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Preface

Proprioception represents a conspicuous part of the somatosensory system. The
actual state of the art in the study of proprioception clearly demonstrates that it is
a field of continuous active and innovative research. A large body of evidence has
been accumulated in the last years concerning the characteristics of proprioceptors
and the peripheral sensory organs connected to them (i.e., muscle spindles

and Golgi’s tendon organs). Furthermore, the contribution to proprioception

of mechanoreceptors situated in the joint capsule and skin is being actively
explored.

Proprioception is a collection of reviews and new information on mechanosensitivity.
We hope it will be of interest for investigators in basic research, as well as for clinicians
with an interest in proprioception.

In the opening chapter, “Structural and Biological Basis for Proprioception,”
the editors, José A. Vega and Juan Cobo summarize and update the basics of the
topic, knowledge on muscle proprioceptors (i.e., muscle spindles), mechanisms
and molecular bases for mechanotransduction in muscle spindles, pathways of
proprioception, and the clinical importance of proprioception. This chapter
provides the common foundations that make it easier to read the subsequent
chapters of the book.

The second chapter, “Proprioception and Clinical Correlation” by Pinar Gelener,
Gozde iyigﬁn, and Ramadan Ozmanevra, focuses on the anatomy, motor control,
and postural control related to proprioception with neurologic clinical correlation.
It also contains information about the changes in joint proprioception after
orthopedic surgeries.

The following two chapters discuss proprioception in the lower extremities.

The third chapter, “Recording of Proprioceptive Muscle Reflexes in the Lower
Extremity” by Juhani Partanen, Urho Sompa, and Miguel Mufioz-Ruiz, analyzes
the proprioceptive reflexes, especially the H-reflex, and recommends recording of
this reflex with an EMG needle electrode to perform accurate diagnostics.

The fourth chapter, “The Knee Proprioception as Patient-Dependent Outcome
Measures within Surgical and Non-Surgical Interventions” by Wangdo Kim,
approaches the problems of proprioception in patients undergoing knee surgical
procedures. The authors develop an “evidence-based medicine” design and
describe the steps to identify measurable invariants in the knee proprioception
system and develop a mathematical framework for outcome measurement within
the knee.

The proprioception of the muscles of the head is still an open matter since the
nerves driving the information to the central nervous system are not definitively
identified and most cephalic muscles lack muscle spindles, which are the true



proprioceptors. The fifth chapter, “Proprioceptors in Cephalic Muscles” by

Juan L. Cobo, Sonsoles Junquera, José Martin-Cruces, Antonio Solé-Magdalena,
Olivia Garcfa-Sudrez, and Teresa Cobo, explores the presence of alternative or
atypical proprioceptors in head muscles. The authors identify three basic types of
possible atypical proprioceptors based on the expression of PIEZO2 and ASIC2
mechanoproteins and establish the relative densities of each type in the muscles
analyzed.

The sixth chapter, “Proprioception Impairment and Treatment Approaches in
Pediatrics” by Kamatchi Kaviraja, introduces the new aspect of proprioception
sense and its dysfunction. The author focuses on children with behavioral problems
in which early identification and intervention play major roles in improving the
ability and development of the proprioceptive senses.

The seventh chapter, “Proprioceptive Perception: An Emergence of the
Interaction of Body and Language” by Alejandra Vasquez-Rosati and Carmen
Cordero-Homad, provides a systemic perspective of human behavior, which
reformulates the concept of effective behavior and cognition that derive from
the classical vision of neuroscience and psychology based on the Cartesian
reductionist functionalist paradigm. This chapter answers the question of how
proprioceptive perception affects human beings’ experience of being different
from others and from the environment and it explains how this phenomenon
modulates.

The chapter “Nomophobia Kids and Proprioception” by Giridharan Vaishnavi
analyzes the impact of nomophobia (the soreness or tension as a result of the
non-availability of a cellular telephone, a personal laptop or any some other digital
verbal exchange device) on proprioception, especially in kids. Children using
smartphones for a long time experience a great impact on the sensorimotor
function with a deficit in proprioception.

In the last chapter, “Proprioception in Immersive Virtual Reality,” Alexander
Vladimirovich Zakharov, Alexander Vladimirovich Kolsanov, Elena Viktorovna
Khivintseva, Vasiliy Fedorovich Pyatin, and Alexander Vladimirovich Yashkov
drive the readers to a new, innovative, and almost futuristic projection of
proprioception: its connection to virtual reality (VR). Under the conditions of
VR, a variety of multimodal sensory experiences can be obtained, and in the
opinion of the authors it is necessary and urgent to create immersive explicit
environments to bring the full potential of VR technology powers. Activation

of the proprioceptive system, coupled with the activation of the visual analyzer
system, allows achieving sensations of interaction with VR objects, identical to the
sensations of the real physical world. These new devices must be readily available
for use in routine medical practice, customizing the rehabilitation process for
different pathologies.

Each of the book’s chapters represents the efforts of diverse specialists to
analyze and review recent findings on several aspects of proprioception. We
thank the authors for their collaboration, their effort, and their competence.
Finally, we express our thanks to Mr. Josip Knapic and IntechOpen for their
invaluable support and editorial assistance. We are also very grateful to the
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professors who served as reviewers for the chapters. We hope this book will be of
interest for investigators in basic research as well as clinicians with an interest in
proprioception.

José A. Vega

Departamento de Morfologia y Biologia Celular,
Grupo SINPOS,

Universidad de Oviedo,

Spain

Facultad de Ciencias de la Salud,
Universidad Auténoma de Chile,
Chile

Juan Cobo

Departamento de Cirugia y Especialidades Médico-Quirtrgicas,
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Spain
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Chapter1

Structural and Biological Basis for
Proprioception
José A. Vega and Juan Cobo

Abstract

The proprioception is the sense of positioning and movement. It is mediate by
proprioceptors, a small subset of mechanosensory neurons localized in the dorsal
root ganglia that convey information about the stretch and tension of muscles,
tendons, and joints. These neurons supply of afferent innervation to specialized
sensory organs in muscles (muscle spindles) and tendons (Golgi tendon organs).
Thereafter, the information originated in the proprioceptors travels throughout two
main nerve pathways reaching the central nervous system at the level of the spinal
cord and the cerebellum (unconscious) and the cerebral cortex (conscious) for
processing. On the other hand, since the stimuli for proprioceptors are mechanical
(stretch, tension) proprioception can be regarded as a modality of mechanosen-
sitivity and the putative mechanotransducers proprioceptors begins to be known
now. The mechanogated ion channels acid-sensing ion channel 2 (ASIC2), tran-
sient receptor potential vanilloid 4 (TRPV4) and PIEZO?2 are among candidates.
Impairment or poor proprioception is proper of aging and some neurological
diseases. Future research should focus on treating these defects. This chapter
intends provide a comprehensive update an overview of the anatomical, structural
and molecular basis of proprioception as well as of the main causes of propriocep-
tion impairment, including aging, and possible treatments.

Keywords: proprioception, muscle spindles, mechanotransduction, ion channels,
proprioceptive pathways, spinocerebellar tracts

1. Introduction

Proprioception is a wider sense, that include position and movement of parts
of the body relative to one another, and the force and effort associated with muscle
contraction and movement. But properly the term proprioception applies for the
sensory information contributing to sense of self position, whereas kinesthesis
refers of sense of movement. The first one is regarded as an automatic function and
unconscious in contrast with the second one considered as conscious. In the words
of Kroger and Watkins [1] “Proprioceptive information informs us about the contractile
state and movement of muscles, about muscle force, heaviness, stiffness, viscosity and
effort and, thus, is vequired for any coordinated movement, normal gait and for the
maintenance of a stable posture”. This information travels to the central nervous
system, but differently to other components of somatosensitivity, a great part of the
proprioceptive sense does not reach consciousness. This is probably due to suppres-
sion as a consequence of the motor signals [2] or inhibitions along somatosensory
pathways [3]. The precise knowledge of the pathways of proprioception, especially
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those of conscious proprioception, are of capital interest to better understand
this sense. The techniques of neuroimaging are providing new insights about the
cerebral process of proprioception.

Proprioception originates by the activation of proprioceptors at the periphery.
Proprioceptors are a subset of mechanosensory neurons that provide afferent
innervation to specialized sensory organs located inside the muscles and tendons,
but probably also in joint capsules and ligaments, and the skin. According to Proske
and Gandevia [4, 5] the sense of “proprioception is achieved through a summation of
peripheral sensory input describing the degree of, and changes in, muscle length and ten-
sion, joint angle, and stretch of skin”. In fact, the proper definition of proprioception
coined by Sherrington in 1906 (“In muscular receptivity we see the body itself acting
as a stimulus to its own receptors—the proprioceptors”) suggest that the body contains
different kinds of proprioceptors. Here we have focused on muscle spindles and
Golgi’s tendon organs. Especial interest was done on the mechanisms of mechano-
transduction and the ion channel in this process.

Proprioception is impaired in some physiological and pathological situations.

It will gain interest in the coming years due to the aging of population: the deficit
of proprioception is associated with the increased frequency of falls in the elderly
[6-8]. Furthermore, several diseases, especially some neurodegenerative disorders,
course with proprioception deficits [9, 10] which treatment require a better knowl-
edge of the molecular aspects of proprioception and new active research.

This chapter is aimed not to perform a Review on all the different aspects of
proprioception but just to review some general and recent advances in propriocep-
tion. We intend to provide the readers of this book with an up-to-date appraisal of
the structural and biological basis of proprioception. There are excellent reviews
on the topic [4, 5, 11, 12] and we forward the interested to them. Robert W. Banks’
extraordinary paper (2015) [13] masterfully sums up the history of knowledge of
muscle spindles. Likewise, the recent reviews Kroger [14] Kroger and Watkins [1]
are mandatory.

2. Proprioceptors

The peripheral receptors of proprioception are located in tissues around the
joints, including skin, muscles, tendons, fascia, joint capsules, and ligaments [15]
which contains different morphotypes of mechanoreceptors [16]. It is currently
believed that proprioception is not generated by a single receptor, but by multiple
of receptors. In any case proprioception has been related with sensory receptors
localized in the muscles while kinesthesis has been more associated with joint and
cutaneous receptors [17-19]. Nevertheless, the historically regarded as true proprio-
ceptors are muscle spindles and Golgi’s tendon organs.

The joints mechanoreceptors are Ruffini-like and Pacinian corpuscles which signal
joint movement but not movement direction or joint position [15]. Regarding
cutaneous receptors four kinds of mechanoreceptors are present in glabrous skin
(Meissner’s corpuscles, Pacinian corpuscles. Ruffini corpuscles and Merkel cell-
neurite complexes) [20-22]. A definitive role of cutaneous mechanoreceptors as
proprioceptors has not been definitively established [23-25] although it is possible
a convergence between cutaneous and muscle afferents at the spinal cord and
thalamic levels.

But independently of the modest contribution of cutaneous and articular
mechanoreceptors to proprioception, the main stretch-sensitive receptors are
muscle spindles found in most, but not all, skeletal muscles. For instance, they are
absent form most cephalic muscles [26, 27]. Interestingly, muscle spindles are more
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abundant in muscles in which the precision of movements must be accurate. On
the other hand, the main tension-sensitive receptors are the Golgi’s tendon organs,
located at the ends of muscle fibers [28, 29]. These two sensory organs respond to
changes in mechanical conditions, namely in muscle length (muscle spindles) or in
actively generated force (Golgi-tendon organs) but both are contraction receptors.

2.1 Muscle spindles

Vertebrate muscle spindles are complex sensory organs that have both sensory
and motor innervation. Each muscle spindle receives at least one sensory fiber that
innervate specialized muscle fibers denominated intrafusal fibers. These intrafusal
fibers also receive motor innervation by y-motoneurons [30, 31]. Structurally, they
are encapsulated mechanoreceptors, and functionally are slowly adapting-loth
threshold mechanoreceptors [5].

Muscle spindles are highly variable in number from none in most cephalic
muscles (see [27]) to numerous in lumbrical or deep neck muscles [32, 33]. These
differences are attributed functional muscular demands of muscles but the num-
ber of muscle spindles per motor unit is rather equal [34]. Also, no topographical
differences in muscle spindles between mono- and multiarticular muscles were
noted [35].

Within the connective capsule that delimits each muscle spindles there are
the intrafusal fibers and the periaxial space filled with a fluid. Three zones can
be differentiated at the muscle spindle: the central or equatorial zone, the juxta-
equatorial zone, and the terminal or polar zone; small segments of the intrafusal
fibers can be found outside the poles of the muscle (Figure1).

The intrafusal muscle fibers. Banks and co-workers [36] established that mam-
malian muscle spindles regularly contain three types of intrafusal muscle fibers.
Based on their morphology and the arrangement of nuclei in the equatorial zone
they fall into two main categories: nuclear bag fibers and nuclear chain fibers. Bag

Muscle spindle Golgi's tendon organ

_— Skeletal muscle fibres —_

Iz afferents

la afferent

Collagen
~ Intrafusal fibres

Motor endplate Tendon

Figure 1.

chematic representation of a muscle spindle and a Golgi’s tendon organ. Muscle spindles are capsulated
mechanoreceptors that consist of intrafusal muscle fibers (bagi, bag2 and chain), a periaxial space filled with
a fluid, and a connective capsule. They are supplied by Ia (blue) and II (green) afferents. Golgi’s tendon organs
are capsulated mechanoveceptors that consist of collagen fibers and type la afferents (red).
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and chain fibers differs in structure, histochemical profile (myosin type, ATPase
activity [37-39]) and functional properties. Bag fibers are greater in diameter and
length than chain fibers, extend outside of the capsule, and they can be subdivided
into bagl and bag? types (see for a review [40]). Human contains on average 8-20
intrafusal fibers and can lack bagl or bag2 fibers [37].

As mentioned previously, muscle spindles are stretch detectors, i.e.

“they sense how much and how fast a muscle is lengthened or shortened” [41].
Accordingly, when a muscle is stretched this change in length is transmitted to
the intrafusal fibers which are in turn stretched. And to respond appropriately
intrafusal fibers are double innervated by afferent sensory neurons and efferent
motoneurons.

Sensory innervation. “Just as the number of sensory endings varies from spindle to
spindle, even within a single muscle, so also does the number of motor axons supplying
those spindles” [13].

There are two types of afferents that innervate intrafusal fibers: primary
(type Ia) and secondary (type II) endings which differ in their axonal conduction
velocity [13].

Each muscle spindle receives only one Ia afferent surrounding like a dock
the equatorial zone of all the intrafusal fibers (spirals or annulospiral endings)
(Figure 1). When spiral endings deform detect changes in length of the muscle.
Primary afferents are sensitive to dynamic stretch, have irregular spontaneous
or volitionally maintained discharge, and exhibit an off-response at the point of
relaxation (i.e., muscle stretch) followed by a slow ramping isometric contraction;
they are off during rapid voluntary contraction [13].

The number type Il afferent endings in a muscle spindle varies from zero to
five, and they supply one intrafusal fiber terminating mainly on nuclear chain
fibers. The endings of the secondary afferents are spirals ending on the polar
ends of the intrafusal fibers (Figure 1). Secondary afferents have a regular tonic
discharge, and do not exhibit an off-response at the termination of a voluntary
ramp-and-hold contraction [42, 43].

Motor innervation. In addition to sensory neurons, intrafusal muscle fibers are
also innervated by efferent motoneurons (fusimotor innervation). Axons of moto-
neurons enter the muscle spindle together with the sensory fibers and innervate
intrafusal fibers in the polar regions forming motor endplates.

Motor innervation originates from myelinated y-motoneurons (diameter
4-8 pm), also known as fusimotor motoneurons. They have been differentiated
into static and dynamic. Dynamic axons have a weak effect on primary afferent
firing while the static ones have a great influence on both primary and secondary
afferents (see [43]).

Occasionally additional afferent innervation of muscle spindles originates from
axons that also supply extrafusal muscle, known as f-motoneurons or skeleto-
fusimotor fibers. These fibers supply both intrafusal and extrafusal fibers via motor
endplates at the polar ends. The endplates of y-motoneurons differ structurally
from those formed by a-motoneurons on extrafusal fibers, but both are cholinergic
synapses with many features in common, including junctional folds and a basal
lamina filling the synaptic cleft. [42-46].

Stimulation of y-motoneurons result in excitation of both Ia and IT muscle
spindle afferents. On the other hand, stimulation of a-motoneurons supplying
extrafusal muscle fibers, results in coactivation of y-motoneurons which in turn
causes the contraction of the polar ends of the intrafusal fibers, restoring tension
and sensitivity of the muscle spindle to stretch.

Thus, the y-motoneuron function control the sensitivity of muscle spindle
afferents as length detectors. Therefore, the muscle spindle’s function as a length
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sensor arises essentially from its anatomical relationship with its parent muscle.
Any length change in the parent muscle result in stretch of intrafusal fibers that is
then detected by sensory receptors located on the equatorial and polar regions of
the muscle spindle [44].

2.2 Golgi’s tendon organ (tendon spindle)

The Golgi-tendon organ or tendon-spindle, localized at the origins and inser-
tion of tendon, or rarely within the tendon. It is a mechanoreceptor that informs on
muscle tension via its Ib afferent (Figure1).

Structurally it consists of a capsule and within it there are loosely packed col-
lagen fibers and muscle fibers (3-50). Among these elements there is a unique Ia
afferent which branches to innervate the distal and the proximal parts of the organ
[28, 47]. With respect to the skeletal muscle fibers the Golgi-tendon organ is in
series between muscle and tendon.

The Golgi-tendon model react to “static and dynamic responses to activation
of single motor units whose muscle fibers insert into the Golgi tendon organ, self
and cross adaptation, non-linear summation when multiple motor units are active
in the muscle, and the proportional relationship between the cross-adaptation and
summation recorded for various pairs of motor units” [47, 48].

3. Mechanotransduction in muscle spindles

The sensory terminals of muscle spindles appear to adhere to the surface of the
intrafusal muscle fibers, and although they possess a basal lamina in close contact
with the plasmalemma it is absent at the sensory terminals.

3.1 Afferent glutamate-ergic neurotransmision in muscle spindles?

Bewick and co-workers [44] have demonstrate the occurrence of a complete
gutamatergic neurotransmission system in the afferents of muscle spindles associ-
ated to the synaptic-like vesicles typical of those terminals. Exogenous glutamate
enhances spindle excitability, an effect that can be pharmacologically blocked with
specific molecules. On the other hand, synaptic-like vesicles contain glutamate,
which is released during membrane cycling and, subsequently, a requirement for a
replenishment mechanism.

This observation, however, does not exclude the possibility that other neuroac-
tive substances also occur in these sensory terminals.

3.2 Ion channels and mechanorasduction in muscle spindles

In addition to the possible classical neurotransmission, the primary mechanism
of mechanical transduction in muscle spindle sensory endings is the activation
of stretch-sensitive ion channels. In mechanotransduction, i.e. the conversion of
mechanical stimuli into biological or electrical signal, is triggered by members of
the superfamilies of degenerin-epithelial Na*-channels (Deg-ENa*C; including
acid-sensing ion channels -ASIC-), transient receptor potential channels (TRP),
two-pore domain potassium (Kj,), and PIEZO [49, 50]. Some of them have
been detected directly in proprioceptors as well as in primary sensory neurons
innervating them. However, and similarly as in cutaneous mechanoreceptors, the
stretch-sensitive channels responsible for transducing mechanical stimuli in spindle
afferents awaits definitive identification (see [51]).
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There is mounting evidence for the involvement of members of the Deg/
ENa’C superfamily as mechanosensory channel(s) in mammalian primary afferent
neurons, and in the sensory endings of muscle spindles [52-54]. All four subunits
of the ENaC channel (a, p, y and 8) are present in in spindle primary-sensory
terminals [44, 54].

ASICs are members are a family of voltage-insensitive cation channels expressed
in the nervous system and many types non-nervous cells. In rodents and humans
six ASIC subtypes (ASICla, ASIC1b, ASIC2a, ASIC2b, ASIC3, and ASIC4) have
been identified and their expression patterns are now rather well known [55, 56].
Regarding muscle spindles, evidence has been obtained in favor of a role of ASIC2
as primary mechanotransducer [53, 54]. Consistently, mice deficient in ASIC2, and
also in ASIC3, show deficits in mechanical sensitivity [57-59].

PIEZO are Ca**-permeable mechanosensitive channels characterized by their
large size and structure [60-62]. Piezo2 is expressed in proprioceptive dorsal
root ganglia (DRG) neurons [63, 64] as well as sensory endings of proprioceptors
innervating muscle spindles and Golgi tendon organs in mice [64]. Loss of PIEZO2
in proprioceptive neurons results in ataxia and dysmetria, severely uncoordinated
body movements and abnormal limb positions, contracture of multiple joints, and
muscle weakness, suggesting that PIEZO2 requirement for the activity of these
mechanosensors [64-69]. Recently, an elegant study by the Ana Gomis’s group cor-
roborated these findings using mesencephalic nucleus proprioceptive neurons [70].

Regarding TRP channels there is little evidence for a role in low-threshold
sensation in spindles.

4. Proprioceptive pathways

To drive proprioception to the central nervous system two different pathways
must be considered: the unconscious proprioception is convoyed primarily via
the spinocerebellar tracts to the cerebellum while the conscious proprioception is
convoyed by the dorsal column-medial lemniscus pathway and the thalamus to the
cerebral cortex.

Classically, the proprioceptive pathways of the spinal nerves have been
described as a 2 neurons chain (Figure 2). The primer order neuron is a pseudo-uni-
polar neuron whose bodies are localized in DRG whose peripheral axonal branches
reach proprioceptors (especially muscle spindles and Golgi tendon organs) and
the central branch reach the base of the dorsal horn of the spinal cord. The second
order neurons are placed in the medial Stilling-Clarke’s column (which extends
between the medullary segments C8 and L2) and the lateral Bechterew’s column,
both corresponding to the Rexed’s lamina VII of the dorsal horn; in these columns
the spinocerebellar tracts (dorsal or Foville-Flechsig fascicle and ventral or Gowers
fascicle) originate to ascend and reach the cerebellum. This information is neces-
sary unconscious. The spinocerebellar neurons together provide the major direct
sensory projection from the hindlimbs and lower part of the trunk to the cerebel-
lum. A parallel system serving the forelimbs includes the direct cuneocerebellar and
rostral spinocerebellar tracts and other indirect pathways via the lateral reticular
nucleus and the inferior olive.

Nevertheless, some aspects of the proprioception are conscious, and therefore
the information must reach the cerebral cortex. For these components of the
proprioceptive sensitivity, the proprioceptive pathways consist of a 3 neurons chain
(Figure 2). The primary order neurons are placed in DRG and the central branch
of their axons ascend throughout the dorsal columns of the spinal cord to reach
the gracile and cuneate nuclei in the medulla. In those nuclei are placed the bodies
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of the secondary order neurons whose axons project to the ventral postero-lateral
(VPL) nucleus of the thalamus (tertiary order neuron) whose axons end in the
somatosensory cortex to provide the conscious perception of proprioception.

A particular question arises from cephalic muscles. They are innervated by
cranial nerves and most of them (with the exception of jaw muscles and extraocular
muscles) lack typical proprioceptors, i.e. muscle spindles. At present is commonly
accepted that the proprioception of the cephalic territory depends on the trigeminal
nerve [27, 71]. But the Gasser’s ganglion of the trigeminal nerve does not contain
proprioceptive neurons, while they are localized in the trigeminal mesencephalic
nucleus.

UNCONSCIOUS
CONSCous PROPRIOCEPTION
PROPRIOCEPTION
To gracillis and _ Spinocerebellar
cuneatus nuclei / -\: tracts
TN Spinal cord

Gracillis and
cuneatus tracts

(lamina VII)

Muscle spindle Golgi's tendon organ

Figure 2.
Schematic representation of proprioceptive unconscious (black) and conscious (blue) pathways reaching the
cerebellum and the brain, vespectively.

4.1 Primary order neurons: the proprioceptive neurons

The proprioceptive neurons represent a small population (about 7-10%) of DRG
primary sensory neurons and correspond with those with the largest cell bodies
[72]. They can be classified and distinguished from other dorsal root ganglion neu-
rons as a unique neuronal population using single cell transcriptome analysis [73].
They typically express the neurotrophin receptor TrkC (the preferred ligand for
neurotrophin-3) and the Ca®*-binding protein parvalbumin [74], as well as other
markers that define this neuronal population [75].
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The peripheral branch of the axons of the proprioceptive pseudo-unipolar
neurons forms large-myelinated Aa and A fibers in peripheral nerves, while the
central branch stablish synapse in the spinal cord or ascends throughout the dorsal
columns of the spinal cord to reach the gracile and cuneate nuclei in the medulla.
Some peripheral branches, however, travel through the cuneatus tract and ascend
the cervical spinal cord to reach the medulla oblongata to reach the accessory cune-
ate nucleus.

4.2 Secondary order neurons: the medial stilling-Clarke’s (nucleus dorsalis) and
lateral Bechterew’s columns

The secondary order neurons of the proprioceptive pathways are localized at the
base of the dorsal horn of the spinal cord, in correspondence with the VII Rexed’s
lamina, also known as the intermediate zone of the spinal cord. In this place two
nuclear columns were classically considered: the nucleus dorsalis of Clarke (also
known as Clarke’s column, dorsal nucleus, posterior thoracic nucleus) and the
medial nucleus (also known as Bechterew’s nucleus). The axons of the neurons
localized at these places form the spinocerebellar tracts.

4.3 The spinocerebellar tracts — unconscious proprioception

The tracts that carry unconscious proprioceptive information are collectively
known as the spinocerebellar tracts. Within the spinocerebellar tracts, there are four
individual pathways: ventral, dorsal, rostral and cuneocerebellar.

4.3.1 Ventral spinocerebellar tract (VSCT; anterior spinocerebellar, Gowers

fascicle)

VSCT originates mainly from the medial part of lamina 7 in the lumbosacral
segments, from the dorsolateral nucleus of lamina 9 at L3-L6, and also from the
neurons of the ventrolateral nucleus of lamina 9 and the lateral part of lamina 7 at
L4-L5 segments [76, 77]. Axons decussate in the anterior white commissure and run
in the ventral border of the lateral funiculi. They ascend through the brainstem to
the pons where turn dorsally and enter the cerebellum throughout the superior cer-
ebellar peduncle. For the most part, the ventral spinocerebellar tract axons recross
the midline in the deep white matter of the cerebellum to terminate ipsilaterally. It
terminates in the cortex of the anterior lobe and vermis of the posterior lobe and
give collaterals to the globose and emboliform nuclei.

4.3.2 Dorsal spinocerebellar tract (DSCT; posterior spinocerebellar tract, Flechsig’s
fasciculus, Foville-Flechsig fasciculus)

This nucleus is present from Th1 through the second lumbar spinal segments
and is largest in the lower thoracic and upper lumbar segments [77]. The cells of
origin of the DSCT are classically described as residing in Clarke’s column of the
lumbar and thoracic spinal cord segments. The nucleus dorsalis of Clarke is a group
of neurons localized in the medial part of lamina VII extending from C7 to L2 levels
related to the proprioception of the lower limb. Caudally it begins at L2 level and
reaches its maximum at Th12 level and above ThS8 level its size diminishes, and the
column ends at C7 level. Nevertheless, it is represented in other spinal regions by
scattered neurons, which become aggregated to form a cervical nucleus at C3 level
and a sacral nucleus in the middle of the sacral spine region (Figure 2).
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In addition, other groups of neurons that also belong to DSCT are located
throughout the intermediate and dorsal laminae of the thoracic and lumbosacral
segments of the spinal cord. The axons of the DSCT ascends ipsilaterally in the
peripheral region of the funiculus lateralis of the spinal cord. Then, they continue
to course through the medulla oblongata and finally pass through the inferior
cerebellar peduncle and into the cerebellum, and terminate in the cerebellar cortex
of lobules I-V, in the anterior lobe and in the posterior lobe vermis and paramedian
lobe. In addition to those cortical projections, there is evidence that DSCT fibers
also terminate in the medial and interpositus cerebellar nuclei.

4.3.3 Rostral spinocerebellar tract

The rostral spinocerebellar tract appears to be the upper extremity homolog of
the ventral spinocerebellar tract. The neurons of origin of this tract are located in
Rexed laminae V-VII of the C5-C8 segments. The projection is predominantly ipsilat-
eral, but there is also a minor bilateral projection. The axons of the rostral spinocer-
ebellar tract neurons terminate in the anterior and paramedian lobule cerebellar.

4.3.4 Cuneocerebellar tract (posterior external arcuate fibers, dorsal external
arcuate fibers)

DSCT does not convey information from the upper limb since the nucleus dorsalis
does not extend into the cervical spinal cord. Therefore, there is another proprio-
ceptive pathway for the upper limb: the cuneocerebellar tract. The secondary order
neurons of this nucleus pass to the inferior ipsilateral cerebellar peduncle to reach
the spinocerebellum.

4.3.5 Other spinocerebellar tracts

There are additional ascending direct and indirect spinocerebellar pathways.
The spinocervical tract relays in the lateral cervical nucleus and projects to the
ventral postero-lateral (VPL) nucleus of the thalamus. The spinohypothalamic and
spinoamygdalar tract provides sensory input to areas of the nervous system involved
in controlling autonomic, endocrine and emotional responses. Sensory informa-
tion from the hindlimbs is also relayed by indirect spinoreticulocerebellar pathways
through at least two olivocerebellar pathways: the indirect spinoreticuloolivocerebel-
lar tract and the direct spinoolivocerebellar tract.

These pathways provide necessary information regarding the current status of
reflex pathways, as well as muscle tone, length and tension that consent the cerebel-
lum to coordinate and regulate motor activity.

4.4 The brain connection — conscious proprioception

According to Proske and Gadivia [4] there are at least two reasons for including
body schemas and images in the study and discussion of proprioception. “First,
while proprioceptors provide information about position and movement of the limb, they
are unable to signal the length of limb segments and therefore the absolute location of the
limb in space. Second, there is the issue of body ownership”. The blind movement of a
limb, while proprioceptive feedback informs us about the movement, we need to be
able to identify the moving limb as our own [78, 79]. Carruthers has proposed that
all representations of the body are available to consciousness [80]. “On-line,” newly
constructed body representations, provided by inputs from vision, touch, and
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proprioception, generate a perception of the body as it actually is at any moment in
time, an image which is able to change from moment to moment. It is distinguished
from an “off-line” representation constructed, in part, from current sensory inputs,
in part, from stored memories and is available to consciousness both immediately
and after retrieval of memories.

In the last times neuroimaging has strongly contributed to the knowledge of
the central activity patterns produced by proprioceptive stimuli, to the recogni-
tion of the integration of proprioceptive inputs with inputs from other senses and
the identification of central areas involved in the integration [81]. These include
regions in the parietal cortex [82-85] including the primary somatosensory cortex
[86, 87]. Furthermore, parts of the frontal cortex and insula [88, 89] are involved
in proprioception.

4.5 The mesencephalic trigeminal nucleus

The mesencephalic trigeminal nucleus is a sensory structure located at the meso-
pontine junction and contains the cell bodies of primary order afferent propriocep-
tors that innervate muscle spindles of the muscles of mastication and other muscles
of the head and neck [27, 71]. Whether these primary sensory neurons are gener-
ated directly in brain or have a of neural crest origin is stell debated. Classically it
has been regarded as a representation of a peripheral sensory ganglion similar to
DRG that became incorporated into de brainstem during embryonic development,
although molecular studies support a central origin for these cells [90, 91].

It projects to the dorsolateral division of the trigeminal motor nucleus and to the
supratrigeminal nucleus, which are involved in humans in the jaw-jerk reflex and
the periodontal-masseteric reflex [92] (for a review see [93]).

5. Propioception from a clinical perspective: causes for impaired
proprioception

Proprioception is critical factor for stability, and it is well known it deteriorates
in aged people [94]. In fact, the proprioceptive system undergoes significant
structural and functional changes with aging which cause a progressive decline in
somatosensibility including proprioception [95-97].

Aging courses with muscle weakness from sarcopenia, decrease in the number
of intrafusal fibers in muscle spindles, and denervation. All together these facts
diminished muscle force and consistently the proprioception which, in turn
determinate the increase in falls in the elderly with clinical and public health
consequences. The specific relationship between muscle strength and propriocep-
tion should be explored further as it may provide a basis for the claim that exercise
improves standing stability. Interestingly, to achieve a reduction in the incidence
of falls, it is not sufficient to improve muscle strength alone as exercises are
required which actually challenge standing stability. These changes might con-
tribute to the frequent falls and motor control problems observed in older adults.
On the structural level, muscle spindles in aged humans possess fewer intrafusal
fibers, an increased capsular thickness and some spindles which show signs of
denervation [98, 99].

A variety of neurological diseases are characterized by irregular, jerky move-
ment or posture due to loss of proprioceptive sensory feedback, a disturbance called
afferent ataxia. The affected neurons are primary sensory neurons in the dorsal
root ganglia relaying body position and movement (proprioception) to the central
nervous system. Proprioception dysfunction can be caused by injuries and disorders
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that affect any part of the proprioceptive system between the sensory receptors that
send the signals to the parts of the brain that receive and interpret them. The risk of
proprioception loss increases as we age due to a combination of natural age-related
changes to the nerves, joints, and muscles. Examples of injuries and conditions that
can cause proprioceptive deficit include: brain injuries, herniated disc, arthritis,
multiple sclerosis (MS), stroke, autism spectrum disorder (ASD), diabetes, periph-
eral neuropathy, Parkinson’s disease, Huntington’s disease, ALS (amyotrophic
lateral sclerosis), or Lou Gehrig’s disease. Joint injuries, such as an ankle sprain or
knee sprain, joint replacement surgery, such as hip replacement or knee replace-
ment, Parkinson’s disease. Primary proprioceptive neurons may be the target of
hereditary, developmental, degenerative, toxic, inflammatory and autoimmune
pathology. Accordingly, typical clinical consequences of pathology affecting
proprioceptive neurons, in addition to afferent ataxia, include loss of deep tendon
(stretch) reflexes and of conscious perception of position and movement of body
parts, often associated with loss of perception of vibration [9]. Recently, Dionisi
and co-workers have obtained proprioceptive primary sensory neurons from
iPSCs, and the generation of intrafusal fibers in vitro are opening new perspec-
tives for the treatment of some ataxia linked to altered primary proprioceptive
neurons [100, 101].
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Abstract

Proprioception is the sense of position or the motion of the limbs and body in
the absence of vision. It is a complex system having both conscious and unconscious
components involving peripheral and central pathways. The complexity of senso-
rimotor systems requires deep knowledge of anatomy and physiology to analyze
and localize the symptoms and the signs of the patients. Joint sense and vibration
sense examination is an important component of physical examination. This
chapter consists anatomy, motor control, postural control related to proprioception
with neurologic clinical correlation and also the information about the changes of
proprioception after orthopedic surgeries and discuss with the available literature.

Keywords: proprioception, neurology, orthopedics

1. Introduction
1.1 Anatomy

Proprioception was first described by Sir Charles Bell in 1830s as sixth sense
coming from Latin word proprius meaning “one’s own” and perception “perceiving
one’s own self” [1]. Proprioception is generally defined as either the sense of posi-
tion or the motion of the limbs and body in the absence of vision [2]. Limb position
is a static sense, whereas limb motion is a dynamic sense [3]. It is described as the
most important sensorial modality for the internal representation of body map
providing static and dynamic proprioceptive systems [4].

Proprioception is a complex system having both conscious and unconscious
components involving peripheral and central pathways. The proprioceptive sensa-
tions arise from the deeper tissues. The main receptors are muscle spindles, ten-
dons, Ruffini endings in joint capsules ligaments and Pacinian corpuscles reacting
pressure, tension, stretching or contraction. The cutaneous receptors of the skin
also contribute to joint position and motion sense especially at digits, elbow and
knee. The term kinesthesia is generally used to describe the conscious awareness of
the body or limb position in space [1, 5-7]. Conscious proprioceptive impulses elon-
gate along large and myelinated fibers from the peripheral nerves into the dorsal
root ganglion of spinal cord (first order neurons) and then via the medial division
of the posterior root, via posterior white columns of fasciculi gracilis and cuneatus
and ascend to the nuclei gracilis and cuneatus in the lower medulla. Axons of the
second-order neuron decussate as internal arcuate fibers (second order neurons),
and then ascend in the medial lemniscus to the contralateral somatosensory region
of thalamus (Figure1) [2, 5].
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Figure 1.
Neuroanatomic pathway adopted from DeJong’s the neurologic examination.

The main pathway for proprioceptive information is via the dorsal column
medial lemniscal, posterior and anterior spinocerebellar tracts and spinoreticular
tracts [6, 7].

There is a high density of complex spindles in deeper cervical muscles par-
ticularly in the intermediate columns, acting as neck prorioceptive receptors. This
system is important for head and neck position sense together with the high density
muscle spindles of sub-occipital triange. The density of muscle spindles is higher
in the upper cervical spine when compared with the lower cervial and cervico-
thoracic and thoraco-lumbar junctions [8]. Neck proprioception plays an important
role in limb coordination and body-scheme representation [8]. Proprioceptive
impulses from the head and neck are supplied by cranial nerves [5].

Contralateral primary and secondary sensorimotor cortex, supplementary
motor area and bilateral inferior parietal lobes and basal ganglia (especially nigros-
triatal pathways, striatal neurons and putamen) are involved in processing proprio-
ceptive information during passive movement [9, 10]. The cerebellum contributes
to proprioception only during movement [3]. Especially deep medial fastigial
nucleus of cerebellum converges vestibular and neck proprioceptive sensory signals
describing body’s movement in space [11, 12].

1.2 Proprioception and motor control

The sensorimotor system, defined as the sensory, motor, and central integration,
is a crucial and intricate component of the motor control system [13]. Motor control
is a complex and dynamic process based on the selective integration of sensory
information from multiple sources, motor commands, and motor output [13, 14].
There are specific unique roles associated with each sensory source (i.e., somatosen-
sory, visual, vestibular) that cannot be compensated fully with each other [14, 15].
The environment is experienced through sensory systems: exteroception (e.g., sight,
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hearing, touch), interoception (e.g., arousal, pain, visceral sensations, muscular
sensations), and proprioception (e.g., sense of position, motion, and force), which
all required for successful motor control [16, 17]. During a task-oriented activity,
motor adaptation, defined as a process of modifying the movement based on error
feedback [18], skills are needed to cope with the changes occurring in the external
and internal environment [2]. Motor adaptation is stimulated with sensorial triggers
by using both feedback (reactive: adjust ongoing motor behavior) and feedforward
(preparatory: pre-planning and anticipating the motor sequence from the previous
experience) mechanism. Proprioceptive information, from proprioceptors found in
muscle, tendon, ligament, capsule, skin, and fascial layers, plays an integral role in
motor control and considered as multifold [14].

The role of proprioceptive information in motor control can be divided into
two categories: external environment (even vs. uneven ground) and internal
environment (carrying a load on shoulders vs. hands below knuckle height). The
motor programs often need to be adjusted to accommodate unexpected perturba-
tions or changes in the external environment. Although the source of this informa-
tion is usually associated mainly with visual input, there are many situations
where proprioceptive input is the fastest and/or most accurate. Proprioception
is necessary during motion execution to update feedforward commands derived
from the visual image [14]. Attention to environmental constraints is also required
because dealing with complex environments often requires behavioral flexibility
to maintain postural balance [19]. Secondly, the central nervous system needs an
updated body schema of the biomechanical and spatial properties of body parts
to plan and modify internally generated motor commands [20]. Before and dur-
ing a motor command, the motor control system must consider the current and
changing positions of the respective joints to account for the complex mechanical
interactions within the musculoskeletal system components [14]. Additionally,
proprioception is important after movement to compare the actual movement and
intended movement, besides the predicted movement derived from the efference
copies (corollary discharge: copying of motor commands based on past events)
of motor commands, which has an essential role in motor learning to update the
internal forward model of motor command [21].

1.3 Proprioception and postural control

During the execution of all motor tasks, proprioception is required to prepare,
maintain, and restore the stability of both the entire body (postural equilibrium)
and the segments (joint stability) [14, 15]. Postural control, defined as controlling
the position of the body regarding the task in the environment, involves neural
control of “postural equilibrium” and “postural orientation”. Postural equilibrium
consists of the coordination of sensory and motor strategies to maintain balance by
controlling the body’s center of mass (COM) over its base of support (BOS) to main-
tain postural stability during both intrinsic (self-initiated) and extrinsic (externally
triggered) disturbances. The postural equilibrium controls stability during both
static (i.e., quiet standing) and dynamic (i.e., walking and reaching) situations.
Postural orientation involves positioning body alignment with respect to gravity, the
support surface, visual environment, and other sensory reference frames [22].

Postural control is considered as a complex motor skill derived from the interac-
tion of multiple sensorimotor processes, which are; biomechanical constraints (i.e.,
BOS, degrees of freedom, strength, limits of stability), movement strategies (i.e.,
reactive, anticipatory, voluntary), sensory strategies (i.e., sensory integration, sen-
sory re-weighting), orientation in space (i.e., perception of visional verticality, per-
ception of postural verticality), control of dynamics (i.e., gait, proactive), cognitive
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processing (i.e., attention, learning, reaction time), experience and practice [23].
Impairment of the proprioceptive sensation can disrupt any of these six resources,
which contributes to postural control (Figure 2). “Sensory strategies” are one of the
most critical issues to discuss. Sensory information from somatosensory (tactile
sense and proprioception), visual and vestibular systems must be integrated to
interpret complex sensory environments for achieving postural control. Depending
on the environmental conditions, the relative contribution of each sensory system
changes, which is referred to as “sensory re-weighting” [24]. Healthy persons rely
on somatosensory (70%), vision (10%), and vestibular (20%) information when
standing on a stable surface in a well-lit environment (13). On the other hand, when
standing on an unstable surface, due to decreased dependence on surface somato-
sensory inputs for postural orientation, they need to increase sensory weighting to
vestibular and visual information [25]. The dynamic regulation or re-weighting of
sensory cues is essential for maintaining postural stability when moving between
different environments requiring distinct sensorial systems, such as different
surfaces (i.e., walking on the sidewalk, walking on grass) or different lighting (i.e.,
moving in a well-lit room, moving in a dark room) [23]. The interplay between
these three sensory modalities is critical for accurate estimates of self-motion and
postural control [26].

Besides different sensory cues, different mechanical conditions provide sig-
nificant advantages to humans for maintaining upright standing [27]. Decreased
proprioception could lead to “biomechanical constraints” such as abnormal joint
biomechanics and decreased muscle strength [28, 29], leading to postural dyscontrol.
The “control of dynamics” is defined as the ability to perceive body segments relative
to one another to stabilize the COM. Maintaining COM requires input from multiple
sensory systems, sensorial re-weighting, and multisensory integration to calculate
body state, including the COM and heading [30]. “Movement strategies” (i.e., postural

Biomechanical :
constraints A ——

Orientation in space % Cognitive

processing
~/ POSTURAL ' 4
CONTROL
. Control of
Sensory strategies dynamics
. Movement \
strategles

Figure 2.

Adapted from the framework of the six important resources required for postural control system by Horak,
2006 [23], the contribution of proprioception sensation to postural control.
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sway, ankle strategy, hip strategy) can be used to return the body to equilibrium in

a stance position [23]. Without proprioceptive input from the ankle and knee, ankle
muscle responses are delayed suggesting that lower leg balance correcting responses
are triggered by hip and, possibly, trunk proprioceptive inputs. Especially hip muscle
proprioceptive inputs, considered critical for automatic balance correcting responses
[31]. Additionally, cervical proprioception is of particular importance for “orienta-
tion in space”. Neck muscle inflow has effects on the perception of body orientation
and motion. Prolonged, intense proprioceptive input from neck muscles can induce
persistent influences on self-motion perception and cognitive body representation
[32]. The loss of proprioception could also impact the “cognitive processing” specifi-
cally the reaction time, and other factors such as attention, memory, and visuospatial
abilities may contribute to spatial cognitive skills (Figure 2) [23].

2. Clinical implications and evaluation of proprioception

The loss of proprioceptive afferents may affect the control of muscle tone,
disrupts postural reflexes, and severely impairs spatial and temporal aspects of
movement [33]. Proprioceptive impairments are associated with various neurologi-
cal conditions such as stroke [34], Parkinson’s disease [35], peripheral neuropathy
[36], as well as orthopedic conditions such as low back pain [37], neck pain [38],
sports injuries like chronic ankle instability [39], ACL injuries [40], post-opera-
tively such as mastectomy [41], knee arthroplasty [42], and aging [43]. Considering
the importance of proprioception for motor control, a detailed evaluation of
proprioceptive sense and application of treatment approaches focusing on training
the proprioceptive sense is important for restoring motor function. Proprioception
can be measured by using specific and non-specific tests in clinical practice.

Specific Tests of Proprioception: assess an individual’s status regarding the joint
position sense and kinesthesia [21]. Joint position sense tests assess precision or accu-
racy in repositioning the joint at a predetermined target angle and can be measured
as active joint position detection (AJPD) [e.g., position matching task, position
copying task] and passive joint position detection (PJPD) [e.g., thumb finding test,
dual-joint position test] [44]. Kinesthesia tests assess the ability to perceive joint
movement. For evaluating the perceptual aspect of proprioception, psychophysical
thresholds represent the gold standard [33]. These tests are usually performed pas-
sively and can be measured by using passive motion detection threshold (PMDT)
and passive motion direction discrimination (PMDD) [e.g., distal proprioception
test, Rivermead Assessment of Somatosensory Perception] [44].

Non-specific Tests of Proprioception: for determining the contribution of proprio-
ceptive signals on balance control, functional balance tests can be used to provide an
estimate of potential proprioceptive disturbances [33]. These tests involve all body
and other sensory and motor functions; therefore, they are considered non-specific
tests of proprioception [21]. Balance tests can be modified to challenge proprioception,
such as unilateral/bilateral stance with eyes open/closed, different supporting surfaces
(i.e., stable or unstable), and with/without perturbations [44, 45]. Stereognosis and
skilled motor function tests are important as they indicate the contribution of proprio-
ceptive system in the performance of many activities of daily living [46].

3. Neurologic correlation

The complexity of sensorimotor systems requires deep knowledge of anatomy
and physiology to analyze and localize the symptoms and the signs of the patients.
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Joint sense and vibration sense examination is an important component of neuro-
logical examination.

The classic diseases causing sensory ataxia are tabes dorsalis, polyneuropathies
(especially involving large fibers), dorsal root ganglionopathies and subacute
combined degeneration. With parietal lobe lesion, position sense is often impaired
and vibration preserved [5]. Vibratory sensation may also be impaired in lesions of
the peripheral nerves, plexopathies, radiculopathies, dorsal root ganglion, posterior
columns and medial lemniscus. In patients with peripheral neuropathies, vibration
sensation is lost in the lower extremities first. Impaired vibration from posterior
column disease is more likely to be uniform at all sites in the involved extremi-
ties. In spinal cord diseases, detecting a “level” of vibration sensory (segmental
demarcation) loss over the spinous processes is crucial for diagnosis [5]. In patients
with diabetic neuropathy, the decline in proprioceptive function may be caused by
impairment in muscle spindle function and or the spindle receptors itself [47].

In patients with hereditary sensory and autonomic neuropathy type III patients
(Riley-Day Syndrome, familial dysautonomia) ataxic gait is explained by poor
proprioceptive acuity at the knee joint [48]. In mitochondrial ataxias sensory
ataxia (which classically include gait ataxia worsened by loss of visual fixation)
is due to the involvement of proprioception, secondary to peripheral neuropathy
or neuronopathy [49]. In patients following whiplash type injuries involving soft
tissues of cervical spine leads to proprioceptive deficits affecting head and position
sense. Also in patients with chronic whiplash associated disorders are reported to
have balance and dizziness problems, head and eye movement impairments reflect-
ing mismatch od afferent input from the proprioceptive, visual and vestibular
systems [8, 50]. Lesions of the dorsal columns impairs sensation of touch, vibration
and proprioception in the ipsilateral side of the body below the injury level [51].

In patients with non-specific low back pain, postural control is impaired during
standing and slow performance movements. This is due to an altered use of ankle
compared to back proprioception related activity in right primary motor cortex and
frontoparietal cortex [52]. Brainstem lesions resemble those in spinal cord disease as
it selectively involves spinothalamic tract or medial lemniscus causing contralateral
loss of position sense and vibration sense [5].

Neglect is a condition in which patients loose self-spatial awareness opposite to
the damaged site of the brain. It is proposed that it is associated with the lesions of
the dorsal stream causing dysfunction of proprioceptive space which is encoded
in the bilateral parietal cortex [53]. Loss in the position sense may cause pseudo-
choreoathetosis as well. This abnormal involuntary, spontaneous movements are
restricted to the parts with proprioceptive sensory loss. It is proposed that failure
to integrate cortical proprioceptive sensory inputs in striatum may explain this
situation [5, 54].

There are experimental evidence of proprioception impairments in Parkinson’s
disease. Parkinsonian gait is affected by the involvement of lower limb propriocep-
tive deficits as well as the involvement contralateral somatosensory and premotor
lateral cortices and posterior cingulate cortex and basal ganglia and bilateral
prefrontal cortex [10, 55, 56]. It was also shown that conscious perception of
kinaesthetic stimuli is impaired in Parkinson’s disease as cerebro-basal loops are not
intact [9].

Weeks and colleagues showed that patients with cerebellar damage had
reduced dynamic proprioceptive acuity which was also parallel to their motor
deficits [3]. Diseases of the primary somatosensory cortex do not generally
produce sensory symptoms but deteriorate fine and delicate manipulations in the
contralateral part depending on position sense [2, 5]. Many patients with stroke
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experience proprioceptive deficits. Recovery of proprioception increases in the
chronic phase [57, 58]. In study by Pope it was shown that proprioceptive input
from the neck also may change cerebellar output affecting M1 plasticity [59]. In
the study of Vidoni and colleagues preserved motor learning after stroke was
related to the degree of proprioceptive deficit suggesting the relation between
proprioceptive perception from muscle spindles and motor learning and central
neuroplasticity [58, 60].

4. Proprioception after orthopedic surgeries

Studies on changes in joint proprioception after orthopedic surgeries are avail-
able in the literature. This section consists of the information in the literature about
our five major joints.

4.1 Knee joint

Knee proprioception is necessary to achieve normal joint coordination during
movement as well as providing joint stabilization [61, 62]. The anterior cruciate
ligament (ACL), posterior cruciate ligament, collateral ligaments and menisci
contribute to proprioception with the help of proprioceptors they have [63, 64]. The
mechanoreceptors of the cruciate ligaments, together with the mechanoreceptors of
the joint capsule, transmit information about the extension and flexion of the knee
joint to the brain [65].

The ACL is the most important ligament involved in knee mechanical and neu-
romuscular stability. It contributes to proprioception in joint movement. However,
the ACL is the most frequently injured ligament. After ACL rupture, knee proprio-
ception is disrupted [66, 67].

Various autografts and allografts are used for ACL reconstruction. Patellar
tendon or hamstring tendons may be preferred in patients using autografts. In
addition, different techniques and materials are used. However, there is no gold
standard in graft and technique selection [68]. In order for ACL reconstruction to
be successful, not only mechanical but also neuromuscular stability is required.
Neuromuscular stability depends on obtaining proprioception [69]. ACL injury
leads to degradation of mechanoreceptors and a histologic study revealed that free
nerve endings disappear after 1 year [70]. The effectiveness of ACL reconstruction
in regaining proprioception has been tried to be revealed by some studies [71-74].
While some studies argue that ACL reconstruction is not sufficient to restore joint
position [71-73], some studies advocate the adverse opinion [74]. The lack of a test
to distinguish about whether the proprioception is derived from the soft tissues
around the knee and capsule or from mechanoreceptors on ACL prevents to reach a
certain decision about the mechanoreceptors of ACL [75].

Even after total knee arthroplasty, the contribution of the soft tissues around
the knee to proprioception continues. In order to take advantage of this effect and
ensure satisfactory outcomes in these patients, the soft tissue and gap must be
well adjusted. Unicompartmental replacement protecting the ACL may be more
advantageous in not reducing proprioception due to the proprioceptive effect of
ACL. Also Ishii et al. [76] conclude that balance is improved after the postoperative
period in bilateral total knee arthroplasty. It is stated that the first 6-week period
is the critical period for adaptation time and proprioceptive loss after total knee
replacement, and a new pattern in the knee load distribution occurs with postop-
erative rehabilitation [77].
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4.2 Hip joint

Loss of proprioception, balance, sensation as joint position and kinesthetic are
frequently observed in patients with knee osteoarthritis [78, 79]. Shakoor et al. [80]
described significant sensory deficits associated with hip osteoarthritis, and these
deficiencies involved both upper and lower limbs. The mechanism for this remains
unclear; however, it has been suggested that there may be neurological feedback
mechanisms or a inherent generalized neurological defect [78].

The greatest portion of mechanoreceptors and free nerve endings and highest
concentration of pain receptors are located in the anterosuperior, posterosuperior
and anterolateral labrum, respectively [81, 82].

There is no satisfactory information about proprioception impairment after sur-
geries due to hip pathologies. In the literature on the relationship between arthro-
plasty and proprioception, there are studies related to the knee rather than the hip.
Interestingly, Ishii et al. [83] found no difference in proprioceptive responses among
participants in the total hip arthroplasty, hemiarthroplasty and healthy control
groups. They thought that the mechanoreceptors in the muscles, tendons and
ligaments were responsible for joint proprioception rather than the intracapsular
structures. While capsular receptors play a secondary role, muscle receptors play a
primary role in hip proprioception. Therefore, it has been suggested that proprio-
ception does not decrease after surgery, despite the capsule being removed during
arthroplasty [84].

The effects of FAI and labral tear treatments on proprioception are not well
known, but due to their proprioceptive properties, hip musculotendinous and
capsuloligamentous tissues contribute to lower limb posture and stabilization
through neuromuscular control. Therefore, preserving proprioceptive tis-
sues as much as possible will prevent lower extremity injuries in arthroscopy
operations.

4.3 Ankle joint

Ankle injuries are in the first place in sports-related injuries and lateral ankle
sprains constitute the majority of this [85]. Unfortunately, many of these acute
injuries can become chronic [86, 87]. Training, fatigue, and ankle injuries can affect
ankle proprioception. Joint position sense, peroneal reaction time, EMG evaluation
of peroneal muscles, and balance tests are tools to evaluate proprioception before
and after ankle injuries or surgeries.

There are two important anatomical structures that provide proprioception and
are located around the foot and ankle. Superior and inferior extensor retinaculum
act as a pulley protecting tendons close to bony structures. The lateral ankle com-
plex is the other anatomical structure with proprioceptive properties [88, 89]. Both
acute and chronic injuries of the ankle can predispose the proprioceptors of the
ankle. The differentiation in proprioception after these injuries were presented in
the literature. While Vries et al. [90] stated that there was no difference between
chronic ankle injury, acute trauma and healthy control groups, there are studies
suggested that proprioception after acute inversion injuries and chronic ankle
injuries are decreased [91-93]. Recovery of the proprioception is crucial after ankle
injuries to maintain balance control. In order to achieve this, rehabilitation should
not be neglected, especially after lateral ankle sprains.

A study conducted by Conti et al. [94] found no difference in proprioception
between operated and non-operated side in total ankle arthroplasty. However,
ankle arthroplasty has the worst outcome in terms of proprioception and balance
compared to total hip and knee arthroplasty [95].
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4.4 Shoulder joint

Some studies have revealed Pacinian corpuscles and Golgi tendon organ with
mechanoreceptors in the shoulder [96, 97]. However, they discovered that while
there are free nerve endings in the labrum and subacromial bursa, these structures
do not contain mechanoreceptors. It is also thought that the supraspinatus muscle
has more receptors than the infraspinatus muscle contains [98].

The pathological conditions of the shoulder joint can affect shoulder pro-
prioception. Surgical shoulder diseases include rotator cuff tears, subcacromial
pathologies, biceps tendon diseases and instabilities. Studies comparing pre- and
post-surgical proprioception in the shoulder joint are not sufficient. In a study
conducted by Aydin et al. [99], it was revealed that there was no difference in terms
of proprioception between surgically treated and non-surgically treated shoulders
in cases of instability. Duzgun et al. [100] stated a rapid recovery in shoulder joint
proprioception after rotator cuff surgery as their experience.

Shoulder arthroplasty is thought to negatively affect proprioception. It has
been stated that intervention to the subscapularis muscle and glenohumeral
ligaments during shoulder arthroplasty may be effective in this decrease in
proprioception [101, 102].

4.5 Elbow joint

Soft tissue damage is significant in elbow arthroplasty. Both flexor and exten-
sor muscles are affected, collateral ligaments are released and capsule is removed.
Therefore, the proprioceptive tissues as like skin, capsule, muscle and tendons are
damaged. Despite the role of proprioception is still not well-established, one study
was found an impairment in proprioception after total elbow arthroplasty [103].

In conclusion, proprioception may be adversely affected after joint surgeries. It
should definitely be included in the rehabilitation program considering this situa-
tion. Proprioception seems to be an important factor for gaining balance and gait
speed, especially after arthroplasties in the lower extremity.
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Chapter 3

Recording of Proprioceptive
Muscle Reflexes in the Lower
Extremity

Juhani Partanen, Urho Sompa and Miguel Musioz-Ruiz

Abstract

Electromyography (EMG) is routinely used in diagnostics of root syndromes
in the lower extremity. By studying signs of axonal damage of different root levels
in the corresponding myotomes of the lower extremity and back muscles with
needle EMG reveals, which of the motor roots are injured in patients with suspected
root compression. But by EMG study only injuries of the anterior motor roots are
diagnosed. Routine electroneuromyography does not disclose specific injury of the
afferent sensory posterior roots. However, the integrity of some the posterior roots
is readily studied with myotatic reflexes. We have routinely measured a propriocep-
tive reflex, the H-reflex of the soleus muscle with stimulation of the posterior tibial
nerve, and found it to be useful in the diagnostics of the S1 root syndrome. It seems
to be possible to record H-reflex of the peroneus longus muscle at the L5 level.
We discuss the serious problems with volume conduction, when trials to measure
proprioceptive reflexes of the L4 and L5 levels are performed. It may also be useful
to record the medium latency reflexes in the area of the posterior tibial nerve,
which seems to have a different reflex arch (II-afferents — f-efferents) from H-reflex
(Ia afferents — a efferents). These measurements are non-invasive and not time
consuming, and we hope to be able to add them for the routine ENMG diagnostics,
when appropriate.

Keywords: proprioception, Ia afferent, II afferent, alpha motor neuron,
beta motor neuron, electromyography, H-reflex, muscle reflex, root compression

1. Introduction

Root syndrome diagnostics of the lower extremity is based on the clinical
picture, anamnesis, symptoms and signs of the disease. Diagnostic investigations
should be considered in a few weeks if symptoms are not resolved, or even earlier
if paraparesis or bowel or bladder symptoms develop. Current imaging studies are
excellent, but there is the problem with non-symptomatic degenerative changes vs.
relevant findings with respect to the acute symptoms, especially in middle-aged
and old patients. ENMG has another problem: after acute onset of the disease
the proprioceptive tendon- and H-reflexes change in a few days. However, the
development of pathological spontaneous activity, fibrillations and positive sharp
waves, indicating axonal injury in electromyography (EMG) may take 2-3 weeks
and even longer in distal muscles of the leg and foot [1]. Loss of motor units during

37 IntechOpen



Proprioception

maximal voluntary contraction may be observed soon, but more distinct changes,
such as increase of duration, complexity (polyphasic and jittering waveform), and
amplitude of motor unit potentials after parallel reinnervation may take several
weeks and even months to develop [2]. That is why ENMG studies are usually not
performed until several weeks after the acute onset stage. The aim of this chapter

in to describe some proprioceptive reflexes, which may be used in acute stage of the
disease, when clear needle EMG findings are not yet discernible, and proprioceptive
reflex measurements which may be further developed for the ENMG diagnostics of
root syndromes of the lower extremity.

1.1 Routine electroneurography in root syndromes of the lower extremity

Electroneuromyography of root syndromes of the lower extremity tends to
concentrate on function of motor nerve fibres. Needle EMG observes axonal
damage with fibrillation potentials, and loss and sprouting alterations of motor
unit potentials. Signs of axonal damage may be searched in different myotomes
of the lower extremity and paraspinal muscles [2]. F-responses and amplitudes
of the motor responses may give supplementary information. The sensory
responses are not affected, if the root lesion is proximal to the sensory paraspinal
ganglion.

1.2 Pain in root syndromes and the methods to study the posterior roots

However, pain is usually more prominent symptom in root syndromes than
motor weakness. Pain may express itself in the dermatomes of different root levels
but often pain symptoms are obscure. The pain pathway uses the posterior roots,
which may have a separate or more prominent injury than the anterior motor roots.
ENMG study involving only motor nerve fibres may not be sufficient for the proper
diagnosis of a root syndrome. Methods for studying the integrity of the posterior
roots are needed. Posterior root compression may cause activation of pain C-fibres,
but this may not invariably change proprioceptive reflexes using sensory afferent
pathways with myelinated nerve fibres. Dermatomal evoked responses have been
used, but they have not got any wide popularity. The method is awkward and time-
consuming and the cerebral responses are small. This method is not recommended
for clinical use [3].

1.3 H-reflexes of the distal muscles

Proprioceptive reflexes, especially H-reflexes, which use the posterior root
pathway are too seldom used in ENMG diagnostics [4]. The only reflex we have
routinely measured in patients with root syndrome is H-reflex of the soleus muscle.
Its recording is easy, non-invasive and rapid, and very useful in S1 root syndrome
diagnostics. It may also be used as a part of measurements to study polyneuropathy,
an entity that should also be evaluated when root syndromes are investigated.
Damage of the S1 posterior root often abolishes the H reflex response or causes
slight prolongation or diminution of the reflex response [4]. Compression and
injury of the anterior root is observed as a marked prolongation of the latency and
diminution of the response amplitude (Figure 1). The clinical use of the soleus
H-reflex requires a comprehensive normal material, which comprises corrections
for height and age and sex of the patient (Table 1) [5].

We have not used systemically any H-reflexes of L5 and L4 levels. The H-reflex
of the anterior tibial muscle may be recorded with slight tonic voluntary contraction
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Figure 1.

H-reflex in the healthy (A) and symptomatic (B) side of a patient with S1 root syndrome. Note the diminution
of amplitude and large latency value of the H-veflex response in the symptomatic side, compared to the healthy
one. The relatively large reflex asymmetry and good persistence also in the symptomatic side is consistent

with S1 anterior root compression. The” H-M lat” describes the deviation in Z score value (normal <2) of the
measured H-reflex latency from normal control values with height, age and sex corrections (Table 1). Note
also the large difference in the M-amp/H-amp relationship.

Distal latency (ms) SD H-latency SD
(ms)
413 0.50 29,18 2.18

Calculation of the presumed normativity and the expectation percentage: (R?) x100 of the tibial H-reflex.

(R?) x100 SD Constant Height Age sex
coefficient coefficient
(hc) (ac)
48 1.562 2110 0.160
64 1.325 -6.239 0.193 0.085
68 1.256 -15.210 0.247 0.094 -145

Calculation of the expectation value: constant + hc x height (cm) + acx age + sex (male).

Table 1.
Normal values and presumed normativity of the tibial H-veflex measured from the soleus muscle (surface
electrodes near the bovder of the gastrocnemius muscle and the reference 2-3 cm distally).
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Figure 2.

H—greﬂex of peroneus longus, 32 years old male. Stimulation with 2 cm bipolar surface electrode to common
peroneal nerve at the fibular head causing clear ankle dorsiflexion; ten concurvent stimulations with
increasing stimulation current. Simultaneous recording of peroneus longus with both surface electrodes
(interelectrode distance ca 3 cm), a 30 G concentric needle electrode, and soleus with surface electrodes
(interelectrode distance ca 3 cm). Note the typical appeavance of H-wave, latency 32 ms (vertical line),
reaching its maximal amplitude before M-wave (contrary to the performance of F-vesponses) and appearance
of H-wawve solely on peroneus longus and not on soleus. 2 mV/div, 8 ms/div. A similar recovding with surface
electrodes on the lateral gastrocnemius muscle was also performed and no reflex response of this muscle was
observed (not shown).

of the given muscle [4], but we have found it too difficult for routine use.

No H-reflex for the L5-level was described for clinical use in root syndromes. We
have tried to measure H-reflexes of the peroneus longus and extensor hallucis
longus muscles, but these measurements were hampered by volume conduction

of reflexes of the triceps surae muscle. However, H-reflex of the peroneus longus
muscle can be confirmed by recording it with EMG needle electrode (Figure 2).
The peroneus longus H-reflex may disappear in the symptomatic side of a patient
with unilateral L5 root syndrome (Figure 3). Problems with volume conduction are
discussed at the end of this chapter.

1.4 Tendon reflexes and H-reflexes of the proximal muscles

The L3-4 posterior roots can be studied with the patellar reflex (Figure 4a and b),
and the adductor reflex [6]. The adductor tendon reflex can be evoked by ipsilateral
tap to the medial epicondyle of the femur. Surprisingly, this reflex may also be elicited
easily by tap to several sites of the lower extremity: for instance contralateral patellar
tap, as well as ipsi- and contralateral anterior superior iliac spine tap. On the contrary,
patellar tendon reflex was obtained only by ipsilateral tap to the patellar tendon.
H-reflex of the adductor muscle (latency 16.4 ms, SD 1.6) is obtained by percutaneous
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Figure 3.

A. M-response of the right peroneus longus muscle in a patient aged 80 with a right L5 root syndrome: Right
Ls compression in MRI, positive needle EMG finding in the vight L5 paraspinal muscle, F-response latency
asymmetrically prolonged in the right extensor digitorum brevis muscle but bilaterally normal in the abductor
hallucis muscles. Stimulation of the common peroneal nerve at the fibular head. Latency of the M-response
3.9 ms. The H-veflex cannot be elicited in spite of changes of the stimulation intensity 3.0-11.7 mA (submaximal
and supramaximal). Calibration: 8 ms/div and 5 mV/div. No medium latency reflexes (see Figure 9). The
tibialis posterior nerve was evidently not coactivated with the stimulation of the common peroneal nerve,
theve was only plantar dorsiflexion. B. M-vesponse and H-reflex (arrow) of the left peroneus longus muscle
of the patient. Latency of the M-response 4.0 ms and H-reflex 31.2 ms. stimulation intensity 3.1-14.4 mA.
Calibration as above.

stimulation of the obturator nerve at the level of pubic tubercle. Even a medium-
latency reflex, “late polysynaptic reflex response” of more than 50 ms was described
in the adductor muscle [6]. However, these methods are rarely used in routine ENMG
studies. The H-reflex of the quadriceps femoris muscle is readily recorded by stimula-
tion of the femoral nerve [4], but we have not gained any experience with this method.
The Achilles tendon reflex may also be recorded with surface electrodes on the triceps
surae muscle. This recording was not used in routine ENMG studies. We should also
remember that the tendon reflex and H-reflex have distinct differences [7].
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Figure 4.

a. %’lecm’ml recording of the patellar veflex, 33 years old male. Stimulation with tendon hammer electrically
connected to EMG-machine. Recovding is triggered by a strike to prepatellar tendon. Recording in the rectus
femoris muscle with both concentric needle electrode (30 G) and surface electrodes and an accelerometer
connected to tibia. Three separate recordings of same stimulation protocol. 7-10 superimposed responses.
Patellar reflex at ca 20 ms. 20 ms/div. b. Electrical recording of the patellar veflex, responses shown in a.
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1.5 Medium latency reflex responses

A medium latency reflex response (60-80 ms) of the soleus muscle can be
recorded by supramaximal stimulus of the common peroneal nerve, which causes
powerful twitch contraction of the peroneal muscles [8] (Figure 5a). Originally
this reflex response was considered to use low-threshold muscle afferents and a
transcranial loop, possibly involving the primary motor cortex and the supple-
mentary motor area [9]. Later on it was demonstrated that the medium-latency
reflex response of the soleus muscle to stretch does not involve a long reflex loop
[10]. Soleus stretch resulting from unexpected perturbation during human walk-
ing elicits both short and medium latency reflex responses. It was concluded by
cooling, ischaemia and tizanidine studies that the afferent receptors of the short
latency component are Ia afferents and those of the medium latency component are
II-afferents, respectively [11].

By stimulation of the common peroneal nerve at the fibular neck, only
the medium latency reflex response can be recorded in electroneurography of
the human soleus muscle [8] (Figure 5a). It was observed that stimulation of the
common peroneal nerve results in long lasting (up to 200 ms) soleus H-reflex
depression [12]. On the contrary, by stimulation of the posterior tibial nerve at
the popliteal space, no medium latency reflex response can be recorded from the
anterior tibial muscle [8].

1.6 Calculations of conduction velocities and the role of -efferents in the
medium latency reflexes

The distances between the stimulation and recording sites were measured
when the responses depicted in Figure 5a were recorded. The afferent pathway for
H-reflex latency 27.0 ms was 640 mm between the stimulation site at the popli-
teal space, and L1 spinal level. Respectively, the distance of the efferent pathway
between L1 spinal level and the estimated motor point of the soleus muscle was
750 mm. Considering that the synaptic delay in the spinal cord is about 1 ms [7] we
can conjecture that the afferent conduction time from the stimulation site to the
spinal cord is 11 ms and the efferent conduction time is 15 ms. The respective con-
duction velocities are for Ia afferents 58 m/s and for a motor efferents 50 m/s. These
values match well with the recordings of Ia afferent conduction velocity 64 m/s and
a motor conduction velocity 56 m/s of the median nerve [13], assuming that the
respective values are slightly slower in the lower than in the upper extremity. The
more distally recorded Ia afferent conduction velocity between the popliteal fossa
and ankle is 56 m/s [7]. Cutaneous afferents are slower than Ia afferents, 61 m/s in
the upper extremity [13] and 48 m/s in the lower extremity [7].

A similar calculation may be performed for the medium latency reflex latency
62 ms. The distance from the proximal part of the soleus muscle (site of the most
proximal muscle spindles) to the L1 spinal level was 670 mm, and the distance from
L1 to the motor point of the soleus muscle was 750 mm. The estimated afferent con-
duction time is 30 ms and the efferent conduction time 31 ms, the spinal synaptic
delay time was again estimated to be 1 ms. By these values we may calculate, that the
afferent conduction velocity for II-afferent pathway is 22 m/s, and for the efferent
conduction velocity is 24 m/s. This afferent conduction velocity matches well with
the II-afferent conduction velocity 21 m/s observed in the lower extremity [14].
But the efferent conduction velocity 24 m/s is far too slow for the o« motor effer-
ent pathway, which was calculated to be 50 m/s in the H-reflex arch (see above).
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Figure 5.

a. ghe tibial H-veflex of the soleus muscle elicited with submaximal stimuli, minimum latency 27.0 ms. The
stimulation was changed to the common peroneal nerve at the knee joint and supramaximal stimuli elicited
the medium latency reflexes of soleus, minimum latency 62.0 ms (vertical line). The” M-response” was
reflected from the pretibial muscles. For calculations of the afferent and efferent conduction velocities of the
reflex responses see text. Calibration: 10 ms/div, 2 mV/div. A voluntary healthy subject, male, age 31y, height
166 cm. b. H-veflex of the median nerve (2 uppermost sweeps), latency 15,5 ms (arvow), stimulation: Median
nerve at the elbow, recording with surface electrodes on the forearm flexors. The stimulation was changed to the
radial nerve at the spiral groove (2 middle vesponses). When the stimulus was turned to supramaximal value,
medium latency reflex responses, latency 30.5 ms, were elicited (vertical line, 5 lowermost sweeps) from the
forearm flexors. Calibration: 8 ms/div, 2 mV/div. A voluntary healthy subject, male, age 31 y, height 166 cm.
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This fact justifies the hypothesis that the efferent pathway of the medium latency
reflexes consists of skeletofusimotor p motor fibres, which are thinner and slower
than o motor fibres. p motor efferents have been observed in man [15].

1.7 The possible influence of inhibitory pathways on the reflex responses

Ib afferent nerve fibres from Golgi tendon organs are slightly smaller than those
of Ia afferents [11]. The electrically evoked excitatory postsynaptic potential may
be curtailed by the inhibitory postsynaptic potential of only slightly longer latency
than the excitatory postsynaptic potential [7]. There is a Ib inhibitory volley from
the Golgi tendon organs, which originate from the proximal tendon insertion of the
anterior tibial muscle, elicited by the strong contraction of the muscle by stimula-
tion of the posterior tibial nerve at the popliteal space. This inhibitory volley may
reach the spinal cord and prevent the occurrence of the medium latency reflex
response. The lack of medium latency reflex was pointed out in this muscle [8].
Unexpected perturbation during walking elicits short- and medium-latency soleus
reflex responses [11]. However, soleus stretch, caused by electric stimulation of the
common peroneal nerve and powerful contraction of the pretibial muscles, elicits
only a medium-latency reflex response of the soleus muscle. It may be considered
that the Ia reciprocal inhibitory influence [7] plays a role in inhibition of the soleus
short-latency reflex response in this situation.

1.8 Comparison with the upper extremity

The forearm flexor muscles (for example m. flexor carpi radialis and m. flexor
digitorum superficialis) show H-reflexes, when the median nerve is stimulated
at the elbow [4]. When the stimulation is changed to the radial nerve at the spiral
groove, a medium reflex response may be recorded at the same site than the median
H-reflex (Figure 5B). Thus, the respective reflex responses seem to be elicited in

i

Figure 6.

The” veflex” response of the anterior tibial muscle (latency 27.4 ms), vecorded by the stimulation of the
posterior tibial nerve at the popliteal fossa. Superficially it may be reminiscent to a myotatic reflex of

the anterior tibial muscle, but in reality it is the H-reflex of the triceps surae muscle, volume conducted to
the recording site (compare with the H-reflex recording in Figure 4). The” M-response” points out the direct
activation of the triceps surae muscle. Calibvation: 8 ms/div, 2 mV/div.
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Figure 7.

“H-reflexes” of the A) peroneus longus and B) extensor hallucis longus muscles by stimulation of the common
peroneal nerve and recorded with surface electrodes. In reality” H-veflexes” may be H-reflexes of the triceps surae
muscle caused by spreading of stimuli to a branch of the posterior tibial nerve. Calibration 10 ms/div, 3 mV/div.
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the upper extremity than in the lower one as well. As in the lower extremities the
proprioceptive reflexes are important in the process of walking and running, they
might be related to grip and climbing functions in the upper extremities and thus
may have served an important role in primate evolution.

1.9 Problems with volume conduction

When the common peroneal nerve is stimulated, the stimulus spreads readily
to the motor branches of the posterior tibial nerve. Thus, volume conduction is a
source of error especially when the reflexes of the pretibial muscles are recorded
with surface electrodes. The stimulation spreading to branches of the posterior
tibial nerve may elicit H-reflex of the triceps surae muscle, recorded with electrodes
on the surface of the anterior tibial muscle. This reflex response may imitate the
myotatic reflex of the anterior tibial muscle (Figure 6). A similar problem may be
encountered by recording of responses of the peroneus longus and extensor hal-
lucis longus muscles (Figure 7), as well as the foot muscles (Figure 8). However a

pe a4

l b !i~|.

|
I
4

Figure 8.

F—gespomes of the tibial nerve in the abductor hallucis brevis muscle, latency 50 ms. stimulation at the ankle,
upper 10 vesponses with surface electrodes. The lower 10 sweeps are vecorded from the extensor digitorum brevis
muscle: A) with a concentric needle electrode, no responses, and B) with surface electrodes, active electrode on
the muscle and reference placed in the distal end of 5th metatarsal bone. Observe the “medium latency reflexes”
of the extensor digitorum brevis muscle, which are volume conducted F-responses of the abductor hallucis
brevis muscle. Calibration: 10 ms /div, 2 mV / div.
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Figure 9.

Sti%nuulatian of the common peroneal nerve at the fibular head. Uppermost: M-response of the anterior tibial
muscle recovded with surface electrodes. Lowermost: Possible medium latency reflex responses of the abductor digiti
minimi muscle, latency 85 ms (vertical line). But the volume conducted F-responses of the extensor digitorum brevis
muscle might be another possibility (see Figure 7B). However, the F-response latency should be essentially shorter
than this vecorded response, with stimulation at the fibular head. Calibvation 20 ms/div, 2 mV/div.

Figure 10.

H—greﬂex of the soleus muscle, latency 29.8 ms, stimulation of n. tibialis at the popliteal space (uppermost
sweeps). When the stimulation was changed to the common peroneal nerve (lowermost sweeps), “H-veflex”

of the peroneus longus muscle was elicited (arrow). But we may also see a medium latency reflex response of
about 64 ms (vertical line), which cannot be elicited from the peroneal muscles. This proves that a branch of the
tibial nerve leading possibly to the lateval gastrocnemius muscle, with medium latency reflex response is also
activated by the stimulation. Calibration 8 ms/div, 1 mV/div.
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medium latency reflex response of the abductor digiti minimi muscle may really
occur (Figure 9). The medium latency reflex response may reveal the false”
H-reflex” of the peroneus longus muscle (Figure 10).

2. Conclusions

The H-reflex is a useful tool as a probe for clinical neurophysiologist, but the
pathways and pitfalls should be considered [12]. The integrity of posterior roots of
the S1 level is readily studied with the soleus H-reflex measurement, and we have
used this method routinely for a long time. Unfortunately, there are difficulties
with recording of H-reflex of the L5 level. Our trials with surface electrodes were
often hampered by volume conducted reflex responses of the triceps surae muscle.
With a simultaneous needle recording of the peroneus longus muscle we could
prove that the H-reflex response of it is real, but it should be distinguished from
F-responses. The medium latency reflex of the soleus muscle can be recorded with
a powerful twitch contraction of the pretibial muscles elicited by supramaximal
stimulation of the common peroneal nerve. We do not have any experience of its
use in S1 root syndrome diagnostics. However, it is tempting to assume, that we may
study the integrity of two completely different parallel proprioceptive reflex arches
of the soleus muscle: the Ia-afferent — o efferent reflex arch (H-reflex), as well as
the II-afferent — p efferent reflex arch (medium latency reflex), and compare the
results of these measurements in investigation of the posterior root syndrome at S1
level. H-reflex of the peroneus longus muscle might be used in the diagnostics of
posterior root lesion of the L5 level. We recommend the recording of this reflex with
an EMG needle electrode. This recording can be performed accompanied with the
needle EMG study for a possible axonal injury of the L5 motor nerve fibres of the
peroneus longus muscle. L3 and L4 posterior roots might be investigated
with the quadriceps femoris and adductor H-reflexes. Considering these many
different methods and technical challenges related to them, a practitioner is advised
to collect own normative data and always interpret the results rather conservatively
in the context of full clinical picture.
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Chapter 4

The Knee Proprioception as
Patient-Dependent Outcome
Measures within Surgical and
Non-Surgical Interventions

Wangdo Kim

Abstract

Proprioception considered as the obtaining of information about one’s own
action does not necessarily depend on proprioceptors. At the knee joint, perceptual
systems are active sets of organs designed to reach equilibrium through synergies.
Many surgical procedures, such as ACL reconstruction in personalized medicine,
are often based on native anatomy, which may not accurately reflect the propriocep-
tion between native musculoskeletal tissues and biomechanical artifacts. Taking an
affordance-based approach to this type of “design” brings valuable new insights to
bear in advancing the area of “evidence-based medicine (EBM).” EBM has become
incorporated into many health care disciplines, including occupational therapy,
physiotherapy, nursing, dentistry, and complementary medicine, among many
others. The design process can be viewed in terms of action possibilities provided
by the (biological) environment. In anterior crucial ligament (ACL) reconstruction,
the design goal is to avoid ligament impingement while optimizing the placement
of the tibial tunnel. Although in the current rationale for tibial tunnel placement,
roof impingement is minimized to avoid a negative affordance, we show that tibial
tunnel placement can rather aim to constrain the target bounds with respect to a
positive affordance. We describe the steps for identifying the measurable invariants
in the knee proprioception system and provide a mathematical framework for the
outcome measure within the knee.

Keywords: knee proprioception, knee-tensegrity-structure (KTS), affordance-
based-design, ACL impingement, knee synergy, entrainment, instantaneous knee
screw (IKS)

1. Introduction
1.1 Anterior crucial ligament reconstruction and tibial tunnel placement

The anterior cruciate ligament (ACL) is a critical knee joint, bone-to-bone con-
nected, stability ligament that is attached from an anterior location of the proximal
tibia to a posterior location of the distal femur. The ACL is highly susceptible to
failure during athletic activities and slip-fall events. The goal of ACL reconstruction
surgery is to rebuild the ligament attachments as closely as possible to the native
anatomy in order to restore pre-injury knee function and normal proprioception in
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the affected knee [1]. Personalized medicine in surgery allows the customization of
insertion sites, graft size, tunnel placement, and graft tension for each individual
patient [2]. A critical pre-operative decision concerns the placement of a tibial-fem-
oral tunnel mimicking the native orientation of the ACL attachment [2]. Surgeons
need to consider particular aspects of the local anatomy and, by extension, the
biomechanical artifacts introduced during surgery. Here, we report an alternative
approach based on the understanding of knee affordances to guide surgeons in the
design of knee reconstruction strategies.

As aforementioned, an important predictor of clinical outcome during ACL
reconstruction is tunnel placement [3, 4]. Roof impingement occurs when an ACL
graft prematurely contacts the intercondylar roof before the knee reaches terminal
extension. A tibial tunnel anterior to the tibial intersection of the intercondylar
roof’s slope allows the distal half of the roof to impinge on the anterior surface
of the graft (arrow I in Figure 1(a)). Impingement syndrome occurs when the
relationship between two articular components are incongruous, with resulting
friction, inflammation, and degeneration [6]. Failure of grafts placed anteriorly is
likely due to the impact of the bony roof on the graft’s anterior surface during knee
extension (Figure 1(b)) [5].

Figure 1.

(a) Schematic representation for the surgical placement of the tibial-femoral tunnel, presenting the possibility
for uniform motion transmission within the knee. The (positive) affordance based approach encourages
surgical designers to customige the position of the tibial-femoral tunnel to intersect with the instantaneous knee
screw (IKS or $). The point of contact (c) is determined from femoral and tibial velocity vectors during joint
movement (Vg and Vg respectively). (b) Radiographic and magnetic resonance images (MRI) of an exemplar
of tibia tunnel placement leading to roof impingement during ACL reconstruction. Negative affordances
(severe and moderate impingement) inform about the tunnel locations to avoid, in order to prevent roof
impingement of the ACL. Severe voof impingement occurs when the surgeon places the tibial tunnel in a

local totally anterior to the slope of the intercondylar roof (top). Moderate roof impingement occurs when the
surgeon places the tibial tunnel in a local partially anterior to the slope of the intercondylar voof (middle).

A graft may also become impinged when the surgeon places the tibial tunnel in a local entirely posterior and
parallel to the slope of the intercondylar roof (bottom). An impinged graft has a low, uniform signal intensity
on the MRIs. The original schematic and images were published previously [5] and are used by the permission
of Dr. Stephen Howell.
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To our knowledge, this is the first study to use psychological theory to address
this surgical design concept [7]. Traditional rating systems to assess clinical out-
come after joint arthroplasty are often based on the surgeon’s objective ratings,
such as range of motion and strength, or clinical ratings of function and pain.
However, the patient’s perceptions after arthroplasty may differ significantly from
those of their clinician. Moreover, surgeons often underappreciate the needs and
views of their patients [8]. There is, therefore, increasing awareness of the need to
include patient-reported outcome (PRO) instruments in the evaluation of surgical
procedures. Indeed, these patient-centered assessments of treatment outcomes are
becoming today’s standard [9]. Patient-reported outcome metrics (PROMs) can
be simply described as a patient’s health status self-report. A ‘forgotten joint score,
corresponding to when a patient forgets the artifact in their everyday life, was intro-
duced in PROM as the ultimate goal in joint reconstruction [10]. ‘Forgotten joint
scores’ are often observed in patients after surgery [11]. Nevertheless, these ratings
do not replace the need to understand the general role of artifacts and affordances
in reconstruction surgery. This study aims to identify measurable invariants using a
(positive) affordance-based design strategy for structural tunnel placement during
ACL reconstruction.

2. Affordance-based design

Current approaches in design science are characterized by a strong emphasis on
methods as opposed to theory. Herbert Simon [12] was one of the early proponents
studying design as a science. In the 1960s, Simon criticized the lack of a theoretical
basis in design methods, describing such ad hoc methods as ‘cook-book approaches’
Novel conceptual frameworks for design allow engineers to better describe and
solve problems at the system level, such as those involving user interactions. We
propose a conceptual approach for design based on affordances, a concept used in
the study of perception in ecological psychology.

‘Architecture and design do not have a satisfactory theoretical basis, wrote
psychologist James ]. Gibson three decades ago. He also asked, ‘can an ecological
approach to the psychology of perception and behavior provide it?’ [13]. Gibson’s
affordances theory describes how animals perceive their environment [14]. We
applied Gibson’s concept of affordance to the design of artifacts, in particular
anatomic artifacts, which impacts on their biomechanics.

A decade after Gibson’s seminal work, another psychologist, Donald A. Norman,
use Gibson’s theory of affordance to understand artifact design [15]. However,
Norman’s approach stopped short of incorporating the concept of affordance as
fundamental to the design of any artifact [16]. When Norman revised the 1988
edition of his book in 2013, he rejected the ecological theory. He noted that the
term affordance was often misused by psychologists, and as a result, he introduced
the term ‘signifier’ Signifiers make explicit that affordances are inputs used during
cognitive deliberation for creating internal mental representations, which contra-
dicts Gibson’s claims that, if a designer successfully makes affordances possible, the
artifact directly informs how it can be used—which is the hallmark of successful
design. Intriguingly, in a recent study [17], Norman regrets that different psychol-
ogy fields and design science have become separate silos unable to communicate
with one another.

Ecological psychologist William Warren has applied the concept of affordances
to the design of specific artifact-user relationships, such as the height of stairway
steps [18]. His approach relied on the ratio of leg height to step height. Paola
Cesari followed up on Warren’s stair climbing studies by showing that older people
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perceive stairs differently than young people. However, the ratio between step
height and the distance between the stepping foot and the top edge of the step was
similar in both groups [19].

Since the concept of ‘affordance’ was introduced almost 40 years ago, it has been
used in a variety of fields, including child psychology [20], the design of graphical
user interfaces [21], mobile robots [22], control room interfaces [23], and more
recently, in engineering design [24-26]. The impetus for any design project can be
understood in terms of creating and changing affordances. The design process is the
construction of an artifact that offers specific affordances, but not certain unde-
sired affordances. An artifact with more positive affordances is considered better,
while an artifact with more negative affordances is considered worse. However,
this approach does not follow ecological psychology, but instead, it addresses the
difficulty of identifying affordances with engineering [27].

Maier and Fadel coined the term artifact-artifact affordance (AAA) [24, 25];
however, AAA has not been properly incorporated within the larger theory of
affordances. Although AAA was developed as a new concept, the idea that inanimate
objects offer action possibilities in an organism is a foundational concept known since
Gibson’s work in ecological psychology. The ecological approach demonstrates how
animal (including human) perception and action is continuous with interactions
between inanimate physical systems, or the world in general. The entrainment of
separate limbs during biological coordination, for example, follows the same physi-
cal laws as entrainment between two pendulum clocks or other purely mechanical
(inanimate) systems [28]. The fact that interactions between inanimate and animate
systems are continuous precludes the need to identify AAA as a distinct category.

In short, these concepts should be used with great care if knowledge is to be
gathered. In the present study, we used a surgical technique as an example of how
the theory of affordances may be utilized for affordance-based design.

3. Artifact-user affordances versus artifact-artifact affordances

Gibson demonstrated how animal perception and action is continuous, with
interactions with inanimate objects or surfaces [14]. The affordances of a product
are what it provides, offers, or furnishes to a user. Gibson’s ‘system theory’ of per-
ception corresponds to an open system, which is rather different from the view of
isolated artifacts [29]. For engineering design, an affordance can be defined as the
relationship between person and artifact from which the behavior emerges. These
affordances between artifacts and the people that use them are called artifact-user
affordances (AUA).

For example, the gear pair (Figure 2(a)) is referred to as an artifact-artifact
affordance (AAA) for uniform motion transmission between two parallel axes, and it
is possible only if the line of action passes through a fixed point, known as the pitch
point. Moreover, assuming that gear 1 rotates with constant angular velocity @, , the
motion is transferred by direct contact at points K1 and K2. The objective is to
determine whether or not the angular velocity @, will remain constant or present
uniform motion transmission. Kennedy’s theorem identifies the fundamental
property of two interacting rigid bodies in motion [30], such that three instanta-
neous centers shared by three rigid bodies in relative motion to one another, all lie on
the same straight line. Uniform motion transmission between two parallel axes is
possible only if the line of action passes through an invariant point, known as the
pitch point. The pitch point is the instantaneous center of velocity for the two gears.
For the gear teeth to remain in contact, the two-component velocities along the
common normal must be equal. The absolute velocities along the line of action must
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(a)

Figure 2.

(a) The artifact-artifact conjugate action, in the form of two intevacting gears, demonstrating the uniform
motion transmission between two parallel axes as can be found in a knee joint. (b) the knee joint synergy as
represented by six constraints ($,.,i = 1,..,6) , which are conjointly reciprocal to the instantaneous knee screw

($) as indicated by their intersections (at the ® s). A balance of forces happens when the virtual coefficient
vanishes, being it the necessary and sufficient condition for knee equilibrium.

be identical; otherwise, bodies 1 and 2 become separated. It was shown that if the
involute profile describes the gear profile, the common normal does not change its
direction because it is an invariant of the structure. However, this may not be the case
if we consider it in terms of affordances.

Gibson claims that some affordances are beneficial while others are injurious,
such as maintaining a line of action versus veering off course [14]. These benefits
and disadvantages, safeties and dangers, positive and negative affordances are
properties of events taken with reference to an observer, and not properties of the
observer’s experiences; they are not personal values or feelings of pleasure or pain
added to neutral perceptions [14]. For example, physical properties of the tibial
tunnel and the intercondylar notch roof are not affordances in and of themselves,
but they do determine what affordances are offered to a surgeon depending on
a patient’s anatomic features. Thus, the characteristics that affect positive AUA
are the same as those affecting negative AUAs. The artifact only has one set of
characteristics, which is a customization of the tunnel placement, and this is all
that the designers or surgeons can act upon. As a consequence of such mutuality,
affordances do not exist in the patient’s tunnel or intercondylar roof, but in what
they offer to the surgeon. Importantly, AUAs may conflict with one another when
the graft becomes slack or loose (i.e., loss of extension in the graft at full exten-
sion, or the graft being trapped in the notch), indicating a negative affordance or
an increase in the potential for injury. Thus, when a surgical designer identifies a
functional range in which a joint is not allowed to fail, they need to constrain the
target bounds for that same joint to enhance positive affordances and avoid negative
affordances. This approach is addressed in the section below.

4. The affordance-based design applied to reconstructed knee joint
function

A joint ‘gear’ cannot perceive itself or its joint gear since gears are inanimate.
Gears simply conjugate uniform motion transmission by virtue of their tensegrity
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structure, manifesting that structure influences behavior [31]. However, the knee
is an active set of bone structures that come to equilibrium via a joint function. The
function of a joint is not only to permit mobility of the articulated bones but also to
maintain a stable bone position and movement. Knee structures include muscles/
tendons, anterior cruciate ligaments (ACL), posterior cruciate ligament (PCL),
medial collateral ligament (MCL), lateral collateral ligament (LCL), and articular
cartilage contact in the medial (P;) and lateral (P,) compartments (Figure 2(b)).
From a biomechanical point of view, several studies have shown that these intra-
articular knee structures work in synergy with the ACL [32-34]. The knee synergy
engages afferent/efferent motor control loops that establish functional equilibrium
gait patterns [35].

Neurophysiologist Nikolai Bernstein defined coordination as mastering the
many degrees of freedom (DOF) of a particular movement by reducing the num-
ber of variables to be controlled [36]. Recently, a contemporary perspective on
Bernstein’s concept of synergies has been proposed [37]. The muscle synergy is
equivalent to the complexity of lines, a manifold approximated by individual fibers
(Figure 3(a)). Muscles are not functional units, even though this is a common mis-
conception. Instead, most muscular movements are generated by many individual
motor units distributed over some portions of one muscle, plus portions of other
muscles. The tensional forces of these motor units are then transmitted to a complex
network of fascia sheets, bags, and strings, which convert them into the final joint/
body movement [38].

Line manifold contraction is a linear line complex [39] defined by screws (IS(p) )
(Figure 3(b)). Bodies twist around a screw, called Instantaneous Screw [40]. In any
screw motion along a line axis forming a linear complex, the lines remain within the
complex. Additional cognitive processes or internal representations are not needed to
explain these phenomena, as perception and action are coupled. Perceptual systems
are active sets of organs designed to reach equilibrium through synergies [41]. A body

Individual muscle fiber p

o e il
s/

polar plane q

(a) (b)

Figure 3.

( a’)g Fiber tractography image of a portion of the lateral gastrocnemius muscle as demonstrated in an exemplar
healthy subject. The overlying images were generated at one region of interest, corresponding to the muscle
boundaries where the anatomical cross-section area was maximal (whole-body MRI scanney, Signa HDxT

1.5 T, GE Healthcare, USA). The patients were placed in the supine position, feet first, and the position of each
participant was considered in relation to the long axis of the leg, which was placed in parallel to the magnetic
field. (b) a manifold of muscle fibers in tension forms to the linear complex identified as an instantaneous
screw IS(p) and its perpendicular pole (q) within the synergy of gait.
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cannot remain in equilibrium if the fiber forces that act upon the body have a non-
balance resultant force. The velocity vector of every point in the fiber segment is
tangential to the helix passing through it. The pattern of this velocity vector is a
helicoidal velocity field. Each point that does not coincide with the screw’s twist
IS(p) is referred to as a pole (q). Associated with each pole is its corresponding polar
plane. A polar plane and its corresponding pole, as defined by the instantaneous
screw, have been illustrated here (Figure 3(b)).

In our previous research [42, 43], we introduced the concept of measurable
invariant of the knee perceptual organ. In such invariant, six constraints ($) are
collectively reciprocal to the instantaneous knee screw (IKS or $) indicated by ®
(Figure 2(b)). These metrics predicted the knee synergy model based on syner-
gies [44]. Moreover, this perspective defines torque-free pure forces based on the
tensegrity structure [45-48]. It is important to note that this configuration is a
tensegrity configuration, as the system is pre-stressable in the absence of external
forces, such as ground reaction forces during actual locomotion [49]. It was shown
the knee tensegrity structure (KTS) has six constraints, and that it can balance
the forces between tension and compression in the joint such that no work results

607 90° 120°

(b)

Figure 4.

( 651;4;1 exemplar Ball-Disteli diagram [52] with two genevally disposed screws (T and S or p, and p, ),
conveniently placed on the z-axis along their common perpendicular (with b). The origin of coordinate O is
halfway between the screws, and the x-axis is inclined by half the included angle o between the two screws

(S, T). An instantaneous knee screw (IKS) after normalization is linearly dependent on the screws during any
point of knee movement. The Ball-Disteli diagram aligns itself using the principle of three axes. (b) Representation
of the IKS (green line); see Online Supplementary Video 1 (video is available via the following link: https://drive.
google.com/file/d/18_YtszzT3_IvNlkensuxObjajmSdoZs_/view?usp=sharing). The lines of action of the ligaments
(blue lines) and cartilage contact (ved areas and ved lines) for wrenches identified every 30° within the range of
knee motion for a given patient. The white or colored dots vepresent the closest point to the IKS for each wrench. The
colors range from white (di > 5 mm) to the color of the corvesponding intersecting line (di = 0o mm). Cartilage
contact colovs on the tibia are proportional to the tibial-femoral relative separation (ved: Distance <o mm; blue:
Distance >7 mm,). The oviginal anatomic schematics and lines of action were published previously [51] and ave
used by permission of professor Michele Conconi.
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[50]. The KTS can be pre-stressed to obtain the same configuration as if external
loads were applied. The selected pre-stress may yield the same configuration in the
swing phase (external forces are absent) as in the stance phase (external forces are
present) [49]. Notably, preparedness is not only a reactive aspect of the movement
apparatus, but it also relates to anticipatory adjustments that predispose a system to
behave in a particular way [37].

If a knee joint is only free to twist about a screw IKS while in equilibrium,
despite being acted upon by the fiber reaction, the mechanical work during a small
displacement against the reaction forces $' in the KTS must be zero, according to
the following relationship [40],

$" -KTS=0 1)

Uniform motion transmission between two axes (defining the thigh and shank,
respectively) is affordable only if their lines of action pass through the IKS, as
expressed in the Eq. (1). Thus, the affordances of the knee synergy must be posi-
tive, and the joint ligaments should remain in an isometric/isokinetic condition or
continuous length/tension. If not, the ligaments become slack or loose, resulting
in roof impingement, post-reconstruction [5]. Moreover, Eq. (1) also implies that
the moving self ($) and the invariant structure of the KTS reaction are reciprocal
aspects of the same perception. Gibson called this information gathering approach
propriospecific, as opposed to exterospecific, to specify the observer (here the self)
as distinguished from the environment.

The knee synergy approach proposed herein was recently validated experimen-
tally [51]. The authors calculated if all the lines of action intersect at the IKS ($) fol-
lowing natural knee motion to describe the knee surgery invariant. The results show
the mean distances between each constraint line of action, and the IKS stayed below
3.4 mm and 4.5 mm for ex vivo and in vivo assessments, respectively (Figure 4(b)).

5. The affordance-based design applied to graft placements during
reconstruction

It has been hypothesized that a tensegrity system serves the medium of haptic
perception, from the individual cells to the whole body, maintaining continuous
tension and discontinuous compression [53], which clearly exhibit the determinate
character of the entire body system perception [38, 40]. In this study, we pres-
ent the positive affordance-based design on graft placement while in continuous
tension, rather than designing against the negative affordance by preventing
impingement. As described, we use the invariant structure of the KTS [54] asan
appropriate ecological frame of reference to locate the tibial tunnel placement. For
the ACL-patient to engage the IKS directly, clinicians have to measure the tunnel
placement relative to the posture and behavior of the person being considered,
making continuous graft tension possible. First, an invariant should not be applied
to the patient directly, for it is not a stimulus. Second, invariants can be considered
qualitative rather than quantitative so that other clinical assessments can make it
available to their surgeons/observers in an exact mathematical description [14].

The IKS is defined in terms of the second-order invariant by a linear combina-
tion of the two screws of the first-order invariant, S and T, instantaneous screw
axes of the shank and thigh (Figure 4(a)) [55]. Then the IKS must be a screw that
has been picked up from the many candidate screws on the cylindroids [40], which
is reciprocal to KTS (via Eq. 1). Hence, the ratio of the amplitudes about S and T
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may be determined (Figure 4(a)), which manifests the fact that the sensitivity of
the knee joint to its disposition is of crucial importance in picking up information.

Two lines were projected respectively to the sagittal plane so that the path of the
graft could be aligned to any transversal axis intersecting the IKS ($), the central
line of KTS that is the second-order invariant line, also called the IKS (Figure 1(a)).
The lines were generated at full knee joint extension. Notice that if the graft line is
not precisely aligned with the member line within the KTS, due to position errors,
for example, the velocity difference on the graft line would not be zero, but would
still be small. If the path of an ACL graft is so selected that it cuts the IKS of the
KTS, then the line becomes a member of the KTS, which ensures the isokinetic graft
placement related to trans-tibial-femoral tunneling. Consider now the necessary
kinematic relations in that contact point ¢ as the common point belonging to both
the tibial and femoral tunnels (Figure 1(a)).

The velocity of the point ¢ residing on the femoral tunnel (V; ) can be resolved
into two components: one component is perpendicular to the graft line and the
other element parallel to it. Similarly, the velocity of the point on the tibial tunnel
coincident with point ¢ (V, ) can also be resolved into two components. For the two
bony bodies (femur and tibia) to remain through one continuous body, the parallel
component of the graft line for velocity must be equal, by projecting V, and V.
onto the graft line (Figure 1(a)). The graft without that qualification would
experience impingements. The difference in the perpendicular component repre-
sents the relative transverse velocities between the articulating tunnels and is
closely related to an essential factor in choosing the proper tunnel width. Widening
of the tunnel diameter might be performed, allowing more tolerance for this
transverse velocity relationship, taking into account the width of the graft and the
existing diameter of the notch.

As described, we identified the measurable second-order invariant of knee
synergy and proposed it as a new view of the basis of tunnel placement by using Eq.
(1). The knee synergy approach identifies the information as a means to perceive
the affordance of uniform motion transmission. To apply the described approach
and identify the invariant, we characterized the shank to the thigh (the tibia to the
femur) relative motion, i.e., the second-order invariance of the knee synergy. These
results were then compared with experimental data for validation as provided by
the “Grand Challenge Competition to Predict In Vivo Knee Loads” as part of the
Symbiosis project funded by the National Institutes of Health [56].

6. Entrainment of touch and posture

Contrasting the established idea of senses, Gibson considered separate ana-
tomical units as perceptual systems [29]. In the present case, a joint yields spatial
information, skin-nerve conveys contact information, and in certain dynamic
combinations, joint and skin-nerve yield synchronization, or entrainment specify-
ing information about the layout of external surfaces during locomotion.

Behavioral dynamics in a consistent approach has proposed to account for the
dynamics of perception and action [57]. This approach followed Gibson’s idea
that rather than being localized in an internal (or external) structure, control is
distributed over the agent-environment system, in the present case, the user-artifact-
surface system. Therefore, Warren’s behavioral dynamics argues for a one-to-one
correspondence between the internal structure IKS, constituted by the internal forces
formed by the distal end of the femur and the proximal end of the tibia, and the
external structure, represented by the ground reaction forces (GRFs) on foot [58].
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Behavioral dynamics control laws indicate that the entrainment or coordination
of shank and thigh (S, T) follows the same physical laws as the entrainment between
the knee and ground (IKS, GRF). Therefore, the cross-ratio [59] of the ordered pair
(IKS, GRF) with respect to the ordered pair (S, T) is

{(IKS,GRF);(S,T)} =-1. )

For a given IKS (when an observer perceives the affordance of the surface) and
the location of the center of pressure (COP) on the axis of the GRF is known, then
the GRF vector is limited to a plane in the screw system of the first order [47, 48]
(Figure 5(a)). The muscle synergy n and GRF ¢ are then compounded into an
invariant, limited to the plane of the COP in reciprocity with the IKS. This theorem
was originally proposed by Mébius, who showed that forces from six lines could be
equilibrated, and also, if five of the lines are given along with a point on the sixth
line, then the sixth line is limited to a polar plane [40].

To test such ecological approach to perception and action during the stance
phase of a gait, we compared previously published experimental data sets [56]
with our predicted datasets [47, 48] in terms of medial and lateral contact forces.
Available data included limb motion capture, fluoroscopy images, GRFs, electro-
myographical readings determining muscle forces, as well as medial and lateral
knee contact forces derived from GRFs. Data were collected from an adult male with
aright knee reconstruction (65 kg mass and 1.7 m height). When the variations in
the ground contact (magnitudes and direction) were shown along with the varia-
tions of knee movement in terms of IKS, an invariant was determined uniquely by
the two corresponding pairs, see Eq. (2) (Figure 5(b)).

In this study, the IKS was determined by a linear combination of two instanta-
neous screw axes of the shank and thigh (Figure 4(a)). The IKS nearly coincides
with a reciprocal screw of the GRF, as indicated in a magnified inset image in
Figure 5(b). A perceptual system of the knee can come to equilibrium since
twists of amplitudes S and T neutralize. We thus see that the evanescence of one
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Figure 5.

( a’)g The framework for estimating responses to constraints on the knee joint (ligament forces and contact forces)
is influenced by the inclusion of muscle synergy (n) and GRF (@) relative to the center of pressure (COP).

The judicious generation of the IKS for the one DOF in knee equilibrium simplifies the estimation. This figure
was adapted from the original figure published previously [47, 48]. (b) Perception and action during the
stance phase of gait entrain the knee joint rotation with the touch pattern (GRF) of the foot. The invariant
knee-manifolds demonstrates that an affordance for postural stability is measured relative to the posture of the
patient, as represented by the entrainment of the GRF with the IKS at any point in the gait pathway.
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function must afford all that is necessary for subordinate organs (S, T) belong to
an IKS of the superordinate organ for information pickup over paths of locomo-
tion. This reciprocity is captured by the concept of a mutual relationship between
the constraints and the DOF [60, 61]. Information about the person accompanies
information about the environment. Here it is shown that proprioception accom-
panies exteroception; information is available to specify both poles [14].

A lateral radiograph of the knee in extension was the traditional approach to
diagnose any roof impingement, and a portion of the tibial tunnel was tradition-
ally placed anterior to the intercondylar roof [5] (Figure 1(b)). However, the
available information on the experimental images can not be applied to another
patient because they do not provide environmental information. Thus, AUA has the
potential to diagnose pathologies. The last decade has seen a paradigm shift in the
measurement of clinical outcomes, with an increasing focus on the user’s perspec-
tive, PROMs. Many clinicians, though, are less confident in self-reported PROMs,
than in ‘objective measurements’ [11]. Recent studies identified several sensations,
activities, and psychological factors such as feelings of instability and knee-related
fears that make the patients aware of their artificial knee joint [62]. They concluded
that joint awareness might work as an overarching parameter. This is aligned with
Gibson’s statement that an affordance cuts across the dichotomy of subjective-
objective and helps us to understand its inadequacy [14]. Affordances have to be
designed in relation to the uniqueness of each patient, and thus posture and move-
ment need to be measured in terms of a specific patient-environment system, not in
patient-centered terms.

7. Conclusion

This study presented an affordance based design supporting knee reconstruction
surgery, with applications to the user/surgeon/therapist. It brings ecological theory to
robustly explain knee biomechanics and clarifying the general role of physical arti-
facts and affordances in surgery. The mutuality of user and artifact that we defended
here is not traditionally guiding individualized ACL reconstruction. Instead, the
anatomic ACL reconstruction seems to lead to the idea that a deficient ACL is not
understandable within knee joint biomechanics [32]. As we argued, the ACL isa
highly organized synergy with intra- and extra-articular components [34] and yet
still an identifiable system within the anatomic environment. The knee complexes
in Eq. (2) reinforce how perception and action are coupled. A unique combination
of invariants, a compound invariant, is just another invariant [14]. In particular,
this study identified the knee complexes as the measurable invariable structures that
specify the persisting placement of the tunnel during ACL reconstruction.
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Abstract

The proprioception from the head is mainly mediated via the trigeminal nerve
and originates from special sensitive receptors located within muscles called
proprioceptors. Only muscles innervated by the trigeminal nerve, and rarely some
muscles supplied by the facial nerve, contain typical proprioceptors, i.e. muscle
spindles. In the other cephalic muscles (at the exception of the extrinsic muscles of
the eye) the muscle spindles are replaced by sensory nerve formations (of differ-
ent morphologies and in different densities) and isolated nerve fibers expressing
mechanproteins (especially PIEZO2) related to proprioception. This chapter exam-
ines the cephalic proprioceptors corresponding to the territories of the trigeminal,
facial, glossopharyngeal and hypoglossal nerves.

Keywords: proprioception, muscle spindles, atypical proprioceptors, cephalic
muscles, PIEZ02, mechanoproteins

1. Introduction

Proprioception is a quality of the somatosensory system that informs the central
nervous system about the static and dynamics conditions of muscles and joints.
This type of sensitivity has been studied in deep in the muscles depending on the
spinal nerves and today the neurobiology of spinal proprioception is well known
[1-4]. On the contrary, the neuroanatomy as well as the cellular and molecular bases
of the proprioception in the cephalic muscles is not well known. Nevertheless, it is
clear that cephalic muscles permanently develop fine adjustments of stretching and
tone in facial movements, regulation of chewing force, oromotor reflex behaviors,
verbal and nonverbal facial communication, swallowing, coughing, vomiting or
breathing [5-7].

The skeletal muscles contain an intrinsic mechanosensory system, the pro-
prioceptive system, which provides unconscious and conscious information to the
central nervous system. The proprioceptive inputs originate in specialized sensory
organs (proprioceptors) present in muscles (muscle spindles [8, 9]), tendons
(Golgi’s tendon organs [10]), joint capsules (Ruffini-like sensory corpuscles,
Pacinian corpuscles and free nerve endings [11]), and presumably also the skin but
their physiological properties suggest they are not the alternative to muscle spindles
[2, 12-14]. The information encoded by the propioceptors gives rise to unconscious
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and conscious sensations, necessary for most basic motor functions [15]. For those
interested in a recent review and in detail on both types of proprioceptors, we refer
to the Banks [8] and Macefield and Knellwolf [16].

Some decades ago, Baumel [17] suggested that proprioceptive impulses from
facial muscles are conveyed to the central nervous system via different branches of
trigeminal nerve throughout multiple communications with the branches of the
facial nerve. Actually, it is accepted that the proprioception of all cephalic muscles
depends on the trigeminal nerve [6, 18].

Therefore, the first unresolved issue in cephalic proprioception is whether all
cranial nerves that innervate striated muscles also collect their proprioceptive
innervation. According to Lazarov [18] the proprioceptive innervation of all
cephalic muscles depends exclusively on the trigeminal nerve. In other words:
the sensory ganglia of cranial nerves lack of primary sensory neurons and the
proprioceptors of the cephalic muscles are supplied by neurons from the trigeminal
mesencephalic nucleus [19].

The second aspect pending clarification is: if the proprioception of the cephalic
muscles depends exclusively, or mainly, on the trigeminal nerve, how do the fibers
of this nerve reach the muscles of the territories of other nerves? This question can
be answered because to extensive communications of the trigeminal nerve with
other cranial nerves. The trigeminal nerve has numerous connections to the facial
nerve [20-34] and the data collected from animal models indicate that the nerve
fiber interchange is always from the trigeminal to the facial nerve and not on the
contrary [35]. To serve facial proprioception additional connections between the
facial and cervical spinal nerves exists [36, 37]. Apart from those communications
no specific reference of communications between the trigeminal nerve with the
glossopharyngeal, vagal and hypoglossal nerves were found. But presumably the
trigeminal proprioceptive fibers pass from the trigeminal nerve to them directly
on the target organs themselves (tongue, pharynx, palate) or through their
connections with the facial nerve [28, 31, 32].

And the third main question of cephalic proprioception regards the identifica-
tion and characterization of proprioceptors in the cephalic muscles. The skeletal
muscles innervated by spinal nerves contain neuromuscular spindles and Golgi
tendon organs, in addition to other types of corpuscles with less functional entity
[8-11]. However, only the cephalic muscles supplied by the mandibular branch of
the trigeminal nerve, and the platysma colli muscle contain neuromuscular spindles
[38-40]. Therefore, cephalic proprioceptors, if any, have to be represented by
other sensory nerve formations other than neuromuscular spindles. Recent studies,
using immunohistochemistry techniques associated with specific markers related
to mechanization, have shown that facial muscles [34, 41, 42] and some pharyn-
geal muscles [43] have differentiated sensory structures that presumably replace
proprioceptors. However, it cannot be ruled out that sensitive nerve fibers reaching
the muscles (especially nociceptive ones) can function as mechanoreceptors-
proprioceptors (see [44]).

2. Distribution of typical proprioceptors in cephalic muscles

Typical proprioceptors of human cephalic muscles are represented by
neuromuscular spindles as most of them lack Golgi tendon organs since they lack
true tendons.

Muscle spindles have been found in muscles innervated by the trigeminal
nerve while in the territory of the other cranial nerves, with very rare exceptions,
are absent [6]. Recently, Junquera [45] determined the relative density of muscle
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Figure 1.
Longitudinal and transversal sections of muscle spindles from different cephalic muscles. MS: muscle spinde.

spindles in human jaw muscles (Figure 1; Table 1). The M. temporalis, m. masseter,
m. perygoideus medialis and m. pterygoideus lateralis contained numerous muscle
spindles whereas they were less abundant in the digastricus and mylohyoideus
muscles [45, 46]. The absence [45, 47] or presence [48] of muscle spindles in

the tensor veli palatini muscle, also innervated by the trigeminal nerve, has been
reported. It should be noted that atypical proprioceptors were also found in these
muscles (Table 1; see below).

In muscles where the density of muscle spindles is higher, they consist of thick
capsule, a shallow intracapsular space filled with variable number of intrafusal
muscle fibers (ranging from 4 to 12). In muscles where the density of neuromus-
cular spindles was low, in general, the size of the spindles was smaller, had fewer
intrafusal fibers and the capsule was less developed [45].

In the territory of the facial nerve one muscle spindle was found in the muscle
orbicularis oculi in one pediatric specimen [49] whereas abundant muscle spindles
have been found in the platysma colli [40]. Junquera [45] in her doctoral dissertation
also observed typical muscle spindles in the plastysma colly more numerous in the
cervical segment of the muscle than in the suprahyoid one.

3. Atypical putative proprioceptors cephalic muscles
3.1 Criteria to characterize atypical proprioceptors

The identification of putative sensory receptors in the cephalic muscles that
may serve as proprioceptors was based on the following criteria: independence
of the nerve trajectory, be placed in close relation to muscle fibers, show a mor-

phologically differentiated aspect, and display immunoreactivity for any putative
mechanoprotein [34].
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Muscle MS Typel Typell Typelll INS*
M. temporalis 14 6 8 6 Yes
M. masseter 23 3 3 Yes
M. pterygoideus lateralis 18 3 14 7 Yes
M. pterygoideus medialis 21 5 10 3 Yes
Venter anterior m. digastricus 2 3 1 1 Yes
M. mylohyoideus 1 3 1 1 Yes
M. tensor veli palatini 0 2 2 1 Yes
M. corrugator supercilii + 1 3 7 Yes

M. depresor supercilii

M. orbicularis oculii
pars palpebralis 0 3 1 9 Yes

pars orbitalis 0 1 7 9 Yes
M. orbicularis oris
pars marginalis 0 5 19 12 Yes
pars labialis 0 7 13 7 Yes
M. zygomaticus maior 0 1 4 4 Yes
M. zygomaticus minor 0 1 2 0 Yes
M. buccinator 0 19 28 10 Yes
M. depressor labii inferioris + 0 0 8 2
mentalis
M. levator labii superioris 0 1 1 3 Yes
Platysma colli** 12/8 11/7 417 6/8 Yes/
Yes
M. genioglossus 1 16 28 10 Yes
M. palatoglossus 0 0 5 3 Yes
M. uvulae 0 0 7 3 Yes
M. constrictor pharyngis superior 0 0 6 14 Yes
M. constrictor pharyngis inferior 0 0 3 9 Yes

*Isolated nerve fibers displaying immunoreactivity for any of the mechanoproteins investigated.
“facial/cervical segments.

Table 1.

Distribution and density of muscle spindles (MS), atypical proprioceptors (types I to III) and isolated nerve
fibers (INF) in muscles supplied by the trigeminal nerve (green), facial nerve (blue), hypoglossal nerve (white)
and glossopharyngeal nerve (brown,).

In agreement with the above premises, capsulated and non-capsulated corpus-
cle-like structures of variable size and shape containing numerous axon profiles
complexly arranged, have been identified. Given the morphologic heterogeneity
of the corpuscle-like structures that fulfill the preestablished criteria we attempt
to classify them into three types: type I, capsulated by a thin capsule, the glial cells
variably arranged and showing different morphologies; type II, partially capsulated
(the capsule being continuous with the perimysium), with variable morphology
and in most of the cases the direction of the long axis was parallel to the one of
muscular fibers; type III, non-capsulated and both the axon and Schwann-like cells
are variably arranged (Figure 2).

On the other hand, it is now well established that at the basis of mechano-
sensitivity are mechanically-gated ion channels [50]. At present acid-sensing ion
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Figure 2.
Types of putative proprioceptors in human cephalic muscles. INF: Isolated nerve fibers.

channel 2 (ASIC2) and Piezo2 have been detected in muscle spindles and are strong
candidates to initiate the mechanotransduction in proprioceptors [50-56]. Also,
the putative mechanoprotein transient-receptor potential vanilloid 4 (TRPV4) was
detected in proprioceptors of the facial and pharyngeal muscles [42, 43].

3.2 Distribution in the territory of the facial nerve

No typical muscle spindles have been found in the human facial muscles
[42, 57-61] with the exception of on the facial part of the muscle platysma colli
[40, 45]. Conversely, they contain numerous atypical proprioceptors (Table 1)
the type II of being the predominating and the greater density being observed in
the buccinator and orbicularis oris muscles.

3.3 Distribution in the territory of the glossopharyngeal nerve

Most research have not found typical muscle spindles in the muscles innervated
by the glossopharyngeal nerve although they are present in the human palatoglossus
muscle [48].

Regarding the pharyngeal muscles, typical muscle spindles were never found
with the exception of the constrictor pharyngis inferior of the crab-eating monkey
(Macaca irus) [62]. Nevertheless, human pharyngeal muscles are richly innervated.
In particular, the constrictor pharyngis superior and muscle constrictor pharyngis
inferior (innervated by branches of the pharyngeal plexus, derived from the glos-
sopharyngeal and vagal nerves, and a small contribution of facial nerve; [63])
contain type II and III putative proprioceptors and isolated nerve fibers that display
immunoreactivity for mechanoproteins (Table 1) [43].

3.4 Distribution in the territory of the hypoglossal nerve
As far as we know no muscles spindles have been reported in togue muscles.

Junquera [45] observed one muscle spindle in the genioglossus muscle as well as
numerous putative proprioceptors (Table1).
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Therefore, as a whole, the cephalic muscles have proprioceptive inervation,
although only the muscles innervated by the trigeminal nerve and the platysma colli
muscle innervated by the facial nerve contain neuromuscular spindles. The cephalic
proprioceptors may be is involved in the coordination of facial movements and non-
verbal communication, in language, swallowing and some other reflexes [64-66].
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Chapter 6

Proprioception Impairment
and Treatment Approaches
in Pediatrics

Kamatchi Kaviraja

Abstract

In children problems like trauma and injuries are quite obvious. Other problems
related to sensory system dysfunction are identified at the later stages of the child due
to lack of awareness of the sensory integration problems which is not obvious. Some
children have behavioral problems and some are poor at the school which is related to
each other finally cause trouble to perform their daily routine. Early identification
and intervention play a major role in improving the ability and development of the
proprioceptive senses. Hence this chapter will introduce the new aspect of proprio-
ception sense and its dysfunction. It would enhance you to identify the problems and
understand the challenges that the child come across due to increase or decrease in
proprioceptive input. We will be able to help them to overcome these challenges and
frame a treatment strategy and help them to lead a successful life.

Keywords: proprioceptive dysfunction, sensory integration, gravitational
insecurity, postural insecurity, modulation

1. Introduction

It is important to learn about the 7 senses. We all are familiar with the five senses
and the other 2 senses are the Vestibular sense of balance, movement and Proprio-
ception body position sense. By integrating, or combining all the information we get
from our senses, we can ‘make sense’ of the world around us and successfully move
through and interact in our world [1].

Proprioception is a continuous loop of feedback between sensory receptors
throughout your body and your nervous system. Proprioception, also called kines-
thesia, is the body’s ability to sense its location, movements, and actions. Children
who are clumsy, uncoordinated, and sensory seeking are often experiencing proprio-
ceptive dysfunction. The following are common signs of proprioceptive dysfunction:

* Sensory Seeking (pushes, writes too hard, plays rough, bangs or shakes feet
while sitting, chews, bites, and likes tight clothes)

* Poor Motor Planning/Control and Body Awareness (difficulty going up and
down stairs, bumps into people and objects frequently, difficulty riding a bike)

* Poor Postural Control (slumps, unable to stand on one foot, needs to rest head
on desk while working)
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These children often self-regulate by engaging in behaviors that provide propri-
oceptive input such as toe walking, crashing, running or flapping. Heavy work or
tasks that involve heavy resistance and input to the muscles and joints is essential to
regulating proprioception [2].

Children that have difficulty sensing or processing proprioception often try to
self-regulate by engaging in activities and/or behaviors that provide intense or
frequent proprioceptive input [3].

Sensory Processing/Sensory Integration is when our different sensory systems
work together to process different sensations from our body and/or environment.
So, we are able to identify and give meaning to the different sensations we experi-
ence to accomplish daily activities and move in a coordinated manner. Sensory
Processing Disorder is the inability to receive and efficiently use sensory informa-
tion. Difficulty in processing sensory information interferes in our daily activities
and impacts our functional ability to perform different tasks [4].

Benefits of sensory integration therapy may include: [5]

* Modulation of sensory systems

* Self-regulations

¢ Improved function in school, home and community

* Improved independence with activities of daily living (ADL)

» Maximized functional ability to perform daily and recreational activities
* Enhanced motor planning ability

* Active involvement and exploration of environments

* Efficient organization of sensory information

Assessment and intervention should explicitly focus on links among self-
regulation, social participation, skills and perceived competence to address parents’
expectations [6].

Interventions are proposed that relate to children’s participation in contexts in
which they live, learn, and play as well as the support of parents in the occupation
of parenting [7].

Parents usually understand their child better than anyone else. They play an
important role during the intervention and throughout their life time. I hope this
chapter would enhance then to understand and give a clear picture of the child who
have difficulty with proprioception dysfunction. The concept of this chapter comes
from a body of work developed by A. Jean Ayres, PhD, OTR. This theory has been
further developed and refined by the research of Dr. Ayres, and other occupational
and physical therapists.

2. Proprioception impairment and treatment approaches in pediatrics
2.1 Proprioception
Proprioception refers to the sense of relative position and movement of the

limbs and body.The mechanoreceptors embedded in the joint muscle, tendon and
skin provides the proprioceptive information [8].
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For good control of the muscle and voluntary movement proprioception is
required. In pediatric conditions like CP, autism, Downs syndrome and develop-
ment disorders it is always associated with proprioceptive deficits and hence the
movement control is affected [9].

Proprioception provides ability to move. if there is any deficit in proprioception,
our body movements would become slower, difficult and require more effort to
perform a movement.

Processing of proprioception occurs:

CNS The spinal level The proprioception detects changes in the length and tension of the mucle

and provides a stream of information to the cerebellum.

Cerebellum This information integrates with vestibular information.

v

This contributes to postural control and a sense of gravity.

Somatosensory The proprioception information is integrated with the tactile system through

Cortex

dorsal column medial lemniscal pathway.

Proprioception always integrates with tactile and vestibular system [10].

Sherrington has the first studies on these topics in 1906, he has been established
that muscle spindles are a major source of proprioceptive feedback to the central
nervous system and appear to mediate the conscious perception of movement and
limb position for the proprioceptive information [11].

The development steps:

1 Month

The newborn will interpret some of his body sensations and respond with built in reflex
movement respond to

¢ Gravity and movement

* Muscle and joint

* sensation

* Sound

¢ Smell & taste

* Touch

2&3
Months

* Eyes and neck motor functions
¢ Grasping
¢ Raising up

4to6
Months

¢ Arms & hands movements
* Airplane position
* Recognizes the moving and loved to be moved

6to8
Months

¢ Locomotion

¢ Spatial perception
* Finger and eyes

¢ Motor planning

* Babbling

9to1
Months

* Play
¢ Standing up
¢ Words

2 Years

¢ Localization of touch
¢ Moving

* Mapping the body

¢ Climbing

¢ Self-hound

3rd to 7th
Year

By 5 years the child becomes mature sensorimotor being.
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The important age of development of sensory integration after birth is from 1st
month to 7 years. Sensory stimulation, motor activity and exposure to environment
during the early childhood have a great influence on the neurons and major role in
the development of sensory and motor processes [12, 13].

2.2 Role of sensation

Sensations play a vital role in giving sensory input and information to the CNS.
Every sensation is a type of information from the nervous system to produce a
response and control the body and mind to the given information with a good
amount of sensation or the sensory input is necessary for the development of the
nervous system (Figures 1-5) [2, 14].

INTEROCEPTORS - Sensation which gives information about the inside of the body

v

Visceral Sense

3. The process of sensory integration

Proprioception sense which is provoked by getting the information from con-
traction and stretching of the muscles, pulling and compression of the joints
between bones.

The sensation from one’s own body which occurs during movement both during
static and dynamic and which always sends information to the brain about position
is the proprioceptive sense [8].

Figure 1.
Exteroceptors.
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PROPRIOCEFTORS

Sensation which gives information
about whether the hody is in space
& how the body in moving

Position & movement proprioceptive Gravity head movement balance
sense (Vestibular sense)

Figure 2.
Proprioceptors.

Proprioception

Movement and behavior
v
Qrganization of bady awareness and body scheme
v
Proprioception as a basis for physical sense of self and interaction with the
external world

K A
Modulating role of proprioception Discriminative proprioception
+ Helping to regulate over s The discriminative aspect of
responsivity to movements proprioception functions with
the visual and tactile system
to coordinated movements
Figure 3.

Functions of propriocetion.

Purpose

Proprioc
eptive
input Things

to
consider

Figure 4.
Things to be consider.
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Multidisciplinary approach
Assessment
Diagnosis
Treatment strategies

Right Experts
Occupational therapist
¢ Physictherapist
e Special educator
s Physician
Environment to learn and explore
Understand your child
7 Y N
Need Behavior Response

PARENTS
[

Figure 5.
For parents.

Proprioception is the unconscious awareness of the body in space or at resting
position. The somatosensory system plays a major role in the sensory integration.

* The motor execution depends on somatosensory feedback.
* Important for body balance and praxis

* Important for reticular activating system.

* Important for the development of muscle tone.

Proprioception helps us to move. When proprioception is affected the child
finds it difficult to perform the normal movement. The child finds it difficult
to walk, clumsier, slower and must give more effort to perform the normal
movement [15].

Any deficit or problem in the proprioception will lead to sensory integration
dysfunction.

Causes,

* Hereditary factors
* Developmental disabilities
* Chemical factors

Due to lack of awareness about the neurological deficit, the parents will not be
able to identify the problems or the difficulties faced by the children. They will not
be able to analyze the learning and the behavioral problems are due to the sensory
issue.

Sometimes lack of opportunities to play and explore and sometimes lack of
interaction with the environment can also lead to these types of sensory seeking or
sensory deficit in children.
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It is always the responsibilities of the parents to give the child the required
sensory diet”. Sensory diet is the required amount of sensory input that the child
can gain from interacting with the surrounding and peer groups through playing
etc. and explore new ideas and techniques to play and enjoy.

«

3.1 Functions

The modulating influence of proprioception over the senses appears to occur at
the level of cerebellum, thalamus and somatosensory cortex [16].

4. Proprioceptive dysfunction
* Sensory seeking
* Poor motor planning/Control and body awareness
* Poor posture control
* Balance affected
* Uncoordinated movement
* Clumsiness.

The deficit associated with proprioceptive system.
The under reactivity to typical sensory stimuli:

* Hypo responsivity to proprioceptive input
* Usually exhibit hypo responsivity to touch
* Always seeks proprioceptive input to regulate or maintain state of arousal

Both over responsivity and under responsivity. Both extremes may occur in the
same children [2].

* Gravitational in severity, Vestibular proprioceptive disorders
* Proprioceptive sensitivity.
4.1 Sensory diet

“The daily total of sensorimotor experience needed by a person to adaptively
interact with the environment”.

Sensory diet is for the self-regulation. The importance of the proprioceptive
system in to give a person with information on how far to reach, how much
pressure, where we are in space, to learn about body schema. It involves movement,
compression and stretching at a joint.

Ayres conceptualized SPD as a disorder of body scheme in which children
misperceive their immediate space and their surrounding space. She believed that
therapy based on a “sensory integration approach” would normalize the spatial
perceptions from multiple sensory systems and contribute to successful participa-
tion in daily life activities [17, 18].
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Several authors have reported on the motor control difficulties related to poor
proprioceptive processing among children with ASD, including decreased postural
control and motor planning, overreliance on proprioception, difficulty matching
proprioception with vision during reach, decreased organization of space, and poor
motor anticipation [19, 20].

5. How to give proprioceptive input

Proprioceptive input can be given in two different ways one is calming and other
is excitatory.

Calming activities is usually given to child who is over aroused.

Excitatory proprioception inputs are given to under arouse and the excitatory
input should increase arousal state of the child.

It is important to assess the child’s current state of arousal state of the child.

It is important to assess the child’s current state of arousal.

Proprioception always woks along with the vestibular system which has a great
influence and effect on the child behavior of the child.

Heavy work activities activate proprioceptive receptors

1. A big ball pit, bean bag, rolling up with blankets and pillows, jumping on bed
2. Trampoline jumps gives a great proprioceptive input

3. Wheel barrow walking

4.Pushing and pulling activities

5.Tight hugs, deep pressure

Figure 6.
Staircase walking with a ball. Ask the kids to climb up ¢ down the stairs holding the ball for about 10 minutes
5 times followed by 1 minute vest 2 sets a day for 2 weeks.
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6.Hand push, pull, compression

7.Wall pushes, star jumps

8.Squeezing a ball

9.Staircase walking with a ball (Figure 6)
10.Climbingwall bars, ropes
11. Throwing and catching weighted balls
12. Obstacle walking and crawling
13.Balance board activities (Figure 7)
14.Passing the ball (Figure 8)

15.Tug of war

Figure 7.
Balance board activities. Ask the kid to step on the balance board 8—10 minutes first with support and then
without support then to reaching activity twice a day 2—3 weeks.
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Figure 8.
Passing the ball. Ask the kid to pass the ball by kicking 10—15 minutes twice a day for 2—3 weeks.

Figure 9.
Horse ridding. Ask the kid to sit comfortably and start rocking 1015 minutes twice daily for 3 weeks.

6. Oral activities
1. Chewing

2.Blowing balloons
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3.Blowing bubbles

4.Blowing small ball along a table
5.0Oral massages

First can give full body movements.
* Frog leaps

* Horse riding (Figure 9)

* Crab walking

* Gorilla jumping

* Somersaulting

* Yoga

Continue with heavy workout

* Bear walks

¢ Cheetah runs

¢ Elephant stomp

The animal theme is a wonderful creative outlet and we can encourage the child
to make animal sounds and gestures.

* Scooter board (Figure 10)

* Crawling on all fours

* Crushing activities

* Swiss ball activities (Figure 11)

The points to consider for giving proprioceptive input

* The purpose is to decide whether the activity to be given should stimulate an
under responsive or sensory seeking.

* Secondly to identify the trigger points and suitable time to engage the child.
We should identify when the child will get distracted.

* We should observe the child and analyses when she/he reach the calm alert
state. This will help us to identify how long and how often activities should be
given.

* Activities which can be done with parents at home can be taught to parents and
the activities can be scheduled. Some activities like wall pushes, squeeze object,
jumping etc.
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Figure 10.
Scooter board. Ask the kid to go for prone lying and using the hand pushing backwards to propel forward.
10-15 minutes twice daily 3—4 weeks.

Figure 11.
Swiss ball activities. Ask the kid to sit on the swiss ball ¢ then bouncing followed by reaching activities
8—10 minutes twice daily 2—3 weeks.
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* Therapy based exercise.

* Using a SI unit with various textures and different king of swings and mirrors
to provide a visual feedback and the child can receive a maximum amount of
proprioception input from the environment or the therapy room where it is
well prepared for the child to receive the inputs.

The parents should try to analyses the behavior and the adaptive response that

the child reacts or any changes which takes place before and after the therapy.

More often the sensory issues are mistaken for behavioral issue. The children

always struggle with proprioceptive difficulties either hyperactive or decreased
arousal level to perform their daily living activities.

First and foremost, the patient should analyses and whether the child avoid the

proprioception inputs or seeing for proprioceptive input.

The parents should analyze and understand. If the child avoids the propriocep-

tive inputs

* Always the child will be lethargic

* Always tries to sit in a place

* Condition like autism the child will not have eye contact or social interaction

* The child will avoid physical activities

* Lack of coordination

* Inability to perform sports activities, climbing ladder and ropes

* Develops poor body posture

If the child seeks proprioceptive input

The child always jumps and runs around
* Always on the move

* Aggressiveness

* Biting, kicking, hitting, pushing

* Always wants to chew and bite objects

A prolonged and multidimensional care is needed for the children [15].

There should always be an interaction between teacher, parent and therapist.

Sensory activities like deep breathing exercise with vital support. Sensory
supports can be given with weighted blanked [21].

Assessment plays a major role in the development of the child integration. It is
important to be aware of the assessment and evaluation required for the correct
diagnosis for the child.

Therapist plays a major role to diagnose and to give the sensory integration
Intervention.
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* Identification of sensory integrative deficit
* Documentation of the level of function of the child
* Appraisal / reappraisal changes based on the outcomes

* Perform an informal assessment then with formal assessment the sensory
integration and praxis tests “gold standard” for evaluating sensory integration
and praxis functions.

SIPT is a standardized assessment tool with normative data for age limit 4-0 to
8-11 of age.
Some of the clinical outcome measures

1.0TA- Watertown clinical assessment which helps us to observe and examine
sensory modulation and sensory discrimination.

2.Sensory profile (Dunn, 1994, 1999) Screens for SI dysfunction by assessing
sensory responsiveness.

3.Sensory Integration Inventory (Rev. ed) (Reisman and Hansches, 1992) this
screens for SI dysfunction.

7. Conclusions

Several studies have found evidence that children with sensory processing dis-
order can gain more insight into their development by assessing and providing an
exact intervention at their right age and time. I hope this chapter would help out the
parents to analyze the difficulties the children go through and guide them in the
right path.
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Chapter7

Proprioceptive Perception: An
Emergence of the Interaction of
Body and Language

Alejandra Vasquez-Rosati and Carmen Cordero-Homad

Abstract

This chapter provides a systemic perspective of human behavior, which
reformulates the concept of effective behavior and cognition that derive from the
classical vision of neuroscience and psychology based on the Cartesian reductionist
functionalist paradigm. This systemic perspective, which is based on the theory
of autopoiesis, proposes that the act of perceiving proprioception is decisive in
the capacity of the human being to differentiate himself from an external space
within which he is situated; a phenomenon that we will denominate “propriocep-
tive perception”. This complex phenomenon of dynamic character emerges from
the relationship between the domains of the body and language in the individual’s
relationship with their environment. Furthermore, from this systemic perspective,
we will present the emotional states as cognitive states necessary for the conserva-
tion of the individual’s living identity and the close relationship they have with the
sensorimotor patterns and proprioceptive perception. This chapter answers the
question of how proprioceptive perception affects the human being’s experience of
being different from others and from the environment in which they find them-
selves, having the possibility of being aware of themselves and of the world they
perceive - in a present - within the environment in which they find themselves. And
it explains how this phenomenon modulates its modes of emotion in congruence
with what occurs in its present.

Keywords: autopoiesis, three-dimensionality of behavior, emotions, sensorimotor
correlation, posture, sensorimotor pattern, emotional states, proprioception,
perception

1. Introduction

The proprioceptors are sensory receptors that refer to the qualities of movement
in the postural dynamics and displacements of the body in space; sense that for a
human being is determinant in the perception of himself in a here and now. We call
this phenomenon proprioceptive perception, which modulates the emotional states
of the individual given the circumstances of the present.

Proprioceptive perception is a complex phenomenon of dynamic character that
results from the modulation of phenomena of different orders such as physiological,
relational and interpretative. In this chapter we will address the questions of how, in
the epigenesis of a human being, proprioceptive perception affects his capacity to
become aware of his corporeal existence within his contextual situation with others
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and with the environment in which they exist, moment by moment; and how the
proprioceptive experience modulates -in a present- his emotional states in relation
to the immediate interactive context maintaining physiological states of the organ-
ism congruent to the present circumstances, conserving in adaptation his life in the
space in which it exists.

To answer these questions, we will first situate ourselves from a dynamic
systemic perspective that reformulates the concept of effective behavior and cogni-
tion that derive from the classical vision of neuroscience and psychology based on
the Cartesian reductionist functionalist paradigm. This last one understands cogni-
tive phenomena from a representational perspective, where cognition is conceived
as an information processing that results in a faithful representation of an external
world that operates independently of the organism that perceives it. This has kept
science in search of an understanding of the principles and laws of an objective
external world, which explains why in the study of perception, there is a prevalence
over the exteroceptive senses of an individual (vision, hearing, touch, smell and
taste), ignoring the incidence in the sensory integration of the proprioceptive and
interoceptive senses. In second place, we will approach how in the origin of the first
living organisms are constituted the generative sensorimotor mechanisms of the
movements of the effective behaviors that reveal the knowledge of the living
beings, to know that it is source and origin of the way of knowing proper of the
Homo sapiens: the reflection. Next, we will explain how the synchronization
between attentional reflexive movements and corporal movements gives origin to
the proprioceptive perception that makes possible the differentiation of the external
and internal space of the individual. And following with the phenomena of the emo-
tions, we will explain the characteristics of the ways of moving of a human being
and how the proprioceptive perception influences the modulation of these in rela-
tion to the conservation of the well-being of the organism in its structural coupling
with the environment. It explains the concept of emotional plasticity and the type of
practices that restore it, showing evidence of its effectiveness.

2. The paradigmatic shift

We will begin with the concepts that articulate the reflexive logic of this study
that approaches the phenomena of cognition from an evolutionary systemic look
that comes from the Theory of Autopoiesis based on the “Theory of the Biology of
Knowledge” of Humberto Maturana and Francisco Varela [1], which brings about
aradical paradigmatic shift that is produced with the evidence that the internal
operation of living beings -in their environment- is of a circular and recursive
nature. This implies that the cognitive processes are referred to the changes of the
internal states, and not to the changes of the external environment within which
it is observed, showing how the world they live in, in a present, is the result of an
epigenic process and not of a processing of information captured from the envi-
ronment. This explains the phylogenetic and ontogenetic origin of the cognitive
processes of human beings that - in their relationship with others - give rise to the
domain of language, which makes possible their capacity to reflect, and with it,
to perceive themselves differentiating proprioceptively from others and from the
world of objects that they learn to perceive in their culture.

Both authors define that “knowledge is effective action, that is, operational
effectiveness in the domain of existence of the living being” [1], specifying that
this domain is constituted, moment by moment, in the physiological operation of
the living body in interaction with the environment in which it exists. They show
how in organisms with motility this operation of a cognitive nature determines the
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changes of state of the individual in relation to the conservation of his living iden-
tity in a changing environment, and not to changes in the environment, revealing
that effective behaviors do not respond to the perception of an image or representa-
tion of the state of an external world.

Therefore, we will address the explanation of how the first unicellular organisms
of the planet autonomously maintain effective or adequate behaviors for their conser-
vation within the environment from which they arise and with which they maintain
a continuous interactional relationship, a fact that reveals their knowledge of how to
live in a changing environment, thus showing how the cognitive capacities that, as we
will see, result from the physiological operation of the organism in its interaction with
its environment, are constituted in the evolution of the species.

This reflection originates with the study of living beings -including human
beings- as dynamic autopoietic systems [1]. That is, as living systems that are
self-generating, moment by moment, referring to the dynamic organization of
molecular relations that constitutes them. This organization remains invariant in a
flow of internal structural changes within a changing environment, with which it
maintains a continuous interactive relationship of reciprocal nature, preserving the
organization that defines its identity as a species.

Thus, in the operation of this organization, a network of interactive relation-
ships between molecular components that produce the components that constitute
the - metabolic network - is constituted, moment by moment, maintaining an
operation of a circular and recursive nature that generates autonomy, which deter-
mines, moment by moment, the appropriate internal states for the conservation of
the molecular organization that constitutes them as living beings within the chang-
ing environment in which they exist [2]. In this way, the dynamics of this molecular
system constitute a physiological operation of cognitive nature, that maintains the
orders of the interactional relations between the molecules, making possible the
existence of a living unity that differentiates from the environment that it exists in a
permanent reciprocal interaction with it.

Therefore, all living bodies, with or without nervous system, are autonomous
self-referential beings, with the ability to determine the appropriate behaviors
for their living conservation. So, the changes of states of the organism that trig-
ger internal or external disturbances to themselves, are specified by their internal
autopoietic operation and not by the changes of the external environment; environ-
ment with which it maintains a continuous of recurrent and recursive interactive
relations of reciprocal character, that is, bidirectional.

Thus, the reciprocal character of the mutual interactions between the living
body/niche generates in the epigenesis of the individuals a congruence or correspon-
dence between the structures of both spaces constituting a structural coupling, in
which both spaces -delimited by the edge of the organism- modulate with each other
without there being control of one over the other, since each domain specifies the
structural changes triggered by the disturbances produced in their mutual interac-
tions, moment by moment.

In this way, in this study, the living body/niche dynamic interactional system
is considered as the unit of study of an individual’s behavior; two subsystems that
constitute the operational domains of behavior: a) the body domain: constituted in
the operation of the physiological dynamics that constitute it, and b) the relational
domain: generative of the interactional dynamics that are generated in its operation
within the environment in which the individual as a whole exists, an interactional
space in which behavior is observed.

“..the phenomena of the structural dynamics of a living system and the phe-
nomena that occur in its interactions in the medium, are phenomena of different
kind that occur in phenomenal domains that do not intersect, and cannot be
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expressed one in terms of the other”. Thus, “[...] behavior of a living system is the
interactional and relational dynamics through which a living system realizes its
living as a particular kind of organism in its domain of existence [...] the structural
dynamics of the living systems triggers structural changes in the medium, and at
the same time the structural changes that take place in the medium as behavior
takes place trigger structural changes in the living system. As living takes place in
the continuous conservation of autopoiesis and adaptation by the living system
through its behavior, the behavior of the living system operates as the guide in the
conservation or loss of the living through the coupling of the structural dynamics of
the living system and the medium.” [3].

In this way “what we call behavior when observing changes in the states of the
organism in its environment corresponds to the description of the movements
of the organism in an environment that we point out.” [1]. This means that this
environment does not correspond to the world in which the individual lives.

The implication of evidencing the autonomy of living systems, brings a radical
epistemological paradigmatic shift by modifying the conception of living beings,
since an autonomous system means that it defines itself through mechanisms of
self-organization. Therefore, this characterization of living beings modifies fun-
damental beliefs of the traditional Cartesian, representational and functionalist
paradigm that conceives living systems as heteronomous systems, that is, that they
are defined - in their conformation and behaviors - through external mechanisms
of control (input-output), therefore their world is treated as if it were independent
and represented [4]. In this way, classical science defines behavior as responses to
external stimuli, being the environment the one that defines the course of struc-
tural changes of the living bodies, thus living bodies have no incidence in their
evolutionary transformations, for which they would be heteronomous systems. This
is exemplified in the following statement by H. Curtis and N. Barnes:

“The characteristics of the behavior of an organism -its sensitivity to particular
stimuli and patterns of response to those stimuli- are the product of natural selec-
tion, just as much as the shape of the teeth or the feedback loop that regulates blood
pressure. Therefore, natural selection is the force or active agent that determines
the course of evolution of the identity of living beings, being these mechanical
organisms lacking the autonomy to specify their behavior and structural changes in
relation to the conservation of the molecular organization that defines their living
identity, and actively specify the niche in which they carry out their living through
their behavior, conserving themselves in adaptation in a structural coupling with
the environment.” [5].

The reformulation of the generative mechanisms of the effective behaviors leads
in turn to a reinterpretation of the concept of cognition, which traditionally has
been considered as an information processing in which the sensorial surfaces trans-
duce the stimuli of the environment, sending the information to neuronal struc-
tures that process it, generating a representation of the state of the world in which
the individual is, from which the system selects the effector motor patterns for the
appropriate behaviors to the individual’s situations, which result from phylogenetic
and ontogenetic learning of an adaptive nature.

The autopoietic theory originates a reformulation of the generative mechanisms
of effective or adequate behavior of living beings, as well as the evolutionary pro-
cesses that give rise to the diversity of anatomo-physiological structures that define
the identity of living species. The autonomy of living bodies makes them an active
agent in the transformation of themselves, as well as of the environment in which
they are found; a phenomenon that occurs in the epigenesis of living bodies. The
evolution of the history of structural links between organisms and their environment
generates reciprocal transformations that lead to the maintenance of a congruence
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in the structural changes of both, a fact that makes possible the conservation in
adaptation of the organisms. Traditionally, this congruence has been interpreted as
the result of effective behaviors in their adaptation to the environment, which result
from responses to the stimuli of an external world that operates independently of
the operation of the organism, considering them instructive and unidirectional
interactions; thus, in the evolution of the organism, the adaptive behaviors would be
determining the structure and identity of the species.

3. The origin of the autonomous movement and the lived world

The sequences of movements of an organism in coupling with the environment
that are observed in its effective behaviors result from “a very specific correlation
coordination between sensory surfaces and motor surfaces, ...sensory-motor corre-
lations that originate from the first living beings through metabolic transformations
proper to the cellular unit” [1], which in the recurrence and recursiveness of recip-
rocal interactions with the environment are constituted in sensory-motor learnings
that specify ways of interacting in the regularities of changes in the environment,
keeping invariant the molecular relations that define the molecular organization
that preserves the living unity in adaptation.

By way of example, the feeding behavior of an amoeba about to ingest a
protozoon is described by means of the extension of a pseudopod. Pseudopods
are expansions or digitations of protoplasm associated to structural changes in
the local physicochemical constitution of the cellular membrane. How does the
global and unified movement of the animal occur in its structural coupling with
an environment in which it is also structurally coupled to it? “The presence of the
protozoon generates a concentration of substance in the environment that is capable
of interacting with the amoeba’s membrane, triggering changes in protoplasmic
consistencies, resulting in the formation of a pseudopod. The pseudopod in turn
produces changes in the position of the moving animal, thus modifying the number
of molecules in the medium that interact with its membrane. This cycle is repeated,
and the sequence of displacements of the amoeba, therefore, is produced through
the maintenance of an internal correlation between the degree of modification of
its membrane and those protoplasmic modifications that we see as pseudopods, a
recurrent and invariant correlation is established between a disturbed or sensory
area of the organism and an area capable of producing motor displacements, which
maintains invariant a set of internal relations in the amoeba.” [1].

We can see, on the one hand, how the continuous structural coupling of the
organism with the environment generates the congruence between the structural
changes of both, and on the other hand, how the movements of the organism
generate correlations of specific structural changes between sensory and motor
surfaces that establish interactive relations of reciprocity. These relationships are
not instructive, they generate a continuous structural change in which the change
of one is in relation to the change of the other, moment by moment. Thus, the
changes in the motor surfaces generate, in turn, changes in the sensory surfaces,
sensorimotor dynamics generating permanent movements that are observed in the
proper behavior of an organism in its environment, a process that, as we see, does
not consist of a process of capturing and processing information from an external
world that operates independently of the organism’s operation.

In this way, in the physiological operation of the organism, the modulation of
processes of sensorimotor activity is generated, constituting a synchronic coordina-
tion of structural changes between local zones of the organism that modulate with
each other, resulting in a distributed modulation mechanism from which a state of
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global activity emerges -of a temporary nature. This global state specifies a coherent
and unified cognitive state that determines the behavior of the individual in his/her
relationship with the environment; a mechanism in which local changes modulate
the state of global activity and, vice versa global states modulate the activity of
local areas, without the existence of an external or internal agent or force that
controls them. Such mechanisms of sensorimotor coordination are constituted in
the operation of every living being with or without nervous system -what varies
among species are the types of sensorial and effector structures- of a centralized
control or product of an external or internal agent that specifies the states of activ-
ity of sensorimotor patterns of the organism, as well as dispenses with the idea of a
representation of an external world.

Returning to the behavior of the amoeba in its coupling with the environment
in which the protozoon is found, they establish a structural coupling, which from
an observer’ perspective, the protozoon constitutes the prey as a result of a feeding
behavior. This fact that a western human being perceives, observes and interprets
from the distinctions of the world of his culture, has no relation with the inten-
tional behavior of the amoeba, since by the way, the amoeba does not distinguish
the protozoon nor has perspective of the changing environment, therefore it does
not intentionally go towards it with the purpose of swallowing it and thus feeding
itself. This anthropomorphic interpretation hides what occurs inside the animal
in its structural coupling with the environment, that is, it hides the physiological
operation of a cognitive nature of the organism that specifies its changes of states
triggered by the disturbances of the environment, in relation to its previous states, a
fact alluded to when characterizing said operation as circular and recursive.

In summary, from this systemic perspective, the sensation-movement state of
aliving body in its environment, in a present, results from the dynamic activity of
the sensory-motor operations that gives rise to a global cognitive state - of a tempo-
rary character - that specifies the coordinated and synchronic dynamic movement
sequences that constitute the coherence and uniqueness of an effective or adequate
behavior for the conservation of the organism in adaptation in the structural
coupling with the environment. This was illustrated with the case of the amoeba’s
behavior, showing the origins of the generative mechanisms of the effective behavior
of living beings with motility, as well as the cognitive processes that result from their
co-evolution with the environment in which they exist.

From what has been said before, we can distinguish that the environment in
which an observer distinguishes the amoeba, does not correspond to the world that
it lives from its sensorimotor dynamics that are referred to its internal operation,
which on the one hand means that the environment that it knows is its interiority
and on the other hand that these dynamics that specify the movements in their
structural coupling with the environment are generative of the lived world, a world
without perspective of its changing environment.

We could say that the living of a body arises spontaneously in a generative
movement of its knowing, which Maturana expresses strictly by saying: “to live is to
know and to know is to live” [1], which from our perspective alludes to a fundamen-
tal fact that reveals the mode of existence of every living being, namely, both life
and knowledge arise in the same act.

Therefore, the autonomous movement of animals with motility is a key to the
understanding of cognition and the phenomenon of perception in human beings,
as we will see in the following section the knowledge of the body in its environment
is the source and origin of the way of knowing of human beings: reflection. In
this regard the biological origin of human knowledge is evidenced by unifying its
nature: corporeal-spiritual constitutive of a living unit.
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From the world of the biology of knowledge we reach the world of philosophy.
The phenomenologist Maurice Merleau-Ponty from his exhaustive studies in the
human experience, describes the phenomenology of perception, a study that begins
with the conviction that “phenomenology is also a philosophy that re-situates
the essences within existence and does not believe that man and the world can be
understood only from its factuality” [6]. From his studies of the human perception
and behavior, he establishes co-relations between the psychism and physiology that
lead him to a reformulation of the classic vision of the body-object, saying: “The
union of the soul and the body is not sealed by an arbitrary decree between two
external terms; one, the object, the other, the subject. This union is consummated
every moment in the movement of existence. It is existence that we find in the body
when we approach it through a first way of access, that of philosophy.” [6].

4. The co-evolution of living beings

Bearing in mind that the world that a living organism feels within its coupling
with the environment, it constitutes a continuum of sensation-movement resulting
from the cognitive states that emerge from the dynamics of activity of patterns of
sensorimotor correlations. These patterns, which are constitutive of the learning
process, result from recurrent and recursive movements that are constitutive of the
individual’s behavior, and determine his anatomo-physiological structure, which
specifies his species and his way of knowing and living in his structural coupling
with the environment.

In the -recurrent and recursive- structural couplings between living beings that
co-exist in the same environment, it is constituted temporary reciprocal interac-
tions between them, generating mutual learning that modify in congruence the
anatomo-physiological structures of them. For this reason, in each temporary
encounter between them the autonomous operating of the corporal structure
of each one determines the specific movements of their behavior, recreating the
structural couplings that occur in these temporary encounters. For example, this
phenomenon occurs with symbiosis relations between species. This is the case with
the structural correspondence between pollinating insects and the flowers of the
plants they pollinate. The plant species Drakeae glyptodon, an orchid species whose
structure takes a similar form to the female Thynnid wasp, and in its operation
produces pheromones that attract the male wasp which is the only insect vector of
its pollination. Thus, in the co-evolution of both species, they constitute a history
of structural coupling that constitutes the structural changes that are conserved in
their progeny.

This epigenic phenomenon when it occurs between individuals of the same
species gives rise to the constitution of social systems. In the recurrent encounters
of two or more organisms, specific action dynamics are synchronically triggered,
generating a coordination of action between them resulting in a communication
that specifies a particular way of interacting and relating, which defines a domain
of possible actions between them. Thus, said systems are constituted in dynamics
of networks of coordination of action between individuals, that give emergency to a
collective of autonomous beings self-organized, which moves like a totality in con-
gruence to the changes of the environment, inside which the individuals generate
behaviors that of isolated form they could not acquire. This is the case of the flocks
of Franklin gulls that migrate from Cape Horn to Canada, a flight in which indi-
viduals increase their speed of flight by 72%, compared to the speed of flight of an
isolated individual, and no further in the case of human beings who, in their social
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way of life, learn in doing with another to incorporate the mastery of language that
makes their capacity for reflection possible.

Thus, in social systems, the learnings that are generated in individuals in the
coordination of action among them, constitute the sensorimotor patterns that are
the ways of moving and relating that constitute the way of life of the collective,
which is transgenerational preserved by maintaining a living knowledge that makes
its existence possible within the environment.

This co-evolutionary phenomenon constitutes a communicative process that is
not related to an exchange of information, but rather to interactions of a reciprocal
nature that generate specific and recurrent structural changes that occur in their
encounters; encounters in which the structural changes of the organisms in their
reciprocal interactions are modulated - at each instant - generating a coordination
of movements that configure a choreography that is repeated in their recurrent
interaction within the social system in the environment in which they are found.
“We will understand communication as the mutual triggering of coordinated
behaviors among the members of a social system” [1].

5. Reflexive movement and proprioceptive perception

Following this second order cybernetic perspective [7], which recognizes that
the architecture of the neural networks constituting the nervous system that is
embedded in the body of the organism, maintains a circular operation that is to say
with operational closure, therefore this operation is referred to the states of activity
of the network, and not to an external world [8]. This network is self-organized by
distributed mechanisms, in which the global states of activity of the network modu-
lates the activity of local zones, and vice versa the activity of local zones modulates
the global states of the network. In this way, there is no internal or external agent
that controls its operation; on the other hand, this system modulates and is modu-
lated by the physiological operation of the organism. Therefore, the condition of
operational closure of the neuronal network would explain that the world perceived
by the organism, including the human being, is a world that emerges from the
internal operation of the organism in its structural coupling with others and the
environment.

Considering this, we will explain the perception of the world lived by a human
being and the learnings that originate the proprioceptive perception, from recog-
nizing the type of structural links that occur between the hominid ancestors of
Homo sapiens, generative of phylogenetic learnings that make possible the emer-
gence of language and its capacity to reflect. These facts give origin to the particular
way of life of a social system constituted by networks of coordinated action
coordinations from the operational distinctions of the language domain, that is to
say, generative action coordinations of the networks of consensual conversations.
We are going to see how the first condition for the constitution of the phenomenon
of perception in human beings is the origin of the observer. “The observer and the
observed, then, emerge in the flow of structural changes that occur in the members
of a community of observers when they coordinate their consensual actions through
their recurrent structural interactions in the domain of operational coherences in
which they carry out their connected practices of living.” [9]. Thus, if language is
constituted in the domain of the coordinations of the dynamics of action coordina-
tions that occur in the joint action of individuals within the social system in which
they carry out their living in coexistence.

The mathematician H. Von Foerster, in his original presentation of the notion
of second-order cybernetics, who is a precursor of the same, starts by pointing out
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what he calls a theorem, alluding to the statement made by Maturana after explain-
ing the origin and mode of operation of language, which he states in this way:

“I. - All that is said is said by an observer.

A theorem to which Foerster adds a corollary that affirms:

I1.- All that is said is said to an observer”.

Concluding that I and II connect two observers through language, with this
connection, in turn, a new concept is established, namely that of society, the two
observers constitute the fundamental nucleus of a society, thus the three concepts
are connected in a triadic way, each one with the other. “In this interaction we can-
not say who was first and who was last [...] a closed triad is formed” [7].

Thus, in this circularity, the operation of language within a social system
constitutes observers, and observers in turn constitute the language in its operation
in the domain of the coordination of the coordination of action among observers,
areflexive dynamic that is recurrent and recursive and generative in turn, of the
domain in which it is constituted. This is a dynamic in which perceptual objects that
constitute the world of culture in a society of human beings are configured. Thus,
the operation of language domain constitutes an operational system constituted by
the distinctions of perceptive objects that are associated among them, generating
new distinctions that constitute the association network that generates them, a
circular and recursive operation.

In the operation of language, the observer and the perceptual objects that
constitute him/her are constituted, a circular dynamic that generates the world
perceived by individuals, which does not correspond to an objective reality.
Therefore, the description that an observer makes of the world of objects or phe-
nomena that he/she perceives is the result of the flow of the experience of his/her
consensual behavioral coordination with others. Therefore, these descriptions are
not absolute truths, but descriptions agreed upon with others in the coexistence by
such “everything said is said by an observer and for an observer” with whom they
maintain a generative structural congruence of their coordination of actions in
doing together in the coexistence.

“And since perceptual objects arise as behavioral configurations, the world
of shared perceptual objects belongs to the sphere of operational concordances
between organisms, which constitute them in the course of their coexistence as
configurations of their behavioral concordances. In other words, if the perceptual
objects remain configured by the behaviors of the organism, the world of percep-
tual objects that occurs in the coexistence of organisms, including the observer,
can only arise from the coexistence as long as the organisms operate generating and
conserving their mutual structural correspondence. That this is so is also apparent
in everyday life, in which we know that the common world only arises in the com-
munity of living” [10].

How does the observer in language generate perceptual objects that are config-
ured in the behavior of the individual? Language occurs in the flow of consensual
coordinations of actions of organisms whose actions are coordinated because they
have congruent dynamic structures that have emerged or are emerging through
their recurrent interactions in a co-ontogenetic structural drift. Because of this,
interactions in language are structural interactions that trigger in the organisms
interacting contingent structural changes with the course of the coordinations
of consensual actions in which they arise. As a result, even though the domain of
language is not intercepted with the structural domain of the body of the interact-
ing organisms, the structural changes of the interacting organisms in language are a
function of what occurs in their language and vice versa [9].

In this way, the origin of language generates a new operational domain in the behav-
ior of human beings, which generates reflexive operations. Thus, this domain, which
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is not intercepted with the corporeal domain (constitutive of the physiological opera-
tion), nor with the relational domain (constitutive of the reciprocal interactions that
the organism maintains with others and its environment), is constituted as a domain
that in its operation generates perturbations both in the state of the organism and in the
interactive contexts of the organism. Therefore, it corresponds to a third operational
domain, which participates in the modulation of human behavior and experience.

The operation of language generates associations, descriptions and interpreta-
tions that originate the beliefs of the world of culture that give meaning to the way
of doing and relating to individuals, making them learn to incorporate the recurrent
and recursive coordination of action. This operational domain, brings the inten-
tional movements from the reflection, which entails the learning of the reflexive
movement of orienting the focuses of attention towards the perceptive objects
constitutive of the world that the individuals learn to see in the doing with others,
within the culture in which they grow. This reflexive attentional movement brings
the possibility of the human being to become aware of himself, of the others and
of the environment in which they are, by differentiating himself proprioceptively
from the objects that he perceives, which occurs by the ways of relating and inter-
acting that are constituted in the way of life of the hominids.

We will now see what happens in the bodily domain of behavior with the
structural couplings in the hominid lineages that give rise to the phylogenetic
learnings that make the origin of Homo sapiens possible. In the lineages of hominids
that give rise to the human being, their way of life was generated learning gave rise
to the architecture a nervous system that is characterized by a significant increase in
brain mass, which means an increase in interneurons that expands the possibilities
of structural plasticity of individuals, and thus the ability to learn, which means
greater behavioral plasticity. Today we know that the genomes between Homo
sapiens and anthropoids are almost identical, and from neuroscience it is observed
that the regions of the brain have equivalents in the brains of apes. An interesting
difference is the development of the generative auditory capacity of phoneme learn-
ing that is related to the origin of language [11]. Therefore, the advances of science
support with their data the assumption that the origin of the reflection capacity of
human beings is related to their way of life.

Such learning, which modifies the anatomophysiological structure, occurs in
a way of life in which the game generates continuous and recurrent coordinations
of action, and in this way increases the capacity to manipulate and differentiate
objects with which they interact with others. At the same time, they had daily
physical encounters in which they groomed themselves, and caressed in sensual and
prolonged interlacing of their bodies and continuous sexual games with prolonged
physical contact. In this way these dynamics of action generate structural changes
in proprioceptive sensorial surfaces that correlate with modifications in motor
surfaces, constituting recurrent changes in the sensoriality of the qualities of the
movements of dynamics of postural sequences and positions of the different parts
of the body, which together with maintaining a frontal vision with the other in the
coordination of movement that are accompanied by guttural sounds, establishing in
dynamics of action in which they generate movements of joint generative attentions
of a perspective of the movement of itself and the other, which entails the reflective
learning to sustain a division of centers of attention in movements of visualization
of the movement of the other and proprioceptive sensation of the movements that
it coordinates with him. Thus, in these dynamics of structural links of character
-recurrent and recursive- learning is produced, which are constitutive of senso-
rimotor patterns that result from the coordination of visual, proprioceptive, tactile
and auditory sensations, which constitute the sensation of movement and space of
oneself, which occurs simultaneously with the differentiation of others in space.
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This pre-reflective process that is observed in the families of hominids is gener-
ating the learning that makes possible in the individuals the reflective movement of
coordination of the attentional movements and the corporal movements in rela-
tion to one another, generative of a perspective that arises from an internal space
delimited proprioceptively towards an external space when dividing its attention.
“..in effect, their spatiality is not, like that of external objects or like that of spatial
sensations, a spatiality of position, but a spatiality of situation. [...] The word
here, as it applies to my body, does not designate a certain position with respect to
another position or with respect to an external coordinate, but rather the installa-
tion of the first coordinates...” [6]. In this way, his corporeality is a spatial reference
of his situation in his perspective of the world, moment by moment, which arises in
interactions with others and the environment, being the place perceived proprio-
ceptively in which he is and exists in a present.

This reflexive movement constitutive of an observer’s perspective, which arises
from learning to divide their focus of attention into movements of joint attention
with another observer in the manipulation of their bodies and objects, is configur-
ing perceptual objects that constitute the observer that emerges with them. In this
way the reflexive movement that arises from motor couplings between individuals,
is constitutive of the operational domain of language and of the structural congru-
ence between the objects of perception and the living body in its structural coupling
with the environment: “The observer’s operation in language consists of a way
of living in the recursion of behavioral coordination that arise in the community
of living and that configure a world of perceptual objects. [...] The language and
the operation of the observer, therefore, do not require or give rise to references
to an external reality. The world of the observer’s descriptions and explanations
is aworld of modes of coexistence that generate perceptual objects, in which the
observer emerges as one of them when language emerges. Hence the generative
and transforming power of the world that language and the explanations given in it
have.” [12].

6. Proprioceptive perception

This composite concept leads us first to consider how perception is understood
from this systemic perspective that includes living beings as structurally deter-
mined systems. This means that everything that happens to the organism in the
interaction with its environment is determined by its structure. Therefore, the
interactions of the organism with its environment are not instructive [1, 12]. From
this perspective, perception consists of “the configuration that the observer makes
of perceptual objects by distinguishing operational cleavages in the behavior of the
organism, by describing the interactions of the organism in the flow of its structural
correspondence in the environment” [12].

For there to be a perceptive experience, it is the observer who emerges from
language as a perceptual object, the one who configures a world of perceptual
objects in the recursion of behavioral coordination that arise in the community of
living [13].

On the other hand, we will define proprioception as one more sense like vision,
smell, taste, hearing; it is the sense of the qualities of the body’s movement and its
situational disposition in space (that the same movements generate) (see Table1).
Proprioception is not in itself a form of perception that gives us the “perception
of the body”, it is not the image, nor the representation, nor the consciousness of
the body as an object [14]. The proprioceptive sensation is produced, moment by
moment, by the changes in the activity of the proprioceptors that generate the
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Location Proprioceptor Quality of sensation
Muscle Spindle afferents Ia Length, speed, acceleration and deceleration
&I Minimal over-contraction force.

Golgi tendon organ

Dynamic changes of the contraction force

Group Il y IV Chemosensitives. Information on metabolic
changes and muscle damage/inflammation
Joint GroupI & II Range, speed and position of the joint. Group I
(dynamic and static, low threshold, slow adapting),
Group II (dynamic, fast adapting)
Group IV Feedback on excessive stress on the joint. Sensitive
to joint inflammation
Skin mechanoreceptors 5 types of receptors Contact and texture of objects. The tension of
in the skin: two fast the skin contributes to the sense of movement of
adapting and three the joint. More sensitive to dynamic than static

slow adapting

stimulation

Table 1.
Proprioceptors and quality of sensation.

dynamics of the postural sequences of the movement of the individual in structural
coupling with the environment. This dynamic phenomenon in which the rela-

tions of reciprocity between the changes of the sensorial surfaces and the effector
surfaces of the movement, generate that the sensation modulates the movement and
the movement in turn, modulates the sensation, a continuous flow of sensation-
movement. This flow of sensation-movement is constituted in the operation of
sensorimotor patterns that specify qualities of behavioral movement. In the recipro-
cal interactions of the individual in structural coupling with the environment, the
cognitive states specified and that in turn specify, the changes in the dynamics of
activity selectivity of the sensorimotor pattern networks that give rise to sensory
integration (proprioceptive, visual and vestibular) [15] that define the dynamic
body scheme, in a present.

The body schema is defined as an integrated set of sensorimotor processes that
organize perception and action in a non-conscious and sub personal way [16]. The
body schema is not phenomenologically available to the observer: “the body schema
is not the perception of my body, it is not the image, the representation or even the
consciousness of the body. Rather, it is precisely the style that organizes the func-
tioning of the body in communion with its environment [17]. On the other hand,
body image includes the immediate conscious perception of the body, including the
conceptual construction about the body and the emotional attitude and feelings
about the body, “being a complex phenomenon that contemplates at least three
aspects: perceptual, cognitive and emotional” [17]. However, other definitions have
been proposed for this construct: “cognitive representation of the body based on
stored knowledge and sensory experience that underlies perceptual judgments”
[18], “a representation of the body’s shape” [19], “perception of the body’s spatial
dimension, its size, shape and relative configuration of its parts” [20].

What are we talking about when we talk about proprioceptive perception?
Proprioceptive perception differs from the concepts of body schema and body
image, since it is a reflexive phenomenon that constitutes an attentional movement
of the observer towards the corporeal dimension of his behavior, in a here and
now. Thus, proprioceptive perception makes present as object of perception the
proprioceptive qualities resulting from the dynamics of postural movement and
displacements of the individual in his structural coupling with the environment.
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These qualities configure the perception of the dynamic corporeal space that is
defined in a flow of synchronic coordination of movements of the different parts
of the body that configure the coherent and unified global movement constitutive
of the proprioceptive qualities that result from the sensorimotor operation of the
individual in his structural coupling with the environment.

Thus, proprioceptive perception is the perceptual object of the observer con-
figured with the qualities that make up the internal space that appears sensorially
delimited from an external space within which it is situated, generating a perspec-
tive of the world of objects from which it differs proprioceptively, perceiving
the place in which it exists, in zero time; that is, the living body that constitutes
moment to moment, its existence as a living being in a structural coupling with the
environment with the capacity to reflect and observe the world that it constitutes in
doing with others within its culture.

“If corporeal space and outer space form a practical system, the latter being the
background against which it can stand out, or the void before which the object can
appear as an objective of our action, it is evidently in the action that the spatial-
ity of the body is carried out, and the analysis of one’s movement has to allow us
to understand it better. We understand better, as soon as we consider the body in
movement, how it inhabits space (and time, for that matter), because movement is
not satisfied with passively supporting space and time, it actively assumes them, it
takes them back in their original meaning that is erased in the banality of acquired
situations.” [6].

In this way, proprioceptive perception cannot be understood outside of percep-
tion-movement. Proprioceptive perception constitutes the reflexive and corporal
movements of two dimensions of human behavior constitutive of disjointed
operational domains: language and its corporeality. “Reciprocally, every perceptive
habit is still a motor habit and here also the capture of a meaning is made by the
body.” [6].

So proprioception does not have a dual nature, as proposed by Gallagher
[15], since its nature is biological and responds to physicochemical properties.
Proprioception corresponds to the body domain; whose operations are the networks
of physiological dynamics that constitute the mechanisms of the correlations of the
sensory and motor surfaces. While reflection and movements of the focus cor-
respond to the domain of language, whose operations are the networks of semantic
distinctions with operational closure. Therefore, when proprioception is a per-
ceptual object of the observer, both the body and language domains are operating
simultaneously on proprioceptive perception. In addition, these disjointed domains
modulate each other [21], and reflection and attentional movements can trigger
changes in proprioception and in turn proprioception generates changes in the
language domain, as we will see later.

Consequently, we say that the phenomenon of proprioception is different
from the qualities of the perceptual object that the observer configures from his
corporeal experience, which results from the modulation of the three operational
domains that configure the coherence and uniqueness of his behavior: corporeal,
relational and language, moment by moment. Thus, both the proprioception
and the proprioceptive perception of the individual in their interactive contexts
maintain a structural congruence between both phenomena in their continuous
structural changes within their circumstances, thus constituting the effectiveness
of their behaviors in relation to both their purposes and the conservation of their
well-being.

For this we will first address how muscle physiology is involved in the modula-
tion of body perception. The situational disposition of the individual (his posture
and movements, in a present) correlates with a configuration of the afferent activity

107



Proprioception

of the proprioceptors coming from the skin, the joints and the muscles that are
projected towards the primary somatosensory cortex and the primary motor cortex,
to then converge in higher order somatosensory regions [20]. The integration and
comparison of proprioceptive activity with the activity of other sensory modalities
(and the reflective capacity of the human being) triggers the perception of the size
of the body parts, which is relative to the perception of other body parts, as well as
to the environment in which the individual is coupled in a present. Thus, in situa-
tions where the activity of the nervous system presents a change in the relationships
that are generative of its structure, as is the case of a vascular accident, epilepsy,
anesthesia or migraine, the perception of size and shape of body parts will be
modulated by this configuration, which is commonly understood as a perceptual
“illusion” of the body. This phenomenon has also been observed by applying an
external vibration in specific muscle regions [22]. Since the afferent activity of the
muscle is modulating the sensation of the position of the limb, when performing
such stimulation, it is possible to generate the “illusion” of the perception of the
movement of the limb or the whole body in a desired virtual direction.

In these cases, the perception of the body is modified by unintentional factors
on the part of the individual. However, the human being, through his reflective
capacity, has the ability to direct his attention to the perception of his body and
with it modulate the perception of the relative size and shape of his body parts.

The evidence shows how paying attention to proprioceptive sensations (directing
attention to movement during the execution of a task) generates a change in the
sensitivity of the muscle spindle [23, 24], which would be modulating the percep-
tion of movement of the individual in its structural coupling with the environment.
In this sense, training the proprioceptive perception we can modulate the muscular
physiological activity, which as we will see, modulates in turn the sensorimotor
correlations of the basic emotions.

7. The modulation of proprioceptive perception and emotions

In research on emotions, we find a diversity of explanations that involve
descriptions of different mechanisms that affect the emotional states of a human
being, which respond to different dimensions of the phenomenon: physiological,
psychological, relational, behavioral, as well as cultural. Thus, in 1991, Plutchik in
his book Emotions [25] indicates more than 57 definitions that arise from various
authors in the field of physiology and psychology, such as W. James, S. Freud and B.
Skinner, to mention a few. This fact shows the multiplicity of non-linear variables
that characterize an emotion, so we can conclude that it is a complex phenomenon,
which is naturally observed in the behavior of an individual, and that each person
perceives in his experience.

Given this last point, we will understand “emotions as specific sequences of
movement of an organism in structural coupling with the environment that an
observer distinguishes” We approach emotional phenomena as the distinction of
a specific configuration of a coherence in behavior. In this way we distinguish the
phenomena that occur in the different operational domains of behavior: body, rela-
tion and language, and correspondingly we observe the correlations of the modes of
movement, relationship and interpretation of an individual’s experience.

These specific sequences of movement that constitute modes of movement
define possible dynamics of action of the individual in his or her present, and with
this the type of interactions that are generated in his or her relational contexts, as
well as the distinctions of perceptual objects that originate his or her attentional
movements in language, generating his or her interpretations.
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In the human being two orders of emotional phenomena are observed that
respond to the origin of sensorimotor learning, we find the basic emotions of phylo-
genetic origin, those -fear, rage, joy and sadness, on which the ontogenetic learning
constitutive of the secondary or social emotions are interwoven [26], in the present
study only the first ones are approached.

In the basic emotions, patterns of movements generate the activation of specific
muscular synergies that are triggered from the autonomic nervous system, and
therefore correspond to physiological and cognitive states of the organism. Damasio
etal. [27], studied the activity of the central nervous system during the evocation
of memories of the 4 basic emotions. In this they observed a specific activation
pattern at cortical and subcortical level for each one of the emotions. Furthermore,
they observed that the emotional states evoked activate the anterior pontine
nucleus, which sends projections to the cerebellum and therefore, would possibly be
involved in the activation of specific sensorimotor patterns and the quality of move-
ment of each basic emotion. These findings show that each emotion has a physi-
ological configuration of the nervous system and the motor system that is unique to
each state, which correlates with a global cognitive operation that gives rise to the
“knowing” of the organism in relation to its environment.

The specific movement sequence patterns we are talking about, correlate with
specific sensorimotor patterns that come from a phylogenetic learning, that is, they
are sensation-movement patterns that we can identify even in primitive unicellular
organisms. Thus, the simple expansion and contraction movements of living bodies
are indicative of the approach-avoidance behavioral pattern observable from a
cell to the human being [28]. Therefore, from the sensory-motor operation of the
organism in its structural coupling with the environment, emerges “the knowing”
that is evidenced by the autonomy of the body to determine its effective or adequate
behaviors to the maintenance of its living and social identity. That is to say, “know-
ing” emerges with the minimum living unit that moves and feels, feels and moves
constituting the basic emotional movements that preserve the way of being of a
living being within an environment that it does not know.

Therefore, these emotions that underlie every secondary emotion are related to
the conservation of the individual’s living identity, so that in continuous flow of the
changes of state of the organism in its structural coupling with the environment, an
emotional state of a cognitive nature can be identified, through the identification
of the movements that generate the muscular synergies that are activated autono-
mously by the physiological operation of the organism. From here we speak of these
emotions as a living knowledge that guides our actions in relation to preserving the
essential, life.

These basic emotional movements correspond to fear, anger, joy and sadness,
which are differentiated by a set of qualities of the sequence of their movements
and the activation of muscular synergies [29]. A recent study by Shafir et al. [30],
from the analysis of the movement of each one of these emotional states, identified
those crucial motor elements that distinguish each emotion and that in turn, in their
repetition are capable of evoking an emotional sensation. The results showed that
each emotion is predicted by a single set of motor elements and that each motor ele-
ment is a predictor of a single emotion, suggesting that the 4 emotions under study
are discrete and have a biological substrate (see Table 2).

These motor patterns for each emotion delimit the possible movements of the
individual, determining specific dynamics of action in its structural coupling with
the environment, which in turn determine the individual’s modes of relationship.
Therefore, in the observation of an individual’s mode of movement it is possible
to characterize these modes of relationship from the flow of postural movement
dynamics generated by each emotion. These dynamics are distinguished in the
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Emotion Quality of emotional movement
Rage / Anger Advance with sudden, direct effort. Punching movements and leaning forward.
Fear Locking up and condensing the body, as well as receding into space and retracting

into the shape of the body.

Sadness Passive weight sadness, sinking (letting the ribcage fall), head down, drooping
shoulders and arm(s) to upper body, loss of muscle tone

Joy Jumping and rhythmic movements. Lightness (light) and free flow. Movements that
enlarge the body in a horizontal and vertical direction and upward movements in
space.

Table 2.
Emotions and movement qualities (adapted from [30]).

experience from the proprioceptive perception, because the quality of the move-
ments in which they generate the dynamics of activity of the muscular synergies, —
speed and direction of the movement, force and muscular tone- are specific in each
emotional disposition, for such in the lived experience patterns of emotional percep-
tions are evoked registered from proprioceptive perceptions that are correlated with
the states of the evoked body.

Thus, the human being with his capacity of reflection, can recognize an
emotional state in himself through the proprioceptive perception of the sensation-
movement of the body of his emotion, in a present. From the study of the emotional
experience, it was shown how the proprioceptive perception plays a central role
in the identification of the sensations associated with global states of the body,
giving emergence to the emotional experience [31]. The execution of specific body
movements evokes emotional states related to those movements [32]. In turn, an
emotional state modulates afferent muscular activity, modifying the patterns of
sensation-movement. These observations confirm that the continuous modula-
tion of the behavior and experience of a human being is constituted in a joint and
disjointed operation of the three operational domains: body, relation and language.

In the study of Shafir et al. [30] they show that the repetition of a movement
is capable of evoking an emotion, the attention is directed to the execution of that
movement or sequences of movements, therefore, proprioceptive perception is
active. In this way, if from the reflective movement of the attention, propriocep-
tive perception is intended in a present, the emotion is modulated in relation to the
immediate environment and not to the flow of evocative associations of a past or
future, generating a greater congruence in the structural coupling with the environ-
ment in which the living body exists, in a present.

The aforementioned is confirmed by the results of our studies about emotional
plasticity in people who practice the cognitive body integration method (CBI),
which correspond to a movement-based contemplative practice [33]. CBI practice
is constituted from the model of the three-dimensionality of behavior to which we
have made reference in this chapter. In the research we measured the autonomic
response, through the pupil diameter, during the presentation of images with
emotional content in a group of people who had experience in CBI practices and in a
control group (CG). Our results showed that the CBI group presented shorter pupil
recovery times than the CG group, showing a better emotional adaptation given the
context of the individual, in a present [34].

The concept of emotional plasticity alludes to the natural loss of generative
behavioral plasticity in the epigenesis of the individual, due to the history of struc-
tural links with others and the environment in which they are placed. This generates
ways of moving, doing, and interpreting that are proper to the way of life of the
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family and culture in which the person lives, configuring in their behaviors modes of
emotion that maintain a prevalence of a basic emotion, which over time restricts the
domains of action of people, often reaching states of distress and loss of wellbeing
within the current way of life. Thus, from the model we call “three-dimensionality
of behavior”, correlations between the three operational domains of behavior are
distinguished, generating correlations between ways of doing, relating and inter-
preting of people; from which personalized practices are designed. These practices
consist of exercises in which the movement of attention towards the body —ina
recursive and frequently manner- is synchronized with dynamic recurrent and
recursive movements that involve the master muscles of the muscular synergies of
an emotion, with reflections of what occurs in the present. Thus, these practices are
intended primarily to restore emotional plasticity in people, and generate learning
to modulate their emotional states, from intentional attention to proprioceptive
perception, which facilitates placing oneself in the space within the environment in
which one exists, maintaining a state of presence in the here and now of the body,
which gives an emotional autonomy that modulates the physiological states congru-
ent with the present contingencies, maintaining well-being in the sense of coherence
with the present situation and not only of joy or enjoyment.

8. Conclusions

The purposes of approaching the paradigm from which the reflexive logic of
the explanations of our observations of the phenomena of human behavior and
experience is generated are, on the one hand, to show how the explanatory models
and their concepts configure the perceptual objects of the world that we perceive,
in this case from the doing of science. And on the other hand, to show how the
recognition of the autonomy and self-reliance of the body, which reveals the
knowledge that results in the continuous structural coupling of the organism with
its environment, gives us a look at how the harmonies or orders that are given in the
co-evolutionary drift of living species are generated, which allows us to have new
references to evaluate the incidences in the individual and collective well-being of
the ways of doing and relating of people in the current way of life.

In relation to our study, we can conclude that, in the epigenesis of an individual,
a structural congruence is generated -between proprioception as an operation of
the body and the configuration of proprioceptive perception in the domain of
language- generating a co-determination of both phenomena in the structural
coupling of the individual with others and his immediate environment, in a
present. This explains that proprioceptive perception is not a dual phenomenon,
but emerges from the interaction of the three operational domains of behavior as
a coherent and unified experience. Proprioceptive perception - as the perceptual
object of the observer in language - modulates and in turn is modulated by the
muscular physiology that from its structural changes specifies qualities of move-
ment observed in individual behavior and that in its experience are configured
as qualities of movement, volume, relative dispositions of parts of the body and
relative to their situation in space.

Proprioceptive perception has great implications for the modulation of an
individual’s mode of emotion, which are defined by specific physiological states.
This occurs because the dynamics of specific movements of each base emotion -
which characterizes the way of moving -, are related to the conservation in adapta-
tion of the individual within his changing environment, in a present, and not to
the interpretations that he makes of his situation, which is the case of secondary
or social emotions, those that do not present defined physiological and cognitive
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states and respond to cultural learning. Therefore, proprioceptive perception places
the individual in a situation within his present circumstances, which occurs in
conjunction with reflexive attentional movements of a generative character of an
incorporation in the field of attention of proprioceptive perception. This attentional
movement is correlated with changes in the motor surfaces that modulate their way
of moving in congruence with the circumstances of the environment. This explains
why contemplative practices that intend attentional reflexive movements together
with body movements decrease the states of stress, which from our perspective is

a generative physiological alteration of the secondary emotions that respond to the
associative flow of language.

Consequently, assuming that the cognitive processes of both language and the
body maintain an operational closure, we postulate that proprioceptive perception
as a perceptual object is configured by spatial and movement qualities that correlate
in the body domain with structural changes of the sensory and motor surfaces
of the corporeal self in its interaction with the environment. Thus, the self in its
history of structural coupling with its environment generates the sensorimotor
learnings constitutive of the proprioceptive structure and networks of attentional
selectivity that make possible the perception of a delimited internal space that
originates its external space, which correspond to a space in which its existence is
constituted and in which it exists, bringing to the hand the possibility of taking
a perspective of itself, which occurs when differentiating proprioceptively from
others and from the changing environment in which they exist. In other words,
behavior and the experience of the lived world are co-determined in the interactive
operation of the three operational domains of a disjointed character of behavior.
And as we see the environment in which an observer distinguishes an individual, it
does not correspond to his or her lived world.

From this proposal, new interesting topics are opened to deepen the understand-
ing of these phenomena: the relations that are constituted between the reflexive
movement of attention and body movements of the individual in relation to the
configuration of the proprioceptive perception.
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Chapter 8

Nomophobia Kids
and Proprioception

Giridharan Vaishnavi

Abstract

Proprioception is the sense of self movement and body position. The CNS
integrates proprioception and other sensory system such as vision and vestibular
system in order to create body position, movement and acceleration. It is developed
by movement and works with surroundings. Children using smartphones for a long
time result greater impact on the sensorimotor function and their proprioception is
affected. In this topic, the write up is going to be regarding the proprioceptional
deficit and the problems associated because of that of children using mobile phones
for a prolonged period of time. The proprioceptive system has an extensive influ-
ence at the protection of human fitness. When the proprioception is dysfunctional,
the vital anxious device does no longer recognize the ideal fame of tonicity of the
muscular tissues at rest or in motion, does no longer combine effectively the records
that comes from sensory receptors, and has issue in modulating multi-sensory
integration, with outcomes in motor behavior and cognitive function.

Keywords: nomophobia, proprioception, smart phone, feedback loop,
feedforward loop

1. Introduction

In the last few years, the usage of smartphone has been progressively increased
worldwide among kids. Nomophobia is described as an experience of anxiety due to
fear of not having access to mobile phones. Smartphone addiction leads to restless
night, anxiety, social isolation, nervous breakdown, weight changes, insomnia &
anger [1]. Nomophobia is described as” the discomfort or tension because of the
non-availability of a cell cellphone, non-public computer (laptop) or any other
digital device” [2].

Nomophobia is described as “the soreness or tension as a result of the non-
availability of a cellular telephone, personal laptop (pc) or any some other digital
verbal exchange device” [2]. Clayton et al. references Belk (2013) of their explana-
tion of smart-phone loss as the “unintentional lack of a ownership need to be
regarded as a loss or lessening of self” [3].

Long time usage of smartphones by the kids lead to musculoskeletal problems
due to the faulty posture maintained like forward neck posture problems, rounded
shoulder or slouched posture for a prolonged period of time [4]. The structural
problems caused by faulty posture may lead to decrease in proprioception there by
resulting in decreased balance ability. The maintenance of proprioception is
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extremely important in order to prevent injuries & this is mainly subjected to
proprioceptive input from mechanoreceptors in the capsule, ligament & tendon
added to vestibular & visual input to central nervous system.

The proprioceptive system is part of the central nervous system. Proprioception
is one’s personal sensation of the body. Proprioception is the feel arising from joints,
muscle groups, tendons and related deep tissues that offer statistics to the central
nervous system (CNS) about static and dynamic motion of limbs and the body.
Proprioception information is processed at exclusive levels of the central nervous
system in order to meet physical needs positioned at the body and aides a mover to
arrive at motor choices. Proprioception strongly contributes to the fitness of joint
balance; sensing passive or energetic joint articulation; joint load absorption and
rebound; and muscle duration, force and velocity. Abnormality and tissue trauma
excluded, the proprioception is a basic part of all people’s neuro-anatomy [5].

The proprioception experience end result of a collection of fact derived from
sensory receptors found within, muscular tissues, tendons, ligaments and fascia.
The sensory receptors answerable for proprioception are referred to as mechanore-
ceptors and are the subgroup of somatosensory system. All mechanoreceptor facts is
grouped collectively in the central nervous system (CNS) and are processed at
distinct ranges of the consistent with unique movement and environmental
demands.

The proprioception information is blended with body senses on a moment by
using secondary basis for the duration of real time events. The simultaneous inter-
action of many sensory procedures create a collective internet notion of the body in
area and contributes to motion choices.

Nonpublic, bodily and perceptual sources are mixed with genetic, cultural and
societal sources as contributing factors to motion or action selections. Throughout
the body & nervous system proprioception plays the role of a loop which continu-
ously feedback & forward input. The vital importance of optimal orientation and
postural control is relied on the complex reflex & central interaction between
cervical proprioception, vestibular & visual information [6]. When there is an
increased use of smartphone by the kids the proprioception lies at the boundary
between neurophysiology & neuropsychology. The nomophobia children will soon
develop poor balance, poor co-ordination and increased postural sway.

From an engineering perspective the human neuro musculoskeletal machine can
be appeared as a robot, consisting of a linkage system (the skeleton) with motors
(muscles), sensors (proprioceptors), and a control gadget (the CNS) [7]. The nerves
and neurons are the wires and connectors, which shipping the data from the
proprioceptors to the CNS and from the CNS to the muscular tissues.

The CNS integrates intentions with facts from the proprioceptor to coordinate
motion ofthe skeleton through selectively (de-)activating muscle groups. Manage
engineers will directly recognize a feedback loop: the movement outcomes from
commands from the CNS, which on their flip (in part) rely upon the movement
sensed via the proprioceptors there is a mutual interaction among CNS and limb
movement. Postural manipulate is a specific case inside human movement control [8].

The human has to maintain a posture, i.e. an equilibrium position. At some point
of postural manipulate unbiased strategies contribute to stability and performance:
(1) intrinsic residences of the muscles and (2) proprioceptive reflexes. Balance is
controlled and maintained by a complex set of sensory-motor control system which
include the sensory input, receptors, input from vestibular system, integration of
sensory input and the motor output [9].
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All children receive information from their internal and outside environments
through the following senses: imaginative, motion (vestibular), prescient (ocular),
hearing (auditory), taste (gustatory), odor (olfactory), contact (tactile), Joint and
muscle cognizance (Proprioceptive).

The term sensory integration refers back to the manner of receiving and
responding to the incoming facts. It starts off evolved while your toddler gets
information from their senses, then the vital nervous device directs the records to
the correct parts of the mind, and the records is integrated so the child can reply in
the perfect manner.

Feedback

~—_
20%
Feedback
—
70%

2. Proprioceptive receptors

The term proprioceptor comes from the Latin ‘proprius’, one’s own, and
‘recipio’, to get. It was characterized by Sherrington (1906): ‘In muscular receptiv-
ity we see the body itself going about as an upgrade to its own receptors — the
proprioceptors’. Types of proprioceptors include muscle spindle, golgi tendon
organs and the mechanoreceptors in the joint capsule.

When muscles lengthen, the spindles gets stretched. This stretch activates the
muscle spindle that successively sends an impulse to the neural structure. This
impulse leads to the activation of a lot of motor neurons at spinal level that send an
impulse back to the muscle [10]. The Golgi connective tissue Organ could be a
propioception receptor that’s situated at intervals the tendons found on every finish
of a muscle. It responds to inflated muscle tension or contraction as exerted on the
connective tissue, by inhibiting any muscular contraction. Mechanoreceptors meant
as primary neurons or nerve endings that reply to mechanical stimuli by firing
action potentials. When mechanoreceptor receives a input, it begins to fire action
potentials at raised frequency [11].
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3. Proprioceptive system
Proprioceptive system has three overlapping major functions:

1.Regulation of tone

Posture and body movement is mediate by proprioception through the afferent
information it receives from all sensory receptors, and by the efferent data it sends
to the extrapyramidal motor tracts.

2.Egocentric abstraction localization

By integration and modulating the knowledge that comes from sensory
receptors, the proprioceptive system informs the brain about the relative position of
the sensory organs, the relation between every body segment, and also the relative
position of the body within the close setting.

3.Modulation of multisensory data

Proprioceptive data well-known to be transmitted within the multisensorial
deep layers of the nerve center within the midbrain is believed to possess a task in
modulating multisensory integration. This modulation has consequences in motor
behavior and better psychological feature functions [12].
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4. Eyes and Proprioception in nomophobia

The receptors of proprioception as major role in movement of eye control and
construction of extra personal space. It was Thomas Reid in 1785 who clearly
explained the mechanism of the function of eye proprioception. The visual gaze
direction as direct concern with the neck muscles control during vestibular stimula-
tion. The extra ocular muscle afferent signals are determined in patterned inhabitation
of forelimb and neck muscles & there by influence the head position on the body [13].

Its miles possible to steer body proprioception by using stimulating no longer
simplest direct mechanoreceptors like neuromuscular spindles, or joint or tendon
neurologic terminations, however additionally through modulating the information
from different sensory input as well. These range from visible receptors linked to
the retinocolicular pathway in the uppermost location of the body to the only
plantar receivers underfoot.

Brain will tend to combine various available source of extra-retinal signals to
foster visual clarity during eye and head movements with proprioception as major
contribution visual fatigue caused by usage of smartphones for a prolonged period
of time as highly impact with visual ability to control posture thereby reducing the
ability to balance. Thus it is very clear that continuous usage of smartphones by the
kid for the sake of games & YouTube may lead to posture and balance disturbances
through visual gaze [14].

5. Muscle, joints and proprioception in nomophobia

Proprioception is a chain of feedback between the sensory receptors which are
located in the skin, joints and muscles when the duration of smartphones usage
increases it will surely have an negative impact of cervical proprioception &
dynamic balance ability.

Prolonged flexed neck, posture in turn will increases the muscle activity which
will cause the musculoskeletal pain in neck and shoulder on comparison fast mus-
cles, muscle fibers cause more fatigue than slow muscle fiber when static posture is
maintained for a prolonged duration as the cervical flexion angle is decreased.
When the head is inforward headed posture the muscular tissue perform cervical
extension in the back of the neck are contracted isometrically creating a force which
is against gravity, which will lead to prevention of cervical flexion or forward head
movement, & long term isometric contraction of the muscles in the back of neck
involved in the extension of cervical & can also cause pain by stimulating trigger
points. The combination of extension within the higher cervical region and flexion
within the lower cervical region seems in patients with forward head posture
attribute to head posture. Changes in the cervical region by sustained poor head
posture, cause excessive joint and muscle loading, and later on influencing weak-
ness of the deep cervical muscles. Among several body structures set within the
cervical region, the muscle is thought to be a main part for position sense through
its receptors, like muscle spindles. The cervical vertebrae contribute proprioception
sense input [15].

The proprioceptive sensing of the cervical vertebrae transmits data to correct
arrangement and plays a crucial role in bodily property management. Additionally,
it reacts sensitively to the fine movement of the top by acting in coordination with
sensing from the vestibular apparatus. Asymmetrical alignment of the top and neck
ends up in errors within the data received as visual and proprioception sensing this
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eventually reduces the balance and will increase the chance of falling and contractile
organ injuries whereas acting activities.

6. Vestibular system and proprioception in nomophobia kids

The central and peripheral vestibular organs, in conjunction with the visual and
somatosensory systems, are responsible for balance, equilibrium, and orientation in
space. Vestibular system as major role in subjective awareness of body position and
movements in space, postural tone and equilibrium and stabilization of the eyes in
space during head movement along with visual system and proprioception contin-
uous use of smart phones may lead the child hyper expressive and also lead to
gravitational insecurity, which is an sensory integration issue which may cause to
react to movements in an extreme way. This is due to the impact of vestibular
system by which the child’s gravity receptors become extra sensitive.

7. Motor control and proprioception in nomophobia kids

Proprioception is caused out to all the levels of central nervous system where it
gives out unique sensory component to effectively use motor control neuromuscu-
lar control of dynamic restraints very necessarily needs proprioceptive information.
The motor control is disturbed in nomophobia kids through stress imposed on other
bodily system. Perception is extraordinarily necessary in control as a result of it
carries the relevant info concerning objects, environments and bodies that is
employed in organizing and initiating actions and movements.

proprioceptive data plays an integral role within the ability to change internal
models used with feed forward management that has been incontestible to be solely
part paid for by visual information. The planning of movements additionally needs
attention to environmental constraints. Children using smartphone for a prolonged
period of time lack attention thereby their planning and control of movements is
not proper.

Internal
representations

Musculo-
skeletal
components

Neuronmuscular
synergies

BALANCE
CONTROL

Anticipatory
mechanisms

Individual
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systems
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8. Proprioception impairment in nomophobia kids
¢ Balance Issues
¢ uncoordinated Movement
¢ Clumsiness
¢ Poor Postural Control

* Trouble Recognizing Your Own Strength

Negative affect Positive affect
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Poor . Lack of Lack of Sensation __|
Self esteem Urgency perseverance||premeditation| |seeking Extraction
(D - -~
Insecure Maladaptive Maladgptlve Poor s‘elf-‘cgntrol Need for
emotion [e.g. inhibitory ) .
attachment style and/or - X . lsistimulation,
. N regulation [e.g <= control, risky e
[e.g. anxious distorted L L sensitivity
) " ruminative decision
ambivalent] cognitions _— . to rewards
thinking] making]
Dysfunctional relationship | |Addiction symptoms - Dangerous | | Desire to
X . . Prohibited use : f
maintenance style [e.g. craving, feeling . use [phoning| | communicate
[use in banned : - :
of dependance, loss laces] while with pairs
of control] P driving] and establish
new
/ relationships
Negative outcomes resulting from excessive or uncontrolled Other cyber addiction
mobile phone use [e.g. financial problems, distress implying mobile phone use
reproaches/conflicts with family or friends] [e.g. video games, social networks]

* Avoiding Certain Movements Or Activities

9. Proprioception assessment

There are a few test Physiotherapists can use to assess proprioception,
depending at the body element being assessed. That includes:

Heel-shin:

The patient is asked to the touch the heel of 1 foot to the opposite knee after
which to drag their heel in a instantly line all of the way down the front in their shin
and lower back up once more. With a view to get rid of the impact of gravity in
moving the heel down the shin, this test have to continually be done in the supine
position [16].

Finger-nose-finger:

The subject is asked to alternately touch their nose and the examiner’s finger as
fast as possible [3].
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Distal proprioception test:

The tester will be made to circulate the joints of the hip, knee ankle and big toe
up and down as it is watched. Then ask the subject to repeat the equal movement
together with eyes closed.

A contralateral joint matching task:

Asking the affected person to match a verified joint angle, and measuring the
distinction among the real joint angle, and the reproduced joint perspective.

Romberg’s test:

The affected person is requested to remove his/her footwear and stand with two
feet together. The clinician asks the patient to first stand quietly with eyes open, and
ultimately with eyes closed. The Romberg test is scored by counting the seconds the
person is able to stand with eyes closed [3].

Spinal Motion Apparatus:

This procedure developed by Pankhurst and writer for assessing the proprio-
ception of lower back. It is composed of a motor operated device that produces
passive motion of lumberspine in three planes whereas the trunk stayed fastened.
The apparatus detects motion and identifies the neutral position and the direction of
movement. It assesses movement in 3 planes as advantage, but the employment
during a clinical population might not be possible because it utilizes the advanced
equipment [17].

Active Movement Extent Discrimination Device:

Developed by Hobbs to assess lumbar proprioception. It depends on discrimi-
nating the position differences in 11-19° of lumbar flexion. It consists of free
standing with stopper at five preset distances. The subject had to discriminate
preset trained flexion positions while standing. The test’s disadvantage is that the
subject’s head is also moving through the test so the vestibular system might be
adding to the proprioception sense [18, 19].

Cervicocephalic Kinesthesia:

Kristjansson et al. described the test. It has fast track sensors. Various uses of the
test described such as relocation of the head to the natural position after active turn
to left and right or active relocation to 30° turn from the natural head position.
Passive trunk rotation of 30° or figure of eight motion can also be used before
subjects repositioning head to a natural position [8].

Limb Position Copying and Reproducing Tests:

Described by Kaplan [7]. This test can be used for assessing the proprioception
of various joints such as knee or elbow. The test requires active reproduction of ipsi-
and contralateral positions of the limb. Goniometer measures the error between
reproduction and the target.

Precaution to overcome nomophobia in kids:

Delete all the social media apps on mobile phones.
* Set specific boundaries for usage of smartphones.
* Lock the smartphones with long password.

* Parents spend time with kids playing with them.

* Parents avoid smartphones before kids.
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10

123

. Intervention

Chair based exercises

* Hand pushes

* Hand pulls

* Head compressions

¢ Chair push ups

* Theraband on chair

* Squeezing a stress ball
Classroom based exercises
» Wall pushes

* Push ups

* Lifting weights e.g. tins, books, dumbells
* Jogging on the spot

* Star jumps

* Bouncing on therapy/exercise ball
Other exercises

¢ Climbing wall bars/ropes

* Throwing/catching weighted ball

* Crawling obstacle course

* Wheelbarrow walks

* Gymnastics- handstands, cartwheels, using gym equipment
* Jumping e.g. hop scotch

e Tug of war

* Bouncing on space hopper

* Lying on stomach over exercise ball and weight-bearing through arms
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Functional activities

* Wiping benches and tables

* Brushing/mopping floors

* Holding doors open

* Carrying piles of books

* Carrying a backpack with a heavy item in it
* Stacking chairs

* Moving furniture

Proprioception ativity using swiss ball
* Roll it up on a wall.

* Dribble it. Pushing the ball into the ground is great for the proprioceptive sense
as well as when it bounces back.

¢ Bounce on it alone.

* Kick it against a wall.

INITIAL PHASE - The first 3 weeks FINAL PHASE - The last 3 weeks

EXERCISE 1 EXERCISE 1

Initial phase: From the position indicated in the ~ Final phase: the same performance but now each
picture, to do shoulder flexion — extension. hand holds a 2 kg weight which increases 1.5 kg per

week.

30” each limb 30" each limb
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INITIAL PHASE - The first 3 weeks FINAL PHASE - The last 3 weeks
EXERCISE 2 EXERCISE 2

Initial phase: From the position of the picture, Final phase: The same performance apart from
doing hip flexion — extension at the same time that each hand hold a 2 kg weight which increases
moving the shoulder in flexion - extension. 1.5 kg per week and a 3 kg ankle weight in each

ankle.

10 times each limb
10 times each limb

EXERCISE 3 EXERCISE 3

Initial phase: From the position indicated in the ~ Final phase: The same performance but now each

picture, to do shoulder flexion — extension. hand hold a 2 kg weight which increases 1.5 kg per
week and the back leg is supported over the
metatarsals.

30” each limb 30" each limb
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INITIAL PHASE - The first 3 weeks FINAL PHASE - The last 3 weeks
EXERCISE 4 EXERCISE 4
Initial phase: The free leg does a whole circulation Final phase: The same performance apart from a
which ends with the extension hip. 3 kg ankle weight in the free leg.
-«

10 times each limb

EXERCISE 5 10 times each limb

Initial phase: The free leg does hip, knee and ankle
flexion synchronized with the high member

which also moves in flexion — extension.
EXERCISE 5

Final phase: The same performance apart from
each hand hold a 2 kg weight which increases
1.5 kg per week and also a 3 kg ankle weight in
each ankle.

10 times each limb

10 times each limb

11. Conclusions

In line with King et al. [2], this study purports that nomophobia, or no mobile
phone phobia, is thought of a contemporary age phobia introduced to our lives with
the speedy proliferation and adoption of smartphone.

The proprioceptive system has an extensive influence at the protection of
human fitness. When the proprioception is dysfunctional, the vital anxious device
does no longer recognize the ideal fame of tonicity ofthe muscular tissues at rest or
in motion, does no longer combine effectively the records that comes from sensory
receptors, and has issue in modulating multi-sensory integration, with outcomes
in motor behavior and cognitive function. This outcomes in a wide variety of
proprioceptive abnormalities which are clinically related and are handled collec-
tively termed as Postural Deficiency Syndrome (PDS). Kids using smart phones for
a prolonged period of time lack attention, lack posture and motor control. Smart
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phone usage for extended period may change the brain activity, and postural
disturbance.
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Abstract

Currently, in connection with the advent of virtual reality (VR) technologies,
methods that recreate sensory sensations are rapidly developing. Under the condi-
tions of VR, which is an immersive environment, a variety of multimodal sensory
experiences can be obtained. It is urgent to create explicit immersive environments
that allow maximizing the full potential of VR technology. Activation of the
proprioceptive sensory system, coupled with the activation of the visual analyzer
system, allows you to achieve sensations of interaction with VR objects, identical
to the sensations of the real physical world. Today, the activation of proprioceptive
sensations is achieved using various devices, including robotic ones, which are not
available for use in routine medical practice. The immersive multisensory environ-
ment makes it possible to significantly personalize the rehabilitation process, ensur-
ing its continuity and effectiveness at various stages of the pathological process
and varying degrees of severity of physical disorders, while significantly reducing
the burden on the healthcare system by automating the rehabilitation process and
objectively assessing the effectiveness. Further development and increased avail-
ability of VR technologies and devices that allow achieving an increase in immer-
sion due to sensory immersion will be in great demand as a technology that allows
teaching patients motor skills.

Keywords: virtual reality, proprioception, neuroplasticity, physical rehabilitation,
habilitation

1. Introduction

Proprioception is the sensation of the position of body parts relative to each
other in space, both in statics and during their movement. The formation of pro-
prioceptive sensation occurs due to the activity of various receptor systems located
in the tissues of the human body, the largest number of which is in the muscular
system. Proprioception belongs to the somatosensory system and is traditionally
defined as sensory sensations of position, movement, or balance [1]. From this
position, proprioception is the awareness of the position or movement of our
body and its parts in space because of processing information from the receptors
of muscles, joints, tendons, and skin. This type of sensory sensation includes two
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components, the first of which arises in a static position, and the second appears
during movement and plays a decisive role in ensuring coordination of movements;
both are important in ensuring balance at rest, as well as during movement [2].

The proprioceptive system has a high degree of precision in registering changes
recorded by the receptor apparatus, more specifically, a change in the angle in a par-
ticular joint or in the mass of a held object. In the process of ontogenesis, the role of
proprioception as the dominant receptor system in sensory cognition of the external
world goes into second place relative to the visual analyzer, which in humans and
mammals acquires a dominant role. However, proprioception continues to be in high
demand in building a complete judgment about an external object, providing infor-
mation about its physical properties necessary to ensure effective interaction with this
object, which underlie more complex motor skills that are important for the forma-
tion of praxis. Proprioception is actively used as an afferent system for the formation
of biofeedback when adjusting the motor system to external conditions in the process
of performing a movement and object interaction at the level of the spatial field.

The use of devices for activating proprioceptive sensations as a way to increase
sensory immersion in VR or, in another way, to achieve a greater degree of immer-
sion, is one of the unresolved, but actively developing ways to expand the practical
application of VR. In VR conditions, sensory perception of reality only through the
visual analyzer does not provide the formation of a complete sensory sensation,
identical to physical interaction with objects, and cannot be used to implement
explicit interaction. It is precisely because of the difficulty of achieving such a qual-
ity of proprioceptive sensations, which would be identical to the sensations received
in the physical world, that modern VR systems are mostly implicit, and control in
them is implemented in surrogate ways that are not identical to the natural richness
of object sensations and the complexity of manipulating them.

At the moment, less attention is paid to the study of unimodal proprioceptive
information processing in statics or only when performing a movement than the
study of multisensory integration processes, with the participation of not only
the proprioceptive system, but also other sensory analyzers. Isolated activation of
the proprioceptive system is possible only when the visual analyzer is not func-
tioning, which is rarely observed under normal conditions. The close connection
between the proprioceptive system and the visual analyzer can be traced through
experiments on the formation of proprioceptive sensations, without directly
affecting the receptor apparatus. Manipulation of proprioceptive sensations is pos-
sible using a visual analyzer, as demonstrated in experiments on the use of mirror
therapy in the treatment of phantom pain after limb amputation due to various
reasons. In this case, through the information coming through the visual analyzer, it
is possible to achieve proprioceptive sensations, sensations of movement, as well as
a sense of touch in the complete absence of somatosensory stimuli.

This is evidence that proprioception is a complexly organized bodily sensation,
the formation of which can be influenced by the activation of the receptor appara-
tus of various sensory systems and, of course, primarily the visual analyzer.

2. Possibilities of using VR in physical rehabilitation

One of the main and important applications of VR is its use in the medical field
to provide various tasks of physical rehabilitation and habilitation.

The main goal of physical rehabilitation is to help a person return to a natural
state when performing daily activities by restoring damaged motor skills, as well
as if they cannot be completely restored, acquiring new ones that compensate for
those lost due to diseases of the musculoskeletal system (trauma, pathology of
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the muscular system) or the CNS vascular diseases and injuries. Also, significant
prospects for the use of VR are traced in patients with impaired formation of the
motor system in ontogenesis.

Research on the effectiveness of rehabilitation using VR technology appeared in
the mid-1990s.

Currently, there are several systematic reviews evaluating the clinical efficacy
of sensorimotor training in VR in restoring the function of the upper limbs and gait
after stroke [3-6].

Despite the fact that most often the study of the effectiveness of various meth-
ods of motor rehabilitation occurs on the example of such pathologies as acute
disorders of cerebral circulation and traumatic brain injury due to their widespread
prevalence, the study of the effectiveness of rehabilitation in other pathological
conditions using VR technology is also carried out. It should be noted that the
nature of movement disorders in various pathologies is accompanied by impair-
ments at various levels of its organization, therefore, modeling various motor tasks
under VR conditions allows one to obtain positive results on the restoration of
movement in patients with disorders such as infantile cerebral palsy and multiple
sclerosis, which are characterized by impaired organization of the motor system at
various levels from the cortical to the level of paleokinetic regulation (rubro-spinal)
[7]. However, these studies are sporadic and do not allow for a systematic analysis.

Thus, VR technology has significant prospects both in the rehabilitation of
patients with various dysfunctions of the CNS and musculoskeletal system in the
framework of restoration of function within the framework of physical rehabilita-
tion, and in the development of unformed motor skills in the process of solving the
problems of motor habilitation.

The first reason that makes VR a promising environment for solving a complex
of problems of physical habilitation and rehabilitation is that VR can be used to
ensure interaction with the outside world by patients with pronounced motor or
other limitations [8]. The second important factor is that the VR environment and
interaction with its objects can be adapted to the patient’s existing physical defect,
achieving significant personalization, which, accordingly, will contribute to the
achievement of a more significant effect of rehabilitation or habilitation.

According to the data obtained when assessing the effectiveness of restoration of
the motor function of the upper limb in patients after acute cerebrovascular accident
in comparison with the group of patients receiving only traditional methods of motor
rehabilitation, the use of VR rehabilitation showed great effects both in the short and
relatively long term (for example, 3 months after the onset of pathology) [9].

A significant advantage of using VR is the ability to automate the rehabilitation
process, use the autotune of exercises, obtain objective analytics in the rehabilita-
tion process, and reduce the burden on rehabilitators. If we consider VR from
this side, then it can be characterized as a technology that is an interface between
the user and various technical devices, which makes it possible to simulate a wide
variety of rehabilitation or habilitation environments, which is necessary to solve
awhole range of tasks, allowing the rehabilitated to interact with objects of the VR
environment through a variety of sensory channels.

Thus, the main tasks and prospects of using VR are quite clear, but at the same
time they have some limitations in achieving these advantages, relative to tradi-
tional methods of physical rehabilitation or habilitation.

New approaches to rehabilitation, habilitation or training emerging on the basis
of VR are based on the latest technological advances, including the use of robotic
devices, tactile interfaces, and brain-computer interfaces. So, the variety of techni-
cal devices allows you to more effectively use the capabilities of VR, as an interface
between the patient and the outside world, in which you can simulate various
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conditions and tasks, thus achieving a personalized approach to solving rehabilita-
tion problems [10]. In addition to restoring motor skills, VR can be considered as a
tool in the treatment of cognitive impairments of various origins, in the treatment
of post-traumatic stress disorder, as well as various pain syndromes. One of the
promising options for the use of VR is its use in the study of the ontogeny of the
nervous system, which will be extremely necessary for understanding the forma-
tion of a pathological process, since any pathology in the context of ontogeny can
be considered as regressive development, i.e. return to earlier stages of the existence
and functioning of the CNS as a whole or its individual components [11]. In this
regard, it is extremely important to provide neuro-feedback, preferably multisen-
sory, primarily through the visual and proprioceptive sensory channels, because
the formation of motor skills without these sensory systems is not possible. In
several studies on the adaptation of the motor system after the demonstrated visual
inconsistency of movements in VR to movements in the real physical world, it was
found that the activity of the visual-motor connection in children is higher than in
adolescents and adults, since such adaptation to motor activity in real in the physi-
cal world, after such a demonstration in children, it was much slower [12, 13]. Over
time, as they grow older, this connection weakens, but obviously, only because of
functional restructuring, and not anatomical, therefore, in a saturated immersive
environment, you can get the results of visual-motor interaction, which are not
always achievable in the physical world. Thus, a separate study of the motor system,
as well as its functioning in health and disease, without connection with sensory
systems, is inappropriate and incorrect from a physiological point of view.

VR technology can be used to provide a meaningful and effective impact on
various human sensory systems; it also provides significant opportunities for
modeling their functioning to compensate for lost sensory and motor functions.
Now, the most technically simple VR systems are with implicit interaction with VR
objects. These VR environments allow the person to be rehabilitated to act as a pas-
sive observer of the displayed content, while interaction occurs through the visual
and auditory channel. Some expansion of the application of this technology occurs
due to the use of various manipulators or joysticks, while the interaction with VR
objects acquires the features of explicit interaction, however, the manipulation of
VR objects with the use of these VR devices by objects is surrogate in nature, not
giving the fullness of physical sensations.

The main problem in this interaction is the absence of physical sensations provided
by the proprioceptive system, namely, the feeling of weight, density of an object,
position in space. The importance of these sensations in the process of rehabilitation
or habilitation lies in the fact that most of the movements performed by a person are
the result of the functioning of the proprioceptive system, which ensures all their
diversity and successful performance, regardless of external and internal factors.
Thus, locomotor activity, devoid of fine tuning, provided by biofeedback based on
the proprioceptive system, becomes less effective, and in some situations it is simply
impossible, for example, walking at night or interacting with an object in three-
dimensional space in the absence of visual control in patients with afferent paresis in
the hand. An exception is interaction with objects in three-dimensional space, which
is provided by cortical motor centers and the corresponding centers of praxis, in the
implementation of which the visual analyzer has an equal or more significant role.

3. Prospects for VR in motor rehabilitation

Understanding the importance of ensuring the formation of proprioceptive
sensations, when solving a range of physical rehabilitation tasks, is also based on a
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more intense activation of neuroplasticity processes when performing motor tasks
with multisensory and, first of all, proprioceptive reinforcement, demonstrated in
a number of experiments both on biological models and in patients with different
pathology. The formation of biofeedback stimulates the processes of neurogenesis
and neuroplasticity, due to the formation of new interneuronal connections,
initially of a functional nature, but subsequently fixed at the structural level due to
the activation of latent connections between individual functional structures of the
CNS. That is why VR is an ideal immersive environment that makes it possible to
maximally activate the processes of neuroplasticity for more effective recovery of
not only motor, but also cognitive impairments in patients with damage to the CNS
of various origins.

Learning how to perform new skills within the framework of solving motor
tasks modeled in VR is of decisive importance for inducing neuroplasticity pro-
cesses, and as a result, contributes to a more effective restoration of impaired
functions due to various injuries of the CNS or the musculoskeletal system. The
immersive environment created in VR is a particularly effective tool for carrying
out tasks of interacting with objects in three-dimensional space. The restoration of
this level of motor function is especially important in increasing the independence
of patients with motor defects of varying severity, which is one of the ultimate
goals of motor rehabilitation or habilitation. Additional technical capabilities in
the form of using various sensors, telemetry during training in VR allow a detailed
analysis of the motor activity of the rehabilitated person, which can serve as initial
data for the formation of a recommendation system to increase the effectiveness of
the rehabilitation process, or to adapt exercises during the rehabilitation process,
for example, by gradually complicating them. Implementation, not allowing the
rehabilitated person to lose interest and motivation to practice.

For example, today there is many studies that formed the basis of several
publications demonstrating the effectiveness of restoration of upper limb func-
tions in patients after acute cerebrovascular accident when using exercises
with VR [14].

However, these studies were based only on clinical data carried out in patients
in the late rehabilitation period after suffering acute cerebrovascular accident. At
the same time, the high safety and effectiveness of such exercises in VR suggests
that the use of virtual reality will also be effective in patients in the acute period,
after acute cerebrovascular accident. Such results regarding the use of implicit
multimodal VR with visual and proprioceptive confirmation of walking have been
demonstrated in a study on the restoration of lower limb function in patients in the
acute period of stroke Figures 1 and 2 [15].

One of the reasons underlying the effectiveness of using VR as a method for
restoring motor function is the ability to model new motor tasks that make the
rehabilitation process more interesting, increasing the motivation of patients for
further exercises [16].

VR can be used for multimodal sensory impact on the rehabilitated person.

The addition of multimodal sensory reinforcements after performing the required
interactions with virtual objects made it possible to use VR in a wide variety of
areas, and it also significantly increases the potential for using this immersive
environment in motor rehabilitation. Solving the problems of motor rehabilitation,
using personalized, motor training, has a more significant impact on the processes
of neuroplasticity than implicit or extra-contextual interaction with objects of the
VR environment. For example, according to fMRI data, this method demonstrates
a higher degree of activation of the motor cortex when performing specific motor
tasks and when solving the problem of restoring motor disorders in patients after a
stroke [17].
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Figure 1.
ReviVR rehabilitation walk simulator.

Figure 2.
First-person view in ReviVR rehabilitation walk simulator.

The data of objective methods for assessing changes in the activity of the cere-
bral cortex demonstrate the relationship between the specificity of the performed
motor task and the degree of activation of neuroplastic changes.

Visual-motor and proprioceptive feedback, implemented in VR, provides
realistic, up-to-date information during the rehabilitation exercise. It is realism and
maximum proximity to physical sensations that are the most important factors that
activate neuroplastic processes in the central nervous system (CNS).

Visual information, which is the most powerful sensory signal that is activated
in the immersive environment, is a modeling factor for the reorganization of senso-
rimotor connections. For example, errors demonstrated during visual accompani-
ment of motor tasks performed in VR affect the motor and premotor cortex during
motor learning, changing the activity of these zones [18-22].
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Active and rewarding exercises (by demonstrating the progress of the per-
formed exercise or another method) within the framework of the performed
rehabilitation tasks can significantly enhance biofeedback, leading to a significant
decrease in the number of errors in the restored movements, i.e. making them more
energy efficient and accurate. According to fMRI data, at this moment there is a
significant activation of the motor and premotor regions of the frontal cortex of the
brain [23].

The very observation and subsequent ideomotor presentation of this movement
leads to a significant facilitation of the formation of motor evoked potential and
increases intercortical interactions in the motor and premotor regions [24-27].

It should be noted that the implementation of all this activation of the motor
areas through exposure, for example, on the visual analyzer, becomes possible due
to the proven numerous intrahemispheric corticocortical connections [28, 29].
These connections combine the visual cortex with the motor, premotor, parietal,
and frontal lobes into a single functional system [30-34]. At the same time, there is
alarge number of experimental studies that demonstrate that a significant number
of neurons in the motor, premotor and parietal regions can be modulated by the
activity of the visual cortex of the brain [35-39].

Moreover, in contrast to proprioception, the activation of which in the physical
world is necessarily associated with active or passive movements of the limbs, visual
neurofeedback in VR can be provided independently of the fact of movement, for
example, by simply demonstrating it. Also, it is interesting that the demonstration
of this movement can be significantly changed and, most importantly, it can be
completed to its full volume, regardless of the initial motor activity of the person
being rehabilitated [40].

Thus, visual biofeedback allows modulation of the motor system, without
the need for active or passive movements. The visual system has a high degree of
reliability and specificity in the implementation of this biofeedback, because visual
afferentation predominates over other sensory modalities, such as proprioceptive or
auditory, and is used by a person more effectively in everyday activities [41].

An additional, but important rationale for the advisability of using the visual
cortex as a sensory input for modulating motor function is that during an acute
cerebrovascular accident, it is not damaged simultaneously with the motor or pre-
motor cortex, due to their location in different blood supply basins of the brain, but
namely carotid and vertebrobasilar. For acute cerebrovascular accident, in the first
episode, the defeat of two pools is not a common manifestation of the disease. The
defeat of the cortical representation of the visual analyzer in the form of hemianop-
sia and contralateral hemiplegia is observed only in the villous artery syndrome, but
the preservation of the opposite visual fields allows using the VR environment for
rehabilitation exercises.

Thus, VR allows the user to receive multimodal sensory information, which
can cause a real sense of presence and provide cognitive, sensory and emotional
immersion in the formed rehabilitation task, which has varying degrees of
complexity [42-44].

The use of VR makes it possible to implement various modifications of the dis-
played object or its movement, highlighting it against the general background, for
example, by changing the color, brightness or its shape. This opportunity allows the
patient to focus on the target elements of the rehabilitation exercise, enhancing his
motivation. With the help of VR, it is possible to achieve modeling of the conditions
that in traditional therapy are carried out by limiting the movement of a hand that
does not have motor impairments due to stroke, through its fixation to the trunk.

To implement this type of therapy in VR, one can ignore the activity of a healthy
limb (recorded by telemetry or contact sensors: electromyography, accelerometers,
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etc.) and not provide visual information regarding its movement [4, 14, 45-47].
Additional opportunities are provided by the use of the “brain-computer” inter-
face based on the motor imagery paradigm and the P300, the use of which allows
visualizing the movement of a limb with motor impairments when activity appears
according to electroencephalography or functional near-infrared spectroscopy
data recorded globally, with all scalp surface of the head, or only in specified areas,
which are a projection onto the scalp surface of the head of the motor or premotor
areas of the cerebral cortex. For example, the target signal can be used for classifica-
tion within the brain-computer interface in the contralateral motor or premotor
cortex, which may slow down the rate of onset of the “rehabilitation plateau” and
increase the rehabilitation potential in patients with CNS pathology.

In the detected functional improvements obtained as a result of motor reha-
bilitation, sensorimotor activation was observed not only in the contralateral
hemisphere, but also in the ipsilateral hemisphere, which indicated the activation of
latent connections that were not active before the start of the rehabilitation mea-
sures [48-50]. The ongoing rehabilitation in VR and the progress obtained with it in
the restoration of motor function are primarily associated not with the compensa-
tion of movements, which is the result of maladaptation, but with the restoration of
motor function due to the activation of neuroplasticity processes in the motor and
premotor cortex of the brain [51].

4. The current difficulties of using multisensor VR

Even though VR provides many unique advantages over traditional or new
rehabilitation approaches, there are limitations to its widespread practical use as a
routine rehabilitation method.

First, there is currently no sufficient evidence base for clinical studies that
would demonstrate the unambiguous effectiveness of using VR in sensorimotor
rehabilitation in various clinical groups in comparison with various traditional
methods of motor rehabilitation. In addition, there is still quite a bit of informa-
tion regarding the possibility of replacing physical exercises only with classes in
virtual reality, namely, how interchangeable, and acceptable it is for short-term
and long-term results of motor rehabilitation. That is why it is still impossible to
say unambiguously how high the advantages of sensorimotor rehabilitation in VR
are relative to those in the real physical world. Thus, all these questions justify the
need to continue research in the field of studying the possibility of expanding the
use of VR, as well as studying the short-term and long-term effectiveness of using
VR in sensorimotor or cognitive rehabilitation, by accumulating a clinical base and
obtaining the possibility of conducting a meta-analysis of research data to achieve
the maximum high level of evidence. And although nowadays there are several
studies in which attempts have been made to solve these problems, rehabilitation
using VR technology continues to be considered only as an adjuvant method of
sensorimotor and cognitive rehabilitation [5, 52].

The second important reason for the difficulty in the routine use of rehabilita-
tion in VR is the relative high cost of equipment for using these systems as a method
of rehabilitation within the framework of the telemedicine concept. A few years
ago, the equipment needed to simulate VR, making it difficult to use for more than
40 minutes due to the heavy weight of the VR helmet, has become much more
convenient today, because there has been an abrupt growth in the number of manu-
facturers of these technical devices offering more and more comfortable products
for use.
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5. Neuropasticity and VR

According to data obtained on biological models that allow studying the pro-
cesses of neuroplasticity, the lack of stimulation of the motor cortex during the
“critical period”, which usually corresponds to an acute state after damage of any
genesis, leads to the loss of corticospinal synaptic connections [53], while stimula-
tion motor cortical networks in the same “critical period” may contribute to the
partial restoration of some of these lost connections [54]. Long-term lack of stimu-
lation of the motor cortex in the acute period after injury ultimately leads to the
consolidation of existing changes that will prevent further restoration of function.

The key component of the theory of neuroplasticity activation is the dynamic
nature of changes in neural connections during motor rehabilitation using VR
technology, which can be adapted to the individual needs of the person being
rehabilitated, providing a personalized approach to sensorimotor and cognitive
rehabilitation.

Some studies demonstrate rich intrahemispheric cortical-cortical connections
that link the occipital, parietal and frontal cortex [32, 33, 55]. Moreover, individual
studies demonstrate that a significant number of motor neurons in the premotor
and motor cortical areas are modulated by visual information [35, 37-39], suggest-
ing that visual information can be a powerful signal for functional reorganization
of sensorimotor connections.

The main parameters through which the processes of neuroplasticity can be acti-
vated, and which can be influenced when the immersive environment is formed, are
visualized movement, biofeedback, motivation and learning through observation.

Rehabilitation measures in VR can also contribute to the process of functional
reorganization in the CNS due to the activation of neuroplasticity processes.

The possibility of obtaining a significant rehabilitation result is achievable only
with a long training process, because the formation of new skills, which is due to
the activation of the processes of synaptogenesis or Hebb learning, as well as other
mechanisms of neuroplasticity, does not give an immediate stable result, since sta-
bilization requires subsequent reinforcement in order to stimulate the transition of
interneuronal interaction from functional to morphologically fixed changes [56, 57].

Thus, in an immersive environment, it is quite easy to set the proper volume of
tasks to be performed and combine them with secondary cognitive tasks, making
the performance of a motor task interesting due to diversity, increasing the motiva-
tion of the person being rehabilitated for a long rehabilitation process [58].

Studies on biological models have demonstrated that the intensity and duration
of physical exercise is one of the determining factors that have a significant impact
on neuroplastic changes during rehabilitation [59]. For example, changes at the
synaptic level in a biological experiment occurred after the animal was exposed
to thousands of repetitions of a given task over a short period of time, i.e. 12,000
repetitions over 2-3 days [60, 61].

Also, it was noted that patients with CNS disease receiving rehabilitation on this
occasion require more and more intensity of physical exercises in order to achieve
positive results in restoring physical function, in comparison with the process of
developing new motor skills in healthy people [62]. The duration of rehabilitation
sessions to achieve positive effects in the restoration of function, for example, the
upper limb, after a stroke also depends on the stage of stroke: from 1-2 hours in
the acute stage [63] and up to 10-20 repetitions per training in the chronic stage of
stroke [64]. At the same time, it is implied that during the entire time of the train-
ing, it is required to maintain a high level of motivation to achieve a positive result
and maintain it throughout the entire course of rehabilitation.
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The flexibility of most VR applications suggests that learning in a meaningful,
enriched environment can be started earlier in recovery from an emerging CNS dis-
ease, such as a traumatic brain injury, compared to conventional exercise. An early
start increases the rehabilitation potential by influencing neuroplastic processes and
ensuring the activation of latent connections and cortical structures, which is also
necessary to prevent the onset and progression of functional maladaptive processes.
The same statement is relevant for patients with acute cerebrovascular accident,
where verticalization in the first days after a stroke is limited due to pronounced
concomitant pathology, which is usually the cause of the stroke, or the severity of
the patient’s movement disorders.

The possibility of automating the rehabilitation process in VR makes training
more accessible for patients, and in the future can be used in telemedicine [65].

The hypothesis underlying the substantiation of the effectiveness of motor
rehabilitation says that the success of motor learning occurs only at the moment
of the maximum approximation of the rehabilitation exercise to real motor skills,
which the rehabilitated person will use in the future in the real physical world, as
well as when using neuro-feedback [57, 66].

In addition to using a simulated VR environment to restore basic movements or
simple functions necessary to perform everyday household tasks, VR can become
a training platform for developing patients’ skills in using various means of indi-
vidual rehabilitation, for example, for teaching the use of a motorized wheelchair or
driving a car, etc. [67].

6. Implementation of neurofeedback in VR

Optimization of training and an increase in its effectiveness arises with the
meaningfulness of the exercises performed and their optimal complication [58]. As
arule, only one repetition for training is not enough, since the formation of a motor
skill occurs because of multiple repetitions with their use in solving real physical
motion problems [68, 69]. For this, it is necessary to achieve an optimal combina-
tion of cognitive efforts required by the patient to solve motor problems during
repetition of movements, and the complexity of the rehabilitation task.

The use of neuro-feedback contributes to an increase in the activation of
structures that are usually not involved in the implementation of the performed
movement in the norm. For example, in experiments on healthy subjects, it was
demonstrated that the addition of neuro-feedback when performing a movement
in VR leads to a more significant activation of the contrateral sensorimotor cortex
according to the motor evoked potential [40]. In studies conducted in patients with
hemiplegic infantile cerebral palsy, VR rehabilitation has demonstrated bilateral
activation of the sensorimotor cortex and ipsilateral activation of the premotor
cortex. After the completion of rehabilitation, bilateral activation disappeared,
and the contralateral sensorimotor cortex continued to maintain a high level of
activity [70].

Increasing the efficiency of neuro-feedback through the use of sensory channels
is the most promising way to increase the possibility of motor learning using VR
and ensure sufficient cognitive immersion in the VR environment.

The effectiveness of neuro-feedback can be assessed by such a parameter as
productivity, which characterizes the quality of the movement performed by a
person. The neural feedback obtained directly in the process of performing a reha-
bilitation exercise to restore motor function, after the completed rehabilitation task,
can act as a criterion for evaluating the effectiveness. Some studies demonstrate
that the enhancement of neurofeedback has an additional value in increasing the
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effectiveness of motor rehabilitation in patients after acute cerebrovascular accident
[71]. At the same time, the direct implementation of neuro-feedback in the process
of performing the rehabilitation task will be more promising, because on the basis
of this approach, it is possible not only to visualize the performed movement and its
quality, but also to carry out additional motivation of the patient by, for example,
completing the construction of the full range of motion with a pronounced motor
deficit in paralyzed limbs, or visualizing such a movement, which is the patient’ in
principle unable to perform (such as walking or running).

Perhaps, in some cases, this will cause a certain dissonance between real pro-
prioceptive sensations and visual information provided to the rehabilitated person.
However, in the end it will be perceived by the subject only from the positive side,
since will allow him to demonstrate his independence and the ability to perform
all the same actions without taking into account the existing disabling state. Such
additional motivation will lead to the fact that the person being rehabilitated will be
more motivationally involved in the process of restoring motor function, which will
lead to better results in restoring motor function both in the short and long term.

As a complement to neuro-feedback, mainly implemented through the visual
analyzer, VR provides the ability to use auditory and proprioceptive feedback, which
are intuitively interpreted and implemented in real time, but with increased accu-
racy and consistency compared to the stimuli available in the physical world [4, 72].

The use of this technology as a supplement to visual information in an immer-
sive environment through the activation of additional sensory systems also makes
it possible to increase the degree of cognitive and emotional immersion in the VR
environment and the task performed in it. This is especially in demand in patients
with a certain damage to one or another sensory system at a different level from the
peripheral part of the sensory analyzer to the cortical representation. It does not
matter whether this damage arose because of a real disease, was acquired by the
patient earlier, or was congenital. Thus, it is possible to achieve a more complete
sensory saturation and get the maximum effect on the motor and premotor regions
of the frontal and parietal lobes of the cerebral cortex.

These effects make it possible to neutralize sensory deprivation, which is
observed in a patient after a pathological condition has arisen with gross damage
to the CNS and manifests itself in pronounced motor disorders. Such patients are
usually bedridden or wheelchair-bound and do not receive in full all those sensory
sensations that a person experiences while freely moving in the physical world
without physical limitations. Long-term sensory deprivation ultimately leads to
neurotransmitter rearrangements, the clinical manifestation of which may be not
only difficulty in restoring stato-locomotor function, but also the development of
cognitive and emotional-volitional disorders.

Thus, rehabilitation measures, which are based on the activation of neuroplas-
tic processes in the CNS after its damage, can be sufficiently fully modeled in an
immersive environment, and multisensory neuro-feedback allows us to model the
process of interaction with the VR environment as realistic and efficient as possible,
which will contribute to solving most tasks.

7. Additional prospects for using VR

Also, it should be noted that the concept of motor learning forms the basis for
the scientific substantiation of the integration of vocational training into rehabilita-
tion practice, which will expand the possibilities of social adaptation of patients
with a disabling disease, will contribute to their subsequent professional integration
through training in professional activities, taking into account the existing motor or
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sensory deficit. This concept makes it possible to use VR to model specific condi-
tions for teaching patients with movement disorders for their subsequent profes-
sional integration into society.

Today this problem is quite urgent, since any professional training is primarily
focused on patients with intact motor impairments or their minimal severity.

In the context of the wide possibilities of VR for modeling a wide variety of con-
ditions and tasks using various sensory channels, it can be assumed that its use will
be in demand for the rapid formation of the necessary environment, which allows to
restore not only any lost skill due to the developed disease, but also for the training
of professional skills in patients with pre-existing movement or other disabilities.

An important factor influencing the improvement of the effectiveness of
rehabilitation in VR is the possibility of its use as remote rehabilitation within the
framework of the telemedicine concept.

Such a combination is possible only in conditions where a clear assessment of
biometrics is available, which of course is possible in VR. The use of artificial intelli-
gence algorithms will allow automating the process of motor rehabilitation, taking
into account the initial personified clinical data.

Effective approaches to rehabilitation should include targeted training, indi-
vidual feedback based on multisensory interaction, an individual exercise schedule,
a fairly long and frequent repetition of motor exercises, exciting game scenarios,
individual rehabilitation programs taking into account the characteristics of motor
deficits and individual preferences of the person being rehabilitated [73].

Attention should be paid to the need to further form the evidence base for
assessing the effects of rehabilitation in VR and the contribution of individual
elements that form neuro-feedback through various sensory channels and primarily
through the proprioceptive channel, which allows the formation of explicit interac-
tion with VR objects, identical to the interaction with physical objects [74-76].

8. Conclusion

The spread of the use of VR in rehabilitation practice is determined by numer-
ous factors, including the technical availability of equipment and software, the
possibility of creating personalized rehabilitation exercises to achieve a higher
rehabilitation effect.

The use of a multisensory component in the implementation of neuro-
feedback allows one to achieve potentially better results in motor rehabilitation.
Proprioception, as one of the components of such neuro-feedback, is the most
promising way of forming sensations that are as close as possible to natural sensa-
tions obtained during physical contact with objects of the real world.

It is possible to single out the factors that determine the more effective use of VR
for solving various rehabilitation tasks: immersivity, neuro-feedback, the possibil-
ity of multiple repetition of a motor task with visualization of such a movement,
the use of artificial intelligence and mathematical models on the basis of which
the movement is visualized, taking into account all the richness of kinematics
and synergy of such movements, as well as the possibility of objective continuous
monitoring of the entire rehabilitation process.

The use of devices that create proprioceptive sensations upon contact with VR
objects make it possible to count on obtaining explicit VR environments, which will
have a much wider range of users. This gives reason to count on achieving maximum
efficiency in the restoration of motor functions during the rehabilitation and habilita-
tion of patients with various functional disorders, both as a result of acquired pathol-
ogy and as a result of disorders that have arisen at various stages of ontogenesis.
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It is extremely important today to form a complete understanding of how
different sensory and tactile manipulations in VR affect the dynamics of various
processes in the CNS, since the study of this issue will reveal the full potential of
rehabilitation through VR.

One of the important, unsolved problem, possibly allowing to reveal the full
potential of rehabilitation, is the formation of a complete understanding of how
different sensory influences in VR affect the dynamics of various processes in the
central nervous system, including the dynamics of sensorimotor connections.
Understanding of this effect will make it possible to achieve greater personalization
of the rehabilitation process, not only based on the severity of a motor defect, but
also considering functional disorders in a complex, multicomponent, hierarchically
arranged motor system.
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Proprioception is the sense of body position and movement, with conscious and
unconscious components, that determines and conditions the human body’s
relationship with the environment. This quality of mechanosensitivity deteriorates in
some pathologies and is responsible for some alterations of the locomotor system that
appear in elderly persons. In those situations, the failure of proprioception reduces the
quality of life of the subjects. The widespread use in developed countries of substitute
joint prostheses makes it necessary to rethink the concepts of movement detection
and perception. As such, this book examines the basics of proprioception as well as
its function in the lower extremities, the head, in children with disabilities, and its
connection with virtual reality.
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