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Preface

When a person exercises, motor functions such as muscle strength and range

of joint motion as well as somatosensory functions that enable the exercise are
required. Somatosensory function is very important, especially when performing
fine movements.

This book Somatosensory and Motor Research is divided into three sections:
“Somatosensory Research,” “Motor Research,” and “Relationship between
Somatosensory and Motor Research.”

In the first section, “Somatosensory Research,” chapters provide information on
anatomy and physiology as a basis for explaining how to treat sensory disorders. In
the second section, “Motor Research,” chapters examine the relationship between
the evaluation of F-wave, an index of excitability of spinal cord horn cells involved
in motor function, and motor function. In the final section, “Relationship between
Somatosensory and Motor Research,” chapters address the effects of somatic
sensation on standing function.

We would like to thank all the authors who contributed to this volume. They are all
great researchers, and many are involved in rehabilitation. As such, I am convinced
that this book will revolutionize the field of physical rehabilitation.

We would also like to thank Ms. Rebekah Pribetic, Author Service Manager at
IntechOpen, for her help in the publication of this book.

Suzuki Toshiaki, PT, DMSc

Professor,

Graduate School of Kansai University of Health Sciences,
Osaka, Japan
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Chapter1

Somatic Nerve Reconstruction
and Reinnervation

Lin Yang and Ping Wang

Abstract

Somatic nerves include somatic sensory and somatic motor, both of which are
part of the peripheral nervous system. When somatic motor nerve or somatosen-
sory nerve produces injury, then it belongs to peripheral nerve injury. Peripheral
nerve injuries are common disease and complex process in clinical surgery. The
severe physical dysfunctions such as motor/sensory loss, dyskinesia, and nutritional
disorders in the area innervated caused by the peripheral nerve injury and even
leave a lifelong disability. Therefore, somatic nerve reconstruction is essential and
remains a major challenge for surgeons. Therapeutic methods include neurorrhaphy
and nerve transfer or redistribution reconstruction; traditional Chinese medicine-
assisted nerve regeneration and repair methods have been increasingly improved,
even the functional recovery of peripheral nerve has not made breakthrough
progress. All kinds of reconstruction and neural rehabilitation technologies have
their own advantages, but they all have some limitations. Although great progress
has been made in nerve electrophysiology and microsurgery, the results are still
unsatisfactory. This chapter reviews the application of peripheral nerve reconstruc-
tion technology and briefly describes the advantages and disadvantages of each
method, which will be useful for the selection of clinical treatment.

Keywords: somatic nerve, peripheral nerve injury, neural rehabilitation,
reinnervation, traditional Chinese medicine

1. Introduction

The peripheral nerves are all nerves, except the brain and the spinal cord, and
peripheral nerves are composed of nerve fibers. The longer protrusions of the neurons
are surrounded by an insulating sheath of myelin and nerve membranes to form nerve
fibers. Neurons are classified into motor neurons and sensory neurons according to
their function and the direction of nerve conduction. Motor neurons conduct signals
from the spinal cord and brain to the effector, and sensory neurons transmit excit-
ability to the central nervous system. The motor and/or sensory nerve fiber bundles
form the corresponding motor, sensory, or mixed nerves. Therefore, matching the
corresponding bundle branches during nerve repair is of great significance for nerve
regeneration. This article discussed the common clinical methods of nerve anastomo-
sis and nerve transplantation and analyzes the characteristics of various neurosurgical
reconstruction methods and the effects on somatosensory function recovery. At the
same time, this article will list several recognized and effective methods of traditional
Chinese medicine neuro rehabilitation, aiming to provide options for somatosensory
rehabilitation after peripheral nerve injury.

3 IntechOpen
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2. Nerve transplantation

The concept of nerve transplantation is to repair peripheral nerve injury caused
by various injury factors by means of nerve autograft and/or nerve allograft. Itis a
major alternative technique for nerve neurorrhaphy, applied to the clinical process
of nerve neurorrhaphy due to excessive stretching of the nerve leading to partial or
permanent ischemia. At present, peripheral nerve transplantation has developed
some major types of transplantation such as nerve autograft and nerve allograft.
The common transplantation methods used in surgical operations are nerve trunk
transplantation, nerve cable transplantation, and nerve bundle transplantation.

2.1 Neurorrhaphy
2.1.1 End-to-end (ETE) neurorrhaphy

The peripheral nerve injuries lead to different types and degrees of injuries; for
the treatment of peripheral nerves disorders, microsurgery plays a very important
role. It is the neurorrhaphy of the broken port to restore the anatomical continu-
ity of the nerve and enable the distal nerve fibers to grow into the corresponding
target tissue, so as to restore its sensory and motor functions to the greatest extent.
At present, the method commonly used in clinical practice to repair nerves with
a defect of a short segment of nerve is direct neurorrhaphy (Figure 1A). ETE
neurorrhaphy [1] is the current gold standard for clinical repair of nerve injury,
with the development of modern microsurgical technology, which has developed
from epineurium suture to small gap bridging method and sticky method under
the microscope, the nerve technology of conventional silk suture repair has reached
a higher level. ETE neurorrhaphy is available, reduces the degree of damage to the
nerve itself and surrounding tissues, reduces inflammation and scar formation, and

A B C

e
i

before before

A’ B’ C

fﬂ/gmnre {\

=5

L
\

LAk
;\_z i

after after after

Figure 1.
The schematic diagram of neurorvhaphy (drawn by Lin).
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is conducive to nerve regeneration and maturation. However, ETE neurorrhaphy
cannot repair long nerve defects, which is larger than 2 cm.

2.1.2 End-to-side (ETS) neurorrhaphy

ETS neurorrhaphy [2] is to sew (Figure 1B) the distal end of the injured nerve
to the side adjacent to the normal nerve and to regenerate the nerve through sudden
shoots of the collateral axis, thereby restoring the sensory and motor functions
of the injured innervation area. This surgical method is simple and requires only
anastomosis without tension. The donor nerve can be opened with or without the
window of the epineurium. After ETS neurorrhaphy, the function of the donor
nerve is not affected. The biggest advantage of this method in repairing nerve dam-
age is that it does not need to consider the distance of the damaged nerve proximal
defect, and it does not affect the function of the donor nerve. In 1994, Viterbo et al.
[3] first proposed a rat model, which sutured the distal stump of the rat peroneal
nerve to the side wall of a healthy tibial nerve on the same side. Experimental stud-
ies have found that after ETS neurorrhaphy, injured nerves regenerate, and targeted
organ function can be restored. Tarasidis et al. [4] confirmed that sensory nerves
can also achieve nerve regeneration through ETS neurorrhaphy. The effect of nerve
regeneration depends on many factors, such as contact area and anastomosis angle.
Jia et al. increased the contact area of the nerve stump and repaired the nerve with
ETS neurorrhaphy, and the nerve fibers regenerated well, increasing the contact
area of the nerve stump could obtain more effective nerve regeneration. Yu et al.

[5] studied whether sensory nerve induces motor nerve regeneration and suggested
that ETS neurorrhaphy of a sensory nerve gives rise to successful motor nerve
reinnervation.

Regenerating fibers are produced by normal nerve trunks through collateral
sprouting after nerve ETS neurorrhaphy. The level of regenerative nerve function
recovery is similar to the effect of ETS neurorrhaphy and has [6] the same effect as
nerve transplantation. Defective nerves can achieve self-connection of regenerating
fibers by bilateral anastomosis with normal nerves, but this connection plays only a
minor role in the recovery of injured nerve function, and the collateral regeneration
fibers from the normal neural stem play a major role. At the same time, anastomosis
may become a new method for the prevention and treatment of stump neuroma.

Experimental research and preliminary clinical practice [7] prove that nerve
ETS neurorrhaphy is a promising method for treating peripheral nerve injury.
Especially, it is a suitable choice when repairing a large segment of nerve defect,
and ETE neurorrhaphy cannot be applied, but there are few studies in this area, and
whether the ETS neurorrhaphy is superior and needs further research.

2.1.3 Side-to-side (STS) neurorvhaphy

As the distal end of the injured nerve and the adjacent healthy nerves are opened
and sutured on the opposite side (Figure 1C), two nerve channels are established.
Transportation reaches the damaged nerve and reaches the target organ to provide
nutrition or grow lateral buds, thereby [8] promoting regeneration and repair of the
damaged nerve, so as to restore part of the nerve’s function. It is obvious that nerve
regeneration after ETS and STS neurorrhaphy is not enough to replace the function
of the original inner nerve in dominate muscle function.

Peripheral nerve STS neurorrhaphy is one of the effective methods for treat-
ing spastic cerebral palsy of the limbs. The spastic muscle group can obtain some
normal innervation after operation to change the localization of the cerebral cortex.
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Zhou et al. [9] established a model by ligating and fixing the proximal peroneal
nerve transection of the right common peroneal nerve in New Zealand rabbits and
opening a window of the outer membrane of distal and ipsilateral tibial nerves and
anastomosing them with lateral suture, concluding that this method can effectively
protect the motor end plate function of the denervated muscles. STS neurorrhaphy
[10] is a remedial treatment for damaged nerves that cannot be repaired by con-
ventional methods, such as high injury or incomplete injury such as brachial plexus
lower trunk or sciatic nerve injury.

2.2 Nerve autograft

Nerve autograft is a method of suturing and repairing the injured area of the
autologous nerve with free autologous nerve. Philipeaux et al. first used the free
nerve transplantation to repair hypoglossal nerve defect in 1870, which became
the initiation of autologous transplantation. Oberlin et al. [11] reported for the
first time that the ipsilateral 1/10 ulnar nerve bundle branch was transposed and
anastomosed to the musculocutaneous nerve and biceps brachii muscle branch
to repair brachial plexus nerve injury. Since then, the operation has been widely
used and continuously improved. Contralateral C7 nerve transposition was first
created by Gu et al. [12] for the treatment of brachial plexus root avulsion in
1986, which developed a contralateral C7 vertebral body anterior displacement
(in combination with nerve graft) to repair a total brachial plexus avulsion. Nerve
autograft throughout hundreds of years’ researching has developed into pedicled
autologous nerve transfer and free autologous nerve transfer. Pedicled autologous
nerve transplant consists of pedicled autologous nerve transfer and pedicled
vascular autologous nerve transfer. Free autologous nerve transfer includes tradi-
tional autologous nerve transfer, such as cable, trunk, and vascular nerve transfer
[13]. Nerve autograft have incomparable advantages over other materials, such as
nonantigenicity; orderly arrangement of axons regenerated in vivo; accurate access
to target tissues, organs, and blood supply; and low rejection by the body. Autograft
have remained as the standard for the nerve grafting material. Therefore, nerve
autograft is the golden standard treatment for the majority of clinical diseases in the
current peripheral surgery for repairing peripheral nerve defects [14].

However, the limited sources are liable to cause nerve dysfunction. Sensory
deficiency and scar formation in donor site, which result in nerve regeneration,
were still being pended. Besides, insufficient blood supply and connective tissue
hyperplasia have also interfere with its development [15]. Therefore, studies on
improving autologous peripheral nerve blood flow, especially microcirculation and
blood-nerve barrier restoration, are intended to provide blood flow guarantee for
the survival of nerve transplantation segments and are a prerequisite for improv-
ing nerve regeneration [16]. Furthermore, increasing Schwann cells and forming
Schwann cells with the same number of nerve fibers make nerve fibers to regenerate
faster than connective tissue hyperplasia and can achieve better neural regeneration

effect [17].
2.3 Nerve allograft

In order to overcome the main shortcomings of nerve allograft in repairing
peripheral nerve injury, related scholars have explored a new repairing method—
nerve allograft. In 1885, Albert made the first attempt of human nerve allograft. In
recent hundred years, it was found that nerve allograft have many advantages, such
as no secondary damage on patients, availability of various types of nerve segments,
and sufficient sources. It is regarded as one of the new development directions of
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nerve repair and an alternative technical of nerve autograft. But after fresh nerve
allograft transplantation by Davis et al. [18], it was found that the area where it
was operated on transplantation could not be fully restored. Considering that the
transplanted nerves ended with central necrosis and fibrous scarring, Sunderland
believed that using fresh nerve allograft was a failure [19]. At present, it is gener-
ally accepted in academia that rejection reaction between graft and recipient is the
main factor affecting functional repair. Therefore, the key to the success of trans-
plantation is whether immune rejection can be suppressed or not [20]. At present,
the main research direction is to explore how to remove the antigenicity of nerve
allograft. Radiation-irradiation, cryopreservation, and high temperature preserva-
tion are the methods to reduce immunogenicity, but the effect of these pretreated
nerve allograft on promoting nerve regeneration is significantly weaker than that of
fresh autologous nerve transfer [21]. On these above shortcomings, many domestic
and foreign scholars have carried out various animal experiments, but no break-
through has been made.

2.4 Targeted reinnervation (TR)

In recent years, scholars have shown great interest in how to enhance the pros-
thetic somatosensory and motor function of patients with traumatic neurological
injuries wearing prostheses [22-25]. Northwestern University and the Chicago
Institute of Rehabilitation for the first time proposed the use of TR technology to
further improve the flexibility and accuracy of prosthetic sensation and motor
function and successfully applied the technology to a male patient with a trans-
shoulder fracture with myoelectric prosthesis [26]. Conventional myoelectric
prosthetics rely on surface electromyographic amplitude changes for simple
displacement of the hands and elbows [27]. Although such artificial limbs break-
through the bottleneck of the robotic arm being difficult to move autonomously
with personal consciousness, however, once the degree of amputation reaches above
the elbow joint, the acquisition of electromyography (EMG) signals is extremely
hard [28]. Due to insufficient accuracy and sensitivity, it is difficult to process the
complex signals on the EMG of the wrist, thumb, and other parts [29]. TR trans-
plants the amputated patient’s nerves to the target muscles to avoid atrophic atrophy
of the performing muscles and loss of motor function. By separating the original
nerves that dominate the target muscles, it reestablishes the dominant relationship
between the remaining important nerves and the target muscles [30]. Muscles are
bioamplifiers for stump motion signals, which can convert cortical signals trans-
mitted by newly implanted nerves into myoelectric signals to control prosthetic
activity.

TR can reestablish the nerve-muscle innervation relationship. It can more
intuitively use myoelectric signals to manipulate limb movements and improve
myoelectric prosthetic control. The key to control is that each reinnervated muscle
during TR surgery must only generate an EMG signal in response to transplantation
to that nerve [31]. In 2009, Kuiken et al. [32] performed TR surgery on a woman
with a shoulder joint amputation caused by a car accident. The patient’s residual
ulnar nerve was connected to the pectoralis major muscle, anastomosis of the
median nerve with the pectoralis major at the sternum, and the musculocutaneous
nerve was connected to the clavicle head of the pectoralis major muscle. At the
same time, the primordial nerves that dominate the above muscles were separated,
and the distal end of the long thoracic nerve was anastomosed with the radial
nerve end, the distal end of the intercostal arm nerve was anastomosed with the
median nerve side, anastomosis of the distal end of clavicle epithelial nerve with
the ulnar nerve (see Figure 2). Six months after TR, the electrodes widely placed
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on the patient’s chest could clearly record all myoelectric signals connected to the
nerve. After rehabilitation training, the patient was very skilled in the operation of
the prosthetic hands and elbows. When opening, closing, bending, or correcting
the elbow, the prosthesis can respond in a timely and accurate manner. Later, after
transforming the traditional three-degree-of-freedom myoelectric prosthesis [33]
into six free vacation limbs (shoulder flexion, humerus rotation, elbow flexion,
wrist rotation, wrist flexion, and hand control), including nonpowered locking
shoulder, passive humeral rotator, powered elbow, motorized wrist, and motorized
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Figure 2.

Schematics of TR surgery: the patient’s residual ulnar nerve was connected to the pectoralis major muscle,
anastomosis of the median nerve with the pectoralis major at the sternum, and the musculocutaneous nerve was
connected to the clavicle head of the pectoralis major muscle, the primordial nerves that dominate the above
muscles were separated, and the distal end of the long thoracic nerve was anastomosed with the radial nerve
end, the distal end of the intercostal arm nerve was anastomosed with the median nerve side, anastomosis of
the distal end of clavicle epithelial nerve with the ulnar nerve (drawn by Lin).

Nonpowered Locking Shoulder
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Figure 3.

Six free vacation limbs including nonpowered locking shoulder, passive humeral rotator, powered elbow,
motorized wrist, and motorized hand with pressure sensors can lead motor of shoulder flexion, humerus
rotation, elbow flexion, wrist votation, wrist flexion, and hand control (drawn by Lin).
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hand with pressure sensors (see Figure 3). The patient could perform various
movements with high flexibility. After being equipped with pressure sensors at the
hand control position, the thumb, index finger, and middle finger could cooperate
to complete the basic grasping action.

Amputees wearing prosthetics need not only to have a flexible motor func-
tion but also to have a precise sensory function. Somatosensory signal input is
an important part of the upper limbs performing motor functions, especially the
fingertips are largely dependent on tactile perception of the surrounding environ-
ment information [34]. The field of perceptual tactile sensation is very complicated.
In 2009 (Sensinger et al.) [35], skin touch tests were performed on three patients
undergoing TR surgery. The first subject (S1) undergoes directional transplantation
of the musculocutaneous nerve, median nerve, radial nerve, and ulnar nerve to the
head of the pectoralis major clavicle and the head of the pectoralis major sternum.

Palmar Hand Dorsal Hand

M s: M s: Bs;

Palmar Hand Dorsal Hand
. Median M. .Uln&r M. . Radial N. . Musculocutareous N.

Figure 4.

Diagrams of skin sensation after TR surgery (veferved to Sensinger et al): S1 skin test indicated that the tactile
position was located on the back of the hand; S2 skin test showed that the tactile position was located on the
outer edge of the index finger, thumb, and palm outer edge; and S3 skin test showed that the tactile position was
located on the three fingers on palm and palm side.
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Five and a half years of the innervation skin test indicated that the tactile position
was located on the back of the hand. For the second subject (S2), the ulnar and
musculocutaneous nerves were redirected to the medial and lateral halves of the
clavicular head of the pectoralis major. A two-and-a-half year innervation skin test
showed the tactile position on the outer edge of the index finger, thumb, and palm
outer edge. The third subjects (S3) who underwent TR surgery of the distal radial
and median nerves to the lateral head of the triceps brachii and the medial head

of the biceps brachii. After 1year of innervation skin test, the tactile position was
located on the three fingers on palm and palm side (see Figure 4). Although com-
pared with the normal sensory ability of innervating the hand, TR surgery failed to
make the patient’s prosthesis completely respond to sensory feedback, but the main
sensory nerve pathways were basically established [36], especially the median nerve
function recovery was ideal [37].

Nerves are prone to cause symptomatic neuromas during the repair process after
traumatic injury. Clinically, neuroma resection or nerve traction is often used to
relieve the pain symptoms of neuromas, but nearly 35% of patients do not control
their pain symptoms after treatment. TR surgery connects the residual nerve with
the target muscle or the corresponding nerve [35, 38]. Although it is difficult to
ensure a one-to-one correspondence, compared with autologous nerve transplanta-
tion or transplantation, the cost is much smaller. Northwest Hospital counted 100
patients who underwent TR surgery and found that only one patient had symptom-
atic neuroma after surgery [39]. The data confirmed that TR had certain clinical
significance for the prevention and treatment of neuromas.

In addition, due to the limited application of the lower limb electromyography
device, the clinical effect of TMR in lower limb amputees is still unclear. At the
same time, lower limb metabolic energy costs are higher. There are also complex
problems such as sitting posture, asymmetric gait, and slope walking, which needed
to carry out in-depth research to evaluate the application value of TMR.

3. Traditional Chinese medicine treatment

There is no such thing as “peripheral nerve injury” in traditional Chinese medi-
cine, but the symptoms after peripheral nerve injury are similar to “tendon injury”
and “paralysis syndrome” in the category of traditional Chinese medicine meridian.
Chinese medicine believes that the pathogenesis of this type of disease is Qi and
blood disorders. Local stasis after peripheral nerve injury can cause Qi stagnation,
Qi and blood circulation disorders in the meridians, and insufficient nutrition at
the injury site, resulting in local tissue ischemia and abnormal body function. If
the trauma severely causes the body to lose blood and Qi instantly, the Qi and blood
cannot be delivered to the body, the limbs will become cold, and Qi stagnates blood
stasis and then muscle atrophy, resulting in peripheral nerve somatosensory dys-
function [40]. Therefore, in view of the mechanism of Qi and blood dysfunction,
Chinese medicine believes that it should be based on imagination and deficiency
and based on Qi deficiency and blood stasis as the standard. Rehabilitation treat-
ment methods including acupuncture, massage, fumigation, and heat compress can
achieve certain results.

Acupuncture uses acupuncture to penetrate acupuncture points in the human
body to achieve the purpose of treatment. For example, acupuncture at Jiquan
can help regulate the balance of Qi and blood in the human body and enhance the
smoothness of Qi and blood in the body; acupuncture at the Yangming Meridian
and Sun Meridian can unblock meridians and reconcile Qi and blood [41]. Modern
medical research shows that acupuncture can reduce myelin shedding, prevent axon
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disintegration, and protect damaged neurons. He et al. [42] used acupuncture at
Baihui (GV20), Fengfu (GV16), Dazhui (GV14), and Shenzhu (GV12) for patients
with upper limb nerve injury and acupuncture at Zizhong (GV6), Mingmen (GV4),
Yaoyangguan (GV3), and Yaoshu (GV2) for patients with lower limb nerve injury
and found that the speed and range of motor nerve transmission were large after
treatment, which suggested that acupuncture at various points could effectively
enhance nerve excitability and relieve conduction dysfunction; in addition, elec-
troacupuncture could accelerate blood flow in blood vessels, improve blood supply,
and thus improve the degree of muscle atrophy. Li et al. [43] found that the content
of myelin basic protein MBP in the nerve tissue of the sciatic nerve injury rat model
group after acupuncture was significantly higher than that of the control group.
The increase of MBP and its antibody expression can promote the release of neu-
rotrophic factor 3, reduce the shedding of myelin sheath, inhibit the apoptosis of
nerve cells, and promote the repair of injured sciatic nerve.

Moxibustion ignites the moxa with fire, burns the acupuncture points, pen-
etrates the heat into the skin, and warms the blood. Moxibustion stimulates acu-
points on the body surface in this way and regulates the functions of Qi, blood, and
internal organs through the conduction of meridians throughout the body. After
peripheral nerve injury, the use of moxibustion can significantly reduce the degree
of muscle atrophy and help restore muscle regeneration [44]. The early use of
moxibustion can alleviate muscle atrophy and restore neuronal function.

The massage technique can relax the muscles, clear the vital energy, loosen
the joints, and relieve the pressure, thereby alleviating the local muscle spasm
and promoting the blood circulation. In traditional Chinese medicine treatment
of peripheral nerve injury, massage can improve the behavior and morphology of
peripheral nerve injury. Lu et al. [45] found that the myelin sheath structure of
myelinated nerve fibers in rats with sciatic nerve injury treated by massage tends
to be complete. The morphology and structure are arranged neatly, and the thick-
ness of myelin sheath and axonal diameter are significantly restored, indicating
that massage can effectively promote the recovery of somatosensory function after
sciatic nerve injury.

Traditional Chinese medicine fumigation is a treatment method that acts on
the body through the permeability of the skin by virtue of the dual effects of
medicine and heat. Traditional Chinese medicine fumigation therapy is based on
the principle of syndrome differentiation and treatment of traditional Chinese
medicine, and according to the needs of disease treatment, certain Chinese medi-
cines are selected to form fumigation prescriptions. The combination of medicinal
power and thermal power plays a role. During fumigation, due to the warm and
hot stimulation, the medicine gas and heat can reach the disease site directly,
which can promote the blood circulation and lymph circulation of the local and
the whole body; improve the nutrition of the local tissues; promote the whole body
function; dredge the meridians and collaterals; promote the circulation of Qi and
blood; eliminate swelling and stasis; relieve the tension and pressure of the local
tissues; relieve the tension or rigidity of the skin, muscles, tendons, and ligaments;
and make the joints and limbs move flexible to promote early recovery of limb
function [46].

After acupuncture, moxibustion, and fumigation act on acupoints and meridians
on the body surface, the stem or peripheral nerves are stimulated, and the paralyzed
nerves are passively excited and reflexive, which promote nerve fiber repair. Therefore,
the clinical development of modern rehabilitation methods combined with traditional
Chinese medicine acupuncture and massage is an effective method to relieve pain,
improve peripheral nerve somatosensory function, and prevent muscle atrophy after
brachial plexus injury. It is hoped that it will be promoted in clinical applications.
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4. Summary

Nerve injury is a common clinical disease with an incidence of about 1 million
cases per year [47]. According to foreign data, the excellent and good rate of repair-
ing peripheral nerve injury is less than half [48], and the disability rate is high.

At present, primary doctors are familiar with peripheral nerve injury, but their
understanding and practical operation of the theory of peripheral nerve injury still
have many shortcomings and even cannot suture the injured nerve with high qual-
ity. The situation is very serious. Gu [49] proposed that the key points of successful
regeneration of peripheral nerves include the following:

* survival of injured neuron cell bodies;

* budding and extension of proximal axons and growth into distal endometrial
basement membrane canals of the same function;

* reconstructing synaptic connections between regenerated axons and
corresponding target organs, restoration of target organs of nerve
reinnervation;

* synthesis of neurotransmitters and related enzymes of neurons. Specific
substances restore nerve conduction, axonal transport, and control of target
organs;

* the central nervous system can collect and integrate peripheral nerve signals.

At present, surgeons have limited ability to intervene in the repair and regenera-
tion of peripheral nerve injuries clinically. For instance, they can only intervene
including the choice of repair time, repair methods, and rehabilitation retraining.
Therefore, they should grasp the “golden time” of 1-3 months after injury, adhere
to the concept and technology of microrepair, and pay attention to major basic
principles such as normal tissues, tension free, the matching of nerve bundle type
and function, base bed, and blood supply.

In summary, with the rapid development of modern medical technology, the
continuous research of tissue genetic engineering, and the development of tradi-
tional Chinese medicine, the methods and types of peripheral nerve repair after
injury are much more in depth. The treatment techniques described in this chapter
enrich the treatment methods and therapeutic effects and should be selected
according to the specific conditions in clinical practice. However, there are still
many problems, such as the promotion of many drugs on nerve regeneration and
repair, but the specific mechanism is still unclear, which needs further study [50].
Therefore, great efforts still need to be made to find new repair methods in order to
improve the effect of nerve recovery.

Acknowledgements

The completion of the chapter is attributed to many people’s support and
encouragement. First and foremost, I want to extend my heartfelt gratitude to
supervisor, Professor Guanglin Li, whose patient guidance, valuable suggestions,
and constant encouragement make me successfully complete this chapter. He gives
me much help and advice during the whole process of my writing, which has made
my accomplishments possible.

12



Somatic Nerve Reconstruction and Reinnervation
DOI: http://dx.doi.org/10.5772/intechopen.91755

Also, I would like to express my sincere gratitude to the fund supports of
National Natural Science Fundation of China (Grant Nos. U1613222, 81960419, and
81760416) and also to thank the Key Laboratory of Human-Machine-Intelligence
Synergic System, Shenzhen Institutes of Advanced Technology, Chinese Academy
of Sciences.

Last my thanks would go to my student, Ms. Qianling Zhang who search and
collect of references for the completion of this chapter.

Author details
Lin Yang' and Ping Wang™*

1 Department of Human Anatomy, Zhuhai Campus of Zunyi Medical University,
Zhuhai, China

2 Zhuhai Campus of Zunyi Medical University, Zhuhai, China

*Address all correspondence to: 582578502 @qq.com

IntechOpen

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

13



Somatosensory and Motor Research

References

[1] Jaeger MR, Bragasilva J. End-to-end
versus end-to-side motor and sensory
neurorrhaphy in the repair of the acute
muscle denervation. Annals of Plastic
Surgery. 2014;67(4):391. DOI: 10.1097/
SAP.0b013e3182126816

[2] Haninec P, Filip S, et al. Direct
repair (nerve grafting), neurotization,
and end-to-side neurorrhaphy in

the treatment of brachial plexus
injury. Journal of Neurosurgery.
2007;106(3):391-399. DOI: 10.3171/
jns.2007.106.3.391

[3] Viterbo F. Two end-to-side
neurorrhaphies and nerve graft
with removal of the epineural
sheath : Experimental study in
rats. British Journal of Plastic
Surgery. 1994;47(2):75-80. DOI:
10.1016/0007-1226(94)90162-7

[4] Tarasidis G, Watanabe O,
Mackinnon SE, et al. End-to-side
neurorraphy: A long-term study of
neural regeneration in a rat model.
Otolaryngology - Head and Neck
Surgery. 1998;119(4):341. DOI: 10.1016/
s0194-5998(98)70074-9

(5] Yu Q, Zhang SH, Wang T, et al.
End-to-side neurorrhaphy repairs
peripheral nerve injury: Sensory nerve
induces motor nerve regeneration.
Neural Regeneration Research.
2017;012(010):1703-1707. DOL:
10.4103/1673-5374.217350

[6] Reichert P, Kietbowicz Z, Kuryszko J,
et al. Gait analysis after neurorrhaphy
in the brachial plexus. Polish Journal of
Veterinary Sciences. 2015. DOI: 10.1515/
pjvs-2015-0047

[7] Stalberg E, Dijk HV, Falck B,

et al. Standards for quantification of
EMG and neurography. Clinical
Neurophysiology. 2019. DOI: 10.1016/j.
clinph.2019.05.008

14

[8] Qiao HY. Comparative Effect of
Nerve End-to-Side and Side-to-Side
Neurorrhaphy on Prevention and
Treatment of Denervated Muscle
Atrophy. Shanxi Medical University;
2005

[9] Zhou Z. Experimental study

on the prevention of denervated
muscle atrophy by side-to-side
neurorrhaphy. Journal of Fujian
Medical University. 2002;03:292. DOL:
CNKI:SUN:FJYD.0.2002-03-025

[10] Ronkko H, Goransson H,

et al. Protective distal side-to-side
neurorrhaphy in proximal nerve
injury-an experimental study with rats.
Acta Neurochirurgica. 2019;161(4):645-
656. DOI: 10.1007/s00701-019-03835-2

[11] Oberlin C, Béal D,

Leechavengvongs S, et al. Nerve transfer
to biceps muscle using a part of ulnar
nerve for C5-C6 avulsion of the brachial
plexus: Anatomical study and report

of four cases. The Journal of Hand
Surgery. 1994;19(2):232-237. DOL:
10.1016/0363-5023(94)90011-6

[12] GuY, Zhang G, Chen D, et al.
Seventh cervical nerve root transfer
from the contralateral healthy side

for treatment of brachial plexus root
avulsion. The Journal of Hand Surgery.
1992;17(5):518-521. DOI: 10.1016/
S0266-7681(05)80235-9

[13] Battiston B, Titolo P, Ciclamini D,
et al. Peripheral nerve defects:
Overviews of practice in Europe. Hand
Clinics. 2017;33(3):545. DOI: 10.1016/j.
hcl.2017.04.005

[14] Gordon T, Borschel GH. The use

of the rat as a model for studying
peripheral nerve regeneration and
sprouting after complete and partial
nerve injuries. Experimental Neurology.
2016;287(3):331-347. DOI: 10.1016/
s0140-6736(07)60193-7



Somatic Nerve Reconstruction and Reinnervation
DOI: http://dx.doi.org/10.5772/intechopen.91755

[15] Hood B, Levene HB, Levi AD.
Transplantation of autologous Schwann
cells for the repair of segmental
peripheral nerve defects. Neurosurgical
Focus. 2009;26(2):E4. DOI: 10.3171/
FOC.2009.26.2.E4

[16] Lassner F, Becker M, Berger A, et al.
Degeneration and regeneration in nerve
autografts and allografts. Microsurgery.
1995;16(1):4-8. DOI: 10.1002/
micr.1920160104

[17] Arthur-Farraj PJ, Morgan CC,
Adamowicz M, et al. Changes in the
coding and non-coding transcriptome
and DNA methylome that define

the Schwann cell repair phenotype
after nerve injury. Cell Reports.
2017;20(11):2719-2734. DOI: 10.1016/j.
celrep.2017.08.064

[18] Mackinnon SE, Doolabh VB,
Novak CB, et al. Clinical outcome
following nerve allograft
transplantation. Plastic and
Reconstructive Surgery.
2001;107(6):1419-1429. DOL:
10.1097/00006534-200105000-00016

[19] O’Rourke C, AGE D, Murray-
Dunning C, et al. An allogeneic ‘off

the shelf’ therapeutic strategy for
peripheral nerve tissue engineering
using clinical grade human neural stem
cells. Scientific Reports. 2018;8(1):2951.
DOI: 10.1038/s41598-018-20927-8

[20] Gao Y, Wang Y-1, Kong D, et al.
Nerve autografts and tissue-engineered
materials for the repair of peripheral
nerve injuries:A 5-year bibliometric
analysis. Neural Regeneration
Research. 2015;6:1003-1008. DOI:
10.4103/1673-5374.158369

[21] Moore AM, Wagner IJ, Fox IK.
Principles of nerve repair in complex
wounds of the upper extremity.
Seminars in Plastic Surgery.
2015;29(1):40-47. DOLI:
10.1055/s-0035-1544169

15

[22] Marasco PD, Kuiken TA. Amputation
with median nerve redirection (targeted
Reinnervation) reactivates forepaw
barrel subfield in rats. Journal of
Neuroscience. 2010;30(47):16008-
16014. DOI: 10.1055/5-0035-1544166

[23] Schiefer M, Tan D, Sidek SM, et al.
Sensory feedback by peripheral nerve
stimulation improves task performance
in individuals with upper limb loss using
a myoelectric prosthesis. Journal of
Neural Engineering. 2016;13(1):016001.
DOI: 10.1088/1741-2560/13/1/016001

[24] Souza JM, Cheesborough JE,

Ko JH, et al. Targeted muscle
reinnervation: A novel approach to
postamputation neuroma pain. Clinical
Orthopaedics and Related Research.
2014;472(10):2984-2990. DOI: 10.1523/
JNEUROSCI.4044-10.2010

[25] Lowery MM, Stoykov NS, Taflove A,
et al. A multiple-layer finite-element
model of the surface EMG signal.

IEEE Transactions on Biomedical
Engineering. 2002;49(5):446-454. DOLI:
10.1109/10.995683

[26] Kuiken TA, Marasco PD, Lock BA,
et al. Redirection of cutaneous sensation
from the hand to the chest skin of
human amputees with targeted
reinnervation. Proceedings of the
National Academy of Sciences

of the United States of America.
2007;104(50):20061-20066. DOI:
10.1073/pnas.0706525104

[27] Wijk U, Carlsson I. Forearm
amputees’ views of prosthesis use and
sensory feedback. Journal of Hand
Therapy. 2015;28(3):269-278. DOI:
10.1016/jjht.2015.01.013

[28] Dumanian GA, Ko JH,
O’Shaughnessy KD, et al. Targeted
reinnervation for transhumeral
amputees: Current surgical
technique and update on results.
Plastic and Reconstructive Surgery.



Somatosensory and Motor Research

2009;124(3):863-869. DOI: 10.1097/
prs.0b013e3181b038c9

[29] Antfolk C, D’Alonzo M, Rosén B,
et al. Sensory feedback in upper limb
prosthetics. Expert Review of Medical
Devices. 2013;10(1):45-54. DOI:
10.1586/erd.12.68

[30] Cheesborough JE, Smith LH,
Kuiken TA, et al. Targeted muscle
reinnervation and advanced prosthetic
arms. Seminars in Plastic Surgery.
2015;29(1):62-72. DOI: 10.1097/
SLA.0000000000003088

[31] Huang H, Zhou P, Li G, et al.

An analysis of EMG electrode
configuration for targeted muscle
reinnervation based neural machine
interface. IEEE Transactions on
Neural Systems and Rehabilitation
Engineering. 2008;16(1):37-45. DOL:
10.1055/s-0035-1544166

[32] Kuiken TA, Miller LA,

Lipschutz RD, et al. Targeted
reinnervation for enhanced prosthetic
arm function in a woman with a
proximal amputation: a case study.
Lancet (North American Edition).
2007;369(9559):380. DOI: 10.1016/
s0140-6736(07)60193-7

[33] Miller LA, Lipschutz RD,
Stubblefield KA, et al. Control of a six
degree of freedom prosthetic arm after
targeted muscle Reinnervation surgery.
Archives of Physical Medicine and
Rehabilitation. 2008;89(11):2065. DOI:
10.1016/j.apmr.2008.05.016

[34] Micera S. Staying in touch:
Toward the restoration of sensory
feedback in hand prostheses using
peripheral neural stimulation. IEEE
Pulse. 2016;7(3):16-19. DOI: 10.1109/
MPUL.2016.2539760

[35] Sensinger JW, Schultz AE,

Kuiken TA. Examination of force
discrimination in human upper limb

16

amputees with Reinnervated limb
sensation following peripheral nerve
transfer. IEEE Transactions on Neural
Systems and Rehabilitation Engineering.
2009;17(5):438-444. DOI: 10.1109/
TNSRE.2009.2032640

[36] Yao J, Chen A, Kuiken T, et al.
Sensory cortical re-mapping following
upper-limb amputation and subsequent
targeted reinnervation: A case report.
Neurolmage: Clinical. 2015;8:329-336.
DOI: 10.1016/j.nicl.2015.01.010

[37]1 Wall JT, Kaas JH, Sur M, Nelson R],
Felleman DJ, Merzenich MM. Functional
reorganization in somatosensory
cortical areas 3b and 1 of adult monkeys
after median nerve repair: possible
relationships to sensory recovery in
humans. The Journal of Neuroscience.
1986;6(1):218-233. DOI: 10.1523/
JNEUROSCI.06-01-00218

[38] Osborn L, Kaliki RR, Soares AB,
et al. Neuromimetic event based
detection for closed-loop tactile
feedback control of upper limb
prostheses. IEEE Transactions on
Haptics. 2016;9(2):196-206. DOLI:
10.1109/TOH.2016.2564965

[39] Mioton LM, Dumanian GA,
Cheesborough J, et al. targeted muscle
Reinnervation successfully treats
neuroma pain and phantoms in

major limb amputees: A randomized
clinical trial. Journal of Neurosurgery.
2018;65(1):86-86. DOI: 10.1093/neuros/
nyy303.117

[40] Zhang MX, Zhang Y, Bian YH, et al.
Effect of long-term electroacupuncture
stimulation on recovery of sensorimotor
function after peripheral nerve
anastomosis. Acupuncture in Medicine.
2018;36(3):170-175. DOI: 10.1136/
acupmed-2017-011367

[41] Wu ], LuY, Hua X, et al. Cortical
remodeling after electroacupuncture
therapy in peripheral nerve repairing



Somatic Nerve Reconstruction and Reinnervation

DOI: http://dx.doi.org/10.5772/intechopen.91755

model. Brain Research. 2018;1690:61-73.
DOI: 10.1016/j.brainres.2018.04.009

[42] He GH, Ruan JW, Zeng YS, et al.
Improvement in acupoint selection for
acupuncture of nerves surrounding the
injury site: Electro-acupuncture with
governor vessel with local meridian
acupoints. Neural Regeneration
Research. 2015;10(1):128-135. DOI:
10.4103/1673-5374.150720

[43] LiXQ,YuTY, YuY, et al.

Effects of electroacupuncture on
serum myelin basic protein and its
antibody in rats with sciatic nerve
injury. Journal of Beijing University
of Traditional Chinese Medicine.
2015;38(12):842-846. DOI: 10.3969/j.
issn.1006-2157.2015.12.010

[44] Hu LN, Guo HD, Tian JX, et al.
Electroacupuncture and moxibustion
promote regeneration of injured

sciatic nerve through Schwann cell
proliferation and nerve growth factor
secretion. Neural Regeneration
Research. 2018;013(003):477-483. DOI:
10.4103/1673-5374.228731

[45] LuMQ, YuTY, Yao BB, et al.
Effects of tuina therapy on the
neural ultrastructure of sciatic nerve
injury model rats. Journal of Nanjing
University of Traditional Chinese
Medicine. 2015;31(4):349-352. DOLI:
10.14148/j.issn.1672-0482.2015.0349

[46] Wang XL, Zhu XP, Ji DX, et al.
Beneficial effect of traditional Chinese
medicine fumigation “bone-healing
powder” in postoperative pain and
recovery of neurological function

of traumatic thoracolumbar spine
fractures: A case-control study.
Medicine. 2018;97(35):€11983. DOL:
10.1097/MD.0000000000011983

[47] Shao S]. Acupuncture therapy
for peripheral nerve injury. Modern
Rehabilitation. 2000;(11). DOI:
10.3321/j.issn:1673-8225.2000.11.006

17

(48] Zhang MX, Liu YY, Liu JW,

et al. The clinical research progress

of electroacupuncture treatment of
peripheral nerve injury. Bright Chinese
Medicine. 2016;31(08):1196. DOI:
CNKI:SUN:GMZY.0.2016-08-074

[49] Liu XJ, Cheng Q, Ding F.
Experimental study on the regeneration
of mouse sciatic nerve by nerve
regeneration extract from Achyranthes
bidentata. Shizhen Guo Yi Guo Yao.
2009;20(01):16-18. DOI: 10.3969/j.
issn.1008-0805.2009.01.008

[50] Liu H, Liu Y], Liu ZH. Study
on the neurotrophic effect of
Astragalus membranaceus extract.
Journal of Practical Medicine.
2010;26(14):2480-2482. DOLI:
CNKI:SUN:SYYZ.0.2010-14-007






Chapter2

The Glial Cell of Human
Cutaneous Sensory Corpuscles:
Origin, Characterization, and
Putative Roles

Ramon Cobo, Yolanda Garcia-Mesa, Jorge Garcia-Piqueras,
Jorge Feito, José Martin-Cruces, Olivia Garcia-Sudrez
and José A. Vega

Abstract

Sensory corpuscles of human skin are structures located at the peripheral end
of the mechanoreceptive neurons and function as low-threshold mechanoreceptors
(LTMRSs). In its structure, in addition to the axon, there are glial cells, not myelinat-
ing, that are organized in different ways according to the morphotype of sensitive
corpuscle, forming the so-called laminar cells of Meissner’s corpuscles, the laminar
cells of the inner core of Pacinian corpuscles, or cells of the inner core in Ruffini’s
corpuscles. Classically the glial cells of sensory corpuscles have been considered
support cells and passive in the process of mechanotransduction. However, the
presence of ion channels and synapses-like systems between them and the axon
suggests that corpuscular glial cells are actively involved in the transformation of
mechanical into electrical impulses. This chapter is an update on the origin, devel-
opment, cytoarchitecture, and protein profile of glial cells of sensitive corpuscles
especially those of human glabrous skin.

Keywords: terminal glial cells, lamellar cells, Meissner corpuscles,
Pacinian corpuscles, human

1. Introduction

The human skin is supplied by sensory nerve fibers which form in the dermis
complexes sensory structures known collectively as sensory corpuscles [1]. These
sensory formations are connected to nerve fibers originating from intermediate- or
large-sized neurons (see for a review [2]) that work as low-threshold mechano-
receptors (LTMRs). LTMRs are classified as A, A3, or C based on their degree of
myelination and action potential conduction velocities [2, 3] and functionally fall
into two categories: rapidly adapting (RA) and slowly adapting (SA) mechano-
receptors, which each have two variants, type I and type II [4, 5]. RAI and RAII
mechanoreceptors correspond to Meissner and Pacinian corpuscles, respectively;
SAI mechanoreceptors are the Merkel cell-neurite complexes, and SAIl mechano-
receptors are the dermal Ruffini’s corpuscles [1]. This diversity of LTMRs suggests

19 IntechOpen



Somatosensory and Motor Research

differentiated ability to detect and discriminate diverse stimuli in relation to their
connectivity to central nervous system nuclei [1, 2, 6, 7].

The peripheral processes of A axons contact in the skin with specialized
epithelial cells, i.e., Merkel cells to form Merkel cell-neurite complexes, or with
glial Schwann-like cells to form a part of the sensory corpuscles, i.e., Meissner
corpuscles, Ruffini’s corpuscles, and Pacinian corpuscles [1, 3, 8, 9]. Structurally,
the cutaneous sensory corpuscles consists of a dendritic zone (the extreme tip of
the peripheral process of an Ap LTMR), surrounded by nonmyelinating glial cells
variably arranged, and both are surrounded by a more or less developed capsule
of endoneurial/perineurial cells [9-13]. Filling the spaces among cells, there is a
chemically complex extracellular matrix, sometimes organized as a basal lamina
[14-17]. So, periaxonic cells that form sensory corpuscles are continuous with the
cells of nerve trunks, demonstrating a close relationship between the components
of nerves and sensory corpuscles [11].

The peripheral tip of the sensory Ap axon is always coated by glial cells. These
cells constitute a special population of peripheral glial cells denominated terminal
glial cells or skin end-organ glia [18], but habitually they are a neglected entity in
books and reviews in the topic and are not mentioned among peripheral glial cell
types [19]. However, emerging data strongly suggest that glial cells of the sensory
corpuscles play key roles in mechanotransduction.

In this review we summarize the current knowledge about the origin and
development, cytoarchitecture, immunohistochemical profile, and putative roles
of glial cells in sensory corpuscles especially in the genesis of mechanical poten-
tial action.

2. Origin of the sensory corpuscles glial cells

The glial cells forming a part of the cutaneous sensory corpuscles are regarded as
nonmyelinating Schwann-related cells and share some molecular markers. During
embryonic development, peripheral glial progenitors originated in the neural crest
(NC) cells contact the surface of developing axons and differentiate into Schwann
cell precursors (SCPs) [20]. Subsequently, SCPs originate immature Schwann cells
(ISCs) that later generate adult peripheral glial cells types, including the glia found
in cutaneous sensory end organs [18].

Neural crest boundary cells (NC-BCs) can also generate peripheral glia during
embryonic development [21] which in the presence of neuregulins (NRs) are able
to differentiate into SCPs [22] and then into ISCs before maturing into myelinat-
ing and nonmyelinating Schwann cells [23]. The immediate progeny of NC-BCs,
together with other nerve-associated SCPs, migrate along the sensory nerves
toward the skin to give rise to highly specialized glial cells (denominated specific
sensory nerve fiber-associated glia in the skin) associated to nerve endings in the
epidermis although these cells are distinct to the specialized glial subtype found
within the cutaneous sensory corpuscles [24]. But according to Etxaniz and co-
workers [25], in the skin BC derivatives give rise to at least three glial populations:
Schwann cells (mainly nonmyelinating) associated with subcutaneous and dermal
nerves and two types of terminal Schwann cells, associated with lanceolate endings
or free nerve endings. It can be speculated that the glial cells of sensory corpuscles
can derivate of that first type.

Furthermore, NC-derived stem cells are retained postnatally in the skin and
peripheral nerves after differentiation the SCPs cells and do not completely lost
multipotentiality [26] retaining certain characteristics of NC cells and remaining
multipotent [27, 28].
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In view of the diverse possible origins of the glial cells of sensory corpuscles, it
is not possible to know exactly the cells from which they come. Probably these cells
are a consequence of combinatory distinct molecular signatures and local factors
during development [18].

3. Development of the sensory corpuscles glial cells

Sensory axons are critical inducing the development of sensory corpuscles, and
reciprocal interactions between axons and target cells, especially peripheral glial
cells, seem to initiate their morphogenesis [29]. SCPs comigrate with growing axons
in peripheral nerves upon axonal signals such as NRG-1 [30, 31].

Some of the molecules that interplay those axon-peripheral glial cells relation-
ships in developing sensory corpuscles are now also known. The neurotrophin
(NT) family of growth factors is involved in the development of mechanoreceptors
controlling the development of mechanosensory neurons. Mice lacking TrkB and
its ligand brain-derived neurotrophic factor (BDNF), but not NT-4, do not develop
Meissner-like corpuscles [32-34], whereas overexpression of BDNF [35] and NT-4
[36] leads to an increase in the size and density of those corpuscles. The role of NTs
in regulating development of Pacinian corpuscles is more complex and controversial
since multiple NT-Trk signals participate, resulting in a reduction of the number of
Pacinian corpuscles in mice deficient for BDNF and NT-3 and TrkA and TrkB [37].
However, Pacinian corpuscles of postnatal TrkB-deficient mice were found largely
normal [33, 38]. ER81 is also present in developing murine Pacinian corpuscles [39],
and in the absence of this transcription factor, Pacinian corpuscles do not form
because their afferents do not survive. NRG-1 interacts with ErbB2/ErbB3 recep-
tors on Schwann cell lineage and is broadly involved in Schwann cell development
[40]. Recently, it has been demonstrated that a RET-ER81-NRG-1 signaling pathway
promotes axon communication with nonmyelinating Schwann cells. The glial cells
forming inner core of murine Pacinian corpuscles display NRG receptors erbB2,
erbB3, and erbB4, whereas the central axon is immunoreactive for NRG-1 and ablat-
ing Ret and Nrg-1 in mechanosensory neurons results in the absence of Pacinian
corpuscles, while Meissner’s corpuscles were unaffected [41-43]. Interestingly, the
dependence of the corpuscular glial cells from the axons continues during adult
life at least for the expression of some antigens. After denervation, glial cells of
Meissner-like corpuscles lack some specific markers [44, 45] and strongly decrease
the expression of TrkA [46], and the glial cells forming the inner core of Pacinian
corpuscles undergo apoptotic death that can be prevented by administration of glial
growth factor 2 [47].

In addition to the axon-glial cells interactions, probably local molecules partici-
pate in the development of sensory corpuscles including growth factors [48, 49],
p-arrestin-1 [50], semaphorins [49, 51, 52], ankyrin-B [53], and also mechanical
signals [54].

NC cells, SCPs, and ISCs share some markers (neuregulin receptors ErbB2 and
ErbB3, L1, nestin, vimentin). Two markers used for labeling of mature Schwann
cells, i.e., S100 protein and vimentin, are also present in ISCs but are absent or
expressed at much lower levels in PSCs [30, 55]. Using these proteins as ISCs or
mature Schwann and Schwann-related cell markers, we have determined the
timetable of the development of sensory corpuscles. In murine Meissner-like cor-
puscles start to express immunoreactivity for S100 protein by postnatal day 7 (Pd7),
vimentin by Pd12, and p75""*® (a marker for peripheral glia too) transitory from
Pd7 to Pd19. Pacinian corpuscles show S100 protein in the inner core at Pd7, whereas
vimentin starts expression at Pd19 and later [56]. In human, the first evidence
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of Pacinian corpuscles was at 13 weeks of estimated gestational age (wega). At

this time, and until 16 wega, the S100 protein positive from one or two layers of
rounded cells then (16-18 wega) become flattened and show lamellar organization,
thus originating a primitive inner core. Thereafter, between 20 and 24 wega, the
S100 protein-positive cells emitted cytoplasmic expansions that invaded the outer
region of the corpuscle forming a network. In the period between 24 and 36 wega,
the edge of the inner core was still not totally defined until the fourth month of life,
when the lamellae forming it become strongly packed and the inner core clefts are
clearly distinguished. During development of Pacinian corpuscles, expression of
vimentin started shortly later than that of SI00P and did not vary along lifespan.
On the other hand, at 23 wega hook-shaped axonal profiles are identified in the
dermal papillae, but SI00P-positive cells reach this place at 33 wega. By 36-40
wega, the S100 protein-positive lamellar cells of incipient Meissner’s corpuscles can
become progressively flattened, and around these cells also express vimentin, but
their definite and typical arrangement occurs in the first weeks of life. Along the
first semester of life, the SI00P-positive cells become definitively flattened, reach-
ing the adult morphology around 8 months [57].

4. Cytoarchitecture of glial cells in the different morphotypes of
cutaneous sensory corpuscles

The arrangement of terminal glial cells in the different morphotypes of sensory
corpuscles varies from one to another, either irregularly (Krause and Ruffini’s
corpuscles), regularly (Meissner corpuscles), or forming the lamellar system of the
inner core (Pacinian corpuscles) [8, 9].

In Meissner’s corpuscles, the terminal glial cells are currently denominated
lamellar cells.

The organization of the lamellar has a typical flattened appearance due to the
horizontal lamelation that form stacks of lamellae separated by axon branches [8,
58]. Habitually the nuclei of the cells are at the periphery of the corpuscle and are
total or partially covered by a CD34-positive capsule of endoneurial origin [13]
(Figure1).

The inner core is the zone of Pacinian corpuscles that lies between the axon and
the intermediate layer and consists of tightly packed lamellae of peripheral glial cells
which are diversely organized in the preterminal, terminal, and ultraterminal zones
of the corpuscle. In the preterminal zone, the axon is still covered by the myelin
sheath; the terminal zone characteristically has a bilateral symmetric organization;
and in the ultraterminal zone, glial cells lose bilaterally. The flattened lamellar cells
forming the terminal zone of the inner core have the nuclei lying in the outer core of
the inner core itself. The lamellar cells project processes from the outer margin into
the inner core, and flattening give the appearance of concentric layers of lamellae
arranged in bilateral symmetry, hemilamellae, and the tips of the lamellae are sepa-
rated by two clefs that run along the entire length of the axon until the ultraterminal
zone. Interestingly the lamellae of the inner core have numerous gap (tight) junc-
tions as well as desmosome-like junctions (see for a review [8, 9, 59]) (Figure 2).

Regarding Ruffini’s corpuscles, the glial cells forming the inner core have an
irregular distribution within the capsule with variable relationship with the den-
dritic zone of the axon tip [8] (Figure 3).

The terminal glial cells forming the inner core of Pacinian corpuscles and the lamel-
lar cells of the Meissner ones are covered by a basal lamina, and around there is a com-
plex extracellular matrix, whose composition in now rather well known [14-17, 60].
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S100P

Figure 1.

Immunohistochemical localizacion of S100 protein (S100P; a, b, g, h), vimentin (VIM; c, e, i), neurofilament
proteins (ved in g) and CD34 (ved in h, i) in Meissner’w corpuscles. The lamellar cells display intense and
selective cytoplasmic S100P and VIM which are colocalized (d-f). The lamellar ave in close contact with the
axon (ved fluovescence in g) and an endoeneurial capsule (ved fluovescence in h and i).

5. Immunohistochemical profile
5.1 Cytoskeletal proteins and general markers

Glial fibrillary acidic protein (GFAP) is theoretically the intermediate filament
protein filling the cytoplasm of Schwann and Schwann-related cells forming
cutaneous sensory corpuscles. However, most authors consider that peripheral
glial cells express vimentin as the main intermediate filament protein [61]. In
agreement with this assumption, GFAP was always absent from rat [62] and
human [63] cutaneous sensory corpuscles. In contrast, the cytoplasm of the
peripheral glial cells of sensory corpuscles expresses vimentin [62-64]. However,
GFAP immunoreactivity was detected in the innermost lamellae of the inner core
of feline Pacinian corpuscles [65] and human pancreatic Pacinian corpuscles [66].

The Ca**-binding proteins represent one of the physiological mechanisms for
maintaining intracellular Ca*" homeostasis [67]. Some of these proteins have been
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Figure 2.

Immunohistochemical localization of S100 protein (S100; a-e), neurofilament protein (NFP; ved fluorescence in
e) and CD34 (ved fluorescence in f). The glial cells forming the central zone of the inner cove are characteristically
arranged into two symmetrical hemilamellar systems separated by clefts (arrows in c-e) whereas in the
ultraterminal zone of the inner core are irvegularly disposed (a, b). The inner most lamellae of the inner core is in
close contact with the axon (e) while de outer most lamellae is closely velated with the so-called intermediate layer.
ic: inner cove; il: intermediate layer; asterisks indicate the zone occupied by the axon.

Figure 3.

Immunohistochemical localization of S100 protein (a-c) and CD34 in human cutaneous Ruffini’s corpuscles.
The glial cells are ivvegularly arranged and display a strong S100P immunofluorescence (a-c). The capsule of
these corpuscles is CD34 positive suggesting and endoneurial origin (b, c). c: capsule; ic: inner core.

found in the glial cells of cutaneous sensory corpuscles, most of them belonging to
the so-called “EF-hand” family. They include S100 protein, calbindin D28k, parval-
bumin, and calretinin (sensory corpuscles) [10, 68, 69].

5.2 Growth factors and growth factor receptors

As far as we know, the only growth factors detected in the glial cells of sensory
corpuscles are TGF-p in the lamellar cells of rat Meissner corpuscles [70] and BDNF
in the inner core cells of digital Pacinian corpuscles of Macaca fascicularis [71].
However, the glial cells of sensory corpuscles display a wide range of receptors
for different growth factors. Epidermal growth factor receptor was detected in
the lamellar and the inner core cells of human Meissner and Pacinian corpuscles,
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respectively [72], as well as low- and high-affinity receptors for NTs including
p75 "R [73-76], TrkA [77], and TrkB [78, 79]. TGF-B receptors RI and RII are also
present in the inner core lamellar cells of cat Pacinian corpuscles and the lamellar
cells of Meissner corpuscles [70].

6. Are the corpuscular glial cells accessory cells or active cells?
6.1 The GABA-ergic/glutamatergic system in Pacinian corpuscles

The inner core of Pacinian corpuscles expresses immunoreactivity for glutamate
receptors, vesicular-glutamate transporters, and the synaptic proteins synapto-
brevin (VAMP2) and SNAP-23. Moreover, inner core cells release neurotransmit-
ters (glutamate, GABA) when they are stimulated by glutamate, ATP, or even by
mechanical motion [80]. This implies “synaptic-like” interaction between the axon
and the glial cells of Pacinian corpuscles. This hypothesis, postulated by Pawson
and co-workers [80, 81], argues that: “action potentials in response to dynamic
stimuli are due to depolarization of the axon by cations entering mechano-gated
channels that are opened due to mechanical motion; however, action potentials
in the static portion of the Pacinian corpuscle rapidly adapting response are due
to glutamatergic excitation, which are then inhibited by GABA released from the
modified Schwann cells of the inner core.” These results suggest that in the Pacinian
corpuscles, GABA emanating from the capsule inhibits glutamate excitation (stem-
ming either from the neurite itself or from the capsule), leading to a glial-neuronal
“mechanochemical,” rather than solely mechanical, RA response to sustained
pressure. These elegant and attractive results should be confirmed in other mecha-
noreceptors and in different vertebrate species.

6.2 Ion channels

In the past, investigators proposed that the response of sensory corpuscles could
be explained entirely by the mechanical properties periaxonic cells, especially
the capsule. Then the discovery that some ion channels are gated by mechanical
forces (mechanosensitive ion channels) suggests that mechanotransduction occurs
through the activation of ion channels along the somatosensory neurons that reach
the skin. The opening of these channels consent the entry of ions within the axon to
produce the mechanotransduction [82-86]. Thus, deformations in the membrane
of different cells that form the mechanoreceptors (i.e., axon, glial cells, and endo-
neurial and/or perineurial fibroblast) trigger the opening of mechanosensitive ion
channels that transduce mechanical energy into electrical activity. Consistently, the
cells forming the mechanoreceptors are thought to express ion channels activated
by force or displacement to act as mechanodetectors and/or mechanotransducers.
Thus, mechanotransduction can be defined as the conversion of a mechanical
stimulus into an electrical signal, and in the sensory corpuscles, the first step of
mechanotransduction takes place [87, 88].

Numerous types of mechanically gated ion channels were found in vertebrate
sensory corpuscles, but most of them were localized in the axon. Nevertheless,
evidence exists that some of them are also present in the glial cells. The inner core
of murine [89] and human [90] Pacinian corpuscles displays immunoreactivity
for ASIC2, a member of the acid-sensing ion channels included in the degenerin/
epithelial Na* channel superfamily. In a subpopulation of human Meissner cor-
puscles, the lamellar cells also show ASIC2 immunoreactivity [91]. Some members
of the superfamily of the transient receptor potential (TRP) ion channels have been
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detected in glial cells of sensory corpuscles. TRPV4 was detected in the lamellar
cells of human Meissner corpuscles [92]. On the other hand, voltage-sensitive Na*
channels (a-subunit type I and type II voltage-gated Na* channel) present in the
inner core lamellae and the axon might participate in both transduction and action
potential generation [93].

Based on the above data in addition to the hypothesis of voltage-gated and non-
voltage-gated channels, a possible classical neurotransmission cannot be excluded
for the genesis of the action potential in sensory corpuscles. In the process of touch
sensation, a mechanical stimulus is converted into electrical activity in peripheral
sensory neurons, and this conversion may occur through the activation of ion chan-
nels that gate in response to mechanical stimuli.

7. Concluding remarks

The glial cells of the sensory corpuscles form a glial subpopulation, highly dif-
ferentiated and with important functions in the mechanotransduction process that
has been repeatedly forgotten in studies on peripheral glia. Its origin is not known
exactly, and they could come from cells of the neural crest or the boundary cap
cells. However, the chronology of its arrival and organization within the corpuscles
has recently been established, as well as their interdependence with sensory axons.
In the last decade, some mechano-gated ion channels have been discovered in
corpuscular glial cells. This fact associated with the demonstration of a GABA-ergic/
glutamatergic neurotransmission system in the Pacinian corpuscles suggests that
the glial cells of the sensory corpuscles are not support cells but have an active role
in the mechanotransduction process. Nevertheless, whether or not this occurs only
in Pacinian corpuscles or in all sensory corpuscles remains to be demonstrated.
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Abstract

Abstract Studies on vestibular system have brought new experimental studies,
clinical examinations, and the development of effective treatment for a number of
diseases of this system. In particular, vestibular paroxysmal positional disorders of
peripheral and central origin have been studied. The main criteria for differential
diagnosis of these disorders have been determined. Vestibular dysfunction in
canalolithiasis and cupololithiasis has been investigated clinically and histologically.
Effective therapeutic and prophylactic positional maneuvers of three types have
been introduced into clinical practice. They were developed taking into account
the anatomical and physiological features of the vestibular system. Currently
only 20% of vestibular reactions, in particular, using electronystagmography test
(ENG), are estimated in the horizontal plane. Videonystagmography (VNG) gives
the possibility of video recording of nystagmus in the directions of semicircular
channels (vertical, diagonal, horizontal). The vestibular evoked myogenic potential
test (VEMP) is being widely used in clinical practice. Magnetic coils and scanning
laser ophthalmoscopes are gaining increasing significance in examining patients. A
brief information on vestibular disorders after the Chornobyl nuclear power plant
accident is also given.

Keywords: vestibular dysfunction, vertigo, postural balance and control,
spontaneous, positional, and experimental nystagmus

1. Introduction

Sensory functions, in particular, vestibular and auditory ones, represent a reli-
able criterion for assessing human health, social adequacy, professional suitability,
and working capacity.

Symmetry of the anatomical-topographical localization of these systems and
proper space orientation provided by them are important regarding all social life
aspects. The vestibular system plays a crucial role in space orientation, both at rest
and in movement, as well as in professional activity of the person. Its effect onto the
motor memory mechanisms, underlying all human motor activity forms, includ-
ing the professional ones, is extremely important. The vestibular system, with its
extremely keen sensitivity, dynamism, and high informativeness of symptoms
of the ear labyrinth diseases, as well as different parts of the brain, significantly
exceeds the informativeness of all other analyzers. It is the first system to respond to
any disorders in the body.
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Auditory system provides for social communication function. Binaural hearing
impairment leads to spatial orientation disorders. Vestibular and auditory sensory
systems stimulate cortical processes, being responsible for various activities, pos-
tural balance and control, emotions, and creative thought. Therefore, the need for a
comprehensive clinical study of vestibular and auditory disorders in order to increase
the effectiveness of prevention and treatment, correction and rehabilitation, identi-
fication of issues of professional suitability, and work capacity is very important.

2. Overview and anatomy of the vestibular system

Vestibular system (VS) is the most mysterious biological system. It was the first
to develop during the embryogenesis. The vestibular system consists of the periph-
eral and central components, which have a complex structure that has not been fully
understood. Its peripheral components are located in the paired ear labyrinth of the
pyramid of the temporal bone. Its central components are composed of the conduc-
tive part, vestibular nuclei in the brain stem and cortical representation [1, 2].

Bony labyrinth is located in the temporal bone. The membranous labyrinth
is located in the middle of the bony labyrinth, resembling the shape of its small
cavities. Membranous labyrinth is fixed to the inner wall of the bony labyrinth
by means of helical formations acting as shock absorbers. Due to this, it is held in
relation to the bony labyrinth, being suspended. Membranous labyrinth consists of
the peripheral acoustic section of the cochlea, where the auditory receptor organ of
Corti is located, as well as the peripheral component of the vestibular system. The
peripheral component of the vestibular system is represented by the vestibulum
containing spherical (saccule) and elliptical (utricle) sacs that form the receptor
otolith organ. Another three semicircular canals of the peripheral vestibular system
are located in the membranous labyrinth [3].

Each canal is thickened and enlarged at one side, resembling ampoules by
shape (ampullary receptor organ), and it has a smooth terminal region that con-
nects to the vestibulum on the other side. The three semicircular canals are located
approximately at straight angle to each other. Therefore, they may sense angular
motion, conducted in any plane or direction. One canal is horizontal and the other
two (front and back) are vertical. The perception of head movement is provided
by activation of the right and left semicircular canals, which are located within the
movement plane, thus forming functional pairs.

The membranous labyrinth is washed by perilymph fluid, which in chemi-
cal composition is similar to the cerebrospinal fluid. The middle of membranous
labyrinth contains endolymph. It is intracellular fluid that provides the helix,
otolith, and ampullar apparatus with oxygen, nutrients, and hormones. The potas-
sium concentration in it is high (144 mmol/L), and the concentration of sodium is
low (5 mmol/L). The mechanisms of endolymph formation and its circulation in
the membranous labyrinth have not been yet well understood. The membranous
labyrinth is elastic, and its size can increase by 2-3 times, filling all the “cavities”
of the bony labyrinth, for example, in the case of ascites and other pathological
conditions [4].

In the receptor otolithic apparatus, spherical (saccule) and elliptic (utricle)
sacs contain hairy receptor cells covered by supporting dense layers of cells called
overhead covers. These receptor cells are sensitive to linear acceleration. They flex
in response to appropriate irritation. The clusters of the neuroepithelial receptor
cells of the otolith apparatus, which are located between the supporting cells in
elliptical and spherical sacs, interweave, forming loops. Calcium salt microcrystals
are located in these loops; they are called otoliths [5].
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The receptor structures of the ampullar apparatus, three semicircular canals
(anterior, posterior, and horizontal), are located in mutually perpendicular planes.
The smooth terminal parts of two semicircular canals (anterior and posterior) are
joined into a single canal that enters the utricle. It is connected to the receptive audi-
tory structures of the Corti organ. Endolymph, which is produced by the vascular
strip of the helix, passes through this canal into the vestibular endolymphatic
canals. This important fact, as the authors emphasize [4], is significant for various
ear diseases and pathological changes of the temporal bone, as well as the brain,
accompanied by vestibular disorders.

The hair cells of the vestibulum and the ampoules of three semicircular canals
generate a receptor potential, which through the synapses (by production of
acetylcholine) transmits signals to the terminal regions of the vestibular nerve
fibers.

The vestibular nerve fibers originate in the vestibular ganglion. It is located deep
in the internal auditory canal. This node consists of bipolar cells. The dendrites of
these cells penetrate into the bony labyrinth through the internal auditory canal
opening, approaching the saccule and utricle receptor structures, as well as the
ampullar semicircular canal receptor structures. Axons of these cells, joining the
helix nerve, represent the vestibulocochlear (auditory vestibular) nerve—the VIII
cranial nerve. In the internal auditory canal, this nerve meets facial nerve—the VII
cranial nerve—proceeding into the cavity of the skull; then in the thickness of the
rhombic fossa of the medulla oblongata, four-paired vestibular nuclei enter: upper
and lower and lateral and medial [6].

Reflex pathways originate in the vestibular nuclei, and these pathways are in
various ways related to different systems and organs in the body. There are five
pathways:

1. Tractus vestibulo-spinalis, through which impulses from the vestibular nuclei
reach the voluntary muscles of the spinal cord anterior horns.

2. Tractus vestibulo-longitudinalis joins vestibular nuclei with nuclei of the III,
IV, and VI cranial nerves, resulting in responses produced by the oculomotor
nerves—varieties of nystagmus.

3. Tractus vestibulo-cerebellaris joins the nuclei with the cerebellum.

4. Tractus vestibulo-reticularis joins vestibular nuclei with the vagus nerve nuclei
in the reticular formation, producing reflexes in the internal organ smooth
muscles.

5. Tractus vestibulo-cortikalis joins the vestibular nuclei with the temporal lobes
of the cerebral cortex through multisynaptic connections, with the midbrain
crossway.

It should be noted that disorders of the vestibular system occur at any of its
levels from the receptor structures of the ear maze to the cortical representation.
When leaving the internal auditory canal, V, VI, and VII pairs of cranial nerves
are located near the VIII pair of cranial nerve as well as a group of pairs of caudal
(IX-XII) cranial nerves. They reflect the lesions of structures located near the
vestibular system.

It should be emphasized that in the cases of disorders in the area of the
labyrinth, temporal bone, and cerebellar angle, vestibular disorders are often
accompanied by unilateral auditory disorders. Central vestibular disorders are less
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often combined with auditory disorders. In the brain stem, four pairs of vestibular
nuclei are located in a relatively small anatomical space. The presence of these
nuclei indicates the great importance of the vestibular system in evolutionary
terms [2, 3, 5].

Vestibular disorders very often occur in patients with brainstem pathology. The
nuclei of the III, IV, and VI cranial nerves are located with the vestibular conduc-
tion pathways, the damage of which is accompanied by diplopia. Pathology of the
V cranial nerve is manifested by a decrease in the sensitivity of the skin of the face.
Facial (VII) nerve disorders lead to facial distortion, speech disorders, pathology of
the IX-X cranial nerves, and disorders of swallowing and articulation. Vestibular
disorders through close anatomical connection with the cerebellum can contribute
to the development of cerebellar ataxia [4].

3. Physiology of the vestibular system

Researchers have been studying functions of the ear labyrinth for centuries.
Describing the feelings during self-spinning, the symptoms of responses occurring
in this case were reported: vertigo, balance problems, sweating, nausea, vomiting,
changes in heart rate and blood pressure, and respiratory disorders. In the study
on birds, destroying semicircular canal of the ear labyrinth, it was first found
that sensory perception is based on stimulation of ampullary receptors. In further
experiments it was reported that semicircular canals are receptor organs that
perceive rotational motions. These movements cause shifting of the endolymph,
which causes irritation of receptor neuroepithelial cells in the semicircular canal
ampoules, producing nerve impulse [6].

Purkyné [7], reporting on his feelings in the rotation, first described the symp-
toms of the reactions that occur in this case: vertigo, imbalance, sweating, nausea,
vomiting, changes in heart rate and blood pressure, and breathing.

Florens [8] in the experiment on birds, destroying the semicircular canals of the
ear labyrinth, first established that the stimulation described by J. Purkiunje was
based on the irritation of the ampullary receptors of these canals. These observa-
tions initiated the experimental study of the vestibular labyrinth. It was defined
that semicircular canals are receptive organs that perceive rotational movements.
These movements cause displacement of the endolymph, leading to irritation of
receptor neuroepithelial cells in ampoules of semicircular canals, resulting in a
nerve impulse.

Evald [9] conducted unique experimental studies and discovered the patterns of
functioning of vestibular semicircular canals, which are known as the three laws of
Evald:

1. Nystagmus always occurs in the plane of the semicircular canal irritation.

2. Ampullopetal (toward the canal ampulla) movement of the endolymph causes
richer response than the ampullofugal (toward the smooth terminal part of the
canal) one.

3. Nystagmus is always directed toward more active semicircular canal.

4. Prominent scientists of the last century presented clinical and experimental
evidence of the vestibular system connection with other body systems and

organs, the dependence of response on both strength of the stimulus and func-
tional state of the CNS (cited by [6]).
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If vestibular system is affected, three types of pathological responses may occur:
vestibular sensory, vestibular somatic, and vestibular vegetative, with different
levels of manifestation.

I. The vestibulo-sensory subjective pathological responses are caused by the
processes that occur in the cerebral cortex. These structures analyze and synthesize
obtained stimuli. The disorder here may be manifested as a pathological subjective
sensation of continuous or periodic vertigo of different direction and intensity, as
well as orientation disorders with the reflex action. Vertigo is the most widespread
specific sensation after pain, which indicates a disease. The vestibulo-sensory
subjective pathological responses originate in the vestibulo-cortical tract.

II. The vestibulo-somatic objective pathological responses are manifested
as muscle reflexes, accompanied by objective spontaneous static and kinetic
equilibrium disturbance, as well as pathological objective vestibulo-oculomotor
reflexes: spontaneous or positional nystagmus of various direction and intensity
(horizontal, rotating, vertical, diagonal, multiple). They are an objective feature of
the vestibulo-sensory subjective sensation vertigo of appropriate orientation. These
reflexes are provided via tractus vestibulo-spinalis, tractus vestibulo-longitudinalis,
and tractus vestibulo-cerebellaris.

II1. The vestibulo-vegetative objective pathological responses arise in the
receptor vestibular apparatus, as a response onto the smooth muscle of the internal
organs’ irritation (overpronounced response, hyperreflexia; suppressed response,
hyporeflexia) with symmetric or asymmetric sensitivity due to vestibular patholo-
gies, as well as intense and prolonged vestibular loads. These responses occur via
tractus vestibulo-reticularis. They often lead to, combined with other vestibular
responses, the development of various symptom complexes, including various
forms of kinetosis, formerly called motion sickness (marine, air) [6, 10, 11].

These responses are differently significant for human life. As for professional
activity, the vestibular vegetative and vestibular sensory responses are the most
important. The first ones cause vegetative discomfort, in which a person feels bad
and his/her workability is reduced. Others disorient a person in space and can
cause serious danger when performing work that involves precise and coordinated
movements.

According to the literature [12], up to 20% of the professionals whose jobs are
related to the effect of prolonged or elevated vestibular system stimuli may become
disabled due to vestibular disorders. Such professionals, as a result of movement
discoordination or space disorientation, can make professional mistakes, which may
cause man-made accidents or even catastrophes.

In anatomical, physiological, and functional relationship between the vestibular
and auditory systems, the relation between the nuclear areas and different central
nervous system formations and cerebral circulation contributed to the development
of otoneurology. Progress in otosurgery and neurosurgery has identified a separate
medical specialty: otoneurosurgery.

Pressure changes and various pathological changes associated with purulent and
non-purulent processes in the tympanic cavity cause impaired middle-ear sounding
function. These changes reach the window of the helix and vestibulum, causing
sensory and neural hearing loss and vestibular dysfunction.

The structural, vascular, toxic, allergic disorders of the labyrinth may
lead to hyperfunction of the endolymph and various vestibulopathies and
labyrinthopathies.

Vestibular system, as a system consisting of paired organs, functions by the
lever principle. The receptor hairy cells in each of the semicircular canals are
located so that shift of the cupula into one side increases afferent input along the
vestibular nerve directed toward that side and decreases toward the opposite side.
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For example, turning the head to the right will increase afferent input of the right
lateral semicircular canal and decrease afferent input of the left one. As a result, two
conclusions can be made, based on the above mentioned: (1) vertigo may develop at
unilateral hypofunction state, even at rest; (2) in the case of complete dysfunction
of the semicircular canal on one side, the functioning semicircular canal on the
opposite side may perceive head movements in both directions of appropriate plane
(by decreased or increased afferent input perception). This ability of the preserved
labyrinth to perceive head movements represents the basis of vestibular compensa-
tion, providing for restored vestibular functions with unilateral vestibular dysfunc-
tion (VD) [12].

The adequate stimulus of the three semicircular canal ampulla apparatus recep-
tor structures is acceleration and slowing during rotation movements. The receptor
cells may shift due to the endolymph inertia shift. At the movement acceleration
stage, it will be the maximum one. While rotating the head with steady speed,
the endolymph shift gradually decreases, and in 15-20 s of rotation it attains the
background properties. If to stop movement, the cupula shift turns the cupula
toward the opposite side. This phenomenon represents the “stop-stimulus” while
conducting classical rotation test using Barany rotational chair. If to compare dura-
tion of the caloric test, or the bilateral caloric cold and heat stimulation as well as
the post-rotation nystagmus after rotating to the left and right, we should assess the
symmetry or asymmetry of vestibular functions [1].

An adequate stimulus of the otolith organ results in acceleration or slowing
down at the straight-line movements. As the gravity force is a linear acceleration,
the otolith receptors perceive head inclination movements regarding the earth
gravity force vector. Absent action of the gravity force onto the otolith organ at null
gravity causes significant disturbance in the body, which are thoroughly studied
by cosmic medicine. The sensitivity of otolith hairy cells to linear acceleration is
determined by the mass of heavy calcium crystals—otoliths. Elliptic sacs of the
otolith organ, situated close to horizontal plane, are more sensitive to acceleration
within this plane. Spheric sacs are located in almost vertical plane, so they are more
sensitive to acceleration and slowing down within a vertical plane. It is necessary to
stress that the head movements are the combined ones, i.e., they are accompanied
with linear and angular acceleration within various planes and directions. Due to
joint functioning of four otolith organs and six semicircular canals, it is possible to
perceive complex movements in space [11, 13, 14].

The nystagmus subtypes are the most valuable specific and objective characteris-
tics of acute peripheral, chronic, or acute progressing central VD. The nature of these
nystagmuses has not been understood completely. It is supposed that the standard
tone of the eye-moving muscles is supported by the impulses of similar symmetric
force which derive from the both labyrinths. When we irritate the labyrinth, there
appears reflex asymmetry from the eye-moving muscles, expressed as a gradual
turning away of the eyes toward the muscle hypertonia side, with gradual nystagmus
component developing. Gradual turning away of the eyes causes instant response
from the central (cortex) parts, so the eyes turn to the previous position. This is how
a quick component of the spontaneous or other nystagmus may appear. The confir-
mation of cortex genesis of quick nystagmus component is its absence in the case of
unconsciousness or narcosis. The slow nystagmus component is preserved in these
cases. The nystagmus direction is determined by its quick component [12].

There are three stages of spontaneous nystagmus: in the first phase, when the
nystagmus is manifested when the eyes turn away toward the quick component
side; in the second phase, when the eyes move toward the quick component or when
a person looks straightforward; in the third phase, when the eyes look toward the
quick component, straightforward and to the opposite side [13].
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The studies established that the peripheral or labyrinth-borne spontaneous
nystagmus, as a rule, by its intensity is a small- or medium-swinging; by its direc-
tion the nystagmus may be horizontal or horizontal-rotating and rhythmical, with
distinctly changing quick and slow phases [12].

Peripheral nystagmus in the acute stage lasts from the first 2-3 hours to 2-3 days,
being directed toward acute stimulation of the labyrinth receptor structures. With
gradual labyrinth depression, the nystagmus changes its direction toward the
healthy side. In the case of the VD acute stage of peripheral syndrome type, the
spontaneous horizontal or horizontal-rotating nystagmus is accompanied with
sensory subjective sensation, horizontal vertigo toward labyrinth hyperreflexia side
and, in the case of depression, toward the opposite intact side. So, shifts in statics
and movement coordination, keeping to the vector laws, are observed the same,
directed toward stimulation side or toward the healthy side in depression.

The specific acute vestibular symptoms are accompanied by considerable
general discomfort, manifested dually; its first manifestation is characterized by
nausea, vomiting, and vascular disorders associated with sympatho-adrenergic
crisis. Here we may observe increased arterial pressure, tachycardia, hyperemia,
and skin dryness, as well as dry oral mucosa. Its second manifestation is character-
ized by decreased arterial pressure, bradycardia, pale skin and mucosa, extreme
sweating, and salivation [13, 14].

The acute vestibular syndrome requires urgent medical aid. As the authors
observe [14-16], the peripheral vestibular syndrome is characterized by high capac-
ity for compensating the affected functions due to central regulating mechanisms.
In 2-4 weeks the spontaneous nystagmus decreases in intensity and then disappears
completely. At the same time, vertigo decreases; kinetic and then static equilibrium
functions are restored.

The pressure changes and pathological disorders in purulent and non-purulent
processes in the external ear and tympanic membranes cause problems with the
sound-conducting function of the middle ear. These pathological changes through
the helix window and vestibule may migrate onto the ear labyrinth. In the labyrinth,
under the effect of these conditions, the content and shift of endolymph move-
ment may be changed. These endolymph changes lead to the VS receptor structure
impairment, and finally they result in sensorineural deafness and vestibular
dysfunction.

In the case of the acute central vestibular syndrome (pathology of the cerebel-
lopontine angle or the pons bodies), there may be other characteristics of spon-
taneous nystagmus observed. It may be large-swinging or medium-swinging. It
may develop within various planes: the vertical, diagonal, horizontal, or multiple.
In some cases, spontaneous nystagmus is defined as a tonic-clonic or tonic (with
prolonged average angular speed of the slow stage of nystagmus or decrease of its
frequency). Spontaneous nystagmus in the case of the central vestibular syndrome
is continuous and may progress in intensity [12].

4. Clinical disorders of the vestibular system
4.1 Benign paroxysmal positional vertigo (BPPV)

Benign paroxysmal positional vertigo (BPPV) is the most frequent cause of
light-headedness. Its treatment has become possible due to application of the original
correction methods. The main sign of the BPPV is short-lasting vertigo attacks,

which appear when a person abruptly changes his head position related to the gravity
vector, for example, changing from the vertical onto the horizontal position, when a
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person lies down, or vice versa, when he gets up, or upturns in the bed, or abruptly
throws his head back. These attacks of vertigo more often appear in the morning
after sleep. They are mostly manifested when the person first changes body posi-
tion after sleep. They are weakened with repeated head movements. The patients’
complaints are very characteristics, quite often basing on the complaints it is possible
to diagnose the condition and define the affected side. The patient quite often shows
himself, from what side vertigo appears [1, 4, 10, 12].

If the vertigo and nystagmus are horizontally or horizontally rotating directed,
this shows us that the horizontal (lateral) semicircular canal is affected. The
provoking moment may be when a patient inclines his head toward the affected
ear side. The vertigo may be accompanied with nausea and vomiting. The attack
appears after a person moves his head, in 1-2 s and lasts for 30-60 sVertigo and
nystagmus depend on the head movement. If a person looks upward, vertigo and
nystagmus are vertical. Vertical nystagmus in this case evidences about excitement
of receptors of the posterior semicircular canal. BPPV may develop at any age, most
often from 50 to 70 years, affecting women twice as often as men. It may develop
after prolonged bed stay, particularly after craniocerebral traumas [11, 14, 16, 17].

The diagnosis is established due to position tests. The position tests should be
conducted with all patients complaining of the vertigo even if a patient’s complaint
is typical for the other vestibular disorders (Meniere’s disease, vestibular neuronitis,
migraine, and various etiology labyrinth diseases). When there are no effective
method of the primary disease treatment, it is always possible to relieve the vertigo,
related to the BPPV [12, 15].

According to the cupulolothiasis theory, which was histologically confirmed,
in the ampulla of the posterior canal, which is located lower than the other canals,
otoliths may deposit more frequently. They, due to various reasons, leave the otolith
membrane and stick to the cupula walls. The cupula walls with otoliths become
heavy. They become a sensor of linear acceleration instead of the sensor of the
angular one though this theory cannot explain many peculiarities of nystagmus [4].

The canalolithiasis theory explains the positional nystagmus signs. Otoliths,
according to this theory, do not stick but freely float in the endolymph. As they narrow
or obstruct the canal diameter, they cause positional vertigo. As they travel along the
canal, otoliths disrupt free shift of the endolymph from the utricle or to the utricle.
This theory allows predicting the direction, latent period, and duration of the nystag-
mus, as well as the changes of its characteristics at various positional maneuvers [4].

In 10-20% of patients suffering from BPPV, lateral semicircular canals have been
affected. There are two types of them: related to canalolithiasis (more widespread)
and a rarer one, cupulolithiasis. Identification of the lateral semicircular canal BPPV
is characterized by some features which were earlier considered to be characteristics
of the central positional vertigo. In the case of the lateral semicircular canal canalo-
lithiasis, the patient experiences vertigo when he turns his head to sides, being
supine. Changing the position from the supine onto the sitting one and vice versa is
not accompanied with significant symptoms. Exacerbations with the lateral canal
BPPV are less prolonged than those with the posterior canal affected. The cause of
lateral canal BPPV as a canalithiasis type is the invasion of aggressive otoliths in this
canal. Remissions are often observed in patients with lateral canal BPPV as otoliths
can easily leave the lateral canal during head movements. On the contrary, otoliths
do not move from the posterior canal independently due to the anatomical position
(itis located below all other canals). A quick result from the maneuvers testifies to
the lateral canal BPPV. BPPV anterior canal is used very rarely [4, 6, 17].

The Dix-Hallpike test is the technique used to diagnose posterior semicircular
canal BPPV. A patient is brought from sitting to a supine position, with the head
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turned 45° to one side and extended over the end of the stretcher. In the case of left
posterior semicircular canal dysfunction, the test will first cause an increased and
then decreased nystagmus that occurs after a short latent period. After returning to
the starting position, the nystagmus will change the direction [15-17].

A number of positional maneuvers have been developed to treat BPPV. They
are aimed at removing conglomerates of otoliths from semicircular canals. At
present, maneuvers developed by Brandt and Daroff and Semont and Epley
maneuvers are used. Within the theory of canalolithiasis, Brandt and Daroff were
the first to come up with a set of exercises, including head movements that destroy
the otolith conglomerates. Their fragments move to the other sections of the laby-
rinth, where they may be stationary. Therefore, they do not affect the function of
semicircular canals [4].

These maneuvers, when applied correctly, are always effective but 50% relapse.
In case of relapses, it is recommended to repeat the maneuver that was more effec-
tive at the first attack [12, 14].

4.2 Vestibular neuronitis

Vestibular neuronitis is a common cause after BPPV peripheral vestibular
disease. Clinically, it is manifested by vertigo in the direction of a healthy ear,
by spontaneous nystagmus of a horizontally rotary direction to a healthy ear.
Functional tests check various degrees of hyporeflexia to the affected ear and pos-
tural abnormalities toward a healthy ear. It is considered that vestibular neuronitis
is of viral etiology. It is recommended to prescribe glucocorticoids at first as they
effectively reduce functional disorders and have a strong anti-inflammatory effect.
In addition, they accelerate the central mechanisms of vestibular compensation for
postural disorders. Antiviral drugs are less effective [10].

4.3 Meniere’s disease

Meniere’s disease refers to the peripheral diseases of both vestibular and auditory
systems. During an acute attack in the excitation phase in the affected labyrinth,
there occurs a strong vertigo of the horizontal direction with horizontal nystagmus,
postural disorders, and significant vestibulo-vegetative pathological reactions. At
the same time, there is a strong noise in the affected ear, hearing loss, feeling of
pawning and fullness in it, and the phenomena of sound discomfort on enhanced
sound stimuli. In the phase of inhibition of the labyrinth, vertigo and nystagmus
change the direction toward a healthy labyrinth. Postural disorders gradually
settle, and vestibulo-vegetative pathological reactions disappear. Within functional
stimulation, hyporeflection of the nystagmus is fixed from the side of the affected
labyrinth. At the same time, noise, stuffiness, and fullness in the ear decrease, and
the effects of sound discomfort are reduced. These facts indicate a common mecha-
nism of the processes of excitation and inhibition in both sensory systems in this
disease [6, 10, 18, 19].

It was histologically confirmed that the basis for Meniere’s disease is the peri-
odic accumulation of endolymphatic dropsy (endolymphatic hydrops). An acute
attack of vestibular dysfunction lasts from 30 minutes to 3—4 hours and recurs at
different intervals. One of the effective treatment methods for Meniere’s disease
is shunting of a damaged labyrinth, vestibular gymnastics, and salt restriction.
Long-term betahistine treatment is often prescribed to prevent attacks and reduce
their manifestation. However, the causes of its occurrence have not been fully
understood [11, 12, 18].
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4.4 Migrainous vertigo

Migrainous vertigo is the most common form of spontaneous recurrent systemic
vertigo. It occurs at any age, from preschoolers to older adults. Family history is
often noted, indicating the contribution of genetic factors. It occurs with an aura
less often than without an aura. During the attack, transient symptoms occur, such
as atrial fibrillation, unilateral paresthesia, and aphasia. These symptoms are often
preceded by headaches. Migraine-associated vertigo increases when the position of
the head changes. The duration of symptomatic episodes when positional nystag-
mus can be detected may take several days. Relapses occur more frequently than
BPPV. Migrainous vertigo is referred to as central positional vertigo [2, 3, 5, 19].

4.5 Central positional vertigo

Central positional vertigo occurs not frequently, in less than 5% of patients with
vertigo. But it is a sign of a serious disease that is associated with structural damage
of central divisions of the vestibular system and lobes of the cerebellum. Therefore,
central lesion should be excluded first of all in patients with positional vertigo.

The most reliable differential feature of BPPV and central positional vertigo is the
direction of positional nystagmus. In the case of BPPV, by stimulation in the plane
of a certain canal, positional nystagmus characteristic for this canal is typical.
When stimulating horizontal (lateral) canalis semicircularis, horizontal positional
nystagmus always occurs. The direction of the central positional nystagmus is often
not correlated with the stimulating canal. Pure vertical or rotary nystagmus is a
sign of central vestibular disorder. In patients with central vertigo, in the absence of
changes in MRI, it is possible to suspect a migrainous or other vertigo [14, 16, 19].

4.6 The effect of Chornobyl nuclear power plant accident on vestibular system

Our own experience [20, 21] of vestibular examinations for more than three
decades of 8136 participants of Chornobyl nuclear power plant accident indicates
that the patients had vestibular and sensorineural dysfunction. These two dysfunc-
tions are characterized by a predominant disorder in the central (brain stem and
subcortical) structures. The priority of changes (preclinical and early clinical) in
the central departments of the vestibular and auditory systems, the dependence of
the degree of manifestation on the dose, and duration of radiation exposure indi-
cate the parallelism of the common mechanism under the influence of the radiation
factor.

The occurrence of deterministic radiation effects of these dysfunctions by
the type of central syndrome in radiation doses greater than 0.20 Gy has been
investigated. Mathematical modeling determined the dependence of these effects
on the age, magnitude of the dose, and duration of stay in the exclusion zone of
the Chornobyl power plant, both by clinical electrophysiological and audiometric
psychoacoustic and electroacoustic methods. Elongation of magnitudes of the latent
periods of the components P-2 and N-2 of auditory evoked long latency or cortical
potentials (AEP) in patients with progressive sensorineural hearing loss (SHL) is
characterized by slowing the intelligibility of speech and its paradoxical decrease
in the conditions of high loads of noise. These features alongside with presbyacuzis
praecox indicate common inhibitory processes of subcortical and cortical structures
of the auditory system [20, 21].

At the same time, there was a decrease in the parameters of the induced nys-
tagmus reaction and a decrease in the postural balance, as well as changes in the
manifestation of pathological vestibulo-vegetative reflexes inpatients with VD in
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late post-accident period. It has been proven on the basis of epidemiological studies
that the inhibition processes in these systems can be regarded as a symptomo-
complex of premature aging, with the development of cognitive, emotional, and
volitional responses. They require regular treatment and prevention and rehabilita-
tion measures to improve quality and life expectancy [21].

5. Clinical tests for the vestibular system

Determination of vestibular dysfunction of peripheral, central, or combined
(mixed) character requires timely vestibulometric examination for differential
diagnosis. This is necessary for the clinical needs of ENT specialists in the treatment
of ear diseases (non-purulent and purulent otitis media, otosclerosis, sensory and
neural deafness of different genesis, Meniere’s disease, neoplasms of the ear).

Varieties of vestibular and acoustic dysfunctions may be detected by the
physicians of other specialties to provide optimal medical care for neoplasms and
traumas of the skull (including the temporal bone, brain), cardiovascular, neuro-
psychic, infectious, noise-vibrating, radiation-induced, endocrine, toxic, and other
diseases [12, 14].

According to the clinical data [13, 15-17], vestibular test methods should be
economical, informative, and adequate to the patient’s condition and the task of
diagnostics and include the study of the functional state of other cranial nerves
which may be required to provide a qualified advisory opinion. ENT examination,
as well as voice and speech audiometry, is mandatory for vestibular examination.

In the case of unilateral or asymmetric bilateral disorder of sound-conducting or
sound processing functions, or their combined disorder, it is necessary to carry out
one of the following procedures: pure tone audiometry, impedancemetry, oto-
acoustic emission, registration of short-latent (brain stem) and long-latent (cortex)
auditory evoked potentials. The results of the state of auditory function permit
making certain focuses during vestibular examination and determining directions
for further study of a sick person.

Schemes of vestibular surveys which include vestibular card surveys and a
certain sequence of procedures were developed [6]. Scheme of vestibular examina-
tion includes:

1. The study of complaints, medical history, and past diseases using a standard-
ized card or survey.

2. Investigation of spontaneous vestibular reactions (equilibrium functions,
varieties of spontaneous, positional and pressor nystagmuses) and their
registration.

3.Conducting vestibular experimental loads (functional stimulations) and their
registration.

4. Analysis and evaluation of vestibular test results, making conclusions about
the status of vestibular function and recommendations.

Special vestibular test cards or surveys include a list of general and specific
complaints. The sensory subjective reaction—vertigo (the nature of the rotation
of objects or their floating or self-rotation, the sense of failing, etc.)—is explained
in detail. The direction of vertigo (left, right, up, down, chaotic) and postural
disorders (while walking, in the darkness, in fatigue, during transport loads) should
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be determined as well as the presence of autonomic disorders (nausea, vomiting,
changes in heart rhythm, changes in skin color, sweating). In cases of complaints
about vertigo and postural disorders, attention is focused on the possibility of
detecting specific objective spontaneous symptoms—registration of types of
nystagmus and posturographic control of these complaints. Some patients pay
attention to the fact that they have impaired vision fixation in vertigo. Visual per-
formance is reduced, and fatigue occurs when using a personal computer or mobile
phone. In the inter-onset, when there is no vertigo, vision fixation and visual acuity
are restored.

The history of the disease is collected in detail: the sequence of its develop-
ment and the combination with signs of disorders in other systems and organs
(cardiovascular, neuro-psychiatric, endocrine, digestive, and musculoskeletal) and
past diseases. Attention is paid to the presence of noise, its nature, the acuity, and
asymmetry of hearing. Also the asymmetry of the pair of cranial nerves of V, VII,
IX, and XII must be examined. Allergic or toxic manifestations are recorded during
the survey.

In the course of clinical vestibular test, a large number of trials and tests have
been accumulated for postural control. Some of them are of historical importance,
and some are still in use, particularly, walking in a straight line, flank walking by
steps to the right and left—for differential diagnosis of vestibular and cerebellar
disorders.

Romberg’s test (classical and sensitized) is the basis for determining the static
and kinetic equilibrium in modern types of postural test techniques (in particular,
stabilography—a mobile platform with processing of the center of “gravity” and
Fourier oscillation analysis.). The speed of movement of the center of gravity in
three directions (back and forth, left-right, up-down) is calculated quickly and
accurately by a computer. Deviations in the performance of these methods are taken
into account when assessing the degree of manifestation of disturbances of the
equilibrium function. Postural tests are widely used in the differential diagnosis of
peripheral and central balance disorders, for postural control during rehabilitation
measures, for postural balance before and after cochlear implantation, for expert
and prognostic purposes.

The next step in vestibular examination is the detection of spontaneous, positional,
and pressor nystagmuses and registration of their characteristics [13, 14]. At first,
nystagmuses can be evaluated visually as well as using Frenzel glasses (+10-12 diop-
ters, which have the backlight inside). A type of spontaneous nystagmus is a positional
nystagmus that occurs in one of the head positions and can change its parameters
depending on its change. The positional nystagmus is of peripheral or central origin.

Applying pressure, fistula test is of great importance in vestibular field in cases
when fistula, prefistula, or dyskinesia in the bony labyrinth is suspected. As a rule,
its presence is associated with the destruction of the capsule of bony labyrinth in
the purulent process in the middle ear and in the temporal bone. Pressor nystagmus
occurs most frequently in the lateral semicircular canal but can often occur in the
anterior and posterior semicircular canals. In the presence of a fistula, the pressor
nystagmus is directed in the direction of thickening of the air, and in the case of
rarefaction (decompression)—in the opposite direction. Tullio phenomenon is
characterized by under acoustic loads with vertigo and nystagmus. The Tullio phe-
nomenon is often a barrier to the use of sound-enhancing equipment and hearing
aids. The presence of a fistula in the dynamics of clinical observation and surgery is
specified at the MSCT.

Barany tests [22] continue to be the most common methods of functional stimula-
tion in clinical practice for the study of the characteristics of induced nystagmus. They
are called classic caloric and rotating. The essence of the induced nystagmus reaction
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in caloric stimulation according to Barany is explained by the different movements
of the endolymph during its cooling or heating of the liquid. In the caloric test, the
patient bends his head back at 60°. In this location, the lateral and semicircular canals
occupy a position when their ampoules are on top and the smooth end is below [22].

The caloric test is generally well tolerated. It can be performed in the case of the
integrity of the eardrum, even in the state of unconsciousness, but in the absence of
other obstacles. Temperature regimes can be changed depending on the tasks of the
examinations and the accepted schemes in certain clinics.

Barany rotary test causes angular acceleration. In this test, the subject with the
eyes closed and the head tilted forward 30° rotates according to the program in a
chair 10 times for 20 s. in the lateral plane of the semicircular canals. These channels
are of particular importance in people’s life, because most frequently they make
movements in the horizontal plane [22].

During the rotating test to the right, after stopping the chair the movement of
the endolymph in the left semicircular duct will be ampullopetal, that is, the post-
lateral nystagmus reaction will be directed to the left according to Ewald’s laws, and
during the rotating test to the left, it will be directed to the right. The disadvantage
of the probe is that each labyrinth cannot be inspected separately in isolation.

The Fitzgerald-Hallpike caloric test estimates the function of each of the lateral
semicircular canals separately [1, 2]. Before examination, the pathology of the
tympanic membrane is excluded, and the head is raised up to 30° forward, so that
the lateral semicircular canals take a strictly vertical position, which will maximize
the sensitivity of canals to thermal stimulation. Water at a temperature of 30 and
44°C is infused bilaterally (after 5-10 minutes) to the external auditory canal
each time for 40 s. Electronystagmography (ENG) records horizontal and vertical
nystagmus, which occurs during cold calorization toward irritation and during hot
calorization, in the opposite direction. A difference of more than 25% indicates an
asymmetric lesion.

When infused with hot water 44°C in the same amount, the endolymph mol-
ecules rise up, causing the ampullopetal movement of the endolymph, which causes
a caloric nystagmus reaction toward the irritated ear. The main advantage of caloric
stimulation is monaurality, which allows surveying each labyrinth separately. This
advantage is especially important for otoneurology. The disadvantages are limited
possibilities for perforated ear drums, traumas, and neoplasms of the outer, middle
ear, and ear labyrinth.

Electronystagmography (ENG) and videonystagmography (VNG) record
varieties of spontaneous nystagmus and experimental nystagmus reaction to func-
tional stimulation using special mass-produced instruments, with computer-aided
analysis of their quantitative and qualitative characteristics [1, 6, 10].

ENG is the first noninvasive quantitative and qualitative method of recording
the difference of the corneo-retinal potential for the evaluation of spontaneous and
induced nystagmuses in cold and warm caloric stimulation, as well as in rotational
and optokinetic tests in the horizontal plane. ENG ensures accurate recording of
results in patients with known vestibular disorders not only for clinical but for
forensic and insurance medicine.

In caloric and rotational tests, the induced nystagmus reaction in the case of cen-
tral vestibular syndrome is arrhythmic or dysrhythmic, with the presence of “silent
fields,” which indicates a violation of the central regulatory mechanisms of nystagmus
(see dysrhythmic nystagmus in Figure 1).

At the same time, illusory sensory sensations—vertigo and autonomic reac-
tions—arise, the degree of manifestation of which is taken into account when
assessing the reactivity of the vestibular system. The more excitable it is, the greater
and longer the illusory reactions will be.
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Figure 1.
ENG in caloric stimulation: (1) normoreflexia, (2) hyperreflexia, (3) hyporeflexia, and (4) dysrhythmia
(obtained with permission from [6]).

Computer analysis of induced nystagmus responses to calorific and rotational
stimulations can be performed every 10 s from the onset to attenuation, as also the
duration of the induced and sensory responses can be determined and their changes
tracked in the dynamics of the process and control of the treatment.

We would like to emphasize that caloric and rotational stimulations are based on
the study of the functions of horizontal semicircular canal. It is considered that this
is only an estimation of 20% of the functions of the vestibular system. However, the
ability to capture the functions of horizontal semicircular canal is clinically impor-
tant for otology and labyrinthology [2, 4].

The following variants of the state of the induced nystagmus reaction to func-
tional loads are distinguished by ENG:

1. Normoreflexia.

2. Hyperreflexia, characterized by an increase in the qualitative and quantitative
parameters of the induced nystagmus reaction on one side or on two sides. It
indicates unilateral asymmetric or bilateral symmetric state of excitement of
vestibular function; the symmetrical state of excitement of vestibular function
is often registered at congenital and acquired kinetoses.

3.Hyporeflexia, which is characterized by a decrease in the qualitative and
quantitative parameters of the induced nystagmus reaction on one side or on
two sides. It indicates a one-way asymmetric or two-way symmetrical state of
decrease in sensitivity of vestibular function. Symmetrical state of decrease in
sensitivity in the absence of disturbances of the functions of equilibrium oc-
curs in trained people of certain professions (pilots, athletes).

4. Areflexia is the complete absence of experimental nystagmus reaction on one
side or two sides. It is confirmed by two stimuli—caloric and rotational.

5.Dissociated vestibular reactions are marked by dysrhythmia of experimental
nystagmus with disharmony of all constituent reactions (vestibulo-sensory,
vestibulo-vegetative, and vestibulo-somatic). This condition is observed in the
central disorders of the vestibular function [6].

In addition to assessment of the condition of the vestibular function, the
type of lesion, the degree of its manifestation, and stage of development will be
determined.
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There are three types of vestibular dysfunction: (1) peripheral, (2) central,
and (3) mixed.

There are three stages of manifestation of vestibular dysfunction and three stages
of development—compensation, subcompensation, and decompensation [6, 11].

ENG has some limitations. It is important to emphasize that ENG records the
function of the lateral semicircular canals and does not capture information about
the anterior and posterior semicircular canals and spherical and elliptical sacs.

ENG testing is not sensitive to rotary, vertical, and other types of spontaneous and
induced nystagmuses.

These examinations are now possible with the help of videonystagmography
(VNG). VNG is the second noninvasive method which is increasingly used in clinical
practice. On VNG, which is based on the principle of video telemetry of the eyeball
movements, a video photo of spontaneous or positional nystagmuses is performed in
different directions (vertical, horizontal, diagonal). It quickly and accurately captures
horizontal and vertical eye movements, without artifacts (motion blinks or electrical
noise when recording). VNG is performed with the eyes wide open. Eye movement is
recorded with a camera recorder using a monocular and binocular mask. The resolu-
tion of the method is limited by the speed of the camera recorder shot (the most
common currently available is the camcorder capacity of 100 frames per second).

Computer processing of video of pupil movements and light reflexes on the
cornea are carried out, and two-dimensional image of eye movements is obtained.
VNG registers Fitzgerald-Hallpike bithermal caloric stimulation with graphical
image and digital computer analysis of its indices in relation to each other, which is
important for clear determination of asymmetries in otoneurology (Figure 2).

Vestibular evoked myogenic potential (VEMP) testing has been studied in recent
decades. In conducting this test, intense sound is used to stimulate one of the recep-
tor otolith organs, the spherical sac. This stimulus elicits an electrophysiological
response through the lower branch of the vestibular nerve.

The vestibulospinal reaction with relaxation in the ipsilateral sternocleidomas-
toid (SCM) muscle is measured by changing its activity. It is recorded using elec-
tromyography (EMG). SCM muscle is used because the response to this muscle is
considered reliable due to the availability of EMG technology with electrodes on the
skin surface. Initially, VEMP is recorded with a background muscle contraction and

A)

Figure 2.
(A) Equipment for videonystagmography. (B) Examination of a patient with a videonystagmograph (from
our own archive).
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then with a 90-100 dB acoustic click stimulation for 30 s from the ear to which the
acoustic stimulus is applied. The VEMP test is considered promising for the assess-
ment of labyrinth in norm and pathology [23].

Recently, methods of examination with the use of magnetic coils and scanning
laser ophthalmoscopes have become increasingly important. The main purpose
of these methods is differential diagnosis of peripheral and central vestibular and
oculomotor disorders.

In patients with acute pathology of the external, middle, and inner ears of
inflammatory nature and other genesis, functional loads at vestibulometry are
performed with the implementation of rotational stimulation. Caloric stimulation is
limited. With purulent chronic otitis media, complicated by cholesteatoma, retrac-
tion pockets, and other pathology, fistula (pressor) tests and rotational stimulation
with mandatory appointment of MSCT with contrast are required.

In bilateral or asymmetric sensorineural hearing loss of different genesis,
vestibulometric examination is performed using caloric and rotational stimulations,
with consultations of psycho-neurologists, hematologists, vertebrologists, endocri-
nologists, and toxicologists.

The otoneurologic examination should necessarily include the studies which
make it possible to detect structural changes in the state of the auditory and ves-
tibular systems in the ear labyrinth, temporal bone, cervical spine, skull, and brain.
They are performed using multispiral computed tomography (MSCT) and mag-
netic resonance imaging (MRI) with contrast.

Data on the functional status of sensory systems are needed for clinical physi-
cians to obtain expanded information on diseases with consideration of morpho-
logical, etiological, and pathogenetic factors for nosological diagnosis.

To make conclusions the most commonly used classification of vestibular
syndromes is used according to the syndromotopic scheme:

Peripheral and central syndromes are distinguished by this scheme. The
peripheral syndrome includes labyrinthine and radicular ones. Central syndromes
are divided into subtentorial and supratentorial. Subtentorial syndromes are
subdivided into subnuclear, nuclear, and super-nuclear. Supratentorial syndromes
include diencephalic-hypothalamic, subcortical, and cortical. Often combined
vestibular syndromes are identified.

This classification is not universal. However, in the creation of a universal one,
as emphasized by researchers [3-5], the obstacle is the “ubiquity” of the vestibular
representation in the CNS. In addition, the subtle sensitivity to various changes in
the internal and external environment and the globality of the vestibular symp-
tom complex with similar symptoms, known as “vestibular triad,” complicate the
development of the principle of classifications of vestibular disorders according to
the nosological principle.

Due to the anatomical, physiological, and functional closeness of the receptor
structures of the auditory and vestibular systems, given the specificity of their
disorders in the ear labyrinth, it is rational to isolate the peripheral cochleovestibu-
lar syndrome. Specific changes in the central departments of the vestibular and
auditory systems are the bases for the formation of the central audio-vestibular
syndrome and their combination—for mixed audio-vestibular syndrome.

6. Conclusions
1. The presented anatomical and physiological bases of the vestibular system in-

dicate the structural and functional interrelation of its peripheral and central
departments in normal and pathological conditions.
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2.The parity and symmetry of the anatomical and physiological localizations of
the vestibular and auditory systems play a crucial role in the spatial orientation
in the state of motion and rest, in the formation of motor, sensory memory,
and cortical stimulation of their activity.

3.The vestibular system is closely linked to the departments of the central ner-
vous system, cerebral circulation, organs, and other systems of the body, so
before others, it responds to the smallest changes in the internal and external
environment.

4.The priority of changes in the central departments of the vestibular system
under the influence of radiation has been proven.

5.1t is established that the inhibitory processes in the vestibular and auditory
systems as a result of radiation from the Chornobyl accident can be regarded
as a symptomocomplex of premature aging of the organism with a decrease in
cognitive and emotional-volitional reactions.

6. Along with the widespread use of objective electrophysiological methods of
registration, in particular, electronystagmography, new diagnostic tests have
been developed. The method of videonystagmography, scanning laser oph-
thalmoscopes, and magnetic coil examinations are gaining popularity. They
contributed to the study of vestibular dysfunction in the positional paroxysmal
vertigo of peripheral and central origins.

7. Three types of effective therapeutic and prophylactic positional provocative
maneuvers have been implemented in clinical practice. They were developed
by taking into account the anatomical and physiological features of vestibular
system peripheral and central components.

Further experimental and clinical studies are needed to explore regarding the
receptor functions of three semicircular canals and the otolith apparatus of the
vestibular system. Developing new and refining existing objective methods for
examining and recording varieties of spontaneous and experimental nystagmus not
only in horizontal but also in other planes are necessary to enhance the assessment
of vestibular functions in normal and pathological conditions.

The solutions to the important problems of vocational guidance; professional
selection and career aptitude in sports, arts, maritime, aviation, and space technol-
ogies; and jobs related to ground and underground transportations are extremely
needed. These professions are associated with heavy loads on the vestibular system.
Particularly high demands are placed not only on vestibulo-vegetative and postural
stability but also on vestibulo-sensory reactions. The development of preven-
tive measures for safety and high endurance of the vestibular system, along with
modern technological advancements, is of high priority.
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Chapter 4

Examination of New Parameters
from F-Wave Waveform Using
Addition Averaging Method

Marina Todo

Abstract

To evaluate the excitability of the spinal motor neural function, F wave in
evoked electromyogram is often used. As the dominant nerve to the muscle was
electrically stimulated, retrograde action potentials are transmitted from the
stimulation point to the anterior horn cells of the spinal cord. Action potentials
that are regenerated in the anterior horn cells of the spinal cord are transmitted
to the muscle in an anterograde manner, which are recorded at the muscle. From
this route, because F wave can be measured from the whole body nerve, it has been
used in various situations. Usually, it is characteristic that the waveform of F wave
appears in variety. In other words, the same waveform does not appear in healthy
people. However, the same waveform may appear when a certain disease occurs. It
has been reported that the same waveform called “repeater F” appears in patients
with neurological diseases. However, techniques and experience are required to
analyze the waveform, and it is not widely used in clinical practice. This article
will explain the F waves in terms of neurophysiology and investigate whether the
averaging method can be applied to F-wave waveform analysis.

Keywords: F-wave waveform, usefulness of the addition averaging method,
correlation coefficient, same waveform, F-wave parameters

1. Introduction

When we move, the electrical signals are generated in the brain through the
spinal cord, and muscles contract, which causes movement. In the electrical signal
transmission, although the function of the spinal cord is important, there is no
consensus on the function (i.e., spinal cord excitability). The F wave which is an
evoked electromyogram is one of the means to reflect the excitability of the spinal
cord. Although the generation mechanism of the F wave will be described later, the
F wave is characterized by various waveform shapes that can be usually recorded.
On the one hand, in cases of spinal cord disease and cerebral infarction, the F
wave with same shape may be recorded. Recently, due to these characteristics of
the F wave, the excitability of the spinal cord has been utilized for grasping the
pathological condition of neurological disorders. On the other hand, the analysis
for the waveform of the F wave varies depending of the researcher, and the F wave
appears in various ways; it has not yet been established as one evaluation. Hence,
the ultimate objective is to establish an analysis method of waveform with low cost
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and effort and to improve the versatility of the analysis method in clinical setting.

I will explain the F waves in terms of neurophysiology and investigated whether

the averaging method can be applied to F-wave waveform analysis. In this article,
we will explain with a brief reference to the physiological aspects of the F-wave
generation mechanism in order to understand waveform analysis more deeply.

The same waveform appears in motor nerve demyelinating diseases and diseases
involving degeneration of spinal anterior horn cells. However, the same criterion for
waveforms may differ from each researcher. Therefore, we found the same criterion
using the correlation coefficient. The usefulness of the addition averaging method
in waveform analysis was examined using the reference value of the same waveform
and will be introduced here.

2. Outbreak mechanism and characteristics of F wave

F waves conduct retrogradely toward the center when a certain electrical stimu-
lus is afforded to the « motor neuron (hereinafter xMN). Originally, the axon does
not reach the cell body due to impedance mismatch (resistance Q = V/I) at the axion
hillock. Therefore, the spinal cord anterior horn cells do not refire and do not gener-
ate F waves. However, when spikes cross the axion hillock and reach the anterior
horn cells of the spinal cord due to some effect, they propagate to the dendrites and
generate SD (soma-dendritic) spikes there. This spike reaches the axion hillock that
has escaped from the absolute refractory period and conducts the axon antegrade
from there, resulting in compound muscle action potential (CMAP) evoked from
the governing muscle [1]. Nerve fibers have an absolute refractory period of 1 ms,
and if the spike returns during the period corresponding to the refractory period of
the axion hillock, no F waves can be generated because they cannot be conducted
antegrade. Also, aMN has a structure of antidromic inhibition via Renshaw cells.
Antidromic inhibition takes 2 ms, and it takes 1 ms to return from the axion hillock
to the spinal cord anterior horn cells. In other words, in order to generate the F
wave, the spinal cord anterior horn cells must reignite and conduct to the periphery
between 1 ms after the absolute refractory period of the axion hillock has ended
and 2 ms before antidromic inhibition of Renshaw cells. Whether or not the axion
hillock is out of the absolute refractory period is determined by slight timing differ-
ences, and this is thought to significantly affect the incidence of F waves [1, 2]. In
addition, the following three conditions are considered in which the F wave is likely
to occur: (1) the hyperpolarized state in the cells increases the time required for
conduction to the dendrites, which makes it easier to avoid the absolute refractory
period of the axion hillock; (2) reduction of the absolute refractory period; and (3)
excessive depolarization of the axon lowers the threshold level, making spikes more
likely to occur with small stimuli [1] (Figure1).
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Figure 1.

F-wave generation mechanism.
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Although the F wave is conducted antegrade by refiring of the spinal cord horn
cells and can be recorded, refiring does not occur in all neurons. Furthermore, the
probability of firing the same cell with each electrical stimulation is usually low,
and re-excitation occurs only once every 10-100 times [1]. Komori et al. reported
that 1406 F waves were evoked by a total of 1957 electrical stimuli in 10 cases,
which consisted of 1160 waveforms, of which 1033 (89.1%) had only 1 occurrence
[3]. F waves can be evoked from most motor nerves, but the nerves used mainly
for examination are the median nerve, ulnar nerve, and tibial nerve. Among these
nerves, the ulnar and tibial nerves have a persistence close to 100%. In addition,
the normal value of the F-wave persistence varies among researchers. For the
median nerve, Komori and Suzuki et al. reported more than 40%, and Fisher
et al. reported 79-100%, but if too high, they may suspect spasticity, a disorder of
upper motor neurons. There are reports of peroneal nerves in the nerves targeted
for F-wave tests, but it is said that there are cases of difficulties in Japanese people
even in healthy subjects [4, 5]. In the background, Japanese people are suspected of
having a potential peroneal neuropathy due to the unique Japanese culture such as
sitting straight custom. Hirashima et al. reported that CMAP (M-wave) amplitude
increased by peroneal nerve stimulation since 1995 [6] and examination of the
peroneal nerve is now being examined.

3. Relationship between F wave and motor unit

In the anterior horn of the spinal cord, there are neurons of various motor
units (motor neuron pool). A motor unit is a unit composed of motor neurons,
and the muscle fibers are governed by the neurons. One F wave appears due to
the combination of refiring motor units. The F-wave waveforms are different due
to the combination of the motor units and the timing shift; therefore, the F wave
has a feature in which its waveforms appear in a variety. There are three types of
motor units. The S type (slow-twitch type) is small in size and slow in contrac-
tion speed. The FF type (fast-twitch fatigable type) is large in size and fast in
contraction speed but is easily fatigued. The FR type has characteristic between
S type and FF type. When a person exerts, it depends on the number of motor
units activated (recruitment) and the frequency of firing of motor neurons (rate
coding) [7].

Henneman reports that there is a strong correlation between motor neuron size
and recruitment order [8]. When exercising, there are rules that are mobilized in
order from smaller motor units to larger motor units (size principle) [1, 2, 7]. Small
motor neurons have a low stimulus threshold and are easy to fire even with weak
input. The percentage of motor units varies from muscle to muscle. Enoka reported
that 92.5% of S-type motor neurons and 7.5% of FR-type motor neurons dominated
in gastrocnemius muscles. Similarly, the musculus interossei dorsales pedis and
triceps brachii muscle were dominated mostly by small motor neurons [9].

When humans exert their power, fluctuations in rate coding, in addition to
recruitment of motor units, have a great effect, too [10, 11]. For example, in a study
by Moritz et al., as the muscle contraction strength of the musculus interossei
dorsales pedis of the hand was gradually increased, the rate coding of firing and
the number of motor units increased, and the contraction strength reached 60% or
more (against maximum contraction strength). At 60% or more contraction, most
of the work was done only by increasing the rate coding. In the case of F wave, it
has no effect on one waveform, but F wave treats the average value of the waveform
obtained by 16 or more stimuli. At that time, the rate coding of the same motor unit
with respect to the number of stimulations is reflected [12].
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From the above, it is necessary to adjust the rate coding of firing of units of various
sizes according to the scene. When various units fire, they appear in the waveform of
the F wave, and the rate coding is directly reflected in the persistence of the F wave.

In other words, it can be said that the waveform and appearance persistence of the

F wave reflect the motor unit. However, it has been reported that when the number
of anterior horn cells decreases or degenerates due to spinal cord anterior horn cell
disease or motor neuron damage, the firing of the same unit is biased and the F wave
shows the same waveform. Evaluation the F wave reflecting the unit this way has the
potential to lead to an objective evaluation of muscle output and voluntary motion.

4. F-wave parameters
4.1 Latency (ms)

Latency is the time taken of an electrical stimulation conduction to reach the
spinal cord anterior horn cells and return to the dominant muscle. This parameter
is most commonly used in clinical practice and is a highly reproducible index. In
addition, the shortest rise latency in the recorded F wave is called the minimum
latency, which reflects motor fibers with fast conduction time. Conversely, the
longest rise latency is called the maximum latency, which reflects motor fibers with
slow conduction times (Figure 2). The speed of conduction is said to be affected
by height, limb length, and skin temperature. Speed of conduction is particularly
reduced in diseases that affect the myelin of peripheral nerves (e.g., Guillain-Barre
syndrome, Charcot-Marie-Tooth disease, etc.) [1].

4.2 Amplitude (pV)

Amplitude represents the magnitude of the waveform. There are two types of
measurement methods. The first is the baseline to peak amplitude. The second is the
peak-to-peak amplitude of the negative and positive vertices (Figure 3). We used
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Figure 2.
Latency type.
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Figure 3.
A way to measure amplitude value.

the second peak-to-peak amplitude this time to analyze the waveform, including
the positive wave. To normalize the amplitude of the F wave, the amplitude F/M
ratio is expressed by the ratio divided by the peak-to-peak amplitude of the M
wave when the maximal stimulation is given to the motor nerve. It is said that if the
amplitude F/M ratio shows a value of 5% or more, the possibility of upper motor
neuropathy is suspected [13].

4.3 Duration (ms)

Duration indicates the time from the rise of the amplitude of the F wave to its
return to the baseline. However, depending on the waveform, the position to return
to the baseline is unclear, and care must be taken when using this index because it
may be affected by the experience value of the measurer. In the case of the median
nerve, the location where the F wave is generated is on the baseline after the genera-
tion of the M wave, so it is difficult to define the baseline (Figure 4).

4.4 Persistence (%)

Persistence indicates the ratio of the appearance of the F wave to the total
number of stimulations. Analysis of only one waveform is not sufficient because
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Figure 4.
Cases where it is difficult to measure the duration of the median nerve.
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the F wave has different waveforms at each stimulus. Komori et al. reported that
sufficient reproducibility was obtained with more than 50 stimuli [14]. Currently,
Kimura et al. have generally analyzed using the average value of F waves obtained at
least 16-30 times or more stimuli.

Others analyze the number of negative vertices of the waveform. There is also
an index called Fchronodispersion which indicates the variation of latency from the
difference between the minimum latency and the maximum latency.

5. Characteristics of disease and F-wave waveform

Among peripheral neuropathies (neuropathies), abnormalities of F-wave wave-
form due to motor nerve disorders have been reported mainly by Kimura et al. [1,
15-19]. There are reports of Guillain-Barre syndrome [15-17], Charcot-Marie-Tooth
disease [19], and diabetic neuropathy [20, 21], which are diseases in which motor
nerves are predominantly impaired. There are reports related to spasticity, one of
the pyramidal tract disorders [22-25]. In recent years, there have been many reports
of amyotrophic lateral sclerosis that is an intractable disease in which both upper
and lower motor neurons are degenerated [1, 2]. In neuropathy, demyelination of
axon myelin sheaths inhibits jump conduction and slows the conduction speed. As a
result, it is easy to obtain a result such as a delay in the rise latency and a decrease in
the persistence of the F wave. These diagnoses can be determined by latency which
has high reproducibility among F-wave parameters.

The authors focused on abnormal F waveforms in disorders involving upper
motor neuron disorders and spinal cord anterior horn cell degeneration. In cases
of spasticity among stroke, Suzuki et al. report that as the electrical stimulation
intensity is increased, the waveform of the F wave appears more like the H wave
as the degree of muscle tone and tendon reflex increases [26]. In addition, Suzuki
et al. measured F waves obtained from the abductor of the thumb by median nerve
stimulation in one case of cerebrovascular disease and compared the disease dura-
tion at 9 months, 52 months, and 70 months later. Meanwhile, physical therapy was
given. As a result, they reported that as the duration of physiotherapy increased,
the amplitude of F waves decreased, and the waveforms varied. In addition,
improved hand muscle tone and voluntary motion. Komori et al. also reported that
the amplitude of F waves increased with spasticity [25]. However, other research-
ers measured F waves when median nerve stimulation was applied to 14 stroke
patients, and the latency and persistence were not significantly different between
the non-paralyzed side and the paralyzed side. The persistence of motor unit has
been reported to decrease significantly on the paralyzed side regardless of the
degree of muscle tone [23, 27]. In the case of amyotrophic lateral sclerosis, atrophy
of the anterior horn cells of the spinal cord reduces the number of motor units and
the number of firing anterior horn cells, so the persistence decreases significantly,
and the same waveform begins to appear [27]. Similarly, spinal and bulbar muscular
atrophy (SBMA) has been reported to produce F-wave waveform with similar
characteristics [28-30].

6. Regulation of the same waveform
F waves with matching latency and amplitude values may appear when

spasticity due to stroke or when atrophy of the spinal cord horn cells occurs, such
asin ALS and SBMA. This is known as “repeater F.” This repeater F is reported
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to significantly appear more in patients with diabetic polyneuropathy, ALS,
carpal tunnel syndrome, ulnar neuropathy, and L5 radiculopathy than in healthy
subjects [1, 2, 31, 32].

The authors wondered how it is difficult to determine the consistency of the
waveforms using only the amplitude value or the latency and how to judge the
waveforms to be the same. Some studies report the same waveform as an analysis
item, but few describe the judgment method in detail. Some of the methods
described for determining the same waveform include the following: (1) a method
of visual judging by superimposing recorded waveforms [3, 33], (2) a method
of determining the correlation coefficient between waveforms at a value of 1.00
[34, 35], and (3) in recent years, some researchers have decided to develop their
own analysis software [36]. There is a risk that the evaluation method can be used
only by those who are familiar with F waves when using the visual observation to
determine the same waveform, because the degree of match defined as the same
waveform includes individual differences.

6.1 Regulation of the same waveform using correlation coefficient

The authors examined the relationship between the results that three research-
ers familiar with F waves judged visually the same waveform and the results of
the correlation coefficient calculated from the data [37]. The target waveform is a
waveform of 30 shots derived from the musculus abductor pollicis brevis by median
nerve stimulation of a healthy person for 5 trials. A total of 150 waveforms were
prepared. We asked each researcher to select the same waveform in a separate room
to avoid interference. The data processing method of the F wave was a moving
average of three terms using Microsoft Excel. The correlation between the wave-
form after the moving average and the raw waveform was an extremely high value
of R = 0.9963, which sufficiently reflects the raw waveform. Next, the correlation
coefficients of all combinations of waveforms evoked by applying 30 electrical
stimuli per trial were calculated. The waveforms visually judged the same wave-
forms selected by two or more out of three people.

The results showed that the same waveform was selected by the 2 individuals
as 10 waveforms, of which 9 (90%) showed a correlation coefficient of 0.95 or
more. Next, the waveforms selected by the three persons had two waveforms, and
both waveforms showed a correlation coefficient of 0.95 or more. It was suggested
that the number of correlation coefficients R = 0.95 may be one index of the same
waveform when analyzing the waveform of the F wave (Table1).

However, one waveform judged to be the same waveform was recognized,
although the correlation coefficient was 0.71. They were similar in waveform
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Table 1.
Results of the selection of the same waveform.
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but slightly different in latency when the actual raw waveforms were checked.
Therefore, the latency was shifted by 0.625 ms until the negative peak matches with
the visual confirmation; as a result the waveform showing a correlation coefficient
of 0.71 showed a correlation coefficient of 0.96.

Although the waveforms were the same in this study, the different latencies
suggested that the correlation coefficient was low. We thought that the slight shift in
the rise latency was affected the time it took for the spike to occur in the spinal cord
anterior horn excitation threshold. This time the evoked musculus abductor pollicis
brevis is composed of 115-171 motor units, considering the possibility that the rise
latency could be shifted due to the spatial relationship of the cell bodies when cells
are similar in size during refiring. Komori et al. allow for differences in negative peak
latencies up to 1 ms when comparing the reproducibility of F waves [38]. It may be
necessary to consider such differences in latency when analyzing the same waveform.

7. Research using the addition averaging method

An analysis method that takes into account the F wave, in which various wave-
forms appear, has not yet been established. In addition, there is a report on the
F-wave method (F-MUNE) for estimating motor units using F waves. However,
analysis requires time and effort, and versatility is poor at present [27, 39, 40].
Therefore, as stated in this introduction, we examined whether the averaging
method is applicable to F waves to increase versatility by establishing simple analy-
sis methods. The averaging method approaches 0 by averaging the waveforms that
appeared in diversity with repeated stimuli. On the other hand, a waveform that
appears at a fixed latency also appears as a waveform after overlapping and addition
averaging [1]. In the case F wave appears in the diversification, the value become
close to 0 when the addition averaging process is performed. The wave remains after
the addition averaging process when the same waveform appears repeatedly. It may
be possible to distinguish the same or similar waveforms if the addition averaging
method is used to analyze the waveform of the F wave. However, there is a risk
that the waveform may disappear due to a slight difference in latency when apply-
ing this addition averaging method to the analysis of the waveform of the F wave.
Furthermore, meaning is still unclear what waveform is calculated by the addition
averaging method, so we first examined the relationship between the averaging
waveform and the raw waveform.

7.1 Previous research on waveform analysis using the addition averaging
method

Eisen et al. [13] first studied F waves using the addition averaging method. They
addition averaged the F waves obtained by giving 32 electrical stimulations into the
tibial nerve of cerebrovascular patients and compared them with that of the healthy
subjects. The waveform after addition averaging reported that the duration and
amplitude could be reproduced in both cerebrovascular and healthy subjects [13]. In
Japan, Komori et al. focused on the latency of the negative peak in order to pursue
an evaluation method that combines reproducibility and simplicity in order to pro-
mote clinical application of F wave. The waveform after adding the negative peaks
manually (addition method) showed that the reproducibility of the waveform was
86.7% for the median nerve and 73.3% for the tibial nerve, even when measured
on another day [38]. Next, they reported that the waveform obtained by the addi-
tion averaging method sufficiently reflected the waveform of the proven addition
method [41]. Sakamaki et al. point out that such as F waves, when negative waves
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and positive waves appear at the same latency, may be offset when the addition
averaging method is used for waveforms that appear in diversity [42]. Hiratsuka

et al’s research also tried to use the addition averaging method, but the amplitude
was significantly reduced, making analysis difficult [43]. There have been fewer
studies using the addition averaging method for F-wave analysis since the first

half of 1988 from this background. There are other reports that use the addition
averaging method for the F-wave analysis items [44-46], but only the latency and
duration reflect the raw waveform, and it is a difficult situation to establish these as
parameters.

7.2 Relationship between F-wave persistence and addition averaging waveform

We reexamined the usefulness of the addition averaging method, taking into
contents what Sakamaki pointed out. First, we examined whether the persistence
of F waves needs to be considered for the median nerve since the persistence of F
waves differs for each nerve to be affected.

The method measured the F wave at rest and calculated the coincidence rate
between addition averaging waveform for all waveforms and averaging waveform
reflecting only F-wave appearance waveform. Subjects were 99 healthy volun-
teers (55 males and 45 females) who agreed to the study with an average age of
23.3 £ 5.3 years. The F wave was obtained by electrically stimulating the median
nerve of the non-dominant upper limb. From the measured F waves, the waveform
after addition average of the “waveform data of 1 trial (30 shots) (thereafter, TW)”
and “waveform data of only the F-wave appearance waveform (thereafter, AW)” was
obtained using Microsoft Excel. Next, the correlation coefficient between the two
waveforms after addition average values was calculated using CORREL function.
This correlation coefficient indicates the coincidence rate. The reference value of the
same waveform used the correlation coefficient of 0.95 from previous studies. Next,
a scatter diagram from the data of the F-wave persistence of each subject is created,
and the coincidence rate is calculated using single regression analysis. The coefficient
of determination (R2) is calculated, and the variation is obtained. It is examined
whether the coincidence rate depends on the persistence of F wave. 80/99 subjects
had a correlation coefficient between TW and AW of 0.95 or more, accounting for
80% of the total. Among them 38 subjects showed a correlation coefficient of 1.00,
representing 38% of the total. 19/99 subjects showed a correlation coefficient of
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A circle graph showing the correlation coefficient of two addition averaging waveforms.
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Figure 6.
A scatter plot showing the persistence of F wave and the coincidence rate.

0.95 or less, accounting for 20% of the total (Figure 5). A scatter plot showing the
persistence of F wave and the coincidence rate is presented in Figure 6.

The coefficient determination (R) was 0.53, indicating “somewhat correlated.”

The highest F-wave persistence was 60%, and the lowest value was 10% in the group
that showed a concordance rate of 0.95 or less (thereafter, group A). The highest
F-wave persistence was 100%, and the lowest value was 23% in the group that showed
a concordance rate of 0.95 or higher (thereafter, group B) (Figure 6). The result we
expected was that the higher the persistence of F waves, the higher the coincidence
rate. However, those with a high coincidence rate and those with a low coincidence rate
were recognized despite low persistence of F wave in group A and group B. Therefore,
we confirmed the raw waveform of those with low persistence of F wave in both
groups. Then, there were two factors that reduced the coincidence rate in Group A.

The first factor is that the persistence of F waves is significantly lower. The
amplitude could be confirmed visually because the fewer the number of waveforms
that appeared, the smaller the value to be divided. On the other hand, the amplitude
value was lost because the denominator to be divided was large. From the above, it
is considered that the coincidence rate of the two waveforms has a low value. This
result is similar to the reported study of Hiratsuka et al. [43].

The second factor is that high-amplitude waveforms appear localized. It was
considered that the addition averaging waveform of AW had a higher amplitude value
and a lower coincidence rate because of appearing several high-amplitude waveforms.
In group B, there were also two possible factors for the high coincidence rate despite
the low persistence of F-wave appearance as in group A. The first factor is that the
persistence of the F wave is around 50%, and the appearing waveform shows almost a
similar waveform. The second factor is, even though the number of appearing wave-
forms was few, they were canceled out by the appearance of diversity which is also a
characteristic of the F wave. As a result, we thought that the matching rate approached
the baseline and showed a high value. We think that the tasks of making the persis-
tence of F waves approach 100% using muscle contraction or evoked from tibial nerve
are suitable when using addition averaging method to analyze F-wave waveform.

7.3 Method of addition averaging
7.3.1 Normal or match of negative peak or match of vise latency

Compared with the commonly used amplitude F/M ratio, the amplitude value
of after addition averaging waveform showed about 1/2 of the value [41]. It is
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Table 2.
Comparison of three addition averaging methods and average data.

considered to be the result of the overlap between the negative and positive waves
as reported by Sakamaki and Takasu [42]. To avoid the reverse winding proposal,
averaging was performed in three ways, and the ratio of amplitudes of addition
averaging and the average of the values obtained for each stimulus were compared.
The three ways of performing the averaging method are described below:

1. A method of addition averaging the recorded F wave as it is (normal).
2. A method of addition averaging after the match of negative peak.
3. A method of addition averaging after the match of rise latency.

Subjects picked up and analyzed one subject who showed 100% persistence
of F wave. The results are shown in Table 2. The error amplitude F/M ratio was
2.0%, and the measured value was 25.79 pV during normal addition averaging.
Next, the error when matching the negative peak was 0.43%, and the measured
value was 39.59 pV. Finally, the error when the rise latency was matched was
0.67%, and the measured value was 62.05 uV. From the above, in the case of
one subject this time, the average is usually the closest to the raw data, but it is
necessary to increase the number of subjects and pursue it because it is the result
of only one subject.

8. Conclusions

At the present time, when using the addition averaging method for the F-wave
waveform analysis, (1) the constant criterion of the same waveform using the
correlation coefficient should be 0.95, (2) the persistence of F waves when using
the addition averaging method is at least 60% or more and (3) the normal addition
averaging method has less error in the amplitude value compared to the raw data.

However, all the contents described this time are the analysis results of F waves
evoked by electrically stimulating “median nerve.” Therefore, we will analyze the
ulnar nerve, the tibial nerve, and the peroneal nerve in the same way as described
at the beginning and examine the innervated nerves to which the addition averag-
ing method is applicable. In addition, “cluster analysis” will be introduced to avoid
pointing out the content of Sakamaki et al. In this analysis method, similar wave-
forms are collected to create a cluster. By carrying out the cluster analysis before
the addition averaging, the similar waveforms can be classified, and the cancelation
of the positive wave and the negative wave due to the variation in the latency can
be avoided. In addition, you can see how many F-wave clusters make up one trial
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during a case characteristic of F-wave waveform such as stroke with spasticity or
ALS with atrophy of spinal cord horn cells.
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Chapter 5

Motor Imagery for
Neurorehabilitation: The F-Wave
Study

Yoshibumi Bunno

Abstract

The immediate enrollment in rehabilitation program and facilitation of the
excitability of spinal motor neurons are very important for post-stroke patients. We
previously suggested that persistence and the F/M amplitude ratio, indicator of the
excitability of spinal motor neurons, were significantly increased during MI. Thus,
MI has a greater effect on the excitability of spinal motor neurons. We also indicated
that the imagined muscle contraction strength may not affect the excitability of
spinal motor neurons. Further, kinesthetic imagery can more facilitate the excit-
ability of spinal motor neurons. However, longer duration of MI may not affect the
excitability of spinal motor neurons. Therefore, slight imagined muscle contraction
strength may be sufficient to facilitate the excitability of spinal motor neurons, and
duration and strategy of imagery should be considered in neurorehabilitation.

Keywords: motor imagery, F-wave, imagined muscle contraction strength, duration,
strategy, stroke, neurorehabilitation

1. Introduction

The excitability of the motor cortex is decreased after stroke along with dam-
age to neural substrates, loss of sensory inputs, and disuse of the affected limb
[1]. Further, the amplitude of motor evoked potentials (MEPs), obtained when
transcranial magnetic stimulation (TMS) is applied over the primary motor cortex,
is decreased [2]. At the spinal level, the excitability of spinal motor neurons is
decreased in post-stroke patients during the acute phase [3, 4]. The excitability of
central and spinal neural function is decreased after stroke. The highest level of
functional recovery due to neuroplasticity, cortical reorganization, and regeneration
occurs at about 4 weeks after stroke, and recovery reaches plateau within 3 months
[5, 6]. Therefore, in post-stroke patients, the immediate enrollment in rehabilitation
programs aiming to facilitate the corticospinal excitability, including the excit-
ability of spinal motor neurons, should be important. Indeed, the early initiation of
rehabilitation programs can facilitate the recovery of motor function [6-8].

Motor imagery (MI) is a cognitive process creating specific motor actions within
working memory without an actual movement [9]. MI allows patients who cannot
volitionally perform movements, such as stroke, to mentally practice a motor task.
Numerous neurophysiological studies have discussed the effect of MI on the central
nervous system by using positron emission tomography, functional magnetic reso-
nance imaging, and near-infrared spectroscopy [10-13]. The primary motor cortex,
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premotor area, supplementary motor area, prefrontal cortex, parietal lobule, cin-
gulate area, cerebellum, and basal ganglia were activated during MI [10-13]. These
brain areas were also activated during motor execution (ME), and thus the MI and
ME have a common neural network. Further, the MEP amplitude was significantly
increased during MI [2, 14, 15]. Therefore, MI can facilitate the excitability of the
central nervous system.

However, the influence of MI on the excitability of spinal motor neurons is
still unclear. A significant increase of the spinal motor neuron excitability was
observed during MI [16, 17]. Our previous study also demonstrated a significant
increase of the spinal motor neurons during MI of isometric thenar muscle activity
at 50% maximal voluntary contraction (MVC) [18]. Conversely, previous studies
demonstrated that excitability of spinal motor neurons is not changed during MI
[14, 19, 20]. Additionally, Oishi et al. [21] identified three changing patterns (i.e.,
facilitation, suppression, and no change) in the excitability of spinal motor neurons
during MI. These results of previous studies indicated that MI has various effects on
the spinal motor neuron excitability. MI includes various components of perception,
such as visual, auditory, kinesthetic, proprioceptive, and vestibular. Further, MI
incorporates the spatial (e.g., direction and amplitude), temporal (e.g., synchroniza-
tion and continuously), and dynamic (e.g., muscle tension) information relevant to
the motor task. Therefore, the excitability of spinal motor neurons during MI may
be different depending on what modality of MI will be chosen. Then, we investi-
gated the excitability of spinal motor neurons during MI under various conditions,
specifically imagined muscle contraction strength, duration, and sensory modality.
One of the final goals of our group is to find the best conditions for MI to achieve the
optimum outcome during the rehabilitation program. In the following sections, we
introduce our previous researches and suggest the application of MI to rehabilitation.

2. The excitability of spinal motor neurons during MI at different
imagined muscle contractions

2.1 Background and purpose

Our research group previously reported that the excitability of spinal motor
neurons was significantly increased during MI of isometric thenar muscle activity
at 50% MVC [18]. In actual movement, the excitability of spinal motor neurons
was increased linearly with muscle contraction strength [22]. If MI and ME share a
common neural network, the excitability of spinal motor neurons increases linearly
with imagined muscle contraction strength. Firstly, we aimed to investigate the
excitability of spinal motor neurons during MI at different imagined muscle con-
traction strength. The excitability of spinal motor neurons during MI was assessed
using the F-wave [23-26].

2.2 About the F-wave

The F-wave is compound action potentials resulting from the re-excitation
(backfiring) of spinal anterior horn cells by an antidromic impulse following distal
electrical stimulation of « motor neurons [27-29] (Figure 1). The F-wave amplitude
was significantly increased when the corticospinal descending volley collides with
the antidromic peripheral volley [30]. Therefore, the F-wave is considered to be a
probe of the excitability of spinal motor neurons. Further, Rossini et al. [31] sug-
gested that the F-wave is a reliable index of the excitability of spinal motor neurons,
even when motor output is extremely minimal, as during MI.
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Muscle spindle

a motor neuron

Figure 1.
Mechanism of the F-wave.

2.3 Materials and methods
2.3.1 Participants

Firstly, we assessed the excitability of spinal motor neurons during MI at 10, 30,
50, and 70% MVC for 10 healthy adults (mean age = 28.7 + 4.5 years). Secondly, we
assessed the excitability of spinal motor neurons during MI at 50 and 100% MVC
for 15 healthy adults (mean age = 25.3 + 5.0 years). Written informed consent was
obtained prior to participation. The study was approved by the Research Ethics
Committee at Kansai University of Health Sciences and conducted in accordance
with the Declaration of Helsinki.

2.3.2 Appavratus and condition for the F-wave vecording

A Viking Quest Electromyography (EMG) machine version 9.0 (Natus
Medical, Inc., Pleasanton, CA, USA) was used to record the F-wave. Participants
were in supine posture on a bed and instructed to fix one’s eyes on the display
of a pinch meter (Digital indicator F304A, Unipulse Corp., Japan) (Figure 2).

Viking Quest ver9.0
(Natus medical inc.)

Electromyography machine ‘

I Digital indicator F304A

; {u_nlquls-&}

Figure 2.
F-wave recording status.
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Figure 3.
F-wave recording condition.

The skin impedance was cleaned with an abrasive gel (Nuprep® Skin Prep Gel;
Weaver and Company, Inc., Aurora, CO, USA) to maintain below 5 kQ. The room
temperature was maintained at 25°C. A pair of silver EEG cup electrodes (10-
mm diameter; Natus Medical, Inc., Pleasanton, CA, USA) was attached over the
thenar muscles and the base of the first dorsal metacarpal bone (Figure 3).

The F-wave was evoked from the left thenar muscles by delivering supramaxi-
mal electrical stimuli to the left median nerve at wrist. Supramaximal stimulus
intensity was determined to be 20% higher than the maximal stimulus intensity
that could elicit the largest M-wave amplitude. Thirty electrical stimuli in each trial
were delivered at a duration of 0.2 ms and frequency of 0.5 Hz. The sensitivity for
the F-wave was set at 200 pV per division and a sweep of 5 ms per division. The
bandwidth filter ranged from 20 Hz to 3 kHz.

2.3.3 Experimental protocol

Firstly, to determine baseline of the excitability of spinal motor neurons, the
F-wave was recorded during relaxation for 1 min (rest). After baseline of the
F-wave recording, participants were instructed to learn isometric left thenar muscle
activity at 50% MVC for 1 min with visual feedback. Specifically, participants press
the sensor of a pinch meter by the left thumb and index finger at 50% MVC and
keep the 50% MVC value numerically recorded on the display. For the MI trial,
participants imagined isometric left thenar muscle activity at 50% MVC for 1 min
(50% MI). After MI trial, the F-wave was recorded during relaxation for 1 min
(post). This protocol was repeated for 10, 30, 70, and 100% MI conditions. Each
condition was performed randomly on different days.

2.4 Data analysis for the F-wave

The F-wave data in each trial were analyzed with respect to two parameters:
persistence and the F/M amplitude ratio. The minimum peak-to-peak amplitude
of F-waves was 20 pV [17, 32]. Persistence was defined as the number of detected
F-wave responses to 30 electrical stimuli and expressed as percentage (%).
Persistence reflects the number of backfiring spinal anterior horn cells [28, 29].
The F/M amplitude ratio was defined as the mean amplitude of all detected F-wave
responses divided by the M-wave amplitude and expressed as percentage (%). The
F/M amplitude ratio reflects the size, number, and synchronization of backfiring
spinal anterior horn cells [29, 33]. Therefore, persistence and the F/M amplitude
ratio indicate the excitability of spinal motor neurons.
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2.5 Statistical analysis
2.5.1 The F-wave during 10-70% MI condition

IBM SPSS statistics version 26 (IBM Corp., Armonk, NY, USA) was used for sta-
tistical analysis. A nonparametric method was used for statistical analysis because
the normality of obtained data was not confirmed by the Shapiro-Wilk test.

Persistence and the F/M amplitude ratio among three trials (rest, MI, and post)
under each MI condition (10, 30, 50, and 70%) were compared using the Friedman
test and Scheffe’s post hoc test.

We also calculated the relative value obtained by dividing the F-wave data
during MI under four MI conditions by that at rest. The relative values among four
MI conditions were compared using the Friedman test. The threshold for statistical
significance was setat p = 0.05.

2.5.2 The F-wave during 50 and 100% MI condition

Persistence and the F/M amplitude ratio among three trials (rest, MI, and post)
under each MVC MI condition were compared using the Friedman test and Scheffe’s
post hoc test. The relative values between two MI conditions were compared using
the Wilcoxon signed rank test.

2.6 Results
2.6.1 The F-wave during 10-70% MI condition

Persistence during MI under all MI conditions was significantly higher than the
rest (Tables 1-4). The F/M amplitude ratio during MI under 10, 30, and 50% MI
conditions was significantly higher than rest (Tables 1-3). The F/M amplitude ratio
during MI under 70% MI condition was tended to be increased than rest (Table 4).

The relative values of persistence and the F/M amplitude ratio did not demon-
strate significant differences among all MI conditions (Table 5).

2.6.2 The F-wave during 50 and 100% MI condition
Persistence during MI under the two MI conditions was significantly higher than

rest (Tables 6, 7). The F/M amplitude ratio during MI under the two MI conditions
was significantly higher than rest (Tables 6 and 7).

rest 10% MI post
Persistence (%) 61.8 = 12.6 91.9 + 9.70** 73.1 = 20.7
F/M amplitude ratlo (%) 0.90 + 0.35 2.46 + 2.61%% 1.18 + 0.67

Mean = S5D.
rep < 0.01; significant difference between rest and 10% MI trial.

10% MI: Motor imagery of isometric thenar muscle activity at 10% MVC

Table 1.
The F-wave under 10% MI condition.
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rest 30% MI post
Persistence (%) 61.2 £ 19.5 88.0 + 12.2% G60.0 + 18.7
F/M amplitude ratlo (%) 1.00 + 0.94 2,92 + 2.95% 1.11 + 0.52

Mean = SD.
=p < 0.05; significant difference between rest and 30% MI trial.

30% MI: Motor imagery of isometric thenar muscle activity at 30% MVC

Table 2.
The F-wave under 30% MI condition.

rest 50% MI post
Persistence (%) 62.7 £ 22.3 94.0 + 9.40% 65.5 = 27.0
F/M amplitude ratio [%0} 1.08 + (.28 2.60 + 2.30%* 0.98 + 0.40

Mean *+ SD.

=p < 0.05; significant difference betwean rest and 50% MI trial.

=+p < 0.01; significant difference between rest and 50% MI trial.

50% MI: Motor imagery of isometric thenar muscle activity at 50% MVC

Table 3.
The F-wave under 50% MI condition.

rest 70% MI post
Persistence (%) 55.9 + 17.6 88.1 + 10.83%%* £5.3 + 19.9
F/M amplitude ratio (%) 0.94 + 0.332 1.79 + 1,23 1.11 + 0.44

Mean = SD.
#:p < 0.01; slgnificant difference between rest and 70% MI trial.

70% MI: Motor imagery of isometric thenar muscle activity at 70% MVC

Table 4.
The F-wave under 70% MI condition.

10% MI 30% MI S0% MI F0% MI
condition condition condition condition

relative values of

persistence 1.53 + 0.31 1.58 + 0.61 1.78 + 0,93 1.69 + 0.45

relative values of F/M
amplitude ratio 2.40 + 1.38 3.31 £ 0.56 2.52 £ 1.96 2.10 £ 1.37
Mean = 5D

MI: Maotar imagery of isometric thenar
muscle activity

Table 5.
Comparison of relative values of the F-wave among 10% MI, 30% MI, 50% MI, and 70% ML
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rest 20% MI post
Perslstence (%) 50.8 + 21.7 BE.2 + 13.2%% 48.3 = 19.9
F/M amplitude ratlo [%6) 1.71 + 0.89 3.96 + 4.56%% 1.29 + 0.56

Mean = SD.

=+#p < 0.01; significant difference between rest and 50%MI trial.

Table 6.
The persistence and F/M amplitude ratio under 50% MI condition.

rest 100% MI post
Persistence (%) 60.8 = 24.9 91.9 + 7.58+* B80.7 + 21.5
F/M amplitude ratio {%) 1.32 = 1.12 3.57 £ A6TH* 1.39 + 1.25

Mean = SD.

=+p < 0.01; significant difference between rest and 100% MI trial.

Table 7.
The persistence and F/M amplitude ratio under 100% MI condition.

The relative values of the persistence and F/M amplitude ratio did not demon-
strate significant differences between two MI conditions (Table 8).

2.7 Discussion

Both persistence and the F/M amplitude ratio significantly increased during
MI under all five MI conditions. Previous studies demonstrated that various brain
regions, including the primary motor cortex, premotor area, supplementary motor
area, prefrontal cortex, parietal lobule, cingulate area, cerebellum, and basal gan-
glia, contribute to motor preparation and planning during MI [34, 35]. Therefore,
it is considered that activation of the central nervous system contributing to motor
preparation and planning during MI is responsible for increased excitability of the
spinal motor neurons via the descending pathways, such as the corticospinal and
extrapyramidal tracts.

0% MI condition 100% MI condition

relative values of persistence 2.04 = 1.17 208 = 1.71
relative values of F/M amplitude ratio 2.75 + 2.04 2.53 =+ 1.76
Mean =+ SD.

MI: Motor imagery of isometric thenar muscle activity

Table 8.
Comparison of relative values of the F-wave between 50% MI and 100% MI condition.
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Furthermore, participants performed MI while holding the sensor of a
pinch meter. Mizuguchi et al. [36] reported that while holding an object, the
corticospinal excitability during MI was modulated by a combination of tactile
and proprioceptive inputs. Thus, it is plausible that holding the pinch meter
sensor during MI caused tactile and proprioceptive perceptions to cooperatively
increase the excitability of the spinal motor neurons along the MI-activated
pathways.

Relative values of persistence and the F/M amplitude were similar among all MI
conditions. This result indicated that the magnitude of imagined muscle contrac-
tion strength may not affect the excitability of the spinal motor neurons. Bonnet
et al. [37] reported that the H-reflex amplitude during MI was similar between
2 and 10% MI conditions. Hale et al. [38] also reported that the H-reflex ampli-
tude during MI of ankle plantar flexion was similar among five (i.e., 20, 40, 60,
80, and 100% MVC) MI conditions. Similarly, Aoyama et al. [39] reported that
the H-reflex amplitude during MI was similar between 50 and 100% MI condi-
tions. MI is the mental representation of a movement in the absence of any overt
movement [9]. The neural mechanism that inhibits actual movement and muscle
contraction during MI may be involved in this outcome. Park et al. [40] reported
that MEP amplitudes during MI were similar among all six (i.e., 10, 20, 30, 40, 50,
and 60% MVC) MI conditions. Furthermore, magnitude of the primary motor
cortex activity during MI did not correlate with the imagined muscle contraction
strength, whereas activities of the supplementary motor and premotor areas dur-
ing MI strongly correlated with it [41]. The supplementary motor and premotor
areas have crucial roles in larger force generation [42], motor planning, prepara-
tion, and inhibition [43, 44]. Thus, these areas may inhibit actual muscle contrac-
tions depending on the magnitude of the muscle contraction strength. These areas
are also connected directly to the primary motor cortex, and inhibitory inputs
from them may suppress any additional primary motor cortex excitation conferred
by MI with a high imagined contraction strength. Therefore, the degree of excit-
ability of spinal motor neurons during MI at various imagined muscle contraction
strengths may be modulated by both excitatory and inhibitory inputs from the
central nervous system.

2.8 Conclusion

The result of these previous studies demonstrated that MI can increase the
excitability of spinal motor neurons. Further, MI at slight imagined muscle con-
traction strength (i.e., 10% MVC) can substantially facilitate the excitability of
spinal motor neurons.

3. The influence of duration of MI on the excitability of spinal motor
neurons

3.1 Background and purpose

In our previous studies, duration of MI was 1 min [23-26]. However, Driskell
et al. [45] indicated that 10-15 min may be appropriate for duration of MI training
session. Further, Twinning et al. [46] indicated that 5 min is the temporal limit to
concentrate and perform MI. Therefore, we aimed to investigate the influence of
duration of MI on the excitability of spinal motor neurons [25, 26, 47].
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3.2 Materials and methods
3.2.1 Participants

Eleven healthy adults participated (mean age = 26.4 + 6.0 years). Written
informed consent was obtained prior to participation. The study was approved by
the Research Ethics Committee at Kansai University of Health Sciences and con-
ducted in accordance with the Declaration of Helsinki.

3.2.2 Experimental protocol

Firstly, to determine the baseline of the excitability of spinal motor neurons, the
F-wave was recorded during relaxation for 1 min (rest). Subsequently, participants
were instructed to learn isometric left thenar muscle activity at 50% MVC for
1 min. For MI trial, participants imagined isometric left thenar muscle activity at
50% MVC for 1 min. The F-wave was recorded at 1, 3, and 5 min after beginning
of MI (1-, 3-, and 5-min MI). Immediately after MI trial for 5 min, the F-wave was
recorded during relaxation for 1 min (post).

After F-wave recording, participants evaluated their vividness of MI (i.e., how
vividly they could imagine isometric thenar muscle activity at 50% MVC) at 1-,

3-, and 5-min MI using a seven-point Likert scale ranging from 1 (very difficult to
perform MI vividly) to 7 (very easy to perform MI vividly).

3.3 Statistical analysis

A nonparametric method was used for statistical analyses because the normality
of obtained data was not confirmed with the Shapiro-Wilk test. Persistence and
the F/M amplitude ratio among five trials (rest, 1-, 3-, and 5-min MI, and post)
were compared using the Friedman test and Scheffe’s post hoc test. Rating scores
of Ml vividness at 1-, 3-, and 5-min MI were compared using the Friedman test and
Scheffe’s post hoc test. The threshold for statistical significance was set at p = 0.05.

3.4 Results

Persistence at 1- and 3-min MI trial was significantly higher than rest (Table 9).
No significant difference in persistence was observed between 5-min MI and rest
trial (Table 9). Further, no significant differences in persistence were confirmed
among 1-, 3-, and 5-min MI trial.

rest 1-miin MI F-min MI S-min MI post
Persistence {‘ﬁl] 53.5 + 26.8 B4 = 13.3 B5.5 + 14.8 B3.7 = 17.3 54.0 + 25.5
(F,{,n” amplitude it p o9 4 0,38 200 £ 0.86%F LE4 = 1.00¢ 170 £ 071 097 £ 0,39
Mean + SD.

*#4p < 0.01; significant difference between rest and 1-min MI trial,
*p = 0.05; significant difference between rest and 3-min MI trial.

'p < 0.05; significant difference between 1-min ML and 5-min MI trial, 3-min MI and 5-min ML,

Table 9.
The F-wave during MI for 5 min.
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1-min MI 3-min MI 5-min MI

MI vividness 571+ 0.76 357 + 0.53 2.29 + 0.76*

Mean = SD.

=p < 0.05; significant difference between 1-min and 5=-min MI

Table 10.
Rating scoves of MI vividness during MI for 5 min.

The F/M amplitude ratio at 1- and 3-min MI trial was significantly higher than
rest (Table 9). The F/M amplitude ratio at 5-min MI trial was significantly smaller
than 1- and 3-min MI trial (Table 9). Further, no significant difference in the F/M
amplitude ratio was observed between 5-min MI and rest trial (Table 9).

The rating score of MI vividness at 5-min MI trial was significantly smaller that
1-min MI trial (Table 10).

3.5 Discussion

The results for the F-wave indicated that duration of MI for 1-3 min positively
affects the excitability of spinal motor neurons. Further, the results of vividness of
MI indicated that temporal limitation of MI, participants can perform MI vividly,
may be 3 min.

It is considered that mental fatigue and/or habituation were involved in this
result. Repetitive MI of a handgrip movement decreases the corticospinal excit-
ability [48]. Rozand et al. [49] also demonstrated that participants felt difficulty
to maintain their focus on imagined movement due to mental fatigue. Therefore,
mental fatigue caused by sustained mental activity may affect the excitability of
spinal motor neurons.

Brain activity was decreased by habituation after cognitive motor task for 10 min
[50]. Further, the corticospinal excitability was also decreased by habituation [50]. At
spinal level, the T-reflex amplitude was decreased after sustained mental activity for
20 min [51]. Therefore, habituation after sustained mental activity as MI can alter the
corticospinal excitability, including the excitability of spinal motor neurons.

3.6 Conclusion

The result of this study demonstrated that longer duration of MI above 3 min
has no facilitatory effect on the excitability of spinal motor neurons. Therefore, in
physical therapy, the duration of MI should be considered.

4. The influence of imagery strategy on the excitability of spinal motor
neurons

4.1 Background and purpose

Previously, we investigated the influence of MI of isometric thenar muscle activ-
ity on the excitability of spinal motor neurons [18, 23-26]. Previous results indi-
cated that the MI of thenar muscle activity at 50% MVC can increase the excitability
of spinal motor neurons. However, there were individual differences in facilitation
amount of the excitability of spinal motor neurons.
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MI includes various components of perception that can be associated with actual
movement [52]. Therefore, the effects of MI may differ depending on the choice of
sensory modality. Then, we investigated that imagery strategy on the excitability of
spinal motor neurons [53].

4.2 Materials and methods
4.2.1 Participants

Fourteen healthy adults (mean age = 23.4 + 4.8 years) participated. Written
informed consent was obtained prior to participation. The study was approved by
the Research Ethics Committee at Kansai University of Health Sciences and con-
ducted in accordance with the Declaration of Helsinki.

4.2.2 Experimental protocol

For the rest trial (rest), to determine the baseline excitability of the spinal motor
neurons, the F-wave was recorded during relaxation for 1 min. Subsequently,
participants were instructed to exert isometric left thenar muscle contraction at
50% MVC for 1 min with visual feedback. Simultaneously, participants learned two
imagery strategies: somatosensory (tactile and pressure perception of thumb finger
pulp during pressing the sensor of pinch meter) and kinesthetic (thenar muscle
contraction during pressing the sensor of pinch meter at 50% MVC). Subsequently,
participants performed the somatosensory imagery (SI), kinesthetic imagery (KI),
and combined somatosensory and kinesthetic imagery (SKI). In SKI trial, par-
ticipants imagined somatosensory and kinesthetic sensation simultaneously. The
duration of each MI session was 1 min.

After the F-wave recording, participants evaluated difficulty of each imagery
strategy by using a five-point Likert scale, ranging from 1 (very hard to image
vividly) to 5 (very easy to image vividly).

4.3 Statistical analysis

A nonparametric method was used for statistical analyses because the normality
of obtained data was not confirmed with the Shapiro-Wilk test. Persistence and the
F/M amplitude ratio among four trials (rest, SI, KI, and SKI) were compared using
the Friedman test and Scheffe’s post hoc test. Rating scores of each imagery strategy
(SI, KI, and SKI) were compared using the Friedman test and Scheffe’s post hoc
test. The threshold for statistical significance was setatp = 0.05.

4.4 Results

Persistence was significantly higher during SI and KI trials than at rest
(Table 11). Persistence tended to be higher during SKI than at rest (Table 11).

The F/M amplitude ratio was significantly higher during KI than at rest
(Table11).

The rating score of SKI vividness was significantly smaller than rest (Table 12).

4.5 Discussion
Persistence and the F/M amplitude ratio were significantly increased during
KI. Described in Introduction section, numerous studies demonstrated that various

brain areas, including the primary motor cortex, were activated during KI [34, 35].
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rest 51 KI SKI

Parsistence (%) 53.7 = 21.0 73.4 + 10.6%* 74.3 + 23.7'  68.4 « 21.8
Fé!:; amplitude ratio 0.83 + 0.32 1.20 + 0.50 1.33 + 0.70% 1.28 + 0.65
Mean = SD.

'p < 0.01; significant difference between rest and KI trial,

#+p < 0.01; slgnificant difference between rest and SI trlal.
=p < 0.05; significant difference between rest and KI trial.

Table 11.
The F-wave during SI, KI, and SKI, trail.

51 KI SKI

MI vividness 3.64 + 0.63 3.86 = 0.95 3.21 + 0.89%
Mean = SD.

#p = 0.05; significant difference between KI and SKI trial

51, somatosensory Imagery; KI, Kinesthetle Imagery; SKI, comblned somatosensory
and kinesthetic imagery

Table 12.
Rating scores of MI vividness during SI, KI, and SKI, trail.

The corticospinal excitability was significantly increased during KI [2, 15]. Therefore,
the excitability of spinal motor neurons during KI may be increased via the descend-
ing pathways, such as the corticospinal and extrapyramidal tracts.

Although there was no significant difference in the F/M amplitude ratio between
SI and rest trial, persistence was significantly increased during SI than rest. We did
not expect this result previously, because there are no previous studies reported that
SI increases the corticospinal excitability including that of the primary motor cor-
tex. One possible is that SI adopted in this study included kinesthetic components.
Participants in this study imagined tactile and pressure perception accompanied
with holding the sensor of a pinch meter. Therefore, it is plausible that participants
imagined tactile and perception along with thenar muscle activity.

Persistence during SKI was tended to be higher than rest, and the rating score
of SKI vividness was the lowest among all imagery strategies (SI, KI, and SKI).
Participants in this study were instructed to pay attention to kinesthetic and
somatosensory perception simultaneously. The decline in the amount of attention
that can be allocated to each imagery strategy may have increased difficulty for
participants to perform SKI vividly. Indeed, Williams et al. [54] indicated that there
are positive correlation between the corticospinal excitability and MI vividness.

4.6 Conclusion

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

5. How to use MI in neurorehabilitation

In post-stroke and spinal cord injury, motor cortex excitability was decreased
due to damage of neural substrates, loss of sensory inputs, and disuse of affected
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limb [1]. Further, the MEP amplitude was decreased after stroke [55] and spinal
cord injury [56]. Additionally, a significant reduction of spinal motor neuron
excitability has been shown in the post-stroke acute phase [4] and spinal cord
injury [57]. Facilitating the corticospinal excitability is closely related to func-
tional motor recovery [58]. Therefore, the immediate enrollment in rehabilitation
programs aiming to facilitate the corticospinal excitability, including the excit-
ability of spinal motor neurons, should be important. Our previous researches
investigated the excitability of spinal motor neurons during MI in only healthy
volunteers. However, Cicinelli et al. [59] reported that the MEP amplitude was
significantly facilitated during MI in post-stroke. Naseri et al. [60] reported that
the amplitude and persistence of the F-wave were significantly increased during
MI in post-stroke. Further, similar effect was observed in spinal cord injury [61].
Also, in Parkinson’s disease, the amplitude and persistence of the F-wave were
significantly increased during MI [62]. Therefore, MI has a facilitating effect on
the corticospinal excitability, including the excitability of spinal motor neurons,
for central nervous system disorder.

Next, about definite method of MI, our research group revealed that MI of
isometric thenar muscle activity at 50% MVC can increase the excitability of
spinal motor neurons. Additionally, imagined muscle contraction strength did
not affect facilitation amount of the excitability of spinal motor neurons. In
physical therapy for facilitating the excitability of spinal motor neurons, slight
(i.e., 10% MVC) imagined muscle contraction strength may be sufficient. Then,
kinesthetic imagery could more facilitate the excitability of spinal motor neurons
than somatosensory imagery. Stinear et al. [63] reported that kinesthetic imagery
can significantly increase the corticospinal excitability. Therefore, to facilitate
the excitability of spinal motor neurons, kinesthetic perception may be used for
imagery strategy. Also considering mental fatigue and habituation, duration of MI
may be less than 3 min.
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Chapter 6

Effective Motor Imagery
Application: Examining Spinal
Cord Excitability from the F-Wave

and Autonomic Nervous Activity
from LF/HF

Yuki Fukumoto

Abstract

Motor imagery can be helpful for the therapeutic approach for the patients who have
difficulty in the actual motion. This chapter explains the following important six points
for getting high-effective motor imagery based on the neuroscience. First, excitability
of spinal motor neuron was increased by motor imagery. However, adding effect on
breathing state, both expiration and inspiration phase on the relax respiration, does not
influence the excitability of spinal motor neuron. Also, motor imagery increased the
excitability of spinal motor neuron and cardiac sympathetic nerve activity. However,
vividness of motor imagery was to converge a degree. Motor practice before motor
imagery was important. Motor practice was appropriate for 30 s using intermittent
visual feedback, and for doing motor imagery, time enough was 1 min. Adding motor
imagery method was a recommended composite for kinesthetic and visual motor
imagery. Unfortunately, motor imagery has few effects for the other hand. Therefore,
motor imagery should be done on the ipsilateral side from the previous motor practice.

Keywords: motor imagery, motor practice, F-wave, LF/HF, breathing state,
motor accuracy, pinch task

1. Introduction

The aim of rehabilitation is to improve motor function. Physical therapists
distinguish physical limitations and do therapy for patients. The other effective
method was doing self-training for the patient oneself [1]. However, self-training
may be carefulness or contraindication when it merges heart trouble and respira-
tory illness. Therefore, we think necessarily self-training without actual motion,
and we suggest motor imagery on self-training. Motor imagery especially involves
the activation of cognitive processes from working memory [2]. Motor imagery is
not limitation time, place, and using special equipment. Combination therapy for
actual motion and motor imagery was improvement of upper limb function than
only actual motion in post-stroke hemiparesis patients [3]. The only motor imagery
case [4] is the comparison of muscular strengths after motor imagery of the little
finger maximum voluntary contraction (MVC) abduction movement for 4 weeks
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Figure 1.
Important six points for getting high-effective motor imagery.

among motor imagery, physical training, and control groups. They found that
muscular strength was reinforced at 30% in the physical strength training group
and at 22% in the motor imagery group. The reason of increasing muscular strength
was to expand the little finger scope at primary motor area. We thought that motor
imagery was an effective treatment means. This chapter explains the following
important six points for getting high-effective motor imagery (Figure 1).

2. Motor imagery effect on breathing state?

2.1 The difference between expiration and inspiration on spinal cord
excitability

Motor imagery and actual motion have a community of neural system. So, the
respiration rates and the heart rate increase during motor imagery [5-7]. A previous
study reported that the F-wave was influenced by difference of respiration phase
[8, 9]. We want to be cleared up with the mechanism for the excitability of spinal
motor neuron. We thought that the excitability of spinal motor neuron should be
caused not secondary to respiration by primarily to the motor imagery.

The average respiration rates are 12-18 every minute on healthy subject.
Generally, the ratio of expiration and inspiration is 1.5:1. Therefore, expiration is a
little long than inspiration. We were defined to prohibit doing breath holding for
making an adjustment to time ratio of expiration and inspiration. But, this role
has no problems, because Iwamoto et al. [10] reported that the ratio of expiration
and inspiration at 1:1 condition can do respiration on the relax and not voluntarily.
In this study, expiration and inspiration every 2 s are natural. First, F-waves were
recorded under these subjects to relax. Next, these subjects were asked to practice
pinch force generation at an adjustment of 50% MVC using visual feedback for 30 s.
Finally, F-waves were recorded again under these subjects doing motor imagery.

A Viking Quest electromyography machine [Natus Medical Inc.] was used to
record F-waves. We recorded the F-waves by stimulating the left median nerve
at the wrist. Supramaximal shocks (adjusted up to the value 20% higher than the
maximal stimulus) were delivered at 0.5 Hz and 0.2 ms for F-wave acquisition.

We recorded F-waves of the left thenar muscles using a pair of disks attached with
collodion to the skin over the eminence of the thumb and the bones of the metacar-
pophalangeal joint of the thumb. The stimulating electrodes were comprised of a
cathode placed over the left median nerve 3 cm proximal to the palmar crease of the
wrist joint and an anode placed 2 cm more proximally (Figure 2).
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Figure 2.
Recording method for the F-wave.

Expiration Inspiration
Increase rate for F/M amplitude ratio (%) 1.0£1.7 0.7+1.2
Increase rate for Persistence (%) 12.7£21.9 8.7x17.8

average + standard deviation

Table 1.
The result of motor imagery effect on breathing state.

In the result, no significant differences were observed in the increase rate for
persistence and F/M amplitude ratio between motor imagery with expiration
and inspiration. Respiration have two patterns for the relax or voluntarily. Relax
respiration is controlled by brain stem [11]. And, voluntarily respiration is con-
trolled by cerebral cortex. Previous study reported that MEP from hand finger
was increased by voluntarily respiration [12]. Hand finger was not related to
respiration, but activation of trunk area was influenced for the proximate hand
finger area on primary motor area [8]. From the above, the increasing spinal
motor neuron might be recognizing only voluntarily respiration. But, this study
was only allowed to relax respiration. In conclusion, both expiration and inspira-
tion phase on the relax respiration was not influenced by activation of cerebral
cortex (Table1).

3. Appropriate motor practice time before motor imagery

3.1 Motor imagery effect from motor practice time on the accuracy and spinal
cord excitability

Our previous study [13] investigated motor imagery effect for the motor accu-
racy on the hand finger. As a result, 30 s or 1 min motor practice was good to get
the high motor imagery effect. But, 10 s or 2 min motor practice was bad to get the
high motor imagery effect. Then, we perceived that the excitability of spinal motor
neuron was dependent on motor imagery implementation status.

A total of 44 healthy subjects were randomly and evenly allocated into four
groups based on the allowed motor practice time: either 10, 30, 60, or 120 s.
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F-waves were recorded at rest. Next, subjects were asked to practice pinch force
generation at 50% MVC, using visual feedback for guidance. The subjects were then
asked to generate pinch force at 50% MVC without visual feedback. The index of
accuracy was recorded. Next, these subjects were asked to perform motor imagery,
and F-waves were recorded. Finally, these subjects repeated the non-guided pinch
task again.

An index reflecting the motor accuracy was applied as follows. Since the index
representing the motor accuracy was not defined in the past literature, the index
used herein was absolute error at 50% MVC (kgf), obtained by subtraction of the
measurement pinch force value (=subject believes 50% MVC) from target pinch
force value (=prescribed 50% MVC). In addition, this index was converted to an
absolute value. We measured the pinch force value using electromyogram recording
software VitalRecorder2 (KISSEI COMTEC). We calculated two indexes reflecting
the motor accuracy using a versatile biological analysis system, the BIMUTAS-Video
(KISSEI COMTEC) (Figure 3).

The absolute error at 50% MVC, persistence, and F/M amplitude ratio were
significantly increased in the 10 s and 2 min group than 30 s and 1 min group. Add,
the case of decreasing the absolute error at 50% MVC in after than before motor
imagery converged within 0.5-1.1% on F/M amplitude ratio and 1.0-1.2% on per-
sistence. The motor imagery effect was changed by individual motor imagery abil-
ity [14]. The important point to bring out the motor imagery effect was the quality
of being distinct of motor imagery on every single person. Therefore, the motor
imagery effect was dependent on the influence of previous motor practice. In this
study, motor practice of 30 s or 1 min might be acquired accurate motor memory,
and these subjects were doing quality of being distinct of motor imagery using
accurate motor memory. Oishi et al. [15] reported that no significant differences
were observed in the H-reflex amplitude between rest and during motor imagery,
only the subjects of doing quality of being distinct of motor imagery on speed skate
player. Nomura et al. [16] reported that no significant differences were observed in
the F/M amplitude ratio between rest and during motor imagery, only the subjects
of doing quality of being distinct of motor imagery. But, F/M amplitude ratio was
significantly increased in during motor imagery than rest on the subjects of quality
of being indistinct. In conclusion, these subjects of the decreasing absolute error

absalute srror &t SONMYC (kg

Figure 3.
Assessment method for motor accuracy.
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Table 2.
The vesult of differ motor practice time.

at 50% MVC (=improvement motor accuracy) were doing the quality of being
distinct of motor imagery based on the 30 s or 1 min motor practice. Above subjects

were not necessarily overmuch increasing excitability of spinal motor neuron
(Table 2).

4. Appropriate motor practice method before motor imagery?

4.1 Motor imagery effect from motor practice method on the accuracy, spinal
cord excitability, and autonomic nervous activity

Our previous study [13] reported that the motor imagery after motor learning
with consecutive using visual feedback was to maintain the motor accuracy. And,
Heuer and Hegele [17] reported that the motor learning with intermittent using
visual feedback was effective than consecutive. This section was investigated for the
motor imagery effect after intermittent motor learning on motor accuracy, spinal
motor neuron, and low frequency/high frequency ratio (LF/HF).

The participants were 13 healthy subjects. First, the F-wave and LF/HF were
recorded at rest. Second, these subjects practiced for adjustment pinch force at 50%
MVC for 30 s with intermittent visual feedback. Third, these subjects challenged
adjustment pinch force at 50% MVC without visual feedback, and the absolute
error at 50% MVC was assessment in this timing. Fourth, the F-wave and LF/HF
were recorded during motor imagery. Finally, these subjects did pinch task again.

ANS activity was recorded using a heart rhythm scanner [Biocom Technologies;
Heart Rhythm Scanner PE (Ark Trading Pacific Inc.)] (Figure 2). The pulse wave
from the photoplethysmography sensor attached to the earlobe was recorded. The
low frequency was reflected in sympathetic and parasympathetic nerves. The low
frequency at band of 0.05-0.15 Hz was used. High frequency reflected only para-
sympathetic nerves and used band of 0.15-0.50 Hz. Therefore, the low frequency/
high frequency (LF/HF) ratio reflected the cardiac sympathetic nerve activity [18].
This index was obtained by analyzing the pulse wave recorded by the Heart Rhythm
Scanner PE. It is considered to be an index of the sympathetic nerve activity. The
European Society of Cardiology and the North American Society of Pacing and
Electrophysiology recommend 5 min recordings for heart rate variability analysis.
Also, we were careful about the hours and subject condition, because the LF/HF
ratio exponentially increased immediately by rising in the morning and after smok-
ing, eating, and vigorous exercise [19].

The absolute error at 50% MVC does not differ before and after motor imag-
ery. However, nine subjects were decreasing for the absolute error at 50% MVC
after motor imagery. The persistence, F/M amplitude ratio, and LF/HF signifi-
cantly increased during motor imagery than those at rest. This study’s motor task
was adjustment force in isometric contraction. But, this ability was difficult to
maintain [20]. Therefore, motor accuracy decreased for the time course. But,
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in this study’s result, motor accuracy was not decreasing. Due to this reason, we
thought that motor imagery was maintaining motor accuracy. The differences
point on this study and our previous study [13] was majority subject improvement
motor accuracy. It is considered that intermittent motor learning was to increase
the motor imagery effect than consecutive. Next, we thought that the F-wave’s
result referred to appropriate motor imagery time. The dorsolateral prefrontal
cortex (DLPFC) has a role in motor cognition and has connections with the
supplementary motor area and insula cortex. The anterior cingulate and insula
cortices have roles in cardiovascular regulation. Transcranial magnetic stimula-
tion (TMS) to the primary motor cortex increases skin sympathetic nerve activity
[21], and transcranial direct stimulation (tDCS) to the primary motor cortex
increases the LF/HF ratio [22]. tDCS is a noninvasive neuromodulatory technique
that has been used to influence corticospinal excitability. The activation of the
SMA, pM, DLPFC, and insular cortex during motor imagery might influence
primary motor cortex activity, and it is thought that the primary motor cortex
activity during motor imagery stimulates the cardiac sympathetic nerve fibers via
the corticospinal tract. In addition, Bunno et al. [23] reported that motor imagery
was to increase the persistence, F/M amplitude ratio, and LF/HF ratio. This report
was corresponding to the present data. And, the rostral ventromedial medulla is
part of the reticulospinal tract [24] and is involved in regulation of sympathetic
nerve activity and motor execution [25]. It is considered that activation of the

rest motor imagery
F/M amplitude ratio (%) 14207 1.9£1.0%
Persistence (%) 62.2+11.7 77.4+19.0%
LF/HF (%) 1.5+04 2.9+15%
Before motor imagery After motor imagery
Absomte error at 50%MVC (kgfl 0302 0.2+01

average = standard deviation. *:p<0.05(vs 30sec)

Table 3.
The vesult of motor practice effect on the method.

Figure 4.
Schematic model for the reason of excitability of spinal motor neuron.
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cerebral cortex during motor imagery increases cardiac sympathetic nerve activ-
ity via the corticospinal and reticulospinal tracts (Table 3, Figure 4).

5. Appropriate doing motor imagery time?

5.1 Relationship between duration in the motor imagery and spinal cord
excitability

Our previous study [26] investigated continuation days for motor imagery. As
a result, the motor imagery improved the motor accuracy by 3 days continuation.
Our previous study [26] adopted motor imagery time for 1 min. But, another
report [23] adopted motor imagery time for 5 min. Effective motor imagery time
around once should be clear in order to apply clinical applications. We anticipate
that 5 min motor imagery was a difficult continuation in doing motor imagery.
In the case of above pattern, these subjects might be divided and doing motor
imagery might be repeated. About this, Umeno et al. [27] reported that the
repeat doing was load or burden motor imagery effect, and performance was
improvement. We thought that 5 min motor imagery was not realistic. And, we
expected that the motor imagery was repeated within 5 min. Is it useful so as to
be repeated? We clarified this point in this section.

The subjects were 13 healthy subjects, except those rated as lack of concentra-
tion. After doing exercise to adjust for 50% MVC of the pinch force. Next motor
imagery was taken for 5 min, and F-waves were recorded at the first and last 1 min.
We ordered continuation doing motor imagery whenever possible within 5 min.

In the case of difficulty in this task, we additional ordered repeats doing motor
imagery (Table 4).

In the result, the persistence and the amplitude F/M ratio were not different
in two periods. Activation of the primary motor area, supplementary motor
area, premotor area, primary somatosensory area, dorsolateral prefrontal area,
cingulate cortex, and cerebellar regions occurred during motor imagery [28-30].
Furthermore, Suzuki et al. [31] reported the excitability of spinal motor neurons
in the motor imagery condition to be influenced by the descending pathways
from the cerebral nervous system. We attribute this to the influence of the
descending pathways corresponding to the thenar muscle. By contrast, excitatory
inputs travel through the corticospinal pathway and reticulospinal tract and
from the corticospinal pathway and extrapyramidal tract to anterior horn cells.
Also, the spinal interneuron influences the excitability of spinal motor neuron in
the motor accuracy on the hand finger [32-35]. Spinal interneuron acted spinal
anterior horn cell on facilitate or inhibition [36, 37]. In conclusion, the excit-
ability of spinal motor neuron might be adjusted from descending pathways and
spinal interneuron. The excitability of spinal motor neuron had the same influ-
ence on both the first and last 1 min.

First Tmin Last Tmin
F/M amplitude ratio (%6) 1.8+04 1.6+0.5
Persistence (%) 80.9+15.8 7652206

average z standard deviation

Table 4.
The vesult of first and last 1 min motor imagery effect.
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6. Appropriate doing motor imagery method?

6.1 Motor imagery effect for the time of adjustment pinch force and spinal cord
excitability based on the motor imagery method

We use a tool and an object, manipulated by the upper limb, for activities of
daily living. For example, buttoning and unbuttoning, using chopsticks, picking
up coins, and so forth, are important accuracy and expeditiousness for the motor
activities. We already examined the accuracy on motor imagery effect. In this study,
we examined the expeditiousness on motor imagery effect. Also, we examined the
effect of motor imagery method.

The participants were 15 healthy subjects. First, F-waves were recorded at rest.
Second, these subjects were practiced for adjustment pinch force at 50% MVC for
30 s. Third, these subjects were challenged for adjustment pinch force at 50% MVC
with visual feedback, and the using time of adjustment pinch force at 50% MVC
was assessment in this timing. Fourth, F-waves were recorded during motor imag-
ery. These subjects were doing motor imagery at muscle imagery, vision imagery
and composite imagery. Finally, these subjects did pinch task, and assessment for
using time of adjustment pinch force at 50% MVC again.

The using time of adjustment pinch force at 50% MVC was significantly shorten-
ing after motor imagery than before method of composite for kinesthetic and visual.
The F/M amplitude ratio did not differ between rest and during motor imagery in
all motor imagery methods. The case of difficult kinesthetic motor imagery was
doing vision motor imagery into unconsciousness [38]. And, kinesthetic motor
imagery was having high effect on the improvement motor performance than vision
image [39]. Therefore, we thought that the subject of difficult doing kinesthetic
motor imagery might be doing vision motor imagery, and vision motor imagery
was a severe task for improving expeditiousness. But, composite for kinesthetic and
visual motor imagery was improvement expeditiousness. Itou [40] reported that the
subject to make efforts for doing vision imagery like numerical value during kines-
thetic motor imagery was improving motor accuracy in grip task. But, the subject
doing muscle motor imagery with unrelated numerical value was not improving the
motor accuracy. The quality of being distinct of motor imagery was decided not only
based on constant ability but also motor imagery practice [41]. The quality of being
distinct of motor imagery was to converge the excitability of spinal motor neuron
and improve motor performance [13]. And, our previous study [42] reported that
motor imagery might improve expeditiousness. It is considered that the composite
for kinesthetic and visual motor imagery might be improving quality of being dis-
tinct of motor imagery. And, the quality of being distinct of motor imagery might
be shortening time of adjustment pinch force at 50% MVC (Table 5).

rest modor imagery
Evoked FM amplitude rotio (% [kinesthetic] 0.8=02 07203
Evoked FM amplitude rotio (%) [vision] Q5203 0.9=03
Evoked FM amplituge rotio (%9 [composine] 0.8202 1.0203
Before motor imogery  After modor imoagery
Using time of odfustment SO%MC (sex) [Kinesthetic] 09203 09203
Using time of adjustment S0%MVC(vec) [vision] 09:04 0.9=02
Using time of adiustment S0%MVCsec) [composite] 1.0£05 07203
average £ standard deviation. *:p<0.05(vs Bafore motor imagery

Table 5.
The vesult of kinesthetic, vision, and compound imagery effect.
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7. Motor imagery effect for the other side

7.1 Motor imagery effect for the opposite on the accuracy and spinal cord
excitability

The stroke patients found it difficult exactly during motor practice on the
paralysis side, because these subjects had spasticity or flaccidity. This case
was difficult to motor imagery effect based on our previous study result. In
this study, we examined the motor imagery effect for the other hand on motor
accuracy and excitability of spinal motor neuron.

A total of 20 healthy subjects were evenly allocated into two groups, one group
task was adjustment pinch force at 10% MVC; and, the other group task was 50%
MVC. F-waves were recorded at rest. Next, subjects were asked to practice for the
adjustment of numerical target with right hand. Next, these subjects were asked to
perform motor imagery (or without motor imagery) with left hand, and F-waves
were recorded. Finally, the subjects were then asked to generate pinch force at
numerical target without visual feedback, and accurate index for absolute error at
50% MVC was recorded.

No significant differences in the absolute error at 10% or 50% MVC were
observed between the pinch task after motor imagery and without motor imag-
ery. But, the absolute error in the 50% MVC was significantly more increased
than in the 10% MVC. The persistence in the motor imagery of both groups was
significantly more increased than in the resting condition. Only in 10% MVC
group, the F/M amplitude ratio in the motor imagery was significantly more
increased than in the resting condition. Health subject’s pinch force was about
6.7 kg [43]. The necessary pinch force was 3 kg on the buttoning and unbutton-
ing [44], and 3.8 kg on cap screw-engaged to an opening part of the PET bottle
[45]. Therefore, we were in need of about 44-56% MVC pinch force for smoothly
doing ADL. In this study, we thought that 50% MVC pinch force was more
frequently used, but 10% MVC pinch force was not used. Jenkins [46] reported
that we decided standard central point at 50-60% MVC in task of adjustment
force. We thought that 50% MVC pinch force was misrecognition to easy. But,
these subjects were potentially difficult control for this pinch force. Our previous
study [47] reported that motor imagery based on the false motor memory was
decreasing motor performance. These subjects might be doing motor imagery
based on the false motor memory in 50% MVC task. Therefore, motor accuracy
was more deteriorated in 50% MVC than in the 10% MVC task. Also, persistence
was increased during motor imagery. But, the F/M amplitude ratio was only
increased during kinesthetic muscle motor imagery in 10% MVC group [48].
Kinesthetic motor imagery was having high effect on the improvement of motor
performance than vision image [39]. It is considered that motor imagery effect
for the other hand might be not obtained in adjustment pinch force task. Also,
contraction strength might be influenced for the motor imagery effect from the
motor imagery method (Table 6).
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Table 6.
The vesult of motor imagery effect for the other side.
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8. Conclusion

Self-training may be carefulness or contraindication when it merges heart
trouble and respiratory illness. Therefore, we think necessarily self-training with-
out actual motion. Motor imagery is not limitation time, place, and using special
equipment. Excitability of spinal motor neuron was increased by motor imagery.
Adding effect on the breathing state, both expiration and inspiration phase on the
relax respiration, was not influenced for excitability of spinal motor neuron and
cardiac sympathetic nerve activity. Also, motor imagery increased excitability
of spinal motor neuron. However, vividness of motor imagery was to converge a
degree. Motor practice before motor imagery was important. Motor practice was
appropriate for 30 s using intermittent visual feedback. And, for doing motor
imagery, time enough was 1 min. The motor imagery method was a recommended
composite for kinesthetic and visual motor imagery. Unfortunately, motor imagery
was few effects for the other hand. Therefore, motor imagery should be done on the
ipsilateral side from the previous motor practice.

Combination of rehabilitation and self-training was having high effect on the
improvement of a patient’s performance. The self-training may be carefulness or
contraindication when it merges heart trouble and respiratory illness. For their
patient, motor imagery was effective, because motor imagery is not limitation time,
place, and using special equipment.
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Chapter7

Excitability of Spinal Motor
Neurons in the Upper Extremity
during Voluntary Movement with

Different Difficult Tasks in the
Lower Extremity

Naoki Kado

Abstract

The purpose of this study was to examine the relationship between excitability
of the spinal motor neurons in the upper extremity and difficulty of tasks applied to
the lower extremities. Twenty healthy volunteers agreed to participate. Our findings
suggest that the excitability of spinal motor neurons in the right arm was increased
during voluntary movement of the lower extremities. Excitability of the spinal
motor neurons might be increased by the facilitatory effect at the spinal and cortical
levels. Regarding the facilitatory effects at the cortical level, the effects of difficult
tasks might be larger than those of simple tasks, but the most difficult task might be
affected by the facilitatory and inhibitory effects of the central nervous system.

Keywords: F-wave, spinal motor neuron, remote muscle, leg movement, task

difficulty

1. Introduction

It is important to understand the effects of remote muscle contractions on other
muscles during physical therapy. For example, associative reactions observed in
hemiplegic patients with cerebrovascular disorders include tonic reflexes from the
muscle groups of one limb to those of the other limb. Associative reactions often
occur during or before the start of exercise and worsen abnormal synergic move-
ments, making selective exercises difficult in the upper extremities of the paralyzed
side. In physical therapy, it is necessary to reduce associative reactions, perform
selective exercises, and evaluate the exercise types that trigger such associative
reactions. Furthermore, the facilitatory and inhibitory effects of muscle contrac-
tions in remote regions can be used to manipulate central nervous system input and
output during physical therapy. As such, to enable the efficacy of physical therapy,
the neurophysiological effects of muscle contractions of remote regions on other
muscles must be examined.

The mechanism of the facilitatory effect of muscle contractions of remote
regions has been analyzed using H-waves, F-waves, and motor-evoked potentials
induced by transcranial magnetic stimulation [1-6]. The Jendrassik maneuver, a
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method for enhancing the reflexes, is widely known in clinical practice. The facilita-
tory effects of this maneuver on the cerebral cortex and spinal motor neurons

differ between the upper and lower extremities [3] and are affected by the timing
from the start of exercise [2]. Furthermore, studies have shown that the facilitatory
effects of the contraction of muscles in remote regions, such as the upper and lower
extremities, on other regions are affected by contraction intensity [4, 5] and the
number of muscle spindles [5, 6].

Some reported cases of hemiplegic patients with cerebrovascular disorders
undergoing physical therapy did not differ significantly in terms of contraction
strength of the muscles involved in the movements or limb position. However, the
appearance of associative reactions in the upper extremities of the paralyzed side
seems to depend on exercise task difficulty. In our previous study, we reported
that more difficult voluntary movements of the upper extremities increased the
excitability of spinal motor neurons in the contralateral upper extremities [7].
However, because there are cases in which associative reactions appear when
voluntary movements of the lower extremities such as stepping are induced, the
excitability of spinal motor neurons in the upper extremity during movement of the
lower extremities requires examination. In this study, we investigated the effect of
differences in the difficulty of lower extremity movement tasks on the excitability
of upper extremity spinal motor neurons using F-waves evoked by electromyogra-

phy (EMG).

2. Subjects and methods
2.1 Participants

Twenty healthy right-footed adults (17 men, 3 women; mean age,

25.7 + 6.2 years) with no orthopedic or neurological abnormalities participated in
this study. To determine each participant’s dominant foot, we used the dominant
foot test described by Chapman et al. [8]. From the test results, those with a total
score > 28 on the 11 items were identified as left-footed and excluded from the
study.

In addition to receiving explanations of the study objectives, the subjects were
informed that their test data would be strictly confidential and that they could
withdraw from the study at any time. Subjects’ signatures on the study consent
forms were obtained once they had agreed to participate. This study received
approval from the ethics committee of Kobe College of Rehabilitation.

2.2 Conditions for recording the F-wave

F-waves were derived from the right abductor pollicis brevis (APB) muscle
during the rest and motor tasks of the bilateral lower limbs using the Viking Quest
EMG system (Nicolet Biomedical, Madison, WI, USA; Figure 1). Each subject was
seated on a chair during the test with the neck flexed at 30°; hip flexed at 80°; knee
joints flexed at 90°; and the ankle, shoulder, elbow, and hand joints at 0°.

Stimulation conditions for F-wave elicitation were 30 consecutive stimulations
of the median nerve at the right wrist with an intensity of 120% of the stimulation
intensity required to evoke the maximum M-wave, a duration of 0.2 ms, and a
frequency of 0.5 Hz. Bipolar surface-stimulating electrodes used in general motor
nerve conduction velocity tests were used as the stimulating electrodes with the
cathode at the center and the anode at the periphery. For the recording conditions,
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the exploring electrode was placed over the belly of the right APB muscle, the refer-
ence electrode on the proximal phalanx of the thumb, and the ground electrode on
the forearm (Figure 2).

The electrode sites were rubbed with a cotton pad that was moistened with
alcohol to remove any oil and the horny layer of the skin was removed using a skin
preparation gel. Ten-millimeter-diameter silver-silver chloride disk electrodes
were affixed to the skin surfaces using a conductive paste. Bioelectrical signals
obtained at the electrodes were conducted to the input via lead wires, amplified
with a bioamplifier, converted from analog to digital signals with an AD converter,
and displayed on a personal computer as waveforms. All signals were digitized at a
sampling frequency of 24 kHz and recorded on the hard disk. The data were band-
pass filtered between 20 and 3 kHz with a sweep speed of 5 ms/div and amplitude
sensitivity of 200 pV/div.

Figure 1.
Measurement of the F-wave.

Figure 2.
Placement of the electrode.
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The F-waves were analyzed for the amplitude ratio of the F/M. The amplitude
ratio of the F/M was calculated as the ratio of the average peak-to-peak F-wave
amplitude and the maximum M-wave amplitude.

2.3 Motor tasks

There are cases of stepping exercise to a specified space in physical therapy. This
ability is necessary when avoiding obstacles or walking in defined places. In this
study, the following different difficult tasks were performed.

In the lower extremity movement task, the participants stepped alternately
to the left and right under four different difficulty levels. The difficulty index
was defined by the exercise distance and target width, and the exercise duration
was proportional to it [9]. Because exercise speed and distance can affect the
excitability of the spinal motor neurons in the upper extremity, we manipulated
the degrees of task difficulty by changing the target width (Figure 3). In Task 1,
the participants’ feet landed randomly. In Task 2, two 7.5 cm x 10.0 cm (width
x length) targets were set and the participants were asked to land on the targets
with the thumb of the foot. In Task 3, two 5.0 cm x 10.0 cm targets were set and
the participants were asked to land on the targets with their big toe. In Task 4, two
2.5 cm x 10.0 cm targets were set and the participants were asked to land on the
targets with their big toe. These target widths were set two and three times based
on the width of big toe, respectively (i.e., 2.5, 5.0, and 7.5 cm). There were 20.0-cm
intervals between targets. The exercise frequency was 1 Hz. Each task was per-
formed on the right and left lower extremities. The order of the tasks was random-
ized with a 1-minute rest between tasks. During the lower extremity movement
task, electrical stimulation for F-wave derivation was given when the hip joint was
adducted.

The success rate of each task and motor activity of the lower extremities were
investigated using surface EMG in five adult men (mean age, 24.6 + 3.5 years)
before the exercise tasks. Surface EMG was performed using the MQ8 telemetry

Figure 3.
Task targets.
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RFelative volue of 1ENHG

Pelor 1k Suceess ke (%)
Recius femoris Aubductor of hig joint
Rigghi leg
Task 1 L6 (1061 46) 102 (1.0-1.02)
Task 2 L35 (011-1.46) 102 {L.01-1.03) (LLIXH
Task 3 A5 (1.11-2.54) 109 (1.02-1.12) o4
Task 4 144 (1.15=2.5T) 103 (1.0]=1.04) 40,2
Leit beg
Taak 1 24 (1.01-2.35) 008 (0.97-1.06)
Task 2 1.32 (0.92-2.58) 107 (0,981 45) 99,2
Task 3 139 (1.23-3.12) 104 (0,98 46) L0
Tk 4 150 (081-3,00) 104 (0.96—1.49) 0.2
Relative miegrated electromyography (IEMG) values are shown as median (interguurtile range)

Table 1.
Relative value of iEMG and success rates.

EMG measuring system (KISSEICOMTEC; Matsumoto, Nagano, Japan). The
recording muscles were the rectus femoris and adductor muscles of the hip joint.
The derivation method was bipolar, and the electrodes were positioned 2 cm
apart. The electrode on the adductor of the hip joint was placed at the midpoint
of the line that connected the pubic symphysis and the medial epicondyle of

the femur, while the electrode on the rectus femoris was placed 15 cm above the
patella. The earthing electrode was placed on the patella. The skin where the
electrodes were placed was cleaned with alcohol. The electrodes were dispos-
able. The EMG signal analysis program BIMUTAS-Video (KISSEICOMTEC) was
used to analyze the derived signal. The analysis item of the surface EMG was the
relative value of the integrated EMG (iEMG). The relative value of iEMG was
calculated from each task based on the iEMG of the sitting position. The success
rate was determined from images taken using an IXY digital camera (Canon; Ota,
Tokyo, Japan) that were synchronized with surface EMG. The relative values of
iEMG were compared using Friedman’s test. Statistical significance was accepted
for values of p < 0.05.

Table 1 shows the success rate of each task and relative value of iEMG of the
muscle groups of the lower extremities. The relative value of iEMG of the rectus
femoris and adductor of hip joint did not differ significantly among the tasks for
either lower extremity. These results show that the tasks used in this study differed
in the degree of difficulty but not in the activities of the muscle groups that were
involved in the exercises. In this way, there was no difference in muscle activities
because exercise speed and distance were similar for all tasks.

2.4 Statistical analysis

The amplitude ratios of the F/M during the rest and movement tasks were
compared using Dunnett’s test. Statistical significance was accepted for values of
p < 0.05.

3. Results

Figure 4 shows a typical waveform of the F-wave, while Table 2 shows changes
in the amplitude ratio of the F/M for each task.
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Figure 4.
The typical F-wave.

Rest Task 1 Task 2 Task 3 Task 4
Right leg (%) 0,70 = 0,29 117+ 0.54% 1. 18+ g 53%* 132 +0,69%* 1,07+ 053
Left leg (%0) 0.65+032 098 £ 044 123 £0.74%* 133 £ 057 104 £ 049

Values are shown as mean + S0, *p < 0,05 vs. rest; **p < 0,01 vs, rest

Table 2.
Change in the amplitude ratio of the F/M during lower extremity movement by task.

During the right lower extremity tasks, the amplitude ratio of the F/M increased
significantly in Task 1, 2, and 3 compared to that at rest. During the left lower
extremity tasks, the amplitude ratio of the F/M increased significantly in Task 2 and
3 compared to that at rest.

4. Discussion

F-waves originate from retrograde excitations of the a motor neurons through
the stimulation of peripheral motor nerve axons [10]. The amplitude ratio of the
F/M represents the percentage of motoneurons activated by antidromic stimula-
tion [11]. Therefore, they were applied as a test for the excitability of spinal motor
neuron pools and upper nerve systems. In this study, the amplitude ratio of the F/M
of APB muscle increased in Task 1, 2, and 3 for the right lower extremities and in
Task 2 and 3 for the left lower extremities. This finding suggests that the voluntary
movement of the lower extremities increases the excitability of the spinal motor
neurons in the upper extremity.
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Sensory input from the muscles is suggested to be involved in the facilitatory
effects from the lower to upper extremities [12, 13]. However, the excitability of the
cerebral cortex and spinal motor neurons reportedly varies even in motor imagery
without muscle contraction [14-16]. Hess et al. [17] studied amputees with phan-
tom limb syndrome and reported increased contralateral motor-evoked potentials
through transcranial magnetic stimulation from images of the muscle contractions of
the amputated limb. This revealed the involvement of facilitatory effects by intracor-
tical mechanisms. Furthermore, Baldissera et al. [18] reported that the excitability of
the forearm region fluctuated with ankle movement by discovering that suppressing
the area of the motor cortex controlling the forearm by magnetic stimulation elimi-
nated fluctuations in the H-waves of the radial carpal flexors accompanying the plan-
tar/dorsiflexion motion of the ankle. Studies using functional magnetic resonance
imaging and positron tomography also reported that the cerebral cortex has common
activated sites during hand and foot movements [19, 20]. Similarly, in this study, the
excitability of the spinal motor neurons in the upper extremity may have increased
due to proprioceptive input from voluntary movements of the lower extremities and
facilitation effects from the upper central nervous system from movement recall.
The effects of the proprioceptive input include excitatory effects from an increase in
efferent impulses through the brainstem and cortex as well as those via the proprio-
spinal tract. In terms of the influence of the upper central nervous system, the motor
regions activated during lower extremity movement are most likely also affected
during upper extremity movement via the association fibers. Because the amplitude
ratio of the F/M of the right APB muscle also increased during exercises involving
the left lower extremities on the contralateral side, the facilitatory effect described
above affected the contralateral upper extremity spinal motor neurons via the com-
missural fibers and non-crossed projection fibers.

Activities of the lower extremities tended to increase the spinal motor neuron
excitability during the motor task. On the other hand, the results differed between
the tasks. There was no significant difference in the amplitude ratio of the F/M
during Task 4 for the right lower extremities or during Task 1 or 4 for the left lower
extremities compared with that during rest. Because all tasks had the same exercise
speed, range, and activity of the involved muscle groups, differences in exercise
style corresponding to task difficulty were considered related. Voluntary move-
ments can be simple or complex and are performed consciously or unconsciously.
Kitamura et al. [21] compared simple and complex movements using movement-
related potentials and reported that supplemental and sensory-motor areas were
more active in complex than in simple movements. Winstein et al. [22] reported
that the activities in areas related to the planning of complex movements requiring
visuomotor processing increased as the task difficulty increased using positron
emission tomography. In this way, motor-related areas are more activated by dif-
ficult exercises. The cerebellum plays an important role in regulating movement.
Ugawa et al. [23] reported that applying magnetic stimulation to the cerebral cortex
after applying electrical stimulation to the cerebellum reduced motor-evoked poten-
tials for a few seconds. This inhibitory effect is thought to affect the cerebral motor
area via the cerebello-thalamo-cortical pathway. Furthermore, neuronal activities
at other sites may be reduced because more attention is needed to improve move-
ment accuracy [24]. This study demonstrated that it is difficult to clearly explain the
excitatory and inhibitory effects on the spinal motor neurons in the upper extrem-
ity, but the following points were considered possible factors affected by differences
in exercise style. The participants were able to exercise more autonomously in Task
1 than in the other tasks, which suggests involvement of the excitatory effect of pro-
prioceptive input in the spinal cord. Task 2 and 3 required more difficult movements
than Task 1, which suggests that the upper central nervous system was involved in
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addition to proprioceptive input. Task 4 of the most difficult task required greater
accuracy than the other tasks, which suggests involvement of the cerebellum and
cerebral cortex in addition to the abovementioned excitatory effect.

There was a difference in the results of Task 1 between the motor tasks of the
right and left lower extremities. In the right lower extremities, because the ampli-
tude ratio of the F/M of the right APB muscle increased in Task 1 compared to that
at rest, the excitatory effect on the spinal motor neurons in the upper extremity was
considered superior to that of the contralateral lower extremities during voluntary
movements of the lower leg.

5. Conclusions

In this study, we used F-waves to investigate the effect of different degrees of
motor task difficulty of the lower extremities on the excitability of the spinal motor
neurons in the upper extremity. We found that both lower extremities tended to
increase the excitability of the spinal motor neurons in the upper extremity during
motor tasks. This was due to the effect of proprioception on voluntary movements
of the lower extremities and increased excitability of the spinal motor neurons
in the upper extremity from the excitation of the upper central nervous system.
Regarding the differences in task difficulty, the effect on the spinal motor neurons
in the upper extremity was greater in tasks that required accurate voluntary move-
ments, such as Task 2 and 3, than in those that could be performed autonomously,
such as Task 1. However, for Task 4, which required the greatest degree of accuracy,
both inhibitory effects related to the adjustment of movements and excitatory
effects were involved.

When inducing voluntary movement of the lower extremities in physical
therapy, the potential effects of differences in task difficulty on the facilitation and
inhibition of the spinal motor neurons in the upper extremity must be considered.
However, the excitability of the reflex arch of the spinal cord is different in hemi-
plegic patients with cerebrovascular disorders than in healthy individuals. Because
the excitatory effects are expected to be significant, further studies are required to
validate our results.
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Chapter 8

Functional Role of the
Somatosensory Information to
Perceive the Standing Position in
the Anteroposterior Direction

Hitoshi Asai

Abstract

The perceptibility of standing positions in the anteroposterior direction var-
ies according to the standing position. Standing positions with the center of foot
pressure (COP) located far from the COP in the quiet standing position show lower
stability, and the perceptibility was markedly higher in comparison to positions
with the COP near the COP in the quiet standing position. This chapter focuses on
the role of somatosensory information in the perception of standing positions in the
anteroposterior direction based on our previous study, which concluded that a large
change in sensory information generated from the sole of the heel and knee may
provide important cues regarding the perception of standing positions with low
stability. Large changes in the somatosensory information generated from pressure
changes on the sole and from the upward movement of the patella leaning forward
or backward while standing may contribute to the position information.

Keywords: somatosensory information, perception, standing positions,
anteroposterior direction

1. Introduction

The control of the standing posture in humans requires various sensory systems,
including visual [1], vestibular [2, 3], plantar sole mechanoreceptor [4-8], and pro-
prioceptive [9] systems. The central nervous system (CNS) integrates these different
sensory inputs. Upright posture control was performed in various standing positions
on the anteroposterior and mediolateral directions. When both arms are rapidly
flexed to the front from the quiet standing (QS) posture, the postural muscles
(the erector spinae, hamstrings, etc.) are activated 20-30 ms earlier than the focal
muscles of the upper extremities (the anterior deltoid) [10]. This earlier activation of
the postural muscles in comparison to the focal muscles was defined as the anticipa-
tory postural control to minimize the effect of forthcoming body perturbations due
to arm movement [11]. This anticipatory activation of the postural muscles during
the QS position was significantly slower than that in the standing position near the
most forward-leaning position [10]. Thus, because the preceding time of the earlier
activation of the postural muscles varies according to the initial standing position
just before arm movement, the initial standing position may be accurately perceived.
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Schiffman described that “Perceptions are associated with the organization
and integration of sensory attributes, that is, the awareness of ‘things’ and ‘events’
rather than mere attributes or qualities” [12]. Thus, the standing position may be
perceived in association with things and events falling and stability. The proprio-
ceptive sensory information concerned with postural control is processed through
two routes (cognitive processing and sensorimotor processing) in the CNS [13].
Cognitive processing acts on the perception of the body position [13]. On the other
hand, sensorimotor processing regulates the posture via reflex and automatic loops
[13]. A previous study reported that the stability of standing posture is higher when
the center of the foot pressure in the foot is located 30-60% from the heel to the
length of the foot in the anteroposterior direction [14]. When the center of foot
pressure deviates from this range, the stability of standing posture largely decreases
[14]. Sensorimotor processing may act strongly in a stable standing position
(30-60% from the heel to the length of the foot), while cognitive processing may
operate strongly in an unstable standing position (deviating from this range) in
order to maintain safety. It was reported that the perception of the standing posi-
tion in the anteroposterior direction was accurate in the unstable position [15].

The role of somatosensory information in the perception of standing positions
in anteroposterior direction is discussed in this chapter based on our previous stud-
ies’ findings as follows: (1) the large changes in the plural sensory information from
the sole when the center of the foot pressure is located approximately at 70% of the
foot length mutually play an important role in perceiving the standing position; (2)
the perception of pressure information at the head of the first metatarsalis reaching
a maximum is related strongly to that of pressure information in first toe; (3) in
cases in which the patella moves while leaning backward, the patellar movement is
accurately perceived; and (4) the large changes in the sensory information that are
induced by patellar movement are a cue for the perception of the standing position
while leaning backward.

2. Somatosensory information from the plantar sole when leaning
forward while standing

2.1 The distribution of foot pressure when the body leans forward and
perception of large changes of foot pressure

The distribution of foot pressure when the body leans slowly forward was
reported [4]. When slowly leaning forward from the quiet standing position to
the most forward-leaning position, the position at which the pressure at the head
of the first metatarsalis showed the maximum value was 71.0% of the foot length,
and the perceived position of this maximum value was 70.5% of the foot length
(Table 1) [4]. There was no significant difference between the two positions. A
significant correlation (r = 0.86; ¢t = 4.99) was found between both positions [4].
Thus, this maximum pressure was correctly perceived.

The first toe pressure increased in two forward-leaning standing positions with
the subject leaning forward from the quiet standing position. The first pressure
increasing position was 60.9% of the foot length, the second was 69.5% of the foot
length, and the perceived position of the second position was 70.9% of the foot
length [4]. None of the subjects were able to perceive the first large increase in the
first toe pressure. A significant correlation (r = 0.92; ¢ = 7.23) was found between
the position of the center of pressure in the foot at the second large increase and the
perceived position (Table 1) [4]. The second increase of the first toe pressure was
correctly perceived as well as that of the first metatarsalis maximum pressure.
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Pressure at head of first metatarsalis Pressure at first toe
Maximum pressure Perception Second large Perception
increase
Position 71.0 3.1 705+37 69.5+26 709+ 3.2
Correlation r=0.86 (t=4.99) r=0.92 (t=723)

*Significant correlation between the position of maximum pressure at the head of first toe and its perceived position,
and between the second large increase position of the first toe and its perceived position.

Table 1.
Positions of center of foot pressure (% of foot length: %FL) and correlation: maximum pressure at head of first
metatarsalis and second large changes in pressuve at first toe (modified from [4]).

Since the standing positions where the first large increase in pressure at the first
toe took place when standing were very steady, the probability that the information
of this large increase was processed via a sensorimotor processing route is high.
The standing position at the second large increase of the first toe was 70% of the
foot length, which was well out of the very steady positional range (30-60% from
the heel to the length of the foot), the probability that the information of this large
increase was processed via a cognitive processing route is high.

It is noteworthy that the standing position at the maximum pressure at the first
metatarsalis (approximately 70% of the foot length) is similar to the position of the
second large increase in pressure at the first toe, and the correlation between both
positions and between both perceived positions was high [4]. At approximately
70% of the foot length, the foot pressure shifted from the heads of the metatarsalis
to the toes on the boundary of this position. The most forward-leaning position is
83% of the foot length [4]. Approximately 10% of the foot length is the difference
between the standing position at the maximum pressure at the first metatarsalis and
the most forward-leaning position. This difference represents an important safety
margin when maintaining forward-leaning standing. Thus, the large changes in
the plural sensory information from these areas at approximately 70% of the foot
length mutually play an important role in perceiving the standing position through
the cognitive processing route [4].

2.2 Influence of cooling of the sole on the perception of large changes in foot
pressure

To investigate the relationship of the pressure sensation between the first toe and
the heads of the metatarsalis, these areas were cooled [4]. A cooling device set at 1°C
was used to reduce the sensitivity of the first toe or the head of the first metatarsa-
lis. To continue cooling these regions during the measurement period, an iron plate
cooled to 1°C was placed flush with the floor of the force plate and was changed on
every trial (Figure1) [4].

All subjects (n = 11) could perceive the maximum pressure at the head of the
first metatarsalis, as described above. When the head of the first metatarsalis was
cooled, 8 of 11 subjects could perceive the maximum pressure at the head of the
first metatarsalis. When the first toe was cooled, 10 of 11 subjects could perceive the
maximum pressure at the head of the first metatarsalis. There were no statistically
significant differences among the three conditions (Table 2) [4]. Thus, cooling of
the head of the first metatarsalis or the first toe had no effect on the perception of
the maximum pressure at the head of the first metatarsalis.

On the other hand, all subjects could perceive the second large increase in
first toe pressure, as described above. When the head of the first metatarsalis was
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Figure 1.

Diagrams of apparatus. (A) Measuring pressure at the first toe under the cooling condition of the first toe (left
panel) and under the cooling condition of the first metatarsalis (right panel). (B) Measuring pressure at the
head of the first metatarsalis under the cooling condition of the first toe (left panel) and under the cooling
condition of the first metetersalis (vight panel) (modified from [4]).

Condition Pressure at head of first Second large increase
metatarsalis at first toe
Normal (non-cooling) 11 11
Cooling Head of first 8 6
metatarsalis
First toe 9 9

*Significantly different from the normal condition.

Table 2.
Number of subjects who could perceive the maximum pressure at the head of first metatarsalis, second large
increase in first toe pressure under novmal and cooling conditions (modified from [4]).

cooled, 6 of 11 subjects could perceive the second large increase in first toe pres-
sure (Table 2) [4]. Thus, cooling the head of the first metatarsalis significantly
affected the perception of the second large increase in first toe pressure. When the
first toe was cooled, 9 of 11 subjects could perceive the second large increase in first
toe pressure (Table 2) [4]. This result suggested that cooling the first toe did not
significantly affect the perception of the second large increase at the first toe.

These experiments performed under cooling conditions demonstrated the
following: (1) subjects could perceive the maximum pressure at the first metatar-
salis when the first metatarsalis was cooled; (2) subjects could perceive the second
large increase in first toe pressure when the first toe was cooled, whereas they
could not perceive this when the first metatarsalis was cooled. The results sug-
gested that the pressure information at the head of the first metatarsalis reaching a
maximum is related strongly to the second large increase of pressure information

122



Functional Role of the Somatosensory Information to Perceive the Standing Position...
DOI: http://dx.doi.org/10.5772/intechopen.91737

in first toe. Based on this relationship, the second large increase in pressure at
the first toe and the maximum pressure at the head of the first metatarsalis are
perceived at approximately the same time in the same standing position. In
addition, the pressure information at the head of the first metatarsalis may have
greater priority in the perception of the second large increase in pressure at the
first toe [4].

3. The upward movement of the patella while leaning backward may
contribute to the position information

3.1 Perception of upward patellar movement in the backward-leaning standing
position

While gradually leaning backward from the quiet standing position, a large
increase of activity in the rectus femoris is typically observed at approximately
30-35% of the foot length [4]. However, most participants are unable to per-
ceive this large increase [4]. The patella is a sesamoid bone that is connected to
the quadriceps tendon, and the knee joint capsule surrounding the patella also
adheres to the patella tendon [16, 17]. Thus, the upward movement of patella may
cause deformity of the knee joint capsule and the cutaneous tissues surrounding
the knee. Edin reported that sensory information from cutaneous receptors in
the anterior thigh close to the knee joint plays an important role in the perception
of the knee joint position [18]. The large changes in the somatosensory informa-
tion produced by the patellar movement should contribute to the perception of
a specific backward-leaning standing position. It is considered that participants
whose patella moves clearly during backward-leaning standing also clearly
perceive large changes in the somatosensory information associated with patellar
movement.

Twelve young adult subjects maintained the quiet standing posture for 3 seconds
and then slowly moved from their initial standing position to the most backward-
leaning standing position over approximately 10 seconds [19]. The experiment
was conducted under two conditions. In condition 1, the quadriceps femoris was
relaxed (relaxed-start condition). In condition 2, the quadriceps femoris was
contracted raising the patella superiorly (contracted-start condition). Four trials
were performed under each condition. To analyze the patella range of motion, X-ray
exposure was performed under the relaxed-start condition [19].

Under the relaxed-start condition, patellar movement while leaning backward
was confirmed in all 4 trials for 8 of the 12 subjects; 3 subjects showed no patellar
movement in all 4 trials. Patellar movement was confirmed in 35 of the 48 trials; the
mean patellar range of motion in these trials was 9.5 mm (SD = 3.0 mm) (Figure 2)
[19]. However, two trials in which patellar range of motion was <3.5 mm (9.5 mm—
2SD) were classified as non-movement trials. Thus, 33 trials were patellar move-
ment trials and 15 were patellar non-movement trials (Table 3) [19]. In the patellar
movement trials, 30 trials were perceived and 3 trials were not perceived; thus,
90.9% of these trials were perceived. On the other hand, 66.7% of the trials were
perceived in the non-movement trials. There was a significant difference between
the two rates (Table 3) [19].

Under the contracted-start condition, 37 trials were perceived and 11 trials were
not perceived. The rate of the perceived trials under the contracted-start condition
was 77.0%. This rate was significantly smaller in comparison to the patellar move-
ment trials performed under the relaxed-start condition (Table 3) [19].
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| 10 mm

Figure 2.
Typical X-ray photographic image of the patellar movement. Left side: before movement, right side: after
movement ([19]).

The relaxed-start condition The contracted-start
Patellar Patellar non- condition
movement trials movement trials
Total trials 33 15 48
Perceived trials 30 10 37
Not perceived trials 3 5 1
Rate of perceived trials 90.9’ 66.7 77.0

(%)

"There was a significant difference between patellar movement trials and patella non-movement trials under the
relaxed-start condition.

Table 3.
Results of perceptibility of patellar movement in the relaxed-start and the contracted-start conditions

(modified from [19]).

Patellar movement in all four trials in the relaxed-start condition was confirmed
in eight participants. In contrast, three participants did not show patellar movement
in any of the four trials. Thus, there were participants whose patella moved and
those whose patella did not move when the subjects were leaning backward. In the
patellar non-movement trials, slight flexion of the knees or contraction of the rectus
femoris muscle was observed while the participants were in the quiet standing
position [19].

The rate of perceived trials under the relaxed-start condition was significantly
higher than that of the patellar non-movement trials under the same condition.
Conversely, the rate of perceived trials in the patellar non-movement trials under
the relaxed-start condition did not differ from that under the contracted-start
condition. The contracted-start condition may simulate the patellar non-movement
trials under the relaxed-start condition [19].

Mechanoreceptors within the muscles, joint capsules, ligaments, and skin supply
information about the joint position and movement contributing to positional
perception [18, 20-24]. Thus, in cases in which the patella moves while leaning
backward, the patellar movement is accurately perceived through large changes in
the sensory information obtained via mechanoreceptors within the muscles, joint
capsules, ligaments, and skin around the patella. Consequently, the large changes
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in the sensory information that are induced by patellar movement are a cue for the
perception of the standing position while leaning backward.

3.2 Perception of the position when leaning backward while standing and
during patellar movement

The rectus femoris muscle is significantly activated in the standing position
when gradually leaning backward from the quiet standing position and that posi-
tion is almost constant in each individual [4]. Thus, large changes in somatosensory
information based on patellar movement while leaning backward may contribute to
the perception of a specific backward-leaning standing position. The perceptibility
of the standing position is particularly high near the position of patellar movement,
where the large change in sensory information is perceived [25]. Investigating the
function of the sensory information based on patellar movement in the perception
of backward-leaning standing position is important for understanding the mecha-
nism through which stability is maintained during backward-leaning and through
which prevents the individual from falling backward.

Fourteen healthy young adults (six women and eight men) were selected
according to three criteria: (1) relaxed quadriceps femoris in the quiet standing
position; (2) free movement of patella on palpation in the quiet standing position;
and (3) the presence of upward patellar movement while leaning backward. In the
experiment, the onset of patellar movement was confirmed using an acceleration
waveform generated by an accelerometer taped to the upper edge of the patella [25].

Ten trials were conducted to identify the onset position of patellar movement
while leaning backward from the quiet standing position. The onset position of the
patellar movement was 35.1 + 4.5% of the foot length. The individual mean value of
the standard deviation for the onset position was very small (2.5 + 1.3% of the foot
length) [25].

The perceptibility of three reference positions was evaluated from the repro-
ducibility of these positions, which was determined according to the absolute
error between the reference position and the reproduced position. The reference
positions set for each participant were as follows: the COP position at the patellar
movement onset position (the onset position), +5% foot length from the onset
position, and — 5% foot length from the onset position. The mean of +5% foot
length from the onset position was 40% of the foot length and that of —5% foot
length from the onset position was 30% of the foot length [25]. The mean absolute
error at both the +5% foot length and the —5% foot length from the onset position
was defined as the expected value. The ratio of the absolute error in the onset posi-
tion to the expected value was calculated as the perception error index. A smaller
absolute error and smaller perception error index reflect higher perceptibility [25].
The absolute error at +5% foot length from the onset position, the onset position,
and — 5% foot length from the onset position were 4.9 + 2.00% of the foot length,
1.9 + 0.51% of the foot length, and 2.7 + 0.90% of the foot length, respectively
(Table 4). The reference position was found to have a significant effect on the
absolute error (p < 0.001). The absolute error values at the onset position and
—5% foot length from the onset position were significantly smaller in comparison
to that at +5% foot length from the onset position. The perception error index
was 54.1 + 18.5%, and this value was significantly smaller than the expected value
(p < 0.001) (Figure 3) [25].

Patellar movement was accurately perceived while moving the patella [19]. In
this study, the mean standard deviation of the patellar moving onset position was
small. Hence, because the onset position is located at a constant position in each
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Reference positions
The —5% of foot length from The onset The +5% of foot length
the onset position position from the onset position
Absolute error 27090 19+ 051 49200
(%FL)
The perception error 54141851
index (%)

:§tatistical1y smaller than the +5%FL from the onset position.
Statistically smaller than the expected value (100%).

Table 4.
Absolute error in three reference positions and the perception error index in the onset position (modified

Sfrom [25]).

Absolute error (%FL)
.

3 i -‘-__ -
2 1 i
5F 5y
| 03 -2
1, |
n P h
The -5% FL The onset The +5% FL
from the anset position from the onset
position position

Figure 3.
Absolute error of the three veference positions, and the calculation method for perception error index ([25]).

participant, the large change of sensory information should play an important role
in the individual’s postural stability at the onset position. It is considered that the
standing position is accurately perceived by building up the sensory reference frame
based on the large change of sensory information caused by the patellar movement
[25]. The onset position (approximately 35% of the foot length) is located near

the posterior end of the stability range for the standing position. As a result, the
absolute error in the onset position was significantly smaller than that at +5% of
the foot length from the onset position. In addition, the absolute error in the onset
position was same as that in position about 25% of the foot length. The heel pres-
sure distribution was reported to change substantially approximately near 25% of
the foot length and the perceptibility of this change was highly accurate [26]. Since
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stability of the standing posture reduces posteriorly to the end of this range [27],
the large increase in sensory information associated with patellar movement when
leaning backward while standing may represent warning information [25].

3.3 Relevance and application to physical therapy

In this chapter, the role of the somatosensory information in the perception of
the standing positions in the anteroposterior direction is discussed based on the
findings of our previous study.

During forward-leaning standing, the large changes of somatosensory informa-
tion from the metatarsalis and the toes may have an important role in the perception
of the standing position. The relationship between the pressure information of
the first toe and the first metatarsalis is particularly strong to perceive the stand-
ing position at approximately 70% of the foot length. During backward-leaning
standing, the large changes in somatosensory information associated with the onset
of patellar movement may have an important role in the perception of the standing
position at the posterior end of the stability range for the standing position.

The somatosensory information for the perception of the body position for
motor control is important for physical therapy. Thus, physical therapists should
consider which sensory information is weighted and which sensory information is
re-weighted by CNS to perceive the body position on the reference frame for bal-
ance control in patients.

4, Conclusion

This chapter showed and discussed the important role of the somatosensory
information from the sole and around the patella to perceive the standing position
in anteroposterior direction. During forward-leaning standing, the large changes
in the pressure information at the head of the first metatarsalis and the first toe at
approximately 70% of the foot length mutually play an important role in perceiv-
ing the standing position. The perception of pressure information at the head of
the first metatarsalis reaching a maximum is strongly related to that of pressure
information in first toe. In cases in which the patella moves while gradually leaning
backward from the quiet standing position, the upward movement of patella may
cause deformity of the knee joint capsule and the cutaneous tissues surrounding the
knee. The mean standard deviation of the patellar moving onset position was small.
Hence, because the onset position is located at a constant position in each partici-
pant, the large changes in the sensory information induced by patellar movement
are a cue for the perception of the standing position while leaning backward.
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