal-
nutrition (hormones) [17]. Testosterone is an anabolic hormone required for protein
synthesis, muscle mass, and muscle strength, leading to increased protein synthesis
and decreased protein catabolism [17]. Therefore, the decrease in testosterone levels
in CKD patients leads to an increase in myostatin expression as a hormone secreted
by the muscle, which prevents muscle growth and damage to IGF-1 signal transduc-
tion [17]. In addition, testosterone deficiency leads to an increase in the level of the
pro-inflammatory cytokine, disruption in mesenchymal stem cell differentiation,
increase in adipocyte progenitor cells and fat storage in muscles, and mitochondrial
degradation [17]. Therefore, testosterone deficiency is involved in the development of
sarcopenia through the mentioned mechanisms [17].

6.2 Vitamin D

Vitamin D is an important molecule of muscle and bone physiology, which
regulates myokines and osteokines of muscle and bone such as vascular endothelial
1, growth factor, insulin-like growth factor 1, follistatin, fibroblast growth factor,
osteoglycin, sclerostin, and osteocalcin [17]. One of the reasons that CKD patients
are prone to sarcopenia is vitamin D deficiency [17]. An increase in FGF-23, decrease
in kidney mass, dietary restriction, nutritional deficiencies, decrease in vitamin D
receptor, reabsorption damage due to megalin in the proximal tubule, decrease in
skin synthesis of vitamin D, and accumulation of uremic and proteinuria toxins are
the factors that cause vitamin D deficiency in kidney patients [17]. This deficiency
is effective in causing sarcopenia by decreasing type 2 muscle fibers, increasing the
expression of myostatin, and decreasing the level of sclerostin and follistatin, and
IGF-1, FGF, and VEGF [17].

6.3 Growth hormone

Because of the kidney’s role in the elimination of growth hormone, the half-life
of growth hormone is prolonged in CKD patients [17]. Metabolic acidosis, inflam-
mation, reduced food intake, and uremia play a role in reducing the effectiveness of
growth hormones [17]. Various factors play a role in growth hormone resistance in
CKD patients, including suppression of cytokine signaling, changes in the GH/IGF-1
axis, reduction of hepatic receptor mRNA, IGF-1 inhibitors, and reduction of serum
GHBP concentration and activity [17]. The GH/IGF-1 axis plays a key role in the
pathogenesis of sarcopenia in CKD patients by causing inflammation [17]. Therefore,
due to the anti-inflammatory properties of GH-based therapies, it is suggested to
conduct more studies to use them to manage sarcopenia in patients with CKD [17].

6.4 Thyroid hormone

It has been shown that low levels of thyroid hormone T; and subclinical hypothy-
roidism due to decreased iodine clearance and chronic inflammation are common in
patients with CKD [17]. Although skeletal muscles are one of the main target tissues
of thyroid hormone and these hormones affect muscle growth, contraction/relax-
ation cycle, energy provision, and glucose homeostasis in muscles, there is no still
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clear and comprehensive evidence of the effect of thyroid hormones on sarcopenia in
CKD patients [17]. Therefore, it is important to check the level of thyroid hormones
in this category of patients and, if necessary, replace them with positive effects [17].

6.5 Insulin resistance

Insulin resistance has been reported in patients with CKD and is often associated
with disease progression [17]. Chronic inflammation, oxidative stress, vitamin D
deficiency, metabolic acidosis, anemia, and unknown uremic toxins are known pos-
sible causes of insulin resistance. Although the main reasons for CKD are unknown
[17]. The relationship between insulin resistance and sarcopenia may be a description
of the sarcopenic obesity condition, which is characterized by the accumulation of fat
in the skeletal muscles [17]. Although a new therapeutic agent for insulin resistance
in patients with CKD has not been reported, insulin resistance and sarcopenia may be
considered as a new target for further studies [17].

7. Nutrition and sarcopenia

Increasing age and female gender are widely recognized as non-modifiable risk fac-
tors for sarcopenia, while dietary intake is acknowledged as a modifiable risk factor, as
considered in recent reviews on sarcopenia [8]. In the elderly, nutritional imbalances
have been reported due to age-related physiological changes, including documented
loss of appetite, sensory perception affecting taste and thirst, and reduced nutri-
ent absorption and utilization [18]. Decreased protein intake is considered a serious
problem among the elderly due to documented issues such as poor appetite, chewing
problems, and associated mental, social, and financial challenges [18]. This decrease in
protein intake and increase in protein requirement during this period has been docu-
mented to disturb the balance between protein synthesis and breakdown, ultimately
leading to skeletal muscle mass loss [18]. Because poor diet and nutritional status are
common in the elderly, especially vulnerable individuals, sarcopenia has been reported
to be associated with nutrient deficiencies stemming from low dietary intake in this
population [8]. Therefore, the role of nutrition in preventing and treating sarcopenia
is very important [8, 19]. It has been shown that food quantity, quality, and energy
consumption play significant roles as risk factors for sarcopenia [20].

Loss of muscle mass is a common complication in patients with chronic kidney
disease, the etiology of which is multifactorial and may be due to typical low-grade
inflammation conditions in chronic kidney patients, insulin resistance, metabolic
acidosis, vitamin D deficiency, imbalance in hormonal level, amino acid loss dur-
ing dialysis, and decrease in dietary intake [21]. All these conditions are involved
in increasing protein degradation and decreasing protein synthesis, thus creating a
negative protein balance [21]. Therefore, appropriate nutrition and diet recommen-
dations are important in preventing nutritional deficiencies and muscle wasting in
CKD patients [21]. In this regard, low protein diets (LPDs) and very low protein diets
(VLPDs) supplemented with amino acids or keto acids are common because of the
role of protein restriction in managing uremic toxins and slowing the progression of
CKD [21]. However, the relationship between excessive protein restriction and muscle
weakness should be noted, and this is a controversial issue because protein restriction
is effective in reducing the risk of worsening kidney function, but it may increase the
risk of sarcopenia [22]. On the other hand, despite the contradictory findings related
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to the lack of essential amino acids following adhering to plant-based diets, evidence
has shown that balanced and diverse plant-based diets are nutritionally sufficient
[22]. In this regard, it has been shown that adherence to a Mediterranean dietary pat-
tern rich in fruits and vegetables, legumes, and cereals may reduce the progression of
CKD and related complications [22]. The protective effects of a vegetable-based diet
on muscle strength have not been comprehensively explained [22]. Still, this hypoth-
esis has been proposed according to the findings that alkaline diets, such as those rich
in vegetables, play a role in maintaining muscle mass by reducing metabolic acidosis.
However, the exact mechanism of the effect of a vegetable-based diet on muscle mass
and counter with sarcopenia needs more research [22].

8. Sugar-sweetened beverages (SSB) and sarcopenia

Adequate fluid intake in the elderly has been shown to improve physical and
mental performance, reducing the risk of falls, constipation, confusion, and cogni-
tive impairment [23]. Beverages, such as water and juices, play a vital role in main-
taining hydraulic balance, with some containing essential nutrients and bioactive
components that contribute to overall health status [24]. In the US diet, added sugar
is a significant component, contributing an average of 13.6% to the energy intake
of the elderly’s diet, as reported by recent dietary surveys [25]. The World Health
Organization (WHO) and the 2015 Dietary Guidelines Advisory Committee (DGAC)
recommend a maximum of 10% of energy intake from sugar. However, a study
indicates that 65% of the elderly consume more than this reccommended amount [25].

Added sugar in the liquid source form of the American diet primarily comes from
SSBs (37.1 percent) and fruit drinks (8.9 percent) [25]. This dietary pattern can lead
to increased energy intake and substitution of nutrient-rich diet components, poten-
tially increasing the risk of malnutrition in the elderly [25]. Therefore, SSBs are recog-
nized as a significant source of added sugar in the diet, rich in refined carbohydrates
[26]. Their consumption is notably increasing in developing countries, contributing
to dietary trends [27]. A positive association of SSB consumption and increased risk
of chronic disorders has been documented in several studies [27-29].

The results obtained from the cohort study by Heo et al. have shown that consum-
ing more than one serving of sugar-sweetened beverages or any amount of artificially
sweetened beverages has led to an increased risk of CKD [30]. Similarly, in 1690 par-
ticipants in the Tehran Glucose and Lipid Study without CKD, it has also been shown
that the consumption of sugar-sweetened beverages is associated with an increased
risk of CKD [31]. Sugar-sweetened beverages are known as an important source of
free sugars, which due to high glycemic load is associated with metabolic changes
related to diabetes such as increased blood glucose and hyperinsulinemia, resulting in
impaired glucose tolerance and insulin resistance [30].

SSBs, especially those high in fructose, are known to induce glomerular hyperfil-
tration, which contributes significantly to a decline in kidney function [30]. Fructose
intake has been shown to initiate inflammatory responses, induce oxidative stress,
and alter the composition of gut microbiota [30]. Moreover, both sugar-sweetened
and artificially sweetened beverages are rich in phosphorus and dietary acid, which
are recognized as risk factors for kidney disease [30].

In this regard, abnormal metabolic status such as imbalance of glucose metabo-
lism, acid-base metabolism, and more severe inflammatory status compared to the
general population has been shown in CKD patients [32]. This issue makes it difficult
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to explain the clear effects of SSB consumption on physiological and pathophysi-
ological processes, but it may be considered a factor for creating a vicious cycle and
increasing mortality due to unbalanced metabolism [32]. In this regard, it has been
shown that SSB consumption leads to visceral adiposity and low-grade inflammation
due to its high sugar content and zero nutrients [33]. Therefore, high consumption of
SSB plays an important role in adiposity, diabetes, and inflammation [33]. Visceral
adipose tissue plays an important role in the production of adipokines as cytokines
secreted from adipose tissue that are strongly related to the increase in the level of
inflammatory biomarkers [33]. On the other hand, the accumulation of excess fat in
the liver and adipose tissue following the consumption of excess sugar leads to the
release of free fatty acids, which by inhibiting insulin-stimulated glucose metabolism
leads to insulin resistance [33]. So, these mechanisms refer to kidney dysfunction and
make it harder to control following the increase in SSB consumption [32].

According to recent findings, chronic consumption of sugary drinks has been
linked to mitochondria changes of skeletal muscles that impair muscle strength
[28]. Branganca et al’s study also reported that daily consumption of SSBs leads to a
decrease in muscle mass index [34]. Furthermore, Hao et al. reported that the con-
sumption of SSBs decreases muscle mass [35]. On the other hand, the consumption
of SSBs is associated with increased muscle fat, which stimulates muscle lipolysis
and autophagy, and decreases myogenesis and muscle mass [36-39]. Finally, the
consumption of SSBs leads to a loss of muscle mass and, thus, an increased risk of
sarcopenia. This occurs through effects on glucose and lipid metabolism, reduced
protein synthesis, and decreased efficiency of muscle contraction [36-39].

9. Ultra-processed foods (UPFs) and sarcopenia

In Iran, there is an increasing tendency to consume hydrogenated fats, animal fats,
products containing sugar, packaged snacks, low-fiber foods, artificially sweetened
beverages, and processed foods [40]. As a result, the concept of nutrition transition
is becoming significantly more pronounced [40]. As a result, the modern dietary
patterns have replaced those of the traditional diet [40].

UPFs are defined as ready-to-heat or ready-to-eat foods [40] that contain high
levels of free sugars, saturated fats, salt, phosphorus, energy, and additives, and low
levels of micronutrients, fiber content, and protein [40, 41]. The consumption of
UPFs has significantly increased in previous years and has replaced the consumption
of healthy foods, such as fruits, vegetables, legumes, and nuts [41]. According to
epidemiological findings, UPFs are harmful to health [40] and they are associated
with an increased risk of chronic disorders [42]. Therefore, dietary guidelines recom-
mend eliminating the use of UPFs and reducing the consumption of processed foods
[42]. Sarcopenic subjects have been reported to be more exposed to UPFs compared
to non-sarcopenic subjects [43]. Sandoval-Insausti et al. have shown a strong relation-
ship between UPF consumption and frailty risk in the elderly [44]. Zhang et al. also
reported that UPFs intake in the elderly decreased muscle strength [45]. UPF intake is
associated with poor diet quality, leading to reduced intake of fiber, fruits, vegetables,
and protein and increased intake of energy-dense and nutritionally deficient foods
[43]. This dietary pattern is related to the decrease in muscle mass in the elderly and
the exacerbation of sarcopenia [43].

A positive association has been reported between UPF intake and the risk of CKD
disease. Production of UPFs is associated with chemical reactions, the addition of
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various additives, and complex packaging [46]. These processes are known as factors
related in the occurrence of CKD [46]. Glycosylation end products (AGEs) produced
during food processing are important due to Millard reactions [46]. AGEs play a role
in glomerulosclerosis, basement membrane thickening, and tubulointerstitial fibro-
sis, contributing in kidney damage [46]. Sodium benzoate (SB), potassium sorbate
(PS), monosodium glutamate (MSG), and butylated hydroxytoluene are used as food
preservatives in UPF. These preservatives increase the shelf life of food and prevent
bacterial infections [46]. As shown in an animal study, exposure to SB and PS was
associated with a significant increase in urea, creatinine, uric acid levels, and indica-
tors of kidney damage [47].

Consuming UPFs is associated with the intake of high amounts of energy, satu-
rated and trans fatty acids, sugar, and salt. Excessive consumption of energy and
sugar is associated with obesity, which is recognized as a major contributor to the
development of CKD [46]. Moreover, excessive consumption of fructose leads to
damage in the glomerular interstitial and vascular arteriopathy. It also increases the
level of uric acid, which acts as a pro-inflammatory and pro-oxidant factor for kidney
tissue, causing damage to the kidney microvasculature and glomerulus [46]. On the
other hand, UPFs are poor in protein, vitamins, minerals, and other phytochemicals,
all of which are essential nutrients for muscle health [40].

In Shateri et al’s study, the relationship between higher consumption of UPFs
and sarcopenia in CKD patients was reported [40]. Several factors such as insulin
resistance, acidosis, vitamin D deficiency, and hormonal disorders (e.g., testosterone,
IGF-1, and growth hormone) are recognized as etiological factors contributing to the
development of sarcopenia in CKD patients. These factors are exacerbated by the con-
sumption of UPFs [40]. Exposure to phthalates as a result of food processing plastics
or leakage in content with the material can alter the gut microbiome or disrupt gut
barrier function, leading to inflammatory conditions [40]. These inflammatory con-
ditions are known to be important factors in muscle wasting [40]. The findings also
reported the relationship between exposure to phthalates and lower grip strength, a
marker of muscle health and sarcopenia [40, 48]. Moreover, inadequate fiber intake
causes the accumulation of protein fermentation metabolites, uremic toxicity, and,
ultimately, uremic muscle wasting [40].

10. Conclusions

In summary, this research indicates that high consumption of SSBs and UPFs can
significantly enhance the achievement of low muscle strength and increase the risk
of sarcopenia. Also, this research contributes to the expanding body of literature that
underscores the importance of dietary factors in muscle strength and sarcopenia. The
intake of SSBs and UPFs, coupled with poor diet quality and inadequate nutrient-
dense foods, may increase the risk or exacerbate sarcopenia in older adult CKD
patients. As the population ages, preventing sarcopenia becomes vital for enhanc-
ing the quality of life for individuals as they spend more time in their senior years.
Further research is needed to fully comprehend the mechanisms behind the observed
associations and to clarify the role of diet in preventing sarcopenia.
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Corticomuscular Coherence as
Neurorehabilitation Assessment

Shun Sawai, Shoya Fujikawa, Ryosuke Yamamoto,
Yusuke Shizuka, Naoki Shimizu, Kotaro Nakagawa
and Hideki Nakano

Abstract

Corticomuscular coherence (CMC) is the correlation between electroencephalog-
raphy (EEG), magnetoencephalography (MEG), and electromyography (EMG) and is
a neurophysiological indicator that reflects functional connectivity between the brain
and muscle. This indicator includes both descending (such as motor commands) and
ascending (such as sensory inputs) information transmission. Therefore, the relation-
ship between motor control and CMC and changes in CMC due to motor learning
were examined. During neurorehabilitation, interventions often aim to promote
motor learning and acquire motor control, making CMC a useful tool in neurore-
habilitation. This review provides an overview of CMC based on basic and applied
clinical research, facilitating its use as a neurophysiological assessment method for
neurorehabilitation.

Keywords: corticomuscular coherence, motor control, motor learning,
neurorehabilitation, physical therapy, assessment

1. Introduction

Coherence refers to the degree of consistency or relevance between different data
elements or information in data analysis and processing, often used in optics and
physics, indicating consistent wave properties or phases [1]. Iz vivo coherence is used
in electroencephalography (EEG) [2] and electromyography (EMG) [3]. In EEG,
coherence between two electrodes reflects the transfer of information in the brain
[4]. In EMG, coherence between two electrodes within one muscle or between two
muscles is used to quantify common oscillatory input to motor neurons within a
frequency band [5], assessing whether the muscles work in concert. Therefore, coher-
ence is used to analyze electrical signals in vivo.

Corticomuscular coherence (CMC) is the coherence between EMG and EEG,
which is an evaluation index reflecting the functional connectivity between corti-
cal activity and muscles (Figure 1) [6, 7]. This correlation evaluates both motor
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Figure 1.
Corticomuscular coherence. EEG and EMG are measured, and the value of CMC is calculated for each frequency
band. The CMC in the f and y frequency bands increases during exercise [6].

commands from the brain to muscles and sensory feedback from muscles to the
brain [8]. Conventional brain and muscle functional assessments alone are limited to
brain and muscle evaluations. In contrast, CMC is a comprehensive evaluation index
that includes both brain and muscle elements from central to peripheral regions.
Therefore, CMC can be used to elucidate motor control, motor learning mechanisms,
and the pathophysiology of neurological diseases.

CMC is calculated using the following equation [7]:

’PSsLsz (f)’
PS, (f)HPSsz (f)‘

Here, f refers to an arbitrary frequency band, and PS, (f) and PS;,( f)
are the spectral power values of the EMG and EEG or magnetoencephalography
(MEG) data, respectively. PS, ;,( f) represent the cross-spectrum values between
the EMG and EEG or MEG data. The value of CMC ranges from 0 to 1, with 1
indicating an ideal correlation between the two signals and 0 indicating no associa-
tion. Therefore, a high CMC indicates high functional connectivity between the
brain and muscle and is a comprehensive neurophysiological evaluation index from
the center to the periphery.

In this chapter, CMC, as an evaluation index in neurorehabilitation, is reviewed
based on basic research on healthy participants and clinical studies on patients with
neurological diseases and other disorders.

2

CMC(f)= | 1)

2. Basic research on CMC
CMC is a neurophysiological measure used for evaluating motor control and

examining the effects of motor learning. This section describes CMC based on studies
involving healthy participants.
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2.1 CMC as an assessment measure for motor control

Improving motor control is the primary goal of rehabilitation, especially in
neurological diseases such as stroke [9]. Motor control is evaluated using kinematic
parameters (velocity and acceleration of movement), kinetic parameters (force and
torque), and physiological parameters (such as EMG) [10]. Additionally, many neural
mechanisms related to motor control have been verified, and the primary motor
cortex, other motor-related areas [11], and the basal ganglia [12] and cerebellum
[13] are involved in motor control. Furthermore, both the brain and spinal cord are
significantly involved in motor control [14]. These neural mechanisms have been elu-
cidated by measuring the neural activity during motor control using EEG, functional
near-infrared spectroscopy, and functional magnetic resonance imaging. However,
most conventional evaluation methods target only the brain. A method for evaluat-
ing the excitability of the corticospinal tract involves using transcranial magnetic
stimulation (TMS) as a comprehensive index from the brain to the periphery [15]. In
addition to TMS, CMC is used as a comprehensive neurological evaluation index for
motor control from the brain to the periphery.

Many studies have shown the effectiveness of CMC in motor control tasks requir-
ing steady motor output [16]. These tasks involve maintaining a constant force, such
as holding the fingers at 10 or 30% of the maximum force or gripping and holding the
fingers in a fixed position against external forces [17-19]. Kristeva et al. [17] examined
CMC in the sensorimotor region and beta frequency band (15-30 Hz), while partici-
pants held their fingers in a fixed position against an external force of 4% maximal
contraction on the right index finger flexor muscle. The results showed that the
CMC in the beta frequency band was significantly higher in participants who could
maintain a constant position against an external force than in those who could not.
This frequency band has been linked to attention [20], suggesting that more focused
participants performed better on this task, which may have affected their CMC. CMC
involves sensorimotor integration, encompassing both descending motor and ascend-
ing sensory information, indicating its potential role in motor control performance,
which relies on motor-sensory regulation in the cerebral cortex and cerebellum [21].

Furthermore, the relationship between motor control and CMC is becoming
clearer not only for simple hand tasks but also for whole-body movements. Kenville
etal. [22] measured EEG and EMG during a bipedal squat movement and examined
CMC during each phase of the movement (Figure 2). The squat phase consisted
of an eccentric phase in which the center of gravity was lowered from the stand-
ing position, an isometric phase in which the center of gravity was held low, and a
concentric phase in which the center of gravity was raised to the standing position.

In this study, the EMG was derived from the vastus lateralis, vastus medialis, tibialis
anterior, and erector spinae muscles. EEG was derived from 32 electrodes that were
set up to cover the bilateral primary motor cortices. The results showed that CMCs in
the p (13-30 Hz) and y (30-44 Hz) frequency bands were significantly higher in the
eccentric and concentric phases than in the isometric phase. This suggests that CMCs
in the f and y frequency bands may be involved in movement control. Thus, CMCs
were observed in isometric and isotonic movements, possibly clarifying how the
brain and muscles are functionally and differentially connected to control movements
depending on the movement style. In this study, partially directed coherence analysis
was used to verify directional CMC, which included both ascending and descend-
ing signals. The results showed that the EMG-to-EEG connectivity was higher in
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Figure 2.

CMC during the bipedal squat [22]. (A, B) The bipedal squat was divided into four periods, and CMC was
calculated at each period. (C) The EEG was derived from 32 electrodes around the bilateral primary motor
cortex.

the eccentric phase, and the EEG-to-EMG connectivity was higher in the concentric
phase. This can be explained by the fact that centrifugal contraction depends on affer-
ent information via the muscle spindles [23].

Thus, CMC is related to motor control performance and can evaluate the state of
brain-muscle communication using motor control. Therefore, CMC may be used as a
detailed evaluation index for motor control during neurorehabilitation.

2.2 CMC as an assessment measure for motor learning

Motor learning is a process related to practice and experience, which leads to perma-
nent changes in the ability to perform proficiently [24]. Motor learning has been proposed
as a background mechanism for functional improvement in neurorehabilitation [25, 26],
and new neurorehabilitation techniques, such as robotic rehabilitation, have been devel-
oped based on the motor learning theory [27]. Motor learning produces changes at the
behavioral and neurological levels, and its effects and mechanisms have been examined
using behavioral indices, muscle activity evaluation, and neural activity evaluation [28].
However, these evaluation indices evaluate the muscles or brain alone, and evaluating the
entire body as a neural system from the brain to the muscles is impossible.

CMC has been used to assess the effects of motor learning. Several studies have shown
that motor learning increases CMC; however, some studies report varying changes
among individuals [29, 30]. Perez et al. [29] performed a visuomotor task using foot
movements and compared CMC with the activity of the primary motor cortex involved
in foot movements and the tibialis anterior muscle before and after the task. The task
required participants to move their ankle joints to a specified angle according to a dia-
gram projected on a computer monitor. The participants were divided into two groups:
one with visual feedback on their ankle joint angles and the other without visual feed-
back. The results showed that motor learning was more effective in the group with visual
feedback than in the group without visual feedback, and CMC in the beta frequency
band (15-35 Hz) in the group with visual feedback increased significantly after motor
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learning. CMC is mediated by fast corticospinal axons and monosynaptic connections

to spinal motor neurons [5]. Motor learning tasks cause increased cortical excitability in
the primary motor cortex [30], indicating that increased excitability in the corticospinal
tract may result in a higher CMC. Thus, motor learning increases CMC. However, some
reports indicate individual differences in CMC changes owing to motor learning [31].
Mendez-Balbuena et al. [31] performed a visuomotor learning task requiring constant
index finger force control and compared the CMC before and after motor learning.

The results showed that CMC in the beta (15-31 Hz) and gamma (31-45 Hz) frequency
bands significantly increased before and after the visuomotor learning task. However,

an additional analysis divided the participants into two groups: one where significant
CMCs were generated during the baseline task before learning and the other in which

no significant CMCs were generated during the task before learning. Furthermore, the
group where significant CMCs were generated before learning exhibited greater motor
learning effects. CMCs, mainly in the y frequency band, are involved in centrifugal neu-
rotransmission, afferent sensory information transmission, and sensory integration [32].
Therefore, participants who had significant CMC before learning experienced sensory
integration during exercise, and motor learning may have further promoted sensory
integration and enhanced the learning effect. Although CMC increases with motor learn-
ing, individual differences exist in the values and amounts of change.

Consequently, motor learning increases CMC, which forms the scientific basis for
neurorehabilitation. In particular, because CMC is an index that includes centrifugal
neurotransmission and integrates afferent sensory information, it encompasses the
entire mechanism of motor learning theory and may be widely used in the future asa
neurological index that reflects the effects of motor learning.

2.3 Summary

This section reviews basic research on CMC and its use as an assessment index for
motor control and learning. Research on healthy participants shows that high motor
control performance is associated with high CMC values. CMC also increases as
motor learning progresses. Since motor control and learning involve both centrifugal
motor commands and afferent sensory information integration, CMC likely reflects
the communication between the brain and muscles. These processes are crucial for
both neurorehabilitation and general rehabilitation. Therefore, CMC has potential as
a future evaluation index for neurorehabilitation.

3. Applied research on CMC

CMC has been validated for motor control and learning in healthy participants,
older adults, and patients with neurological diseases, making it a potential evaluation
index for neurorehabilitation. This section describes CMC based on clinical research
in older adults and patients with neurological diseases, offering insights into its
application for neurorehabilitation.

3.1 CMC as a functional assessment of aging

Physical [33] and cognitive [34] functions decline with aging, and an accurate
understanding of functional decline and effective interventions against it have been
studied from various aspects [35, 36]. In addition, a decline in physical function
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involves both muscle and brain function [37, 38]. Therefore, EEG and noninvasive
brain stimulation methods have been used to evaluate brain function in older adults
compared to younger adults and to verify changes in brain function with aging [39].
In this context, the resting EEG [40], resting brain connectivity [41, 42], and EEG
signals during mental activity [43] change with age. Furthermore, EEG stability and
functional connectivity decrease, whereas activity increases in some brain regions. In
addition to evaluating the brain alone, CMC has shown potential for use as a compre-
hensive evaluation index for muscles in older adults.

Several studies have reported that CMC increases with age [44, 45]. Kemp et al. [44]
performed a task to maintain muscle output at 20% of the maximal contraction dur-
ing isometric contraction of the right forearm and compared the CMC of the extensor
digitorum muscle and primary motor cortex in young and older adults during this task.
In this study, we used MEG to measure brain function. The results showed that the CMC
amplitude in the beta frequency band (13-30 Hz) was significantly higher in older adults
than in younger adults. In addition, the power of the primary motor cortex decreased,
whereas that of the extensor digitorum muscle and CMC increased in older adults. This
increase in CMC may represent a compensatory mechanism and prevent the decline in
function by increasing neural resources and enhancing cortical-muscle connectivity.
This result is consistent with brain overactivity in older adults, as shown in fMRI studies
[46], indicating that more neural resources are expended to control movement.

In contrast, CMC is lower in older adults than in younger adults [47-49]. Yoshida et al.
[47] examined the changes in CMC between the tibialis anterior and medial gastrocne-
mius muscles and the primary motor cortex of the foot region during externally paced,
periodic, and counter-phase plantar dorsiflexion exercises in the sitting position in
young and older adults. In other words, this task implies movement such that the right
foot dorsiflexes and the left foot plantarflexes. The results showed significant CMCs in
the tibialis anterior muscle and primary motor cortex in both young and older adults.
However, a significant CMC of the medial gastrocnemius muscle was more prevalent
in younger adults than in older adults (Figure 3). The CMC of older adults was signifi-
cantly lower than that of younger adults. Furthermore, a lower CMC in the elderly was
unrelated to their performance in plantar dorsiflexion exercises. This indicates that
CMC declines prior to the level at which motor performance declines, suggesting that
CMC may be used as a predictor of age-related decline in physical function. This study
indicates that increased activity in the spinal cord and other areas outside the cortex
owing to periodic exercise may cause low CMC in older adults; however, further research
is needed to identify the cause based on neuroscientific findings.

Thus, changes in CMC with age did not yield consistent results. Other neurological
studies support the hypothesis that CMC increases with age as older adults maintain
compensatory performance by expending more neural resources. However, because
coherence in the brain declines with age [41, 42], we cannot rule out the possibility
that functional connectivity is impaired with age, not only within the brain but also
between the brain and muscle. Future studies should examine these mechanisms
in more detail to clarify how CMCs change with aging and how they can be used as
indicators to assess aging.

3.2 CMC as a functional assessment for patients with stroke

Stroke is a neurological disease that causes motor paralysis, sensory impair-
ment, and higher brain dysfunction, depending on the site of onset [50, 51]. Stroke
causes significant loss of motor control, and neurorehabilitation is used to reacquire

94



Corticomuscular Coherence as Neuvovehabilitation Assessment
DOI: http://dx.doi.org/10.5772/intechopen.1007578

EEG-EMG Coherence (Externally-paced Movement, n= 1)

Older Young
Left Right Left Right
100 g = . % z
A
il g
— —-— | ——— g_
| e——— —— ﬁh‘_—- —_— o < Ic
1 N
00 £ 6
N L - A— - g
S — e —— =l — 5
= — — . 17
] ._——_ ———
§ 100 -
2 g
g g
w | ‘§
-—————--—-___ e —— - ©
100 + 1
c
s - £
_ - - — s -E"__%
— —_— e — . P
_—=——————
0 100 0 100 O 1000 100
Movement Cycle (%)
Figure 3.

CMC during plantar dorsiflexion exercise in young and older adults [47]. Significant CMC of the tibialis
anterior muscle and primary motor cortex weve identified during all periods of plantar dorsiflexion exercise in
both young and older adults. In contrast, significant CMC of the medial gastrocnemius and primary motor cortex
was found only in younger adults.

function [52]. Behavioral [53, 54] and neurological indices have been used to evaluate
the severity of functional impairment due to stroke and the degree of recovery by
rehabilitation [55]. In particular, EEG [56] and TMS [57] have been used as neurologi-
cal measures, and evaluations have been conducted in the brain and throughout the
corticospinal tract. CMC, like TMS, can evaluate brain and muscle functions and may
be used to evaluate stroke severity and the recovery process.

CMC has been consistently shown to decrease during the acute phase of stroke
[58-60]. Furthermore, CMC increases with recovery and approaches normal state
[61, 62]. Krauth et al. [61] continuously measured CMC in the beta frequency band
(12-30 Hz) during simultaneous bilateral wrist dorsiflexion movements in patients
with left-sided stroke at three-time points to examine the changes in CMC from
stroke onset to recovery. In this study, the EMG was derived from the right wrist
extensor, and the EEG was derived from all brain regions at 60 ch according to the
international 10-10 method. Fugl-Meyer assessment for behavioral data and EEG
and EMG for neurophysiological data were performed at approximately 1-2 weeks,

7 weeks, and 6.5-15 months after onset. The results showed that healthy young adults
had a CMC in the left primary motor cortex corresponding to right-hand movements
(Figure 4), whereas patients with stroke had lower CMC in the left primary motor
cortex than healthy young adults (Figure 5). Furthermore, after the onset of stroke,
the area in which significant CMC was observed expanded, and the CMC value
increased. In particular, the expansion of CMC during recovery is bilateral, aligning
with neuroscientific evidence that surrounding areas mobilize after stroke [63], and
it is highly likely that CMC reflects the neurological recovery process after stroke.
Moreover, a significant positive correlation between the Fugl-Meyer assessment of
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Figure 4.
CMC with the right wrist extensor during bilateral simultaneous wrist dorsiflexion movements in healthy young
subjects [61]. The CMC is higher in the left primary motor cortex, corvesponding to right-hand movements.
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Changes in CMC from onset to recovery in patients with stroke [61]. From the acute phase (session 1) to the
chronic phase (session 3), the CMC increased in all four patients, and its observed range expanded. In addition,
the CMC in the left primary motor covtex, which corresponds to right-hand movements, is lower than that in
healthy young adults.

upper limb function and peak CMC (Figure 6) indicates that higher upper limb func-
tion corresponds to higher CMC, reflecting the disease status and recovery process of
patients with upper limb dysfunction after stroke.

In addition to simple CMC, the neural mechanisms of motor control in patients
with chronic stroke have been examined using temporal dynamic analysis of changes
in CMC during isotonic movements [64]. Temporal changes in CMC during elbow
extension movements were compared between healthy participants and patients
with stroke. In this study, the EMG was derived from the biceps brachii, triceps
brachii, brachioradialis, and brachioradialis muscles. EEG signals were derived from
C3 and C4, which correspond to the primary motor cortex. The results showed that
the CMC between the triceps brachii, primary action muscle, and primary motor
cortex was not significantly different between healthy participants and patients
with stroke. However, the CMC in the beta frequency band (13-30 Hz) between the
brachialis muscle, antagonist muscle, and primary motor cortex was significantly
higher in patients with stroke than in healthy participants during the early phase of
elbow extension (Figure 7). This high CMC in the beta frequency band (13-30 Hz)
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Relationship between CMC and upper limb function [61]. A significant positive correlation between the Fugl-
Meyer assessment of upper limb function and CMC has been veported, indicating that higher upper limb function
corresponds with higher CMC.
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Te%npoml changes in CMC during elbow extension exercise [64]. (A) Kinematic data of elbow extension in
healthy participants and patients with stroke. The peak of acceleration is earlier in patients with stroke. (B)
Temporal changes in the CMC of the triceps muscle and primary motor cortex. There was no significant difference
in the CMC of the primary motor cortex between healthy participants and patients with stroke. (C) Temporal
changes in the CMC of the antagonist brachialis muscle and primary motor cortex. “Hedges’ g” indicates the effect
sige of the difference in CMC, o for cyan, and 0.94 for magenta. The CMC of the antagonist muscle in patients
with stroke is higher than that of healthy participants in the early stage of elbow extension.
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in the early motor phase in patients with stroke may be due to the increased afferent
sensory input associated with movement and cooperative contraction of the primary
and antagonist muscles owing to compensatory movements that differ from those

of healthy participants. Motor commands are not transmitted to a single muscle

but to other muscles during stroke [65], which may indicate a neurophysiological
mechanism for this event. Thus, it is clear that CMC also differs in its changes and
timing between patients with stroke and healthy participants, which could be used to
understand motor control and its strategies in patients with stroke.

Furthermore, studies on patients with stroke show that CMC is influenced by
pathological status, changes in physical function due to rehabilitation, and the
actual study design (Figure 8) [66]. The brain region where CMC appears depends
on the region where the stroke occurred [67], with some patients having a high
CMC on the disabled side and others having a high CMC on the uninjured side.

In addition, as mentioned above, CMC increases with recovery, which is another
major factor affecting CMC. Moreover, repetitive functional training in rehabilita-
tion causes cortical reorganization, which also affects CMC. Electrical stimulation
used in rehabilitation has been shown to increase only the ascending CMC with
weak stimulation, whereas strong stimulation increases both the ascending and
descending CMCs [68]. Thus, CMC is altered by rehabilitation, which promotes
cortical reorganization.

Thus, CMC in patients with stroke consistently decreases during the acute phase
and increases with recovery. Rehabilitation-induced cortical reorganization may
be involved in this trend, and CMC can be used to verify the effectiveness of neu-
rorehabilitation. In addition, since spatial and temporal changes in CMC have been
reported, CMC may be used to provide detailed neurophysiological outcomes of
strokes.

Stroke phases
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Figure 8.
Factors influencing CMC in patients with stroke [66]. In addition to pathological status, changes in physical
function due to rehabilitation and the actual study design are factors influencing CMC in patients with stroke.
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3.3 CMC as a functional assessment for patients with Parkinson’s disease

Parkinson disease (PD) is a progressive neurodegenerative disease resulting from
the pathophysiological loss or degeneration of dopaminergic neurons in the substan-
tia nigra of the midbrain and the formation of Lewy bodies in neurons. PD is mainly
characterized by stiffness, slow movement, and tremor [69, 70]. PD is known to cause
difficulties in motor control owing to these symptoms [71], and neurorehabilitation
is used to improve motor function. TMS [72] and EEG combined with TMS [73] have
been used as neurophysiological evaluation indices for PD, and a comprehensive
evaluation from brain to muscle has been developed. CMC, like TMS, is a comprehen-
sive brain-to-muscle evaluation index that can be used to assess physical function,
specific symptoms, and degree of disease progression in PD.

CMC is low in patients with PD during motor control, such as controlling the
force exerted. Zokaei et al. [74] performed the task of gripping a device according to a
specified force on healthy participants and patients with PD and examined the dif-
ferences in CMC during the task (Figure 9). In this study, the EMG was derived from
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Grip strength control task for patients with PD and healthy participants [74]. Participants performed the task of
gripping the device with the indicated force based on visual feedback on the screen.
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the bilateral flexor digitorum superficialis, and the MEG was derived from 306 ch in

all brain regions. The results showed that CMCs were identified between the contra-
lateral primary motor cortex and the flexor digitorum superficialis in both healthy
participants and patients with PD. The CMC in the beta frequency band (11-25 Hz) was
significantly higher in patients with PD than in healthy participants. Furthermore, a
significant negative correlation was observed between motor item scores on the Unified
Parkinson’s Disease Rating Scale, a standard motor function measure in PD, and CMC
in the beta frequency band (11-25 Hz) (Figure 10). These results indicate that CMC

is reduced in patients with PD compared to healthy participants, suggesting that the
more advanced the symptoms, the more pronounced the reduction in CMC. Deep brain
stimulation has also been shown to reduce tremors and increase CMC in the active
muscle and contralateral primary motor cortex [75]. In conclusion, there is a clear
relationship between the CMC of patients with PD and their motor function, from both
the perspective of brain function assessment and their response to brain stimulation.

In addition, patients with PD often experience gait disturbances owing to postural
reflex impairment, and CMC has been used to examine the neural mechanisms of
gait [76, 77]. However, the results are inconsistent. Yokoyama et al. [76] showed that
the CMC in the beta frequency band (16-32 Hz) between the sensory-motor cortex
and the tibialis anterior and medial gastrocnemius muscles was reduced during gait
in patients with PD compared to healthy older adults. However, Roeder et al. [77]
showed that the CMC in the lower beta frequency band (13-21 Hz) between the
primary motor cortex and the tibialis anterior muscle was lower in healthy older
adults and patients with PD than in healthy younger adults. However, there were no
significant differences between healthy older adults and patients with PD. Unlike
hand tasks, walking is a whole-body exercise in which several muscles and joints move
cooperatively. Therefore, a CMC with a small number of muscles may not capture
its characteristics. In addition, the walking rhythm is generated and regulated by the
central pattern generator in the spinal cord [78], and it is possible that the CMC was
not altered by processing in neural circuits distal to the cerebrum.

As described above, CMC may reflect the performance of motor control and severity
of motor function in patients with PD, although, unlike stroke, the corticospinal tracts
are not directly affected. CMC could be used as a new neurophysiological index for the
neurorehabilitation of patients with PD. However, consistent results are limited to upper
limb motor control, and further studies are required to assess more dynamic movements.
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Figure 10.

C1§[C of healthy participants and patients with PD during a grip strength control task [74]. (A, B) Significantly
lower CMC was found in patients with PD compared to healthy participants in the beta frequency band. (C) A
significant negative corvelation was observed between CMC and motor score on the Unified Parkinson’s Disease
Rating Scale, which indicates PD severity. This indicates that the lower the motor function, the lower the CMC in
the beta frequency band.
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3.4 CMC as a functional assessment for patients with development coordination
disorder

Developmental coordination disorder (DCD) is a neurodevelopmental disorder
affecting children’s ability to perform coordinated motor actions, causing slow motor
development, clumsiness, imprecision, and motor learning disabilities [79]. Therefore,
neurorehabilitation should be performed in patients with DCD [80]. TMS has been
widely used for neurophysiological assessment of motor function in patients with DCD
[81]. Currently, patients with DCD have lower corticospinal tract excitability during
motor imagery [82] and reduced online control of movement and inhibitory systems
compared to healthy participants [83]. However, few studies have validated the use of
CMC for motor control in patients with DCD, with only one case study conducted by
Parr et al. [84]. They measured the CMC in the beta frequency band (15-35 Hz) between
the shallow finger flexors and primary motor cortex during a force control task of wrist
flexion in patients with DCD and healthy participants aged 34 and 29 years, respectively.
The results showed that CMC was lower in patients with DCD than in healthy partici-
pants. This suggests that CMC can be used as a neurophysiological measure of motor
control in patients with DCD. However, there are still many unknown factors owing to
a lack of studies on patients with DCD. Therefore, further studies are needed to confirm
this hypothesis. Further validation of neurorehabilitation in children with DCD will
enable early and accurate evaluation of neurorehabilitation in children with DCD.

3.5 Summary

This section reviewed the application of CMC in neurorehabilitation based on
clinical studies in older adults, patients with stroke, patients with PD, and patients
with DCD. Older adults have a higher CMC during motor control than younger
adults, suggesting that they may maintain their performance by compensatory
overmobilization of the cortex. However, CMC is decreased in neurological diseases,
such as stroke, PD, and DCD. Since CMC is related to the severity of the disease and
the recovery process, it may be used as an evaluation index for the neurorehabilita-
tion of neurological diseases. However, further research is needed to resolve the
problems of inconsistent results and the small number of studies. With further
research, CMC may become a standard neurophysiological assessment method for
neurorehabilitation.

4, Conclusion

In this study, we reviewed CMC as a neurological evaluation index in neurore-
habilitation based on studies involving both healthy participants and patients. Basic
research has revealed that CMC is related to fundamental rehabilitation events, such
as motor control and learning, and these findings have recently been applied to older
adults and patients with neurological diseases. CMC is one of the few indices that
encompasses the brain to the muscle and is useful because it includes descending
information transmission, such as motor commands, and ascending information
transmission, such as sensory input. Although CMC is still rarely used in actual
rehabilitation practice, it may be used as an important neurophysiological index for
understanding patient pathophysiology and verifying the effectiveness of rehabilita-
tion as basic and clinical research continues to advance.
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EEG electroencephalography

EMG electromyography

CMC corticomuscular coherence

MEG magnetoencephalogram

PD Parkinson’s disease

DCD developmental coordination disorder
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Chapter 7

Artificial Intelligence Methods for
Recognition of Neuromuscular
Diseases

Kamala Oghuz

Abstract

The presented chapter examines using artificial neural networks as a processing tool
in medical research. Normal and pathological muscle signals obtained by the electro-
myography method were selected for study. The main research directions are the
recognition of pathological changes in stimulated electromyography through neural
networks, the use of artificial intelligence methods in the diagnosis of diseases through
electromyographic signals, the decision in the diagnosis of myographic diseases using
the modular architecture of the neural network, applying different optimization
methods in calculating the error of the neural network for the diagnosis of neuromus-
cular diseases, using neural networks in the comparative analysis of optimization
methods of electromyographic signal classifiers, and classifying electromyographic sig-
nals based on a sequential machine learning model using deep learning methods.

Keywords: artificial neural networks, electromyography, diagnostics, NeuroPro,
sequential machine learning model, network error, modular architecture,
optimization methods

1. Introduction

The application of neural network technologies is aimed at the analysis of infor-
mation flows, as in a living organism. In a sense, this is the development of computer
analysis methods that work on the principle of neural networks (NNs) that make up a
living organism. In such an approach, neural technologies are a slightly expanded
group of technical means and mathematical methods of information flows, the appli-
cation of which allows for obtaining the desired results.

Although there are many approaches to explaining neural networks, they all have a
common feature. So, they are all very much connected and consist of the same type of
elements—neurons, as in the human brain.

The application of neural networks in medical and biological research is
multifaceted [1]:

* processing of medical images in order to increase their diagnostic
informativeness;

* monitoring of the patient’s condition;
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* intellectual support to the doctor in diagnostic solutions;
* analysis of treatment effectiveness;

* reducing or compensating the impact of random noise on the measurement
accuracy of the recording device, etc.

The versatility of the mentioned fields of application enables the wide application
of this technology in the processing of medical data. Based on the results of literature
research, it can be noted that today the application of artificial neural networks
(ANNS ) covers almost all fields of medical and biological research.

Neural network technologies open wide opportunities in medical-biological data
processing.

In the material [2], a neural network is used for the diagnosis and prediction of
peritonitis based on hemostasis parameters. Here, the input parameters of the net-
work corresponding to 50 normal and 50 pathological conditions are taken. For both
layers of the network, the sigmoid was chosen as the activation function (the
nonlinear gain property of the neuron), and the sensitivity and specificity were cal-
culated. Outputs (norm and pathology) in the established network are shown in the
form of a code consisting of four 0 s and 1 s. It should be noted that the number of
such examples is quite large.

There are almost no materials on the application of neural networks in electromy-
ography (EMG). Stimulated electromyography is also measured at the level of
numbers.

Boginich and others proposed to realize the study of the dynamics of changes in
the position of transverse striated muscles in the lower limbs by recording surface
potentials with a neural network [3]. They used an image-transformed Hamming
network and multilayer perceptron (MCP) for their research. The range of values
varies from —1000 to 1000. The network is built in the Generative Adversarial
Networks (GANs) neural network package and consists of one hidden and one output
layer. The discretization step was chosen to be 0.01. The working principle of the
network is based on the determination of the threshold price. If the examined person’s
condition exceeds the set threshold value, it is considered normal, otherwise, it is
considered pathological.

Neural networks are nonlinear systems that allow better classification of data than
the linear methods usually applied. Their addition to medical diagnostics increases the
specificity of the method without reducing the sensitivity.

2. Recognition of pathological changes in stimulated electromyography
using neural networks

The realization of the study was carried out in the NeuroPro0.25 network emula-
tor. NeuroPro0.25 is a beta version of a free software product designed for working
with neural networks.

Let us look at the issues of application of neural networks in the processing and
analysis of parameters obtained in stimulated electromyography. Electromyographic
parameters of patients with normal muscle system conditions and muscle syndromes
—carpal tunnel syndrome, cubital tunnel syndrome, and demyelinated
polyneuropathy were taken up for the study.
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Myograms of patients in the age range of 45-55 years were used for research purposes.

It should be noted that, depending on the type of research in stimulated EMG,
measurement results can be taken from several parts. Registration results are taken
from a minimum of 16 points in the registration with the viewed device. However,
depending on the severity of the pathology, the number of registration points can be
increased. The measurement results were taken from the muscle parts through which
the nervus medianus (n.medianus) and nervus ulnaris (n.ulnaris) nerves pass [4].

The structural scheme of the network is given in Figure 1.

Informative measured parameters were selected as input parameters. The follow-
ing substitutions have been made here:

e Sensor - S;

e Motor — M;
e Wrist - W;
¢ Elbow - E;
* Latency - L;

Amplitude — A;

Velocity - V.

Depending on the location of the measurements, the selected neural and informa-
tive parameters, the input quantities of the network are shown in Table 1.

Database input field for preprocessing for network transmission is calculated
according to the formula

I=(I-a;)/bi (1)
Input parameters
Hiddenlayer
SWML .
swMv—O T
SWUL—0) Set of diagnoses
SWUA —O -
S\VUV—O Norm
MWMI ( )
MWMA OO Demyelinated
. polyneuropathy

MWUL —0 L=, Output
MWUA, O Carpal tunnel
MEML 0 syndrome

TEMA ( ) Cubital tunnel
MEN syndrome
MEMV—() B
MEUL _O
MEUA
\EU\'_

Figure 1.

The structuve of a neural network.
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Sequence of acquisition of input Database field (entry Database field (output
quantities syndromes) syndrome)
SensorNCS-wrist-n.medianus-latency ~ SWML OUTPUT
SensorNCS-wrist-n.medianus- SWMA

amplitude

SensorNCS-wrist-n.medianus-velocity SWMV

SensorNCS-wrist-n.ulnaris-latency SWUL

SensorNCS-wrist-n.ulnaris-amplitude =~ SWUA

SensorNCS-wrist-n.ulnaris-velocity SWUV

MotorNCS-wrist-n.medianus-latency =~ MWML

MotorNCS-wrist-n.medianus- MWMA
amplitude
MotorNCS-wrist-n.ulnaris-latency MWUL

MotorNCS-wrist-n.ulnaris-amplitude =~ MWUA

MotorNCS-elbow-n.medianus-latency MEML

MotorNCS-elbow-n.medianus- MEMA
amplitude

MotorNCS-elbow-n.medianus-velocity MEMV

MotorNCS-elbow-n.ulnaris-latency MEUL

MotorNCS-elbow-n.ulnaris-amplitude MEUA

MotorNCS-elbow-n.ulnaris-velocity MEUV

Table 1.
The location of measurements, selected neural and informative parameters depending on the input quantities of the
network.

where, I is the input quantity; a; and b; are calculated coefficients for each entry.
Thus, the initial processing of inputs is carried out by the following formulas (weights
are automatically determined by the program):

SWML = (SWML-3075)/1075; SWMA = (SWMA-11.8)/4.400001;
SWMV = (SWMV-40.75)/14.25; SWUL = (SWUL-1.775)/0.0749; SWUA = (SWUA-
11.65)/3.15; SWUV = (SWUV-53.7)/5.1; MWML = (MWML-4575)/2025;
MWMA = (MWMA-7.55)/2.45; MWUL = (MWUL-2.5)/0.2; MWUA = (MWUA-
9.75)/2.45; MEML = (MEML-8675)/2075; MEMA = (MEMA-6.45)/2.35;
MEMYV = (MEMV-54.95)/4.35; MEUL = (MEUL-6.725)/0.4749; MEUA = (MEUA-
9.25)/2.15; MEUV = (MEUV-53.65)/6.85.

For the network, three hidden layers with 10 neurons each are chosen, and the
nonlinearity or transfer function is sigmoidal, the latter being smoothed by the fol-
lowing formula:

FX) =X/(e+|X]) )

where c is the characteristic of the network and is taken as 0.1.

Using (2), the functional converters in the hidden layers are calculated as follows:
Sigmoid1(A) = A/(0.1 + |A]).

Sigmoid 2(A) = A/(0.1 + |A]).

Sigmoid 3(A) = A/(0.1 + |A]).
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The output area of the network OUTPUT consists of four elements and they are:
1.norm;

2.demyelinating polyneuropathy;

3.carpal tunnel syndrome;

4.cubital tunnel syndrome.

After the network is trained, the result of the new parameters entered as an
example is shown in Figure 2.

As can be seen from the figure, the new measurement results correspond to the “1”
state of the output, that is, the normal state.

As mentioned, the Neural network system also allows optimization of the number
of input parameters. Thus, in medical research, obtaining multiple input parameters is
not desirable from the point of view of having a painful effect and prolonging the
research time.

The determination of the degree of importance for the input parameters in the
considered network is shown in Figure 3.

e OUTPUT | Network Forecast Error

1 1 0,8340689 0,1659311
2 2 2,289162 -0,2891622
=) 3 2,765857 0,2341425
4 4 399733 000206335
5 08126549

Figure 2.
Input to the network after training the result of new measurements.

Signal Significancy |
SWMA | | 0,130038
SWMY ] 0,1285869
SWUL L osenera
SWUA o asstebn
SWUV D osss732
MWML [ —" 0,2738353
MWMA I 700535
MWUL [ RS
MWUA D 03331646
=y W
MEMA 1 0.06148972
MEMY —|| 0.273988
- —
MEUA T newdsss |
MEWY I, 333285

Figure 3.
Signifcance of input parameters.
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It can be clearly seen from Figure 3 that despite including 16 measurement results
as input parameters, only the values obtained from MEUL, SWUL, SWUA, and
MEUA points are selected more according to the degree of significance.

It should be noted that the NeuroPro software overlay performs the training
automatically.

3. Using the modular architecture of the neural network to make decisions
on the diagnosis of myographic diseases

Multipurpose artificial neural networks (ANNs) have a monological structure.
Such networks work well with small output data, but as the input data increase, the
complexity of the network increases and its capacity decreases [5]. To overcome this
problem, researchers choose the concept of modularity, and in this case, the problem
lies in the choice of modules and structures.

In Mui et al. [6], locally connected adaptive modular NNs are presented. This
model works with backpropagation (BP) learning and the structural layers are
arranged in a winner-take-all fashion.

The article mentioned in Bellotti et al. [7] presents a modular neural network with a
self-organizing map and a multilayer perceptron (MLP) for cosmic radiation experiments.

Research methodology. Due to the proposed modular architecture, the number of
weight connections is less compared to a fully connected multilayer perceptron. The
module is designed to combine two different generalization approaches known from
network connections and logical neural networks, which increases the generalization
capabilities of the network.

The architecture presented here is particularly useful for solving problems with
large numbers of input attributes. If the input size is small, the network can be trained
very quickly, but the performance of the BP algorithm decreases for large input gaps.
In many cases, it is important for a number of parameters that lead to an approach to
an acceptable minimum. This makes it an often useful solution, especially when
identifying large input gaps. Much research is being done to overcome these prob-
lems, and such ideas include modularity as a key concept.

The proposed network system consists of a layer of input modules and an addi-
tional decision-making module. All subnets are MLP. Each input variable is connected
to only one of the input modules. These connections are randomly selected and the
outputs of all input modules are connected to the decision-making network.

The following parameters are assumed: the size of the input vector is 1, and the
number of classes is k.

One of the design challenges is choosing the number of inputs (n) for each module
in the first layer; this solution defines the number of input modules m = [1/n]
(presumably 1 = m*n, if not, then spare inputs are connected to permanent inputs or
one of them can be resized). Each network of the first level has | log ,k| outputs. This
is the number required to represent all classes in binary code. The decision network
has m | log ,k| inputs, and the number of outputs is k neurons per class. The number
of weights is much less than a fully connected monolithic MLP with the same number
of hidden neurons.

In the first stage, all the auxiliary networks in the input layer are trained, and the
test set for each subnet is selected from the initial test set. All the input modules can
easily be developed in parallel because they all depend on each other.
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In the second stage, the decision-making system is taught. The training set for the
decision module is built on the output of the input layer along with the original class
number. To compute the set, each input pattern is applied to the input layer, the
resulting vector together with the desired output class (represented in l-out-of-k
encoding) forms the training pair for the decision module.

The original trainer network:

(Wl o),
j=12, ...t

(3)

where xi € R - the ith component of the jth input vector; & — class number; and t —
the number of trained samples.
The MLPi module (i-th layer in module) is connected:

Xion 1> Xion 425 v s X(i41)on (4)

A trainer network of the MLPi network:

(Pt Kzs 5% gy g )5 = 12, s )

here, d]1.;11v —is the binary coded number of the class.
Representation of implementations with input layer

o . R**™m _, RM™* [ log ok ] (6)

A trainer network of a decision-making network

q>(,a'1,9a'2, ,xI:;dJéIN) G =12, et )

1

Description of the network of solutions

P . R™* |—log2k—| _ Rk (8)
Calculation of output. A description of the entire network
®o¥ : R' — R* €

Here, 0 - ® and ¥ denote the composition of images. Thus, for every element of R!,
there is one and only one element of R*.

For a given input signal (a4, a3, ..., a;), the response r is determined by the follow-
ing function

r=Y(D(as,as, ...,a;)). (10)

The k-dimensional output of the decision module is used to determine the class
number for that input. In experiments, the output neuron with the highest response is
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selected as the computed class. The differences between the winning neuron and the
runner-up can be taken as a measure of accuracy.

The ability to generalize is a key feature of neural networks. In this way, neural
networks can process inputs that are not learned but are similar to those observed in
the training phase. Generalization can generally be viewed as a method of drawing
from a set of examples. Such reasoning is not correct in a logical context, but can be
observed in human behavior.

This architecture combines two generalization methods. One way to generalize is
to build in the MLP. Each of the networks has the ability to generalize in its input
space. This type of generalization is common to relational systems. Another method of
generalization is related to the architecture of the proposed network. This method of
generalization is consistent according to the similarity of uniformity of input param-
eters and is used in logical neural networks.

The general scheme of the proposed structure of the modular network is shown in
Figure 4.

Let us consider such a structure using the example of diagnosis of myographic
diseases.

Values of amplitudes, speed, and delay from 16 points of upper limb muscles were
selected as input parameters. Depending on the values of the repeated measurements
and taking into account the individuality of the subjects, it is important to choose the
interval values of the input parameters. The main problem in this approach is step
selection.

Numerous sources suggest choosing a constant step, but this is not very
effective in real work. Depending on the choice of network method, there are several
stepwise selection algorithms. More successful, although simple to implement, is an
algorithm whose idea is to increase the step as the error decreases and decrease as it
increases [8].

X2—» Input
H " | MLPy

Xy Input
H MLP:

Xm-1)r
nil - —» Tnput

Xaudr  *** | MLP~
nt+2 I

Input paramcters
%
=+

Figure 4.
General scheme of the modular network structure.
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The advantage of the modular structure is that each module concentrates its
resources on the recognition of only one pathology, which reduces the probability of
an incorrect result error for the whole system, but its individual modules do not have
information about all types of pathologies. Therefore, a multilayer perceptron was
used for the experiment [9].

A generalized structure of a multilayer perceptron can be seen in Table 2.

X1-X16 in the table - data entered with one value - [-]; Y - network output (types
of studied myographic diseases are coded here): 1 - norm; 2 - carpal tunnel syndrome;
3 - cubital tunnel syndrome; and 4 - demyelinating polyneuropathy.

The proposed version of the modular structure of the training network can be
presented in Table 3.

In the table [--] - set of values for each module - input values, X1-X16 - input
modules, Z - MLP output: L (latency (delay)), A (amplitude), and V (velocity).

The decision-making network of the modular structure is presented in Table 4.

To evaluate the effectiveness of the diagnostic system, the recommended criteria

for the sensitivity and specificity of the network for a certain pathology were used
(Table 5).

[ [] [ 4

Table 2.
Generalized structure of a multilayer perceptron.

X1 X2 X16 VA

[] (] [] L

[] (] [] A

[] (] [] \
Table 3.

Trainer network of modular structure.

Modules Y
L A v

(] (-] (-] 1
[-] [-] [-] 2
(] (-] [] 3
[-] [-] [-] 4

In the table: L, A, V - decision network modules; Y - network output: 1 - norm; 2 - carpal tunnel syndrome; 3 - cubital
tunnel syndrome; and 4 - demyelinating polyneuropathy.

Table 4.
Decision-making network.
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Output Sensitivity Specificity

A multilayer perceptron

Y1 95,67 98,45
Y2 75,80 95,64
Y3 90,89 99,42
Y4 82,40 98,30
Average value 86,19 97,95

Modular structure

Y1 99,78 100

Y2 100 100

Y3 95,77 99,45

Y4 68,10 98,99

Average value 90,91 99,61
Table 5.

Using the proposed structures of neural networks, the results of the experiment.

The results of the experiment show that the modular structure of the neural
network is more efficient because the average value of the sensitivity criterion for the
structure of the multilayer perceptron was 86.19, and 97.95 for the specificity. At the
same time, these indicators for modular structure were 90.91 for sensitivity and 99.61
for specificity, respectively.

The generalization advantages for high-dimensional input vectors and the ease of
parallel learning at the input level due to the independence of the modules underlie the
possibility of using the proposed structure in the diagnosis of diseases in myography.

4. Application of various optimization methods in calculating the error of
the neural network for the diagnosis of neuromuscular diseases

An artificial neural network (ANN) is a system of simple processors that are
connected and interconnected. Perceptron is one of the first models of neural net-
works. A perceptron is capable of learning and is based on statistics. Image informa-
tion is distributed by weighting coefficients (similar to the coefficients of a system of
equations) that together describe certain fragments of the image.

There are many approaches for processing EMG signals using these algorithms in
information sources. In Akhila Devi and Priyadharsini [10], different types of learning
methods were used to classify EMG signals. The model automatically classifies EMG
signals as normal, myopathic, and neuropathic. Various feature extraction techniques,
such as discrete wavelet transform (DWT) and autoregressive modeling (AR), are
used to extract useful information from EMG. An adaptive neuro-fuzzy inference
system (ANFIS) with hybrid learning algorithm, support vector machine (SVM), and
fuzzy support vector machine (FSVM) enables the classification of EMG signals by
comparing accuracy.

In Kehri et al. [11], classification of neuromuscular diseases from electromyogra-
phy (EMG) signals is proposed, based on a combination of different methods and
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types of classifiers for object extraction. The combination of wavelet transform (WT)
and support vector machine (SVM) improves classification accuracy compared to
other combinations.

Researchers like Sailesh Conjeti and Bijay Kumar Rout in [12] monitored the
electrophysiological activity of muscles using biofeedback obtained from electromyo-
graphic signals collected at the corresponding points of innervation. A comprehensive
method for the detection of neuromuscular diseases in a subject and a continuous
therapeutic assessment strategy using a rehabilitation assessment matrix are proposed.
The decision-making tool was developed using a wide range of physiologic data,
including varying degrees of myopathy and neuropathy, from baseline to acute stages.
Statistical, spectral, and cepstral features extracted from EMG were used to develop a
cascade correlation neural network classifier for disease assessment. The diagnostic
yield of the classifier is 91.2% accuracy, 85.3% specificity, and 91.35% sensitivity. The
strategy has also been expanded to include isotonic contractions in addition to static
isometric contractions. This comprehensive strategy is offered to help physicians plan
treatment procedures to maximize the therapeutic value of the rehabilitation process.

Intelligence computing and machine learning techniques such as artificial neural
networks (ANNSs) serve as powerful tools for analyzing EMG signals and creating
optimal myoelectric control schemes for prostheses. The study by Ludermir et al. [13]
analyzes the performance of four different neural network structures (forward,
recurrent, backpropagation, and self-organizing map) tasked with classifying walking
speed when using EMG inputs from 14 different leg muscles. Experiments on the
dataset show that self-organizing neural network maps can classify walking speed
with over 99% accuracy.

Support vector machine (SVM) is a machine learning technique widely used by
many biomedical signal classification applications. In the study by Subasi [14], a novel
particle mass optimization (PSO)-SVM model of hybridized particle mass optimiza-
tion (PSO) and SVM was proposed to improve the classification accuracy of EMG
signals.

This optimization mechanism involves adjusting the kernel parameters in the SVM
training procedure, which significantly affects the classification accuracy. Experi-
ments were performed based on the EMG signal for classification as normal, neuro-
genic, or myopathic. The obtained results clearly confirm the superiority of the SVM
method over conventional machine learning methods and show that the proposed
PSO-SVM classification system provides additional significant improvements in terms
of classification accuracy.

In Ludermir et al. [13], a methodology for the global optimization of a neural
network is presented. The goal is to simultaneously optimize a multilevel perceptron
weight and architecture (MLP) to produce a highly connected, highly classified topo
for any given dataset. This approach combines the advantages of a simulation model
and a backpropagation learning algorithm to create an automated network design
process with a high classification rate and low complexity. Experimental results
obtained with four classification problems and one prediction problem performed
better than those obtained with the most commonly used optimization methods.

The article mentioned in Nurhazimah et al. [15] provides an overview of the
numerous methods available for movement pattern recognition of both isotonic and
isometric EMG signals. Various signal analysis methods are compared, showing their
applicability in real-time settings. This is especially interesting for researchers who
want to choose the most appropriate methodology for classifying movements for
different types of contractions. The main function of this study for feature extraction
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will be the probability density function (PDF) of EMG signals. After a brief descrip-
tion of different methods of preprocessing, feature extraction, and classification of
EMG signals, we will compare them in terms of performance.

4.1 A method of calculating the errors of neural networks

It is known that the results of errors are the most important and most accessible
indicators of such systems. Absolute and relative errors (errors), which are the most
common and at the same time easy to calculate, are calculated by the following
formulas [16]:

Absolute error:

X4 =Py — Py, (11)

Relative error:

Py — Py .

Xp —
R Ph

100 (12)

where Py, is the response (diagnosis) of the network and Py, is the actual diagnosis
(input value).

Electromyographic signals in normal and pathological conditions were selected for
the experiment: carpal tunnel syndrome, cubital tunnel syndrome, and demyelinating
neuropathy. The data of 16 measurement points were selected for diagnostics as input
parameters of the network. Twenty-six normal and 34 pathological signals were used
to create the training complex of the network.

OUTPUT network’s output consists of four elements:

1 - norm; 2 - polyneuropathy; 3 - carpal tunnel syndrome; and 4 - cubital tunnel
syndrome

The computer implementation of the experiment was carried out in the NeuroPro
0.25 software environment, and optimization methods were selected for network

Given Received Absolute error Relative error
1 1.2463 0.2463 24.6313
1 1.2538 0.2538 25.3780
1 1.1084 0.1084 10.8361
1 1.2290 0.2290 22.9043
2 1.7661 —0.2339 —11.6943
2 2.1642 0.1642 8.2084
2 2.2029 0.2029 10.1441
3 2.7355 —0.2645 —8.8180
3 2.7288 —0.2712 —9.0384
4 4.2662 0.2662 6.6550
4 3.8891 —0.1109 —2.7716
4 4.2564 0.2564 6.4100
Table 6.

A part of the prediction result obtained by the “Gradient Descent” optimization method using a multilayer perceptron.
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Given Received Absolute error Relative error
1 1.2988 0.2988 29.8753
1 1.2725 0.2725 27.2539
1 1.1259 0.1259 12.5930
1 1.2302 0.2302 23.0237
2 1.7203 —0.2797 —13.9873
2 2.1983 0.1983 9.9146
2 2.2777 0.2777 13.8863
3 2.7718 —0.2282 —7.6082
3 2.7404 —0.2596 —8.6537
4 3.9893 —0.0107 —0.2681
4 3.7240 —0.2760 —6.9007
4 3.9131 —0.0869 —2.1725
Table 7.

A part of the prediction vesult obtained by the Modified Par Tan optimization method using a multilayer
perceptron.

Given Received Absolute error Relative error
1 1.2193 0.2193 21.9344
1 1.2832 0.2832 28.3217
1 1.0870 0.0870 8.7026
1 1.1494 0.1494 14.9437
2 1.7178 —0.2822 —14.1088
2 2.1470 0.1470 7.3521

2 2.8329 0.8329 41.6473
3 2.8329 —0.1671 —5.5685
3 2.7245 —0.2755 —9.1838
4 42747 0.2747 6.8685
4 3.9931 —0.0069 —0.1729
4 4.2719 0.2719 6.7966

Table 8.

A part of prediction vesult obtained by “Conjugate gradient” optimization method using multilayer perceptron.

training: gradient descent, modified Par Tan, conjugate gradients, and Broyden-
Fletcher-Goldfarb-Shanno (BFGS) [17].

Fragments of the results of the first experiment and error calculation are given in
Tables 6-9.

The number of error values per selected interval was used to compare the optimi-
zation methods. Five intervals are selected for absolute errors. The value of the
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Given Received Absolute error Relative error
1 1.2903 0.2903 29.0290
1 1.2729 0.2729 27.2865
1 1.1298 0.1298 12.9763
1 1.2034 0.2034 20.3440
2 1.7179 —0.2821 —14.1065
2 2.1506 0.1506 7.5296
2 2.2543 0.2543 12.7168
3 2.7295 —0.2705 —9.0155
3 2.7724 —0.2276 —7.5863
4 4.0351 0.0351 0.8785
4 4.0744 0.0744 1.8596
4 4.0764 0.0764 1.9106
Table 9.

A part of the prediction vesult obtained by the “BFGS” optimization method using multilayer perceptron.

Ordinal number of the experiment  The number of absolute errors in the corresponding interval

< 0.05 0.05-0.09 0.1-0.19 0.2-0.29 >0.3

1 0 0 3 9 0

2 0 2 2 8 0

3 1 1 3 7 0

4 1 2 2 7 0
Table 10.

Comparison of absolute errors.

Ordinal number of the experiment Number of relative errors in the corresponding interval
<1 1-9 10-19 20-29 > 30
1 0 6 3 3 0
2 1 5 3 3 0
3 1 6 2 2 1
4 1 5 3 3 0
Table 11.

Comparison of relative errors.

intervals and the number of absolute errors falling into the corresponding interval are
shown in Table 10.

Five intervals were chosen to compare optimization methods using relative errors
[18]. The values of the intervals and the number of relative errors falling into the
respective intervals are given in Table 11.
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Comparison of results was made considering large error values and small number
of errors. Thus, the results of Experiments 1 and 2 give a large number of errors with
large values (Table 10). Despite the fact that the number of errors in the results of the
third and fourth experiments was not much different, the fourth option was chosen
considering the small number of errors in the third interval.

Similar considerations can be made for the values of Table 11. Here, the values of
Experiments 2 and 4 coincide, but in this experiment, the best results are obtained in
Table 10, so option 4 is chosen.

Comparison of optimization methods using network errors allows us to conclude
that the best results for the task are obtained using the BFGS optimization method.

This approach will facilitate the work of researchers in choosing an optimization
method when working with neural networks for the problem of diagnosing neuro-
muscular diseases in terms of network error estimation.

5. Use of neural networks in comparative analysis of optimization
methods of classifiers of electromyographic signals

The neural network approach to the diagnosis of human conditions is widely used
in electrocardiography, electroencephalography, genetics, cancer treatment, etc. In
our opinion, the neural network approach is also very promising in electromyography,
and we will justify it with experimental results.

Among all types of problems solved on the basis of previous experience, classifi-
cation problems form a fairly significant group. For them, the answer is to specify a
class—a choice of one of several possible solutions [19].

All stepwise optimization methods consist of two most important parts: choosing a
direction and choosing a step in that direction. One-dimensional (1D) optimization
techniques provide an efficient way to select the step.

Using the optimal step in multicriteria optimization problems, it is impossible to
consider the criteria “one by one”—first the value of one is improved, then the other,
and so on. It is necessary to synthesize the generalized (integral) criterion. The
simplest option is the sum of all. A little more difficult—addition with weights.

A realistic choice of S for one-dimensional optimization is the direction of the
antigradient. At each step, this direction is selected, then a one-dimensional optimiza-
tion is performed, then the gradient H is calculated again, and so on. This is the steepest
descent method, the most primitive of the gradient methods. Sometimes it works well.

Pr = —f(x;) at each step in the gradient descent method. If f(x;) # 0, the condition
(f(xr)> pr) < 0 is clearly satisfied. Therefore, the direction of the vector p;, is the
direction of decrease of the function f(xx), and in the immediate neighborhood of the
point xy, the direction pk provides the fastest decrease of this function. For strongly
convex functions, the gradient descent method guarantees that the sequence {x}
converges to the minimum point x of the function f(x). The degree of convergence of
the method is linear [20].

In the iterative procedure, the direction of the antigradient was used as the direc-
tion of the decrease of the function f(x) in the gradient descent methods: pj, = —f(xy).
However, such a choice of the decreasing direction is not always successful. In partic-
ular, for unconditional minimization problems, the direction of the antigradient at the
point xk may differ significantly from the direction toward the minimum point x. As a
result, the trajectory of approaching the minimum point has a zigzag character. The
conjugate gradient method takes a different approach. An iterative process is used.

125



Neuromuscular Diseases — How to Recognize and Treat Them

When implementing the conjugate gradient method, a practical technique is used
—at every N step, assuming fm N = 0, m = 1,2, ... ., the method is updated. The
numbers mN are called restart moments. It is often assumed that the dimensions of
the En space are N = n. If N = 1, then we get a special case of the conjugate gradient
method—the steepest descent method [21].

The modified Par Tan method also requires an additional parameter map to be
stored. It is constructed as follows: two steps are taken from ag to h: shortest descent.
We get a;, a,. Then we get a one-dimensional optimization from ag to a; — ag - as. After
that, ag is no longer used. Then we get the fastest descent from a3 to a4. Then we get a
one-dimensional optimization from a, to a4 - a, as, and so on. Even a2k 2 k-1is
obtained by a one-dimensional optimization in the direction s = a2k-a2k-2 by steepest
descent from a single a2k + 1 - a2k-2 (initial step h = 1, increasing immediately). The
augmentation procedure obtains the values of a, s, hg and the minimized function h
(a0), H(ap + h,S)’. In this case, h(ap) ~ H(ag + h,S)’. The calculation procedure uses
the minimized function. According to many observations, the modified Par Tan
method performs better than k-partan in learning tasks.

The BFGS method, an iterative numerical optimization method, is named after its
researchers: Broyden, Fletcher, Goldfarb, and Shanno. It belongs to a class called quasi-
Newtonian methods. Unlike Newtonian methods, the Hessian of a function is not directly
calculated in quasi-Newtonian methods, i.e. there is no need to find partial second deriv-
atives. Instead, the Hessian is approximated based on the steps taken so far [22].

The value of the Lipschitz constant (LS) serves as an indicator of sample complex-
ity. LS of sample {x",yi },i =1, ...N is equal to

i
Loy = M8 =) =
where, x* R",y’ R™ are vectors of input signals and required output signals of the
neural network. It was shown in Ref. [23] that the LS of the sample affects the learning
process and the properties of the trained network, and LS should be minimized during
sample preprocessing.
Another feature of neural networks is the indicator of the importance of the p-
parameter, which is determined by the following formula when solving the g-example.

¥l = %(wp—w*)’ (14)

The importance indicator (14) can be calculated for different objects. It is often
calculated for trained network parameters. However, the significance indicator of the
form (13) also applies to signals. A network in inverse operation always computes two
gradient vectors—the trained network parameters and the gradient of the evaluation
function for all network signals. If the importance score is calculated to identify the
least important neuron, then the importance score of the output signal of the neuron
must be calculated. Similarly, in the task of determining the least significant input
signal, it is necessary to calculate the importance of this signal, and not the sum of the
importance of the weights of the links to which this signal is applied.

Unlike expert systems that work according to known rules, problem solving based
on experience is always fuzzy, that is, it includes elements of uncertainty and doubt. It
is very similar to human decision-making, where there is always the possibility of
making a mistake, even if it is a very small one. Therefore, in addition to the class of
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Experiments Optimization Lipschitz Number of Step  Important Test
method constant value  training periods entries results

1 Descent 1024 70 0,0492 3 95,5%
Gradient

2 Modified Par 1008 100 0,0556 4 97,75%

Tan

3 Converging 1008 16 0,0423 4 94%
gradients

4 BFGS 1024 14 0,1665 2 97,5%

Table 12.

Experimental results.

the tested sample, the network calculates the percentage of confidence in this solution.
A very practical conclusion follows from this. By changing the values of the sample
parameters in different directions and repeating the tests, you can see what and how
much should be changed so that the sample belongs to the required class. This can be
invaluable for medical diagnosis and prognosis, for example.

In the diagnosis of electromyographic signals for practice, they were selected in
normal and pathology to classify the human condition [24]. Inputs and outputs of the
network for expemental part are given in Table 3 in this material.

Four experiments are conducted and the optimization method is changed in each
of them. For each experiment, the optimal number of exercise cycles and step for
interval values were selected under constant conditions.

After that, significant entries are obtained (significant entries with 0.5 as the limit
value and value greater than the limit value are used to select the significant parame-
ters) and test results. The experimental results are shown in Table 12.

By comparing the results of the experiments, it can be seen that the properties of
the network depend on the choice of the optimization method and change. For the
value of the Lipschitz constant, Experiments 2 and 3 show good results. Experiments 1
and 3 can be selected for the step of sample values. The number of significant entries
is more in Experiments 2 and 3. The best test result was demonstrated in Experiments
2 and 4. Obviously, this comparison is relative. The choice of features depends on the
requirements of the experiment.

In our example, the second experiment can be considered the best for the created
network. The best test result is also recorded in this practice—97.75%.

Thus, comparing the properties of neural networks allows choosing the optimiza-
tion method with a higher value of the network result.

6. Classification of electromyographic signals based on a sequential
machine learning model using deep learning methods

Modern processing methods are used in almost all fields of medicine. Artificial
intelligence (AI) methods are successfully used to improve diagnostic results.

In Sangwoo Nam et al. [25], researchers propose a method to classify three types of
resting membrane potential signals obtained as images through diagnostic needle
electromyography (EMG) using TensorFlow-Slim and Python to implement an Al-
based image recognition scheme.
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The authors Park and Lee of Ref. [26] present an electromyographic (EMG) pat-
tern recognition method to determine movement commands to control a prosthetic
hand by gathering evidence based on artificial intelligence with multiple parameters.
Integral absolute value, variance, autoregressive (AR) model coefficients, linear
cepstrum coefficients, and adaptive cepstrum vector are extracted as feature parame-
ters from several time segments of EMG signals. Pattern recognition is performed by
an evidence gathering procedure using distances measured with reference parameters.
The fuzzy mapping function is designed to transform the distances to apply the
evidence gathering method. Results are presented that confirm the feasibility of the
proposed approach for EMG pattern recognition.

In Mahdi and Mehran [27], six unique hand movements were selected to classify
myoelectric signals. The features selected for the EMG signal belong to the time and
time-frequency domains. In this paper, we demonstrate the capabilities of an EMG
pattern recognition system using ANFIS as a classifier with a real-time learning method.

In Ulysse et al. [28], a new multidomain learning algorithm called ADANN
(Adaptive Domain Adversarial Neural Network) is presented, which significantly
improves cross-disciplinary classification accuracy by 19.40% on average
(p = 0.00004) compared to standard learning. Using features generated by ADANN,
this work presents the first topological analysis of EMG-based gesture recognition
data to characterize information encoded in the deep web using manually generated
features. This analysis suggests that manual features and learned features (at earlier
levels) attempt to discriminate between all gestures, but do not encode the same
information to do so. Later levels tend to adopt an all-versus-all strategy for a partic-
ular class, instead of learned traits.

The aim of the paper mentioned in Panyawut et al. [29] is to investigate a deep
neural network approach to classify 41 hand and wrist movements based on the
surface electromyography (sEMG) signal. The proposed models were trained and
evaluated using the public database of the Ninapro project, one of the largest publicly
available SEMG databases for advanced myoelectric arm prostheses.

A sequential model is a simplified version of a functional model, the simplest linear
end-to-end structural sequence without bifurcation and a linear assembly of several
network levels.

In general, all layers in Keras need to know the shape of their inputs to be able to
generate their weights. So when such a layer is created, it initially has no weight.
When an input is first accessed, it creates its own weights because the shape of the
weights depends on the shape of the input. Of course, this also applies to Sequential
models [30].

When building a new sequential architecture, it is useful to build layers incremen-
tally with add() and print model summaries frequently. For example, it allows you to
track how the Conv2D and MaxPooling2D layer stack downsamples the image feature
maps.

Once a consistent model is created, it behaves like a functional API model. This
means that each layer has an input and an output attribute. These attributes can be
used to do cool things like quickly build a model that gets the output of all intermedi-
ate layers in a sequential model.

This work is done on the Kaggle platform using the Python programming lan-
guage. The model used to get the prediction is based on a sequential machine learning
model using deep learning methods.

Electromyographic signals of a healthy patient and three common diseases, such as
carpal tunnel syndrome, cubital tunnel syndrome, and polyneuropathy, were selected
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for the experiment [31]. The total number of signals selected for the experiment was
24,000, and the EMG signals were numbered as 0, 1, 2, and 3, respectively.

In programming, all data are divided into two parts, the first of which is 70% of the
entire database, which is selected as input. Thirty percent of the total portion is
selected as the test base. An excerpt from the program:

Model code:

model = Sequential()

model.add(Dense(8, input_dim = input_dim, activation = ‘relu’))

model.add(Dense(10, activation = ‘relu’))

model.add (Dense(10, activation = ‘relu’))

model.add(Dense(10, activation = ‘relu’))

model.add(Dense (4, activation = ‘softmax’))

model.compile(loss = ‘categorical_crossentropy’, optimizer = ‘adam’, met-
rics = [‘accuracy’])

hist = model.fit(train_x, train_y, epochs = 30)

scores = model.evaluate(test_x, test_y)

print(“\n%s: %.2f%%” % (model.metrics_names[1], scores[1]*100))

Thirty epochs were selected for this network and the result is shown in Figure 5.

4 [wemumns= - ===] - 1s 65us/step - loss: @.3068 - acc: @.8011
- 1s 6@us/step - loss: ©.3928 - acc: 9.8026
] = 1s 6lus/step - loss: @,3954 - acc: ©.8018

1t S9us/step loss: @.3865 - acc: 9.8057
] - 1s 6lus/step - loss: ©.3892 - acc: @.3020
- 15 63us/step - loss: @,3843 - acc: 9.8058

] - 1s 64us/step - loss: @.3896 - acc: @.8024

- 15 63us/step - loss: @.3863 acc: 0.8e4y
[ssssssnsssssnsscaansnssnnnssss ] - 1s 63us/step - loss: ©.3892 - acc: @.799
------------------------------ ] - @s S5us/step
acc: 81.51%
Figure 5.
After 30 epochs, the neural network achieved 81.51% accuracy.
Training and Validation loss
149 = Training loss

— ACCUTACY

0 5 0 15 P = »
Epochs

Figure 6.
Learning loss curve.
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the nn predict 1, and the species to find is 1
the nn predict @, and the species to find is 8
the nn predict , and
the nn predict 2, and
the nn predict 8, and
the nn predict 8, and the spec

the nn predict 1, and

the nn predict 2, and

Figure 7.
Network prediction result.

One of the widely used graphs for neural network tuning is the learning loss curve
(Figure 6). It gives a picture of the learning process and the direction in which the
network tends to learn and achieve better results. A loss function is calculated for each
data item during one period. Curve fitting to periods gives the loss for each subset of
the entire dataset. Another curve that is widely used to understand the progress of
neural networks is the accuracy curve. As the training loss decreases, the performance
of the neural network will increase. We visualized these two curves together to
understand the effect of loss reduction on accuracy improvement.

After training, you can initially make predictions with a small sample extracted
from the database. In order to train the neural network, it was necessary to transform
the views into vectors. This means that after the prediction, it is necessary to perform
an inverse operation to recover the name of the associated species. Figure 7 shows the
network prediction result.

It seems that predicting a small network at the beginning of the selected network
works well because the system can clearly predict the input signals. Only one line
shows an incorrect prediction, and this is due to very close values of the input signals.
This can be fixed by updating the access network.

7. Conclusion

Realization of the neural network in the NeuroPro network emulator was pro-
posed, taking into account the peak amplitude of the signal in the n.medianus and n.
ulnaris nerves, the latency period of the motor response, the signal transmission
speed, and the distance between the electrodes. As a result of the conducted experi-
ment, the number of input parameters, which are the most important values of the
neural network model, was determined. By reducing the number of measurements for
the considered case, it allows to shorten the time of the study, and especially, in the
needle electromyography method, the patient undergoes less painful procedures.

Neural networks, unlike other expert and diagnostic systems, create multiple
combinations of input data to achieve greater approximation to output results. The
accuracy of the results of the network was determined based on the training data as a
result of the measurement and calculation experiments carried out for diagnostic
analysis in the processing of EMG signals.

Computerized neural network diagnostics is the optimal tool in poor information
conditions. The proposed structures from multiple neon network models are quite
effective from the point of view of prediction, considering the speed of training and
high diagnosis accuracy.
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Chapter 8

The Complex and Integrated
Rehabilitation Process in
Parkinson’s Disease

Simona Maria Carmignano

Abstract

Parkinson’s disease (PD) gait pattern is conditioned by the typical characteristics
of the disease (bradykinesia, rigidity, reduction of amplitude and automaticity of
movement). Patients show reduced gait speed and step length, impaired rhythmic-
ity worsened with disease progression. Consequently, gait disturbances influence
parkinsonian patients’ independence and quality of life. Dopaminergic medications
improve only certain gait disturbances such as velocity and step length, while episodic
symptoms such as freezing show a variable pharmacological responsiveness. On the
other side, dopaminergic medications may negatively influence gait patterns through
dyskinesia and motor fluctuations. Rehabilitation is a field addressing responsive care
for patients with PD. These approaches include conventional rehabilitation training,
auditory and visual cueing training and virtual reality training, treadmill training.

In the last 20 years, technological advances have made it possible to develop robotic
systems for rehabilitation, which have been added to the traditional methodology.
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1. Introduction

Parkinson’s disease (PD) is a frequent neurodegenerative disease of adulthood,
second in prevalence only to Alzheimer’s disease. It is associated with a progressive
and selective loss of dopaminergic neurons, whose cell bodies are in the substantia
nigra pars compacta (SNpc) of the central nervous system (CNS), while the axons and
nerve terminals project toward the striatum, the central component of the ganglia
of the base and responsible for initiating and controlling the movement [1]. Exactly
200 years have passed since the publication of the famous article “Essay on the Shaking
Palsy” by James Parkinson, a young physician who in 1817 described for the first time
a disease that, a few years later, would take his name. The description of the motor
disorder is so accurate and concise that it is still relevant: “.. Involuntary tremulous
motion, with lessened muscular power, in parts not in action and even when sup-
ported; with a propensity to bend the trunk forwards, and to pass from a walking to a
running pace: the senses and intellects being uninjured” [2].

Parkinson’s disease (PD) and basal ganglia dysfunction are associated with
impaired motor timing, gait disturbances, bradykinesia (slowed movement),
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hypokinesia (small amplitude movements), resting tremor, rigidity, and postural
instability [3]. Postural instability is associated with gait deficits and motor impair-
ment, leading to the onset of alterations and deviations of the column, the occurrence
of musculoskeletal pain and a high risk of falling. Falls and its complications together
with the fear of falling and cognitive can generate a cascade of events difficult to
break, such as isolation and therefore quality of life [4].

The complex and integrated therapeutic approach aims to reduce and contain the
progression of the disease to maintain functions for longer and improve the quality of life.

Dopaminergic medications partially improve only velocity and step length, while
episodic symptoms such as freezing show a variable and limited pharmacological
responsiveness. Therefore, the solution to gait problems needs an understanding of
multiple mechanisms that determine this impairment. This acquisition is crucial for
the definition of targeted interventions in parkinsonian patients. Motor, sensory,
affective, and cognitive deficits are all implicated but gait mechanisms in PD are
complex and poorly understood [5]. In addition to pharmacological interventions,
rehabilitation is responsive care for patients affected by PD [6].

2. Epidemiology

Parkinson’s disease is the most prevalent neurodegenerative disease after
Alzheimer’ disease and is one of the leading causes of neurological disability in
individuals over the age of 60 [7]. The incidence is about 20 affected individuals
in a population of 100,000 individuals each year and the prevalence is highly vari-
able worldwide, with estimates ranging from 15/100,000 inhabitants in China, to
150-200/100,000 in Europe and North America. Although the etiology of PD is still
unknown, the hypothesis of a multifactorial origin that characterizes this disease and in
which both environmental and genetic components interact is now accepted. Over the
years, several etiological factors have been proposed: heredity, brain lesions, infections,
endogenous neurotoxins, environmental factors, and altered gene expressions [8].

Genetic factors play a key role in the development of PD. On the basis of these
data, some experimental models have been developed both iz vivo, through the use
of transgenic animals, and iz vitro on cell cultures, which have allowed to expand the
knowledge on PD.

Studies on the pathogenesis of Parkinson’s disease have shown, in animal models,
that this disease is determined by the progressive accumulation of abnormal aggre-
gates of a-synuclein. The inflammatory process that determines this phenomenon
could be systemic, determining correlations with the gastrointestinal system as
well. Moreover, the cellular implications in the pathogenesis process highlight the
involvement of mitochondrial and lysosomal abnormalities and alterations in cellular
oxidation processes [9].

3. Pathophysiology of Parkinson’s disease

Parkinsonss is the first case of a neurochemical alteration-related brain disease.
The initial research on this aspect, back in the 1950s, indicated that patients’ brains,
when examined posthumously had little amounts of norepinephrine and serotonin
and more essentially dopamine which is the main transmitter secreted by neurons
in substantia nigra. In addition the overall circuit organization of basal ganglia was
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elucidated in the 1980s and early 1990s, with the formulation of the model of “direct”
and “indirect” striatal output pathways [10].

In the classical model, the direct pathway would facilitate the desired motor activity,
while the indirect pathway would inhibit interfering motor activities [11]. The indirect
pathway inhibits the thalamus (indirectly activating the common final pathway) and
prevents signals from being sent to the cortex. Normally there is a regulation of these
pathways by the dopaminergic neurons of the SN (pars compacta) which excite the
D1 receptors (cooperating with the cortex and thus favoring the direct pathway) and
inhibit the D2 receptors of the Striatum, limiting the excitatory signal coming from the
cortex on them. Such models of the motor circuit are not only simplistic but also help to
understand how alterations in dopaminergic afferents affect motor performance [12].

4, Clinical manifestations

Cardinal signs of Parkinson’s disease include resting tremor, rigidity, bradykinesia,
and postural instability.

The onset symptom is, in 70% of cases, tremor, which is usually unilateral,
initially affecting one or the other hand. In a small percentage of cases, the onset may
be characterized by motor awkwardness, rigidity, and non-specific complaints.

Tremor in Parkinson’s disease has distinctive features. It is a tremor present at rest,
with a frequency of 3-5 Hz, which improves with the movement of the affected part.
It is asymmetrical at the onset of the disease, aggravated by anxiety, contralateral
motor activity and walking; disappears during sleep [13].

The tremor generally affects the hand, leg, or chin; it is rhythmic, reduced by
movement, and disappears in sleep.

In the hand, it manifests itself with flexion-extension or adduction-abduction
movements of the fingers (such as “counting coins” or “making pills”), rarely affects
the head and interferes little with voluntary movements even when it is particularly
conspicuous.

Bradykinesia is a scientific term that indicates the slowness of the parkinsonian
patient in initiating and continuing a movement until blockage (akinesia). The
habitual, automatic, and frequent movements that are observed under normal condi-
tions, such as bringing the hand to the face, bending the arms or crossing the legs, are
absent or very reduced in parkinsonian patients [14].

Lack of motor control of speech, called hypokinetic dysarthria, affects about 90%
of PD patients. It is characterized by vocalization deficits related to the variation in
pitch and intensity during speech.

Dysphagia occurs late in Parkinson’s disease and is rarely an early symptom.
Patients experience this disorder both in the ingestion of liquids and solid foods. Ii is
associated with malnutrition, aspiration pneumonia, and mortality. It can be consid-
ered both a motor and a non-motor symptom of PD [15, 16].

The motor language disorder of dysarthria is also characterized by difficulties in
lexical access is associated with multiple difficulties such as loss of concentration,
inability to create logical connections, tendency to persevere and generalized slowing
of thought processes. This leads to progressive social isolation [17, 18].

Stiffness is perceived as resistance during the passive movement of the body seg-
ments that is uniform throughout the entire range of movement, qualitatively char-
acterized as plastic rigidity. Unlike what happens in muscle contraction secondary to
paralysis (spasticity), the increase in resistance to passive movement is not preceded
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by an initial free interval and remains constant throughout the range of movement, as
occurs when a lead rod is bent or when a rubber strip is stretched (plastic hypertonia,
different from spastic hypertonia due to lesions of the pyramidal pathways in which
the resistance suddenly gives way under the strain of the examiner). Moreover, when
the limb is abandoned, it does not recover the original position but remains motion-
less in the intermediate position, even if it is uncomfortable or difficult to maintain. It
is variable in extent and is present in all muscle groups, both flexor and extensor, but
it prevails in muscles that maintain a flexed posture, i.e., in the flexor muscles of the
trunk and limbs [19].

Parkinson’s disease (PD) gait pattern is conditioned by the typical characteristics
of the disease (bradykinesia, rigidity, reduction of amplitude and automaticity of
movement). Patients show reduced gait speed and step length, impaired rhythmic-
ity worsened with disease progression. Consequently, gait disturbances influence
parkinsonian patients’ independence and quality of life. Walking in the advanced
stage is characterized by difficulty in starting the walk, which is performed with small
strides and swipes, and extreme difficulty in changing direction. Typical are freezing
and “festination.” Freezing is the inability to start or continue movement in the face of
sudden environmental changes, for example, when you are forced to change direc-
tion, pass through a door or a narrow space [20]. The pathophysiological mechanisms
of this phenomenon are still controversial. One study [21], looking at gait changes
immediately preceding the freezing episode, found that this was due to the inability to
take steps of adequate length and to maintain rhythm in walking, and increased gait
variability. Festination is the tendency to progressively increase the speed of the stride
which often leads to falls. Due to its peculiarities, effects on patients’ quality of life
and possible pathophysiogenetic mechanisms, some authors believe that this symp-
tom should be added to the three “cardinal” motor symptoms (rigidity, tremor, and
bradykinesia) for clinical diagnosis. Festination occurs as the patient shifts his or her
center of gravity forward, due to involuntary flexion of the trunk. To keep the center
of gravity within the support base, safeguard balance and prevent falls, patients
increase the speed of walking by taking small, rapid steps until they replace the “run”
of walking. The patient pursues his or her center of gravity [22].

In the early stage, the gait of the patient shows step leg shorten, reduced gait
speed timing of step swing duration and amplitude of arm swing; besides, is frequent
interlimb asymmetry and, also, range of motion of the hip, knee and ankle is reduced
with consequent posture modification; complex locomotor task and dual task initially
became to be impaired. In the mild to moderate stage disease becomes bilateral and
bradykinesia increases; consequently, gait is characterized by shuffling steps with
increased double limb support, the amplitude of arm swing is additionally reduced
and also axial rotation worsens; compare defragmentation of turns, impaired motor
automaticity and problems in gait initiation, freezing of gait with risk of falling. In
late stage blocks in motor function, fluctuations, and dyskinesias are present and
negatively conditioned gait; also muscle endurance and force decline influence gait
performances.

Postural instability, due to impairment of postural reflexes, appears in the
advanced stages of the disease, with consequent ease of falling, especially follow-
ing directional changes. To maintain balance, the postural control mechanisms
and the maintenance of the center of mass within the support base must be intact.
Progressively in patients with Parkinson’s disease, these control systems are altered,
this leads to an abnormal flexion of the trunk that appears when standing or walking
and disappears in the supine position, this is called camptocormia. It is measured by
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retropulsion or propulsion test (Pull test). This symptom is the most common cause
of falls and contributes significantly to the risk of fractures [23]. Apart from the
motor symptoms, non-motor symptoms also appear in PD which may result due to
the loss of neurons from dopaminergic, non-dopaminergic or a combination of both
pathways [24].

The most common neuropsychiatric symptoms that occur in PD are depression,
anxiety, phobia, inhibition of social interaction, cognitive impairment, and demen-
tia. Autonomic dysfunctions include blood pressure abnormalities, gastrointestinal
dysfunction, sexual abnormalities, thermoregulatory dysfunction, and urinary
dysfunction.

The parkinsonian patient has major sleep disorders caused by an alteration of the
REM phase. They include the inability to fall asleep or to sleep with frequent nocturnal
awakenings (the patient is exhausted in the morning). This creates a lot of discomfort,
especially in the family environment. This leads to a possible aggression of care giver.
Among sleep disorders, Restless Legs Syndrome (RLS) is a disorder in which the
patient feels discomfort in the legs that only subsides when he moves them. Since the
disorder improves with dopaminergic therapy, it is believed that it may have a mecha-
nism in common with Parkinson’s disease [25].

5. Diagnosis
The diagnosis of Parkinson’s disease is predominantly clinical and is based on the
presence of the typical characteristics: resting tremor, extrapyramidal rigidity, and
bradykinesia. Diagnosis is supported by a good response to dopaminergic therapy
and asymmetric limb involvement at onset. The most common diagnostic criteria are
those of the United Kingdom Parkinson’s Disease Society Brain Bank which identifies:
1. The essential symptoms for the diagnosis of parkinsonian syndrome;
* Bradykinesia
* Atleast one of the following
o Muscular rigidity

o 4-6 Hz rest tremor

o Postural instability not caused by primary visual, vestibular, cerebellar, or
proprioceptive dysfunction

2.Exclusion criteria for the diagnosis of Parkinson’s disease;
* History of repeated strokes with stepwise progression of parkinsonian features
* History of repeated head injury
* History of definite encephalitis

* Oculogyric crises
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* Neuroleptic treatment at onset of symptoms

* More than one affected relative

* Sustained remission

* Strictly unilateral features after 3 years

* Supranuclear gaze palsy

* Cerebellar signs

* Early severe autonomic involvement

* Early severe dementia with disturbances of memory, language, and praxis

* Babinski sign presence of cerebral tumor or communication hydrocephalus on
imaging study

* Negative response to large doses of levodopa in absence of malabsorption
* MPTP exposure
3. Criteria

* Three or more required for diagnosis of definite Parkinson’s disease in combi-
nation with step one

* Unilateral onset

* Rest tremor present

* Progressive disorder

* Persistent asymmetry affecting side of onset most

* Excellent response (70-100%) to levodopa

* Severe levodopa-induced chorea

* Levodopa response for 5 years or more

* Clinical course of 10 years or more [26].

Instrumental diagnosis is mainly used in cases of atypical Parkinson’s and makes

use mainly of neuroradiological images: functional magnetic resonance imag-
ing (MRI), also accompanied by nuclear magnetic resonance spectroscopy, and
transcranial sonography; a new method that allows the non-invasive and low-cost

study of the parenchyma of the basal nuclei and the midbrain, with the help of the
temporal window. SPECT and PET tracers can be used with high sensitivity for the
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assessment of presynaptic dopaminergic deficits. In fact, in 2011, the U.S. Food and
Drug Administration approved an imaging scan called the DaTscan or I-123 ioflupane
SPECT. This technique allows to see detailed pictures of the brain’s dopamine system.
Measurement of the dopamine transporter is an indirect indicator of impairment of
the dopaminergic system. Tracer uptake in the striatum (yellow and red) is reduced at
an early stage of the disease and decreases as the disease progresses [27].

6. Managing symptoms with medication

Pharmacological therapy is based on the use of different strategies, in relation to
the various stages of progression of the disease, with the main objective, especially
at the beginning, of the Symptom control. In fact, medication administration should
begin when patients feel a functional disability. Currently, initial therapy includes the
use of carbidopa/levodopa, dopaminergic agonists, monoamine oxidase B (MAO B)
inhibitors, anticholinergic agents and amantadine. Treatment is highly individualized
and adjusted over time based on symptoms and side effects [28].

7. Rehabilitation

In the literature, there is increasingly solid scientific evidence that confirms the
hypothesis of the efficacy of rehabilitation intervention in improving the functional
abilities of patients in ADL and the ability to walk (amplitude and speed of the stride)
and the overall mobility of patients. Thus was born the concept of—multidimensional
neurorehabilitation which must be intense as a global and integrated clinical-rehabili-
tation approach that makes use of all the acquisitions (pharmacological, psychologi-
cal, rehabilitative) implemented by a multi-specialist team of operators who are also
attentive to ethical and relational aspects and who work on shared objectives, aimed
at the best use of the patient’s residual psychophysical abilities and the achievement
of coexistence dignified with illness in an atmosphere of satisfactory quality of life.
Rehabilitation interventions represent an alternative strategy to slow or reverse some
functional aspects of disability in PD.

A complex sensorimotor rehabilitation protocol could stimulate the glutamate
metabolism in basal ganglia and, in turn, neuroplasticity processes. These mecha-
nisms could prepare the ground to restore the functional interaction among brain
areas deputed to motor controls, which are affected in PD [29].

The interest in rehabilitation therapy stems from the observation that, despite
advances in pharmacological management and new surgical techniques, in a greater
number of patients the effect of drugs is gradually reduced with a severe disability,
major limitations in the performance of self-care and mobility, and limitation of
participation in social activities. Exercise and rehabilitation increase the levels of
brain-derived neurotrophic factor and so they determine brain plasticity [30, 31].

Animal studies demonstrate that the neuroprotective and neuro-restorative
capacity of intensive exercise and the potential role of exercise in overall brain
health may influence the structural (connectivity) and physiological properties of
brain function. Many studies have shown that rehabilitation is, particularly, useful
as it allows the division of complex motor gestures into segmental movements
(in order to gradually recover the totality of automatic motility) so it allows the
elaboration of a voluntary motor response aimed at recalling a movement that is
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difficult to program automatically. One of the techniques used and validated in the
scientific field is based on the use of biofeedback. These approaches include conven-
tional rehabilitation training, auditory and visual cueing training and virtual reality
training, transcranial direct current stimulation treadmill training.

Progressively, as knowledge of the pathophysiological mechanisms increases,
the type of therapeutic approach and exercise to be used to improve the gait of
parkinsonian patients has also been defined. The treadmill is a machine for walk-
ing or running without moving. This type of training has been used to understand
the spinal mechanisms of gait control. Studies carried out on spinalized cats could
activate the gait pattern when the hind part of the hind limbs was supported
[32, 33]. Therefore, treadmill use was associated with gradual reduction of body
weight (BWSTT). The efficacy of BWSTT on gait, balance, and motor function has
been demonstrated in several neurological diseases, particularly, stroke and spinal
cord injury. In stroke, the authors reported that BWSTT appears as a safe training
method, providing an important sense of security regarding falls and facilitating
free leg movements, compared to the treadmill alone. It has also been hypothesized
that treadmill training promotes a “cortical reorganization,” particularly in the
supplementary motor area, and that this reorganization may be the basis of the
improvements presented by patients. Unlike walking on the floor, where there are
oscillations and variability in the characteristics of the step, on the treadmill the
patient must follow the speed of movement of the platform, generating a more
rhythmic and uniform step. We could, therefore, define the treadmill as an “exter-
nal gait pacemaker.” The progressively more intensive exercise determines a sort of
“adaptation” of the patient that improves the control of the automated movement
with an increase in proprioceptive perception of the step and voluntary aware-
ness of the exercise. A Cochrane review found that the use of treadmill training
in patients with Parkinson’s disease can significantly improve both walking speed
and stride width. Numerous studies show that BWSTT improves the general motor
performance of patients with Parkinson’s disease, in particular: it improves muscle
strength, balance, postural instability, and walking speed and reduces the risk of
falls, improves quality of life [34].

In PD, many data in the literature show how treadmill training, acting as a sen-
sory cue, improves kinetic and kinematic parameters, studied with computerized
gait analysis (CGA), more than physiotherapy alone. There are different methods to
achieve a specific motor task in the reinforced environment such as virtual reality,
gaming exercise, dual-task and auditory and visual cueing [35, 36].

Many studies demonstrated that rhythmic auditory stimulation (RAS) can
improve gait in PD patients. For example, walking with a metronome can improve
walking speed and stride length and reduce timing variability [37].

In recent years, neurorehabilitation research has been concerned about virtual
reality (VR) as a therapeutic tool. In terms of kinematics learning, VR allows for
high-intensity, task-oriented and multi-sensory feedback training that can enhance
patients’ visual, auditory, and tactile input by making them experience either immer-
sive or non-immersive virtual environments to increase their interests in the entire
rehabilitation process, thus enhancing their adherence to treatment [38]. Stroke,
cognitive function, and quality of life in the elderly have all been extensively studied
with regards to VR technology. Besides, it is also found that postural control func-
tion and activity of daily living (ADL) are enhanced following VR intervention [39].
However, the Cochrane Library systematic review showed that only stride speed and
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stride length were positively affected by VR rehabilitation exercise compared with
traditional physical therapy in PD patients. The inconsistent results are due to few
studies conducted on a small sample size subjected to VR rehabilitation training. It is
still not clear whether this new development will be beneficial or harmful for indi-
viduals suffering from Parkinson’s disease [13, 40].

Exergames are computer games that are driven by the gross physical movements
of the player. They work by combining real-time motion detection with an excit-
ing video game that motivates people to exercise. Exergaming as a therapeutic tool
involves functional, targeted, and exciting exercises in a quantifiable and reliable
manner. Recent evidence in older adults suggests that playing exergames may also
improve cognitive function [41]. Thus, exergaming could be a cost-effective, home-
based tool to complement traditional motor symptom rehabilitation in patients
with PD. The role of exergaming in PD is represented especially in improving
balance and gait [42].

Furthermore, among the technologies used in rehabilitation there is growing
interest in using robot-assisted gait training (RAGT) as a novel PT technique in
PD [43]. Robotic gait training (RAGT) devices, by definition, transmit the energy
required to enable lower limb movement and typically use actuators or motors [44].
These devices are designed to physically guide repetitive, rhythmic bilateral move-
ments of the lower limbs to produce a more normal gait cycle. The provision of a
constant stride length and continuous, multimodal rhythmic external stimulation
appears to be a valid alternative. RAGT has shown several benefits for gait in PD and
may help improve walking ability in dual-task cognitive impairment. However, the
important changes in therapeutic mechanisms and functional connectivity associated
with RAGT and associated with improved functional gait may complement tradi-
tional treatment strategies [45].

8. Instrumental physical therapy

Focused mechano-acoustic vibration was administered by means of Vibration
Sound System®. It consists of a 32,000-revolution turbine with a flow rate of 35 m’/
hour able to generate airwaves with a pressure up to 250 mbar, and of a flow modula-
tor that makes the air vibrate with a pressure up to 630 mbar and a frequency up to
980 Hz (however, frequency within 300 Hz) [46].

This new form of energy enables us to re-establish and maintain coordination
between sensory information and neuromuscular system hence successfully restor-
ing muscular strength and tone. Unlike the traditional WBV plates, this modified
acoustic wave assumes an enlarged sinusoidal periodic waveform similar to a square-
wave type where its amplitude changes over at a specific frequency between fixed
minimum and maximum values with equal durations for both the minimums as well
as maximums while the transition from one extreme to another is instantaneous.

In this way, it is possible to instantly reach the maximum amplitude of oscillations
and keep it constant or regularly stimulate Pacinian corpuscles (the most important
vibratory receptors) within the entire period of its stimulus [47-49]. In Parkinson’s
disease, the use of Sinergy Viss determines a modulation of muscle tone, allows

an improvement of dystonia and rigidity of antigravity muscles and together with
treadmill training induces brain plasticity of brain areas deputed to motor controls,
which are affected in PD [29].
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9. Observation therapy

Action Observation Therapy (AOT) is a multidisciplinary approach from neu-
roscience that involves somatosensory and cognitive recovery. This pathway works
by activating the brain’s mirror neuron (MNS) [50, 51]. This helps plan movement
and neuroplasticity. A combination of practices (apps) have promising strategies to
promote physical activity and maintain functional capacity in PD. Therefore, this
therapy can improve the motor functions of the limbs and activities of daily living
such as eating, washing, and using dishes [52].

10. Microgravity aquatic therapy

Microgravity aquatic therapy is based on several important biotechnological
properties. The fundamental forces acting on a patient immersed in water consist of
buoyancy forces, resistance, and inertia. Other factors that affect the patient include
hydrostatic pressure and heat. Rehabilitation pools have a temperature of about
30-33°C. Several properties of water contribute to its therapeutic effects, such as
the ability to use water for strength instead of gravity or weight, thermal stability,
temperature is almost constant. Hydrostatic pressure also supports, stabilizes, and
influences heart and lung function. The hydrostatic force allows you to float and
reduces the effects of gravity. Turbulence and wave propagation of the fluid allow
for smooth maneuvering and movement. Through therapy in an aquatic micrograv-
ity environment, it is possible to adjust the intensity of the exercise, the resistance
of the water changes depending on the walking speed. In fact, slow movements
such as walking, movements that require a large amount of muscle strength in a
short period of time, experience increased water resistance [53]. Previous studies
have shown that exercising in water, where buoyancy makes it difficult to support
the body, reduces postural instability and improves dynamic balance and muscle
strength. In fact, water aerobics is widely used in the rehabilitation of neurologi-
cal diseases [54-56] and refers to water aerobics or rehabilitation training and
treatment methods that can reduce patients’ symptoms and improve their fitness
functions. It can effectively improve balance, walking ability, and quality of life in
patients with Parkinson’s disease.

11. Speech therapy and treatment of dysphagia

Speech therapists can help people with Parkinson’s disease to communicate as
much as possible. They also teach nonverbal communication as well as energy con-
servation. Dysphagia, or difficulty swallowing, will often occur at some point in the
disease process. It is important to recognize these signs to ensure safety with meals
and medications. Some signs of dysphagia may include an increase in coughing or
choking during meals, throat clearing or feeling foods “get stuck” in the throat after
swallowing. It is important to further assess swallowing function with the assistance
of an SLP to determine the safest and least restrictive diet reccommendations and pro-
vide appropriate exercises to improve swallow function. The VitalStim® System can
be used for PD. It is a painless non-invasive therapy for treating dysphagia, obtained
by external electrical stimulation which is applied to the front of the neck (defined
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as such in the market by the Food and Drug Administration in 2002). It provides
neuromuscular electrical stimulation (NMES) of the involved muscles to improve the
function of swallowing [57].

12. Psychological therapy

Parkinson’s disease is related to changes in neurotransmitters in the brain, which
can result in depression, anxiety, and even hallucinations. Furthermore, cognitive
changes associated with Parkinson’s disease can range from mild problems (that
do not impair day-to-day tasks) to dementia. There are three cognitive areas that
are most frequently impacted by Parkinson’s disease: executive functioning, atten-
tion, memory. Psychologists play a critical role in the interdisciplinary care team for
Parkinson’s disease, addressing the psychological, emotional, and cognitive needs of
individuals with the condition and their caregivers, and promoting overall well-being
and quality of life. Neuropsychologists can evaluate changes in mood and/or cogni-
tion (including executive functioning, processing speed, and attention) and make
treatment recommendations in order to maximize the patient’s strengths [58].

13. Complementary therapy

Various complementary therapies are suggested for individuals with PD, typically
categorized as dietary, nutritional, and physical [59].

In fact, in recent years, therapeutic proposals have expanded their frontiers, such
as music therapy, dance therapy, theater and tai chi (taiji), Nordic walking. Some
people with Parkinson’s and their family and carers have found complementary
therapies useful. It also improves posture, coordination, rhythm, and breathing and
prevents falls [60].

14. Conclusions

Rehabilitation plays an important role in the treatment of Parkinson’s disease
(PD). Numerous studies have addressed the issue of the effectiveness of rehabilitation
intervention in Parkinson’s disease with a marked increase in the number of publica-
tions since the 2000s. The expression of this pathology resulting from the interaction
of motor and non-motor symptoms can be extremely variable and make patient
management very complex so a multidisciplinary and rehabilitative management of
patients with Parkinson’s Disease is important. The rehabilitation approach must be a
multidisciplinary Parkinson’s Disease Multimodal Complex Treatment.
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The Effects of Neurofeedback
Training in Patients with
Parkinson’s Disease
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Abstract

Parkinson’s disease (PD) is the second most prevalent degenerative disorder
impacting the central nervous system. PD manifests through both motor and
non-motor symptoms, including rest tremors, bradykinesia, muscle rigidity, neu-
ropsychiatric distress, anosmia, and deficits in executive function and memory.
Neurofeedback (NFB) is a psychophysiological technique aimed at enabling indi-
viduals to self-regulate their brain activity by utilizing instruments that provide
real-time feedback on cerebral activity. The present chapter aims to state the theory
that has been produced about Neurofeedback in Parkinson’s disease. To achieve that,
firstly, the conceptualization of PD has been made; secondly, the neuropsychologi-
cal and neuropsychiatric symptoms were described; thirdly, the neurophysiology of
PD was presented; and finally, the neurofeedback applied in PD was analyzed. Most
of the studies are related to the improvement of motor performance, although the
non-motor symptoms might be another aim to improve the quality of life of those
patients.

Keywords: EEG, neuropsychiatry, neuropsychology, neuromodulation, SMR

1. Introduction

Parkinson’s disease (PD) is a central nervous system progressive pathology and
the second most common degenerative disease in the world. It occurs in one to two
individuals for each 1000 in the general population [1]. The PD prevalence reflects
the incidence and the duration of pathology. The incidence of PD is connected to
protective and risk factors, in which the higher risk factor is age, followed by chemical
products and pollutants such as pesticides, solvents and heavy metals. On the other
side, smoking is associated with lower risks of PD, but this causal association is
debatable [2].

The most common PD symptoms that characterize it differently from other
progressive pathologies are bradykinesia, muscle rigidity, resting tremor, and pos-
tural instability [3]. However, not only motor symptoms affect the quality-of-life of
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individuals with PD but also non-motor symptoms such as anosmia, constipation,
and neuropsychiatric alterations are part of the disease characteristics [4], as well as
cognitive loss [5].

The physiopathology of PD implies the degeneration of dopaminergic nigrostriatal
circuits, characterized by motor alterations, and the a-synuclein protein neuronal
deposit under the form of Lewy body, involving other cerebral areas beyond the sub-
stantia nigra of the mesencephalic region, with the commitment of non-dopaminergic
neurons [6].

According to the Braak theory [7] PD presents six degenerative stages linked to
a-synuclein deletion in the brain; briefly, it can describe an evolution of pathology
in the following way: firstly a-synuclein aggregate in the nervous system appears in
the interior of olfactive structures and the motor dorsal nucleus of the vagus nerve,
followed by the inferior portion of the Rafe Nuclei and the Locus Coeruleus in the
second stage. Only at the third stage that the substantia nigra is affected together with
the amygdala, integumentary pedunculopontine nucleus, and the superior portion
of Rafe Nuclei, among other areas. During the fourth stage a-synuclein spreads to
hippocampal formation and cortical-specific areas, and finally, in the last two stages
[5, 6], almost the entire cortex is injured [8].

Moreover, patients with PD also present degeneration in many other neuronal sys-
tems including the locus coeruleus noradrenergic pathway, the motor vagal nuclei, the
serotoninergic pathway of the Rafe nucleus, the cholinergic pathway of the nucleus
basalis of Meynert, pedunculopontine nucleus, Edinger-Westphal nucleus, and other
brainstem nuclei [9], in which some of these pathways have influenced the symptoms
composition.

Therefore, it is well known that the propagation of a-synuclein in the brain occurs
in stages and that the injury to other areas precedes the neuron degeneration of sub-
stantia nigra, affecting glutamatergic, noradrenergic, serotoninergic, histaminergic,
and cholinergic projections [10].

According to the canonic model [11], the dopaminergic circuit alterations in direc-
tion to the striated body in receptors D1 (excitatory) and D2 (inhibitory) provoke
an irregular neuronal communication in the thalamic pathway. Therefore, according
to this model, the imbalance in the activity of these two neuronal pathways, that is,
direct and indirect, resulting from the dopaminergic denervation is responsible for
generating the bradykinesia and stiffness. Thus, the substantia nigra pars compacta
neurons (SNpc) arouse the excitatory pathway D1, that is, arouse the direct pathway
and inhibit the receptors D2 from the indirect pathway, respectively, in segregated
classes of medial spine neurons (MSN), which forms the only way out of the striate
body. Besides that, the MSN sends projections to pale globe pars interna (GPi) and
the pale globe pars externa (GPe). The GPi functions as the primary output nucleus
of the basal ganglia, sending continuous inhibitory signals to the thalamus. Asa
result, the thalamus transmits excitatory signals to the neocortex, completing the
thalamocortical loop of the basal nuclei. This loop forms a dense glutamatergic path-
way of afferent innervation from the striatum, contributing to the neurophysiological
changes that will be discussed further.

Due to PD being a degenerative pathology of the central nervous system, there
is no definitive cure for their symptoms. However, the disease presents a positive
response to medication—levodopa—a substance that acts in the dopaminergic path-
way, replacing the dopamine production in the affected neurons, although its action
does not prevent the continuous degeneration of brain areas and other resources are
needed to control the pathology [3].
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An alternative to regulate movement in advanced stages or with lower response to
medication is Deep Brain Stimulation—DBS, as it produces electricity in the affected
region, providing an inhibitory action of the region, similar to a thalamotomy or abla-
tion, however reversible and controllable [12].

The DBS involves risks, that is, a surgical and invasive procedure with side
effects; besides, with time, its action might decline because of the degeneration
[13]. Moreover, another alternative to resistant medication cases, that has been used
to treat motor symptoms in PD, is the Guided Focus Ultrasound-MRI which consists
of beam emission by magnetic resonance in order to promote the ablation of the
thalamic region precisely increasing the region temperature leading to a neuro-
nal lesion. The ultrasound technique has been applied since the 80s but has only
become frequent in the last few years, mainly because of the magnetic resonance
technology, which supports the provision of a non-invasive procedure without
cutting [14].

Therefore, alternatives that favor the improvement of motor function and the
diminishing of affective and cognitive disability are important ways to improve the
quality of life in PD patients.

2. Neuropsychological changes in Parkinson’s disease

The PD presents several motor and non-motor symptoms, including neuropsy-
chological aspects, which will be detailed in this section. According to Luria [15],
neuropsychology has the purpose of investigating the role of specific brain systems
in the complex form of mental activity, that is, the union between cognitive pro-
cess—perception, attention, memory, reasoning, emotion, language, planning, and
motor control—and neuroscience—how the nervous system act in its function and
organization [16, 17].

Consequently, as PD presents neuronal degeneration in several pathways and
progressively modifies individual mental activity, it has a series of neuropsychologi-
cal symptoms that must be addressed, starting from the motor symptom itself. The
degeneration of basal ganglia occurs because the dopaminergic neuronal loss at the
substantia nigra pars compacta affects the inhibitory pathway leading to the pathol-
ogy’s most characteristic symptom, which is freezing or tremor, that is, the neuronal
consequence over movement. Moreover, physiologically, the cortex keeps the action
planning at the premotor and motor region in the frontal lobe; however, the abnormal
neuronal function of the basal ganglia affects the velocity to initiate the movement,
which remains slowed during action performance [16]. Consequently, these two
examples represent the first recognized neuropsychological impairment of PD, that
is, motor control.

Besides that, the PD diagnostic evolution from observation of other symptoms
and with the detailed physiopathology, including non-motor symptoms, brought light
to new perspectives on the pathology [18].

Therefore, other neurocognitive disorders are observed as common features of PD,
with the consequence of a prevalence of dementia in 26% of the cases in the initial
phase and longitudinally that of 78.2% of dementia cases in 8 years after diagnosis
[19]. Moreover, the prevalence of cognitive decline in non-dementia patients is 25%
[20]. The common pattern of cognitive alterations in PD is the dysexecutive syn-
drome, despite the fact that a variety of visuospatial, memory, and language deficits
has been observed [21].
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Based on the diversity of PD manifestations, there have been proposed that
cognitive difficulties are the result of two syndromes that partially overcome. One is
related to dopaminergic loss of the basal pathways leading to attentional and execu-
tive deficits, and the other is in the posterior region associated with the cholinergic
degeneration with cognitive loss associated with the cortical posterior bases, that
is, recognition memory and visuospatial skills deficits. Therefore, it has been called
“Dual syndrome,” in which the cognitive deficits are specific domain, frontal striatal
and/or cortical posterior [22].

A study conducted by Barvas et al. [23] evaluated 65 patients in their neuropsy-
chological function in order to check the cognitive phenotype pattern of PD, in which
they present a qualitative description of three groups. Group A, 21.54%, includes
patients with no cognitive deficits or a mild difficulty in memory and executive func-
tion and those with performance in attention, visual and verbal long-term memory,
executive function, social cognition, language, and visuospatial skills better than the
other two groups. Group B includes 53.85% of the sample and is composed of patients
with intermediate cognitive impairments and significantly lower scores than group A
in attention, episodic memory, social cognition, and verbal fluency, not presenting a
significant difference in executive function and tests of naming than group A.

At last, group C represents 24.61% of the sample, which includes patients with
higher cognitive impairments, with lower performance compared to group A in all
tests, and higher deficits compared to group B in executive function and visuospatial
skills. According to the “Dual syndrome” hypothesis, it might be said that group A
and B reflects the difference in the degree of cognitive symptoms associated with
dopaminergic loss over the basal ganglia pathway, and group C reflects the cognitive
symptoms associated with the cortical degeneration of cholinergic loss. Alternatively,
the difference observed in group B might be associated with symptoms regarding
dopaminergic loss and the initial corticoposterior degeneration.

Besides that, the study also observed a difference between groups B and C in rela-
tion to education, in which group B had more years of study than group C, thatis, an
indicative of cognitive reserve in this group, once the number of education year is one
of the factors for cognitive reserve, contributing to executive functions and memory
in patients with PD [24].

No other demographic difference or clinic was found between groups; therefore,
gender, time of disease, severity of motor incapacity, as well as depression and anxiety
did not interfere with cognitive capacity; however, there was a relationship between
daily living activity and cognitive performance, once there was a difference between
groups in this area, in which group C had lower scores compared to group A [23].

In general, we can differentiate brain atrophy in Parkinson’s disease when it occurs
with dementia (PDD) and with mild cognitive impairment (MCI) associated with PD.
Therefore, there are atrophy patterns that can be summarized as follows:

PDD:

* More pronounced bilateral gray matter atrophy in the medial frontal region,
right precuneus, left inferior parietal lobe, left superior frontal gyrus, and left
middle temporal gyrus [25].

* Atrophy in the occipital lobes is more intense than in PD without dementia [26].

* Atrophy of the hippocampus and entorhinal cortex is less pronounced than in
Alzheimer’s disease (AD) [27].
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MCI:

¢ Atrophy of the occipito-temporal cortex (fusiform gyrus) in cases with facial
recognition deficits.

* Atrophied parietal areas in cases with deficits in visual shape discrimination [28].

* Atrophy of the non-dominant extra-striate visual cortex in cases with stereopsis

deficits [29-31].
* Cortical thinning identifiable before the diagnosis of MCI [32].

* More accelerated cortical thinning in the left middle frontal gyrus, right superior
frontal gyrus, and left superior temporal gyrus [33, 34].

* Smaller volumes of the left nucleus accumbens, left caudate, and hippocampus
[29, 35, 36].

Thus, the correlations between degenerative changes and cognitive performance
can be defined as follows:

* Striatum: Lower performance in phonemic verbal fluency.
* Right parietal cortex: Better performance in visual memory-free recall.

* Central portion of the corpus callosum: Performance in attention/working
memory.

* Mid-posterior region of the corpus callosum: Executive functions, language, and
memory.

* Posterior section of the corpus callosum: Memory and visuospatial domains.

Furthermore, imaging biomarkers are currently being used to examine the expan-
sion of the lateral ventricles and atrophy of the corpus callosum. Therefore, when it
comes to PDD and MCI, brain atrophy presents distinct patterns, with different brain
regions being affected in each case. Nonetheless, it can still be a useful biomarker for
diagnosing and monitoring disease progression [37].

3. Neuropsychiatric disorders associated with Parkinson’s disease
Psy

Parkinson’s disease (PD) also presents neuropsychiatric symptoms among its non-
motor symptoms in comorbidity with the progression of the pathology, with the most
frequent being anxiety, depression, apathy, and psychosis, occurring in most patients
at some point during the course of pathology. The symptoms mentioned above are
among the most important to be considered in PD as they directly affect the patient’s
quality of life [38].

The two most common neuropsychiatric disorders are depression and anxi-
ety, with approximately 30-40% of PD patients having significant symptoms of
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depression and anxiety affecting about 40% of patients with PD. The symptoms of
both neuropsychiatric pathologies can be related to periods off medication, which
usually, but not always, seem to follow motor fluctuations and respond well to
antiparkinsonian medication [39].

Both depression and anxiety can occur several years before motor symptoms,
being considered one of the prodromal non-motor symptoms of the pathology [40].

Anxiety is the most common neuropsychiatric symptom, affecting about 31%
of PD patients, according to the study by Kalia and Lang [41]. Another recent study
suggests that anxiety in PD may be associated with a reduction in cognitive control of
emotional processes [42], becoming a burden for these patients as it may be associated
with motor disability and reduced quality of life [43].

Garlovsky et al. [44] identified that personality traits, coping style, social support,
and pathology are psychosocial predictors of anxiety in PD. Additionally, individuals
with avoidant or pessimistic personality traits are associated with higher levels of
anxiety, mainly because they are less competent in dealing with negative emotional
experiences. On the other hand, social support and a sense of identity seem to be
protective mechanisms.

A systematic review by Carey et al. [45] demonstrated that anxiety associated with
Parkinson’s disease (PD) is linked to structural and functional changes in the cortico-
striato-thalamo-cortical (CSTC) limbic circuit and the fear circuit. Consequently,
anxiety in PD may result from an imbalance between these two circuits.

Furthermore, the shared pathophysiology between anxiety and PD may account
for the shared symptoms between the two conditions. The dopaminergic theory indi-
cates that mesolimbic and mesocortical neurodegeneration of dopaminergic projec-
tions observed as early changes in PD is highly associated with anxiety in PD [46].

The depletion of serotonergic nerve cells in the raphe nuclei [47] results in
increased anxiety symptoms in PD patients [48]. And the degeneration of the locus
coeruleus, rich in norepinephrine, is responsible for generating physiological anxiety
reactions [49]. Consequently, the deficits of these neurotransmitters also lead to a
high frequency of anxiety in PD.

Moreover, there is an overlap of anxiety and PD symptoms, meaning behavioral
changes associated with anxiety can be similar to PD physical symptoms. For exam-
ple, agitation can be confused with tremors, restlessness and dyskinesia. Conversely,
symptoms associated with PD can resemble anxiety, such as muscle tension, fatigue,
and difficulty concentrating. Thus, these symptoms can be confusing in determining
whether patients are experiencing anxiety or PD symptoms [50], making differential
diagnosis based on observed symptoms difficult.

In the case of depression, differential diagnosis difficulties are also observed since,
despite the key characteristics of depression being low mood and lack of interest or
pleasure (anhedonia), changes in sleep, appetite, loss of libido, psychomotor retarda-
tion, reduced memory, and loss of energy are characteristics that can overlap with PD
symptoms [51].

Similar to what occurs with anxiety, many neurobiological findings have shown
that depression in PD may not only result from deficiencies in serotonergic pathways
but also from reduced dopaminergic and noradrenergic innervation in the limbic and
striatal systems [52]. Consistently, depression in PD can be treated using selective
serotonin reuptake inhibitors, serotonin/norepinephrine reuptake inhibitors, and
dopaminergic agonists [53] in conjunction with antiparkinsonian medications.

Mesolimbic dopaminergic denervation plays a crucial role in the development of
apathy and depression, potentially explaining the frequent comorbidity observed in
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PD patients. There is confirmed evidence that dopaminergic agonists can improve
depression and apathy in Parkinson’s patients [54, 55], which is consistent with the
fact that depression and apathy are conceptualized as hypodopaminergic syndromes
related to PD.

However, recent studies suggest that degeneration of the serotonergic pathway
also contributes to depression and apathy. A meta-analysis revealed that 57.2% of
apathetic PD patients suffer from depression, while the remaining 42.8% experience
apathy as a symptom distinct from depression [56]. The severity of apathy is primar-
ily associated with specific lesions in the caudate nucleus and orbitofrontal cortex,
whereas depression is linked to the anterior cingulate cortex. These distinct neural
correlates may explain the differences in these symptoms [57]. Thus, cholinergic
inhibitors can relieve apathy by increasing cholinergic neurotransmission but do
not interfere with depressive symptoms. These results indicate that dopaminergic
pathways may involve both apathy and depression, while serotonergic pathways may
involve these symptoms in different ways [58].

In the case of anxiety combined with depression in PD, which is also frequent,
the degree of both depression and anxiety is linked to changes in the serotonergic
pathway, as well as the loss of dopamine and norepinephrine innervation, confirming
the relationship of dopaminergic, serotonergic, and noradrenergic pathways in the
dynamics of both pathologies [58].

4. The neurophysiology of Parkinson’s disease

Neurophysiology consists of another branch of neuroscience, characterized as
behavioral neuroscience, that is, the relationship of the nervous system with human
behavior. It includes the study of functions such as sleep, gait, coordination, and
sensory responses, among others [59]. One of the ways we can obtain physiological
information is through the electroencephalogram (EEG), a technique that captures the
postsynaptic electrical activity of the cerebral cortex via electrodes and transforms it
into brain waves.

In general, the electrodes capture the electrical responses of layers III and V,
formed by pyramidal cells in the cortex, which occur near the scalp. These responses
are characterized by the postsynaptic potential difference of billions of neurons in
the area near the electrode [60]. The potential difference forms a two-dimensional
topographic representation of cortical activity that can then be mathematically
processed through the Fourier transform. Thus, the Fourier transform is a way of
decomposing the sinusoidal signals captured by cortical depolarization. Generally,
there are two EEG patterns in wakeful states: the first is marked by synchronization,
that is, rhythmic activity of high amplitude and low frequency, usually measured
with eyes closed. The second is desynchronized activity, which is irregular, of low
amplitude or voltage, and high frequency, occurring during visual attention with eyes
open. EEG synchronization is recorded in the alpha frequency range (8-11 Hz) and
results from thalamic oscillations whose cells fire rhythmically, with an inhibitory
function, while desynchronized activity corresponds to increased cortical activity
generated by sensory inputs, at which time cortical and thalamic neurons fire in tonic
mode [61].

In general, cortical activity recorded by electrodes can be categorized into the fol-
lowing frequency bands: delta: 1-4 Hz, theta: 4-8 Hz, alpha: 8-13 Hz, beta: 13-30 Hz,
and gamma: 30-60 Hz.
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The frequency is inversely proportional to the wave amplitude, which means that
when the frequency is high, the amplitude is low, and when the frequency is low, the
amplitude is high [62]. There are some associations between frequency bands, cortical
activity, and behaviors performed, that is, when there is intense cortical activity,
faster waves are involved in certain brain areas, and some behavior is associated with
the activity. Thus, schematically and simply, there are associations between delta
waves, which are low-frequency cortical activity, with deep sleep; theta and alpha
waves, with moderate and low cortical activity, related to working memory, attention,
and creativity; beta and gamma waves, are associated with intense thought activity,
such as stimulus integration [63], and beta waves are also associated with cortical
desynchronization observed during wakefulness and REM sleep [59].

Regarding the neurophysiology of PD, beta oscillations play an important role in
movement coordination. They are predominant during stability, tonic contractions,
decreasing immediately before and during movement execution, with a rebound
shortly after [64].

Studies support the idea that stopping or omitting undesirable behaviors is associ-
ated with increased synchronization and coherence of beta frequency oscillations
[65]. Thus, in Parkinson’s cases, alteration of beta frequency oscillations in the dorso-
lateral and frontal regions can be observed, which may be related to motor process-
ing, specifically in stopping movement. Striatal dopaminergic denervation leads to
excessive beta oscillatory synchronization with the thalamo-cortical circuits and basal
nuclei. Coherence at 15-30 Hz in the somatosensory area produces symptom relief in
Parkinson’s disease [66].

Animal models and electrophysiological studies for PD linked dopaminergic
denervation to excessive beta synchronization with basal and thalamo-cortical
circuits. For example, two studies demonstrated that treatment with L-dopa reduced
coherence in beta frequencies between the GPi and the subthalamic nucleus (STN),
and between the STN and the supplementary motor area (SMA) during rest or motor
tasks [67, 68].

Interhemispheric beta synchronization may be another electrophysiological
feature of PD [6]. Additionally, Parkinson’s patients who underwent DBS implant
surgery have shown beta oscillations in the dorsolateral region, topographically
associated with motor areas [69]. In this context, it is believed that beta band
synchronization represents a rhythm that promoting immutability, stabilizing
the neural circuit in a state of low entropy and maintaining homeostasis [70].

The greater the beta oscillatory synchronization, the larger the neural circuits can
encompass distant regions in predictable and stereotyped spatiotemporal firing
patterns. Thus, notably, excessive beta synchronization is potentially related to
symptoms of bradykinesia and rigidity [71], as beta synchronization facilitates the
stopping behavior through the direct and indirect pathways of the substantia nigra
pars compacta and the putamen [72], while oscillations may explain tremor and
dyskinesia, respectively [73].

The gamma frequency (35-90 hz) plays a fundamental role in neuronal computa-
tion, being the consequence of inhibitory postsynaptic potential, reverberating in
interneural networks, and between inhibitory and excitatory neurons of pyramidal
populations, causing a recurrent feedback loop [74, 75]. Additionally, it is associated
with motor processing, and its excessive synchronization can potentially lead to
chaotic kinesthetic activity characterizing dyskinesia syndromes.

Matzilevich et al. [76] suggest that the interaction between beta and gamma
oscillations may represent a coupling mechanism that subserves the maintenance of
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motor programming and task mediation. For example, exaggerated coupling between
the low-frequency beta band phase (13-22 Hz) and the high-frequency gamma band
amplitude (300 Hz) within the STN is correlated with bradykinesia and rigidity
severity [77].

Furthermore, regarding alpha waves, DBS reduces the amplitude of this frequency
band over the sensorimotor cortex. This aligns with the notion that the basal ganglia
promote alpha desynchronization by releasing motor regions from an idle state,
thereby facilitating the effective selection and programming of motor responses [76].

Excessive theta oscillation coincides with the resting tremor frequency in
Parkinsonism and may represent an underlying mechanism for this symptom [6].
Theta oscillations are also associated with gait disturbances in PD, with increased
frontal theta oscillations seemingly related to the transition to gait freezing, possibly
reflecting a compensatory cognitive mechanism. Conversely, decreased theta oscilla-
tions in the occipital region are linked to gait imbalance [76].

5. The use of neurofeedback in Parkinson’s disease

Neurofeedback (NFB) is a form of neuromodulation through operant conditioning
of brain activity, where a computational interface provides visual and/or auditory
feedback to the subject as they achieve the expected results [78].

Neurofeedback can use cortical information captured by electroencephalogram
(EEG) or functional near-infrared spectrography (fNIRS) [79], as well as deep brain
information captured by functional magnetic resonance imaging (fMRI) [80].

The principle governing neurofeedback is operant conditioning, in which a com-
putational interface provides visual and/or auditory feedback to the subject as they
achieve the expected results [81]. However, according to Lacroix’s cognitive proposal
(1986), the subject also consciously appropriates their physiological responses by
perceiving the change in mental state, making NFB also governed by cognitive
principles [82].

As a form of neuromodulation, NFB training promotes the persistent functional
reorganization of the brain through neuroplasticity, evidenced by cortical changes
observed post-training. These changes are based on Hebbian cellular learning
principles [81].

The most common form of neurofeedback is through EEG, where brain waves
are the neurophysiological aspect being trained. EEG neurofeedback is the most
widely used type of neuromodulation biofeedback due to its easy handling, adapt-
ability to everyday life, and having more systematic and proven protocols [78]. EEG
NFB is based on operant conditioning of brain waves according to frequency bands
associated with certain physiological aspects. Additionally, its action on the brain is
dynamic, meaning a particular frequency band can be increased in a specific region
while decreasing in another to achieve a result [83].

Generally, electrodes are installed in the target region of the scalp associated
with a cortical area, and the computational interface will provide feedback to
the subject when they reach the established frequency band associated with the
desired modification. For example, the protocol used to improve attention deficit
hyperactivity disorder (ADHD) [84-86] is performed in the central cortex region,
where the electrode is placed at Cz, and the training frequency band is the increase
of the sensorimotor rhythm (SMR), with a frequency of 12-15 Hz. Thus, when the
individual increases the SMR in this region, there is computational feedback to

163



Neuromuscular Diseases — How to Recognize and Treat Them

reinforce the behavior, and the consequent sensation of improved attention also
helps the individual to self-regulate.

Neurofeedback has various protocols besides the example cited above and can
be applied to several clinical conditions such as epilepsy [87], anxiety [88], and
depression [89] in extensively studied protocols, both in the central cortex region
to increase SMR (12-15 Hz) and in the frontal cortex region [81]. The sensorimotor
rhythm occurs more precisely over the primary motor cortex and was first observed
during the operant conditioning of cats alongside the analysis of cortical activity. The
conditioning involved training to receive food when the animals pressed a bar, and
when the cats waited for the food after pressing the bar, a decrease in movement and
an increase in alertness associated with activation in the 12-15 Hz range was observed
[90]. In humans, the SMR follows a similar pattern [91], meaning that an increase in
12-15 Hz activity in the sensorimotor area corresponds to a suppression of movement
and an enhancement of attention.

Regarding motor symptoms improvement in Parkinson’s disease, a review con-
ducted by Anil et al. [13] on experimental articles using all forms of neurofeedback
to enhance motor function in PD patients demonstrated that most of them applied
the alpha/beta rhythm protocol similarly to the protocol used for ADHD, where SMR
training occurs in the sensorimotor region since the circuits involved in SMR action
are thalamocortical networks that reduce interference from somatosensory informa-
tion conduction. This inhibition caused by the SMR increase leads to better integra-
tion of information processing in the cortex, as motor activity can interfere with this
processing, hindering cognitive performance [92]. Thus, SMR NF training acts on the
inhibitory mechanisms of thalamic circuits [93].

Additionally, beta synchronization changes in the motor region are predominant
in individuals with PD, as mentioned earlier. Apparently, NF results with fMRI are
more promising than with EEG, but it should be considered that using MRI implies
a hospital context, is restrictive, and demands a high cost, whereas EEG would have
broader applicability, being portable and potentially usable outside the clinical
context [94].

NFB can be an alternative for controlling motor symptoms in PD patients since the
SMR protocol in the sensorimotor region, besides affecting attention, can also inhibit
the hyperactivity characteristic of ADHD patients, as increasing this rhythm involves
regulating high motor command [95].

The study conducted by Shi et al. [96] tested the effect of multimodal biofeed-
back (BFB) on motor and non-motor symptoms in PD, comparing a sample divided
into three groups: placebo, EEG NFB, and multimodal BFB. The multimodal group
performed the SMR training protocol at C3 and C4, heartbeat through electrocar-
diogram, and blood oxygenation; the NFB group did only the SMR protocol, and the
placebo group did a false NFB.

The results showed that multimodal BFB improved non-motor symptoms, specifi-
cally depression, due to neuromodulation of the parietal and frontal lobes, especially
in theta waves. Additionally, NFB training improved motor symptoms, mainly by
regulating beta waves [96].

Another study applied the SMR protocol to a PD patient [97], as this brain activ-
ity over the sensorimotor cortex is associated with motor planning, initiation, and
imagination [98]. Thus, they tested a single case using fMRI neurofeedback (NFB)
in the ON and OFF dopaminergic medication states to check the feasibility of NFB
training for this purpose, as motor imagination training in fMRI NFB has shown to
induce improvement in motor function in PD patients [99]. The results were mixed
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on motor behavior, and cortical analysis showed that beta activity reduced at the end
of the patient’s training in the ON medication state.

Furthermore, SMR strength was initially distributed over the posterior region
and, by the end of the training, was more centralized over the motor cortex. Changes
in the spatial distribution of theta and alpha suggest that the patient might be learn-
ing cognitive control strategies [97]. This could indicate that theta oscillations in the
medial frontal region are integrating the training information [100, 101].

Moreover, according to Gomez et al. [102], SMR provides an event-related desyn-
chronization (ERD) in beta activity and a rebound in event-related synchronization
in alpha (ERS), which might lead to long-term potentiation and, consequently, brain
plasticity [103].

An important aspect to mention is that NFB in the elderly population is a tendency
for the formation of cognitive reserve, as published works have demonstrated the
enhancement of cognitive performance in terms of attention, memory, and working
memory through protocols to increase alpha peak [104], suppress theta [105], increase
theta [106], increase theta and alpha [107, 108], and increase SMR [109, 110].

The proposal to use NFB for elderly individuals presenting mild cognitive impair-
ment or dementia was reviewed by Trambraiolli et al. [111]. The authors demon-
strated that studies are scarce and have varied protocols, but their results indicate
improvement in memory and working memory, and they also demonstrate thatitisa
promising form of treatment for individuals with affected cognitive capacity.

Besides cognitive decline and neuropsychiatric alterations observed in Parkinson’s
disease patients, they also present sensorimotor difficulties, which impair the integra-
tion between attention and action, potentially interfering with these individuals’
emotional and cognitive aspects [112].

Thus, NFB might be a tool to provide cognitive reserve in individuals with PD as
well as to regulate neuropsychiatric symptoms, being applied not only to improve
motor function but rather to provide quality of life-changing their non-motor
symptoms.

6. Conclusion

To conclude, the main purpose of the chapter was to enlighten people about the
use of NFB as a tool for PD in many aspects of its symptoms. PD is a degenerative
disease of the central nervous system and implies many impairments to patients as it
progresses; not only do motor symptoms harm daily living activities but also non-
motor symptoms impact the quality of life and social skills of those individuals.

As a neurodegenerative disease the alterations of neurophysiology in PD are inevi-
table; however, as NFB may provide plasticity, this training might be able to supply
brain reserve and favor the delay of its progression.

Moreover, as cognitive performance is an important issue for social skills and
individual executive function, as well as emotional regulation also plays an important
role in personal life, NFB also may provide cognitive reserve and emotional regula-
tion, maintaining the quality of life and regular activities for those individuals.

Therefore, it was presented some of the studies that have tested NFB protocols to
improve motor and non-motor function in PD patients, with results indicating that it
might improve motor function generally and depressive symptoms, as well as cogni-
tive protocols to general cognitive decline in the elderly, have pointed to an improve-
ment in attention, memory, and working memory.
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