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ABSTRACT

Key words: vestibular system, otolith organs, otolith membrane, head impulse
test, videooculography.

The aim of this work is to investigate whether otolith organs can be activated
during purely rotational movements during the head impulse test. Human otolith
organs are the most important structural part of the vestibular system, responsible
for the perception of linear accelerations of the head and gravity. Various tests are
used to detect disturbances in the functioning of the vestibular apparatus: caloric,
test on a rotating chair and head impulse test, all of which are aimed at diagnosing
the function of the semicircular canals. At present, the head pulse test is the most
common method of functional testing of six semicircular canals, which consists in a
sharp forced turn of the head by 20-30 degrees at a speed of about 150-300 deg / s
with simultaneous detection of eye movement.

However, this technique does not take into account the contribution of the
otolithic organ to the reactivity of the vestibular system as a whole. It is believed
that only semicircular canals are responsible for the perception of turns, although at
such rates of head rotation, otoliths must inevitably experience centrifugal
acceleration several times higher than the threshold values of their sensitivity of 0.08
—0.14 m/s2[1].

Based on the results of the head impulse test on 50 healthy volunteers, an
average graph of the head turn rate during the test was built. To process the data
obtained during testing, as well as to calculate the magnitude of centrifugal forces
applied to the otolith organs, the Matlab software package was used.

Based on the calculations, a hypothesis was build about the contribution of
otoliths (utriculars) to the vestibulo-ocular response to head rotation at high speeds.
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INTRODUCTION

In the process of evolution in living organism’s life support systems were
created for comfortable living on Earth, i.e. under conditions of gravity. The animal
is forced to take a certain position in relation to the direction of action of the gravity,
therefore, the digestive system, blood circulation and others are adapted to work in
a certain position in relation to the vertical. A system for controlling the position of
the body has also emerged: the vestibular system ensures the orientation of a living
organism in the gravitational field of the Earth. The orientation of an animal in three-
dimensional space under terrestrial conditions is based on information entering the
central nervous system from at least four sensory formations. The otolithic organs
of the vestibular system provide information on linear acceleration [1] and tilt
relative to the gravity vector; information about angular accelerations is provided by
the semicircular canals of the vestibular system; the visual system informs about the
orientation of the body relative to the visual environment; the kinaesthetic system
provides position information limbs of the body. The function of the central nervous
system of the body is to integrate information about the environment received from
different perception systems. The human organism consists of big amount of systems
which work together and play their own role in maintaining the normal functioning
of the whole body. A significant contribution to the regulation of the functioning of
these systems is made by the autonomic (autonomous) nervous system - a division
of the nervous system that controls the activity of internal organs, endocrine glands,
external blood secretions, blood and lymph vessels and maintaining a balance not

only vital powers but a physical as well.
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(a) diagram showing the relationship of the vestibular apparatus to the external ear
and skull. (b) Close-up of the vestibular organ showing the detectors for linear
acceleration (the otolith organs-comprising the utricle and saccule) and the
detectors for angular acceleration (the semicircular canals, one in each plane).

Figure 1 — Human vestibular apparatus

Constant balance is regulated by the cerebellum, which is attached to the brain
stem immediately below the brain and is mainly responsible for motor activity. It
sends signals that cause involuntary movements in the muscles, allowing you to
maintain a pose and balance, and together with the motor parts of the brain provides
coordination of body movements, but for the sensory ability to perceive the position
of the head and the body responsible the complex receptor called — vestibular system.
Vestibular system is a part of the labyrinth of the inner ear in most mammals and
cochlea as part of the auditory system [2]. The otolith organs consist of two sacs:
round and oval. These sacs are also filled with a viscous fluid, and they also contain
receptor cells with cilia. Above the cells is a gel-like layer with small but rather
heavy crystals of calcium carbonate - otoliths. When accelerated in one direction or
another, the crystals are displaced and stimulate the receptor cilia. Otoliths allow us
to feel where is up and where is down. In normal terrestrial conditions, information
from sensory formations is compatible, mutually complementary and consistent with
expectations based on previous experience. However, in non-standard situations (a

sharp change in Vital activity is regulated by the activity of the nervous system. The
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nervous system functions through two main processes - excitation and inhibition
reactions. It is very important to have a fine balance between these two processes.
the speed of movement, being in microgravity conditions) or with diseases of the
vestibular apparatus, the body cannot adequately perceive its position in space
relative to other objects; information from the sensory system is three incompatible
and inconsistent with existing in the nervous system incentive models. In such
conditions, the so-called "sensory conflict"[3] develops (violation of inter-analyzer
interactions), which is understood as the arrival of contradictory information passing
along different sensory channels into the integrative structures of the brain. There
are different points of view on the mechanism of this phenomenon: a) distortion of
the incoming information at the receptor level is possible; b) the absence of a
“nervous model of stimulus” in the integrative structures of the central nervous
system; c) inadequate interpretation by the central nervous system sensory
information changed in new conditions; d) inconsistency in time of adaptive
processes in different sensory systems, etc. Some researchers believe that there is a
"neural stimulus model" and a signal is perceived when the stimulus and the model
match. "Sensory conflict" manifests itself in the development of abnormal motor and

autonomic reactions of the body.
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Figure 2 — Simplified version of Sensory conflict explanation diagram

When carrying out orbital flights in the initial and subsequent periods of stay
in microgravity conditions, almost all cosmonauts note a number of specific
sensations and autonomic reactions (symptoms of space motion sickness), in
particular, orientation illusions, dizziness, coordination disorders, nausea, difficulty
tracing visual objects in the field vision with visual control. Such sensations make it
difficult and interfering with the fulfilment of the assigned tasks. In the conditions
of the Earth, people with diseases of the vestibular system are poorly able to maintain
balance, which leads to difficulties in movement or uncontrolled falls. Therefore, the
task of analyzing the response of different sensory systems under the influence of a
stimulus is urgent.

This work is devoted to the analysis of the reactions of the vestibular system.
The vestibular apparatus plays a leading role in the perception of information about
the accelerations acting on the body, and is the first to react to any changes in
external stimuli (in the form of changes in accelerations) (reaction time about 50 100
ms). The visual and kinesthetic systems then react. Information from the vestibular

system enters the central nervous system, and after processing and comparison with



information from other body systems: visual, tactile, proprioception systems,
commands are sent to muscles to correct body position.

So the main research question is How are the otolith organs stimulated by
turning the head and Research problem is Role and function of the otolith organs to
the vestibular response.

This work will investigate the reactions of secondary mechanoreceptors:
semicircular canals and otolith organs. vestibular apparatus (channel otolithic
reaction). By vestibular reaction we mean a change in the membrane potential of a
receptor cell under the action of a mechanical stimulus. The subject of analysis is
the information that comes from the secondary mechanoreceptors for transmission
to the central nervous system in response to the given gamules, i.e. membrane
potentials of the cells of the semicircular canal and the otolith organ. In case of
mismatch between signals from two complexes of the vestibular system of the
semicircular canals and otolith organs, inadequate reactions occur in a living
organism, which manifests itself in the form of dizziness, nausea, visual illusions,
and motion sickness develops. Lesions of the vestibular system lead to loss of
balance (violation of the vertical posture), difficulty with orientation, leading to
disability. Difficult meteorological conditions in the absence of visual reference
points and the effect of overloads cause the emergence of the illusion of spatial
position in pilots in flight.

It is important to learn how to predict the response of the vestibular apparatus
to extreme stimuli. For this, the simplest way seems to be the way of creating
mathematical models of the vital activity systems of a living organism and
conducting computer experiments to analyse the behaviour of the system. before or
in parallel with field experiments. There are mathematical models of individual
physiological structures and processes that are used by the body to transmit
vestibular mechanical stimulus information system. The complexity of the models
developed takes into account the details of the morphology and physiology of the
vestibular system. There are also mathematical models of the entire conversion
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process stimulus information into signals about body position, but in these models
there is no correspondence to the physiological mechanisms of processing
information about the stimulus. But there is no complete model that describes
consistently real biological processes in the vestibular apparatus during the
transformation of a mechanical stimulus into electrical impulses that propagate
along nerve fibres.

The paper proposes a mathematical model for processing information about a
mechanical external stimulus for the semi-circular canal and the otolith organ, which
sequentially describes the biological structures used to transmit information about
the stimulus. A technique for identifying the parameters of the presented model
using experimental data has been developed. Numerical experiments have been
carried out for some types of stimuli using model parameters identified using
experimental data. The results of the considered experiments allow us to say that the
presented mathematical model of the acantholytic reaction can be used to analyse
the vestibular function in extreme conditions of bionavigation and in the
development and creation of vestibular prostheses. This model can be used to predict
the body's response in non-standard situations, to stimuli that are difficult to create
during experiments on existing simulators. To carry out numerical modeling, it is
necessary to create a mathematical model of the channel of the otolithic response to
the input stimulus. Turning the head at a constant speed at a certain angle, falling of
the body, staying in microgravity conditions, and others can be selected as an input
stimulus. It is proposed to construct a simplified mathematical model of the otolith
reaction channel. The model consists of blocks that have physiological meaning and
correspond to real processes along the path of passing information about an external
stimulus from receiving a signal to converting it into electrical impulses and
responses to a stimulus in mechanoreceptors of the vestibular system: semicircular
channel and otolith organ.

A mathematical model of the dynamics of the otolith membrane is described
in the case of representing the movement of the otolith membrane as the movement

10



of an absolutely rigid body. The otolithic membrane can be modeled as a first
approximation as an absolutely rigid body for a limited class of animals, in particular
for amphibians [4].

Human otolithic organs are the most important structural part of the vestibular
system, responsible for the perception of linear accelerations of the head and gravity.
Like any other organ in the human body, the vestibular system and its structural parts
are subject to certain factors that can lead to dysfunction of the balance organ and,
as a result, the person’s loss of a sense of balance, both static and in motion. As is
known, a receptor is understood as a highly specialized formation containing
receptor cells capable of perceiving, transforming, and transmitting the energy of an
external stimulus to the nervous system. Mechanoreceptors are a large group of
receptors in which the processes of perception and transformation of external
influence occur under the condition of mechanical displacement or deformation of
the receptor site. All receptors are divided into primary sensing (primary) and
secondary sensing (secondary). In the primary receptors, the perception and
transformation of the energy of irritation into the energy of nervous stimulation
occurs in the most sensitive neuron. Secondary receptors between the stimulus and
the first neuron is a highly specialized receptor cell, i.e. the first neuron is excited
indirectly through the receptor cell. In particular, tissue mechanoreceptors belong to
primary, and hair cells of the vestibular apparatus - to secondary mechanoreceptors.
Consider the accumulation of hair receptor cells on sensitive elevations of the otolith
organs of the vestibular apparatus (macula sacculi, macula utriculi) For simplicity,
a set is shown that consists of an otolithic membrane containing calcium crystals and
one hairline glue. In what follows, we will call this set the gravito-inertial[5]
mechanoreceptor. To justify this name, let us find out the nature of the mechanical
stimulus for a given the aggregate. Consider movement the otolithic membrane
along the x axis of the hair cell.

The aim of the work was to propose a mathematical model of the otolith
reaction channel with parameters that have a physiological meaning, which
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describes the real processes of transformation of information about the stimulus by
mechanoreceptors. Develop a technique for identifying model parameters using
experimental data. Consider the reactions of two different mechanoreceptors
(semicircular canal and otolith organ) of the vestibular system to mechanical stimuli
(turns and the gravitational acceleration), compare these reactions and estimate the
time required for each of the sensors to generate a response. Mathematical model of
the channel of the otolith response to a stimulus in the form of angular and linear
accelerations has been built. Each block of equations of the model has a
physiological meaning, as well as the parameters of the model, which can be
identified for a specific organism using data from morphological and physiological
experiments. A complete mathematical model of the channel of the otolith response
to a mechanical stimulus was obtained, corresponding to the real stages of the
process of transformation of a mechanical stimulus that occurs in the secondary
mechanoreceptor.

In accordance with the aim, the following tasks were set:

— studying of COMSOL Multiphysics program package and VOG working
principles;

— built mathematical model of otolith membrane deformation

— studying the way of the Head Impulse Test running;

— learning how to make and perform the Head Impulse Test in a group of
volunteers using VOG method

— analyze VOG signal and process the MRI images for physical measuring;

— statistical analysis methods selection;

12



1 Literature review

1.1 Frequency responses of otolith organs

Dependence of the calculated frequency response on the mass of the saccular
otolith is shown in figure 3. Calculations were performed for the frequency range of
acoustic waves from 10 to 10000 Hz, the range of otolith masses from 0.01 to 100
mg, and a constant amplitude of displacement of water and the body of the fish is
equal to 1 um. It could be Fig. 10 shows that the otolith / macula system is almost
critically damped. The sensitivity (the amplitude of the displacement of the otolith
relative to the macula per unit of water and the amplitude of the displacement of the
fish body) increases with an increase in the mass of the otolith (Fig. 3). The
frequency at which the amplitude of the otolith displacement is maximum shifts
vmax towards low frequencies with increasing mass of the otolith (Fig. 3). At
frequencies well above vmax, there is no dependence of the amplitude of the
displacement of the otolith on the mass of the otolith. Generally, the greater the mass
of the otolith, the higher the sensitivity to low frequencies and the sharper the
frequency-response curve at frequencies around vmax. The above conclusions are
also relevant for the lagena otolith. Primary central processing of signals from the
peripheral vestibular system occurs in the vestibular nuclear complex and in the
cerebellum. The vestibular nuclear complex carries out the main processing of
incoming vestibular signals and realizes direct, fast connections between incoming
afferent information and efferent motor responses. The cerebellum processes and
adapts vestibular information. It monitors the vestibular system and, if necessary,
corrects the central vestibular processing. In the vestibular nuclei and cerebellum,
vestibular sensory information is processed in a comprehensive manner in

combination with somatosensory and visual afferent information
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Figure 3 — The calculated frequency responses of the otoliths of different

masses|[6]

Based on the above assumptions and using the morphometric rules of the
otolith, we can trace the functional characteristics of the otolith at different depths.
this is it is very convenient that the relative displacement of the otolith can be
expressed in terms of one variable, i.e. otolithic mass. The development of studies
of the function of the otolith and the improvement of the experiment have led in
recent years to the emergence of new directions in modeling the otolith as a system
with distributed parameters associated not only with the mechanical, but also with
subsequent stages of information transformation in the otolith. At the same time, the
improvement of the models of the stage "physical stimulus - deformation of the
otolith membrane™ continued. Vestibular hair cells are very similar to auditory hair
cells, but the vestibular sensory "superstructures"” - the otolithic membrane or cupula
- are so different that the question arises as to how the otolith and afferents of the

canal can exhibit phase synchronization up to such high frequencies. Similarity of
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precision of phase locking in otolith and canal systems may lie in the fact that it is
fluid displacement to both systems that deflects the hair cell hair bundles. Species
with only type Il vestibular hair cells (fish and frogs) shows phase synchronization,
but usually it is lower frequency than mammals[7].

The formation of the reaction of otolith afferents to the displacement of the
otolith membrane under the action of acceleration occurs in several stages, one of
which is the processing of information received by MRI belonging to one terminal
field. Such an "integrated" the response of the terminal field is responsible for
modulating the afferent state. The process of processing and comparison of signals
from a VC of a given afferent occurs, apparently, due to the local neural network
carrying out morphological and informational interaction between these VCs, but
the mechanism of this interaction before is still unclear. Based on opportunities
computer reconstruction of the morphology of receptor formations and their
connections within the terminal field according to the data of electron microscopy
of ultrathin parallel sections of the structure, it turned out to be possible to create
volumetric three-dimensional image of MRI and their local connections [8] in
modeling, an attempt was made to use the obtained detailed information on the
internal structure of the receptor fields for computer modeling of electro-
physiological processes occurring in a given receptor-neural system. These
processes included the propagation of electric polarization in the calyx surrounding
a group of type | cells, the effect on this potential of synaptic contacts with type 11
cells; geometric dimensions of calix and neurons, the effect of myelination of nerve
fibers, taking into account the nonlinearity of the model of the propagation of a nerve
impulse (Hodgkin - Huxley model), and a number of other factors. Despite the
complexity of the task and the uncertainty of a number of structural parameters and
processes - objects of modeling, the results of the work made it possible to make
assumptions about the nature and principles of information exchange in a given local
network, as well as to try, on the basis of structural data, to formulate the tasks facing
with such a processor [9].

15



1.2 Video oculography in diagnosis of vestibular system

Video eye tracking is the most widely used method in commercial
instruments. Until recently, gaze tracking was an extremely difficult and costly task.
which was limited to laboratory research only. However, rapid technological
advances such as increased processor speed, modern digital video processing
technologies have lowered the cost and significantly increased the efficiency of eye
tracking equipment. In video oculography, one or more cameras are used to detect
eye movements using information obtained from recorded images. Eye tracking
video systems can be aggressive and non-aggressive towards human eyes. Each type
of system is divided into two categories depending on the type of light source used:
visible light or infrared light. Active systems, or systems installed on head, usually
consist of one or more chambers. Most types of eye trackers work by illuminating
the eye with an infrared light source. The light forms a flare on the cornea of the eye
and is called corneal reflection. In most of the published work, the lens flare is used
as a reference point for gaze measurements. The pupil-flare difference vector
remains constant when the eye or head moves. Glare obviously changes position
when moving head, the direction of sight changes. But it is less obvious that the lens
flare shifts to a different position when the direction of the gaze changes. Head
impulse test provides quick identification and assessment of the degree of damage
to the vestibulo-ocular reflex (VOR) in response to stimuli in the high-frequency
range, which is natural for head movements. This is the only test that can assess the
functionality of all six semicircular canals. Otometric's ICS Impulse® System is the
world's first VHIT device that combines gold standard precision with unmatched
patient comfort, enabling impulse head testing with undeniable results. The ICS
Impulse System, fast, simple and accurate, is recommended as a first step in your
analysis, helping you improve your workflow and spend more time caring for the

patient.
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Figure 4 — Video eye tracking system placed on subject’s head

The main disadvantage of all of these systems with a fixed single camera,
there is a limited field of view required to capture high-resolution, high-quality
images. Adding multiple lights the installation will provide the best results, than with
a single source. In addition to the high accuracy and objectivity of measurements of
the VOR, the ICS Impulse system allows testing patients with spontaneous
nystagmus. The system allows detecting explicit and hidden overtaking saccades,
which allows correct diagnosis and prescription of treatment.

The angular acceleration of a head impulse up to 400°/s2 - is what occurs
during normal head movements. A head impulse is a purely vestibular test because
it is too fast for other oculomotor control systems.

Using similar methods, the researchers were able to estimate the relative
contribution of otoliths, or channels in cats[10] and in humans[11]. This interaction
is considered particularly important in research. the vertical vestibulo-ocular reflex,
which usually occurs in a plane aligned with gravity. Vertical optokinetic nystagmus
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may share pathways as it has been shown to be modulated macular ablation in
monkeys[12] and static head tilt in monkeys and humans[13], indicating otolith

entry into optokinetic mechanisms.

1.3 Inner ear structure

If we look to the otolith organs we can see that they have composite structure
consisting of hair cells — the mechanoreceptors which are rooted into the jelly called
otolith membrane and on the top of it the layer of otoconial calcium carbonate
bodies. So this system is very close to the critical damped pendulum.

The response to gravity is very important for the Homo erectus. Not only
humans, but also animals and plants react to gravity. Man, animals and plants know
exactly where is up and where is down. Plants can determine this because there are
cells in the root cap that contain leukoplasts, these leukoplasts precipitate and press
on the membrane of the root cap cells. The plant is precisely oriented towards the
center of the earth. And this allows the plant to properly direct the growth of the root

and stem.
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Figure 5 — The inner ear is the innermost part of the vertebrate ear

In humans, the vestibular system works differently. It works through the
function of hair receptors in the vestibular part of the inner ear. Hair receptors
respond to mechanical bending of hairs. Our inner ear, as a structure, is located
inside the bone mass of the temporal bone. The inner ear contains a cochlea, two
vestibular sacs and three semicircular canals. These sacs and channels are filled with
endolymph, which contains a lot of potassium ions. An excess of potassium in the
endolymph is not quite standard for the body, since there is usually an excess of
sodium in the intercellular environment, and there is a lot of potassium in the
cytoplasm. This difference in sodium and potassium underlies many electrical
processes in our nerve and muscle cells. In endolymph, the generation of electrical
excitation occurs due to the input of a positively charged potassium ion, which
excites hair receptors and further generation of an electrical impulse in the eighth
cranial (vestibular cochlear) nerve. In order to respond to movement with
acceleration in the vestibular sacs there is a structure called a jelly-like mass. There

are many of these hairs, about three thousand in each vestibular sac, and on these
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hairs a jelly-like mass neatly lies, which is slightly denser than the endolymph. The
density of the jelly-like mass is very precisely regulated by mineral crystals, the so-
called otoliths. Interestingly, these otoliths are composed of calcium carbonate,
although the main mineral in our bodies, such as bones, is calcium phosphate. And
here is calcium carbonate, which is more typical, for example, for mollusks.

When the function of one vestibular labyrinth (right or left) is suddenly
reduced due to an accident, infection, or surgery, the person tends to fall on the
injured or painful side. However, this symptom lasts only a few days, even in cases
where the function of the affected side is not restored. The reason for this recovery,
and a similar decrease in other symptoms, lies in the powerful self-healing or
adaptive capacity of the vestibular system. The main therapeutic approach to
vestibular deficits is self-learning. In the first weeks after a sudden loss of vestibular
function, the patient is trained using general natural body movements; in the
following weeks, special training for impaired functions and symptoms is required.

The vestibular nerve is an afferent fiber from the bipolar neurons of the Scarpa
vestibular ganglion. It passes through the internal auditory canal, through which the
cochlear nerves, facial nerves, and the labyrinth artery also pass. The internal
auditory canal is located inside the petrosal part of the temporal bone and opens into
the posterior cranial fossa at the level of the bridge. The vestibular nerve enters the
medulla at the level of the bridge junction into the medulla oblongata. At this point,
the myelin sheath of the nerve is the thinnest, which makes the nerve most vulnerable
in this area. At the level of the rhomboid fossa in the medulla oblongata, vestibular
the nerve forms ascending and descending branches. Part of the descending fibers
ends in the lower core. Another part of the descending fibers goes to the medal and
lateral nuclei. The ascending fibers are directed to the upper the core[14]. There are
two types of excitation transmission in the vestibular nerves. Typical afferent fibers
are characterized by tonic activity and little variability in the inter-peak intervals. In
atypical afferent fibers, there is often no excitement in at rest, and when they are
stimulated by head movement, there are significant variations in the intervals
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between the peaks. Typical afferent fibers are the most important for ensuring the
vestibulo-ocular reflex, since in experimental animals, atypical afferent fibers can
be removed without significant changes in the vestibulo-ocular reflex. Atypical
afferent fibers provide coordination responses between otolithic organs and
semicircular canals[15]

It was previously shown that of all the experimental models used on Earth,
immersion[16] is the most adequate from the point of view of analogy of
sensorimotor reactions with reactions observed under zero gravity conditions.
Immersion itself does not directly affect the vestibular receptor, but it creates support
unloading and minimizes muscle activity, i.e., in other words, reduces the influx of
supporting, tactile and proprioceptive afferentation into the integrative structures of
the central nervous system, where multisensory convergence of afferent signals of
different sensory modality occurs, primarily visual, vestibular, motor and support.
Thus, immersion, without directly affecting the visual and vestibular receptors,
nevertheless, changing the level and nature of the supporting, tactile and
proprioceptive afferentation, through the central integrative multisensory structures
of the central nerve system, converging afferent signals of different sensory
modality, can lead to a change in the nature of the functioning of multisensory
vestibular nuclei and activating structures of the middle brain. Apparently, under
immersion conditions, the elimination of support and a decrease in tactile-
proprioceptive afferentation is accompanied by the development of inhibitory
influences going along the efferent nerve fibers from neurons located in the
vestibular nuclear complex, the reticular formation of the pons and medulla

oblongata and cerebellum, which lead to suppression of otolith afferentation[17].
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1.4 Conducting path of balance and gravity analyzer

A nerve impulse that occurs in the hair cells of an organ balance and gravity
during endolymph vibrations, is transmitted to the receptors of peripheral processes
(dendrites) of the first sensitive neurons. The bodies of these neurons are laid in the
vestibule node, ganglion vestibulare, at the bottom of the internal auditory canal.
Axons of sensory neurons form the vestibular part of the vestibular cochlear not
ditch, which includes the cranial cavity through the internal auditory meatus and
further, at the posterior edge of the bridge, lateral to n. facialis, enter into the
substance of the brain. Here, the axons of the first neurons form the ascending and
descending branches and approach the vestibular nuclei located in the lateral corners
of the rhomboid fossa in the vestibular field, the area vestibular

On each side there are 4 vestibular nuclei:

1. Upper vestibular nucleus (ankylosing spondylitis).

2. Lateral vestibular nucleus (Deiters nucleus).

3. Medial vestibular nucleus (Schwalbe nucleus).

4. Lower vestibular nucleus (Roller's nucleus).

The ascending branch ends in the upper vestibular nucleus, and the descending
branch ends in the other three. In the vestibular nuclei, the bodies of the second
neurons are laid, the axons of which go in the following directions:

1) to the cerebellum - the vestibular cerebellar pathway (tractus
vestibulocerebellaris);

2) to the spinal cord - the vestibular spinal path (tractus vestibulospinalis);

3) as part of the medial and posterior longitudinal bundles (fasciculus
longitudinalis medialis, fasciculus longitudinalis posterior);

4) to the thalamus of the opposite side - the vestibule-thalamic path (tractus
vestibulothalamicus).

The vestibular pathway passes through the lower leg cerebellum and ends on
the cells of the cortex of the cerebellar vermis. Part of the axons of sensory neurons
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does not switch in the vestibular nuclei, but follows directly into the cerebellum.
There is also a feedback of the cerebellum with the vestibular nuclei in the form of
the cerebellar vestibular tract, tractus cerebellovestibularis, through which the
cerebellum has an indirect effect on the spinal cord along the vestibular pathway.
The fibers of the vestibular-spinal tract end severally mentally on motor neurons in
the anterior horns of the spinal cord. It conducts motor impulses to the muscles of
the neck, trunk and extremities, providing unconditional reflex maintenance of body
balance during vestibular loads.

Nucleus
n. oculomotorii

to the cerebral
cortex

Nucleus

thalamus n. trochlearis

Nucleus

tractus vestibulothalamicus
lemniscus medialis

fasciculus longitudinalis medialis
(ascending and descending

v
components) ;
\ :
|
i
|

Figure 6 — Diagram of the pathway of the vestibular apparatus

Vestibular nuclei
(superior, lateral,
median, inferior)

ganglion vestibulare

tractus vestibulospinalis

Part of the axons of the Deiters nucleus cells are directed as part of the medial
longitudinal bundle of their own and opposite sides and end on the cells of the
intermediate nucleus and the nucleus of the posterior commissure. These nuclei of
the reticular formation of the midbrain provide a connection between the equilibrium
organ and the nuclei of the cranial nerves (pairs Ill, IV, VI), which innervate the
external muscles of the eyeball and the muscles of the neck. This allows you to
maintain the direction of gaze when changing the position of the head. Part of the
axons of the cells of the nucleus of Deiters enter into the composition of the posterior

longitudinal bundle and end on the cells of the posterior hypothalamic nucleus. This
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nucleus provides a connection between the organ of balance and the autonomic
nuclei of the cranial nerves (111, VII, IX, X pairs). Therefore, with excessive irritation
of the vestibular apparatus, autonomic reactions often appear in the form of a
slowdown in the pulse, a drop in blood pressure, nausea, vomiting, pale skin, cold
extremities, increased secretion, etc. Part of the axons of the cells of the vestibular
nuclei pass to the opposite side and form the vestibular thalamic pathway. It ends in
the thalamus, where the bodies of third neurons lie. Their axons go through the
posterior leg of the inner capsule to the cerebral cortex. It is believed that the cortical
end of the vestibular analyzer is localized in the region of the middle and inferior
temporal gyri. In the cerebral cortex, there is a conscious assessment of vestibular
stimuli: determination of the position of the head, the degree of inclination of the

body in space.

1.5 Dynamics of otolith organ

All receptors are divided into primary sensing (primary) and secondary
sensing (secondary). In the primary receptors, the perception and transformation of
the energy of irritation into the energy of nervous stimulation occurs in the most
sensitive neuron. At the secondary receptors, between the stimulus and the first
neuron, there is a highly specialized receptor cell, i.e. the first neuron is excited
indirectly through the receptor cell. In particular, tissue mechanoreceptors belong to

primary, and hair cells of the vestibular apparatus - to secondary mechanoreceptors.
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Figure 7 — Orientation of the otolith organs. The utricle is oriented roughly
perpendicular to gravity and the saccule lies parallel to gravity when the subject is

upright

The results of experimental studies over the past ten years [18] have shown
that, in contrast to the gravito-inertial sensor existing in technology (accelerometer),
the gravito-inertial mechanoreceptor does not measure the apparent acceleration, but
only reacts to it, supplying information to the nervous system, nonlinearly dependent
on mechanical stimulus. The nonlinearity of the reaction is expressed primarily in
the presence of the property of adaptation.

The absence of gravity in space flight leads to a change in afferentation from
gravitationally dependent sensory inputs: otolith receptors and support zones of the
foot. To understand the role of this or that etiological factor in the development of
perceptual and sensorimotor disorders developing under zero gravity, it is advisable
to carry out comparative studies in model experiments.

Consider the accumulation of hair receptor cells on the sensitive elevations of
the otolith organs of the vestibular apparatus (macula sacculi, macula utriculi) for
simplicity, a set is depicted, consisting of an otolith membrane containing calcium

crystals and one hair cell, movement of the otolith membrane along the x axis of the
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hair cell. Assuming the rigidity of the otolith membrane (in fish, amphibians, etc.),

the equation of motion of its center of mass along the axis of sensitivity has the form:

Relative movement of otoconial layer
-

otoconial —= S —
layer

r—'_|

otolith — -
membrane
(elastic &

viscous —

forces) ] ﬁ_‘:‘
) ——x

subcupular .
zone

sensory @
epithelium @

Figure 8 — Otolith organ structure and critical damped pendulum
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Where % = linear acceleration of the whole system; B' = viscous drag
coefficient; K’ = spring coefficient; m = equivalent mass of otoconial Body; & =
relative displacement of the otoconial body (i.e., the response of the sensor); p, =
density of endolymph; p,,, = density of the otoconial body.

It can be seen from the equation (1) that the external forces are the
gravitational force and the force of inertia, which allows this secondary mechano-
receptor to be called the gravitational-inertial mechanoreceptor. Due to the elastic
connection of the kinocilium (supporting hair) with the otolith membrane, when

the latter is displaced, deformation of the kinocilium and all sensitive hairs, called
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stereocilia, occurs. The stereocilia are connected by lateral elastic bonds located
along the axis of sensitivity.

As follows from the results of the research[19], the channel located in the
stereocilium, it occurs with the help of an apical elastic connection connecting the
movable "gate" of the ion channel with the apex of the adjacent stereocilium. Let

us consider, as an example, one of the stereocilia closest to the kinocilium and the
neighboring stereocilia (Figure 9).

Figure 9 — Hair cell [20] located at the distal end of the cochlea has 50
stereocilia, the longest of which are 5.5 microns in length and 0.12 microns in
width, while those at the proximal end number 300 and are maximally 1.5 microns

in length and 0.2 micron in width.

The otolith membrane, due to morphological polarization, makes it possible
to obtain information about the apparent acceleration of the head in many directions.
In the dissertation, only one axis S of sensitivity was chosen along which the greatest

response of hair cells to a mechanical stimulus, leading to a fall of a person in the
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sagittal plane, takes place. This axis is located in the sagittal plane and is orthogonal

to the local vertical of the person at the initial moment of the fall.
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Figure 10 — Diagram of the macula of the sacculus with the directions of the

sensitivity of the hair cells. The dotted line represents the striola

Gravito-inertial mechanoreceptor means the main specialized formation of the
otolith apparatus, described by a set of three mathematical models, the first of which
describes the dynamics of the otolith membrane along the considered S axis of
sensitivity, and the other two describe the response to the displacement of the otolith
membrane of two vestibular mechanoreceptors opposite positive directions located
in different directions relative to the striola (Figure 10). Running, flying and
swimming vertebrates move along their longitudinal axis. At the same time, the head
of a running four-legged vertebrate animal, placed on a rather long, flexible neck in
the vertical plane, practically does not participate in vertical oscillations together
with its body. Due to the control of the muscles of the neck, the head is kept
practically in the plane of the horizon at the same level. It plays the role of a
stabilized platform[21], on which lies a movable rather massive otolithic lenticular
body (test mass) of the utriculus, connected by elastic hair tips with its numerous
mechanoreceptors. The utriculus is an otolithic organ located in the head, in the inner

ear of a vertebrate animal (in its vestibular apparatus). Mechanoreceptors of the
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utriculus are laid on its horizontally located epithelium, forming a closed sensory
surface (matrix), repeating the rounded shape of its otoliths[22].

In the case of prolonged deflection of the stereocilia as a result of the action
of a mechanical stimulus, the elongation of the apical connection decreases due to
the shift of the right end along the considered stereocilia, which leads to a double
effect: the possible closure of the canal, which means a decrease in the transduction
current, and a simultaneous decrease in the rigidity of the apical elastic
connection[23]. This becomes possible due to the action of the actomyosin motor
located inside the stereocilium[24]. In turn, this action becomes possible due to the
reaction of the calmodulin protein to an increased calcium concentration in the
transduction current. Thus, in this situation, calmodulin acts as a sensor and
regulator. For a mathematical description of the dependence of the response of the
hair cell simultaneously on both the mechanical stimulus and the effect of the
considered feedback, one can pass in the equation from an argument to a new
argument - the lengthening of the apical connection , which, in turn, is a function of
two arguments, A = A (x,,a), where a = «a(t) is the feedback parameter, which
is the displacement of the upper right end of the apical elastic connection relative to

some initial position. The corresponding Laplace transfer function is given by:

¢ =(_&). 1
OO0 ) @S T Km

- (1 - &). m/K'

Pm) (Tis + 1) (Tes + 1)

where )T, =m/K' and T, + T, = B'/K". 2)
The equations describe the dynamics of the otolithic membrane and hair
bundle. These ratios can be considered as a biomechanical block of the functional
diagram of the gravity-inertial mechanoreceptor, which is under the influence of an
external mechanical stimulus and an internal control force that changes both the
mechanical characteristic - the elongation of elastic bonds - due to the shift of
attachment points, and the conductivity of the hairline. beam by opening or closing

ion channels. However, while the simplicity of the elementary canal mechanics
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allows one to numerically estimate the relevant parameters and hence analytically
predict likely dynamic response patterns[25], this is not possible for a complex
mechanical system of the otolith organ. On the one hand, the "effective" mass of the
otoconium-otolith junction of the membrane-cilia assembly is not easy to assess. On
the other hand, an uneven surface in the voids of the otolith membrane mesh and
completely unknown frictional forces that can arise inside it, deny the possibility of
calculating the coefficient of viscosity. Therefore, we need to move to an
experimental rather than an analytical approach to further understand the response
of the end organ. The vestibular apparatus consists of two types of receptor
formations: otoliths that respond to linear accelerations and semicircular canals that
perceive angular accelerations of the head. The way of transforming information
about a mechanical stimulus both in the semicircular canal and in the otolith organ
is fundamentally the same. As a result of the action of inertial forces, the sensitive
mass of the sensor (cupula and endolymph of the semicircular canal or the otolithic
membrane of the otolith organ) is displaced relative to the surface of the sensory
epithelium (cristae of the semicircular canal or macula of the otolith organ), as a
result of which the hair bundles of receptor cells are deflected. This leads to a change
in the membrane potential of the hair cells themselves, which in turn, through
synaptic transmission, modifies the frequency of afferent impulses of primary
neurons. Thus, information about head movement is converted and transmitted to
the vestibular nerve. The set of one type Il hair cell and a primary afferent neuron,
connected by synaptic transmission, is commonly referred to in the thesis as the
vestibular mechanoreceptor. This formation is the basic element of the vestibular

apparatus.
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1.6 Head impulse test

The head impulse test is one of the generally accepted methods for diagnosing
the vestibular apparatus. During the test, a rapid turn of the head of a small amplitude
occurs, which in turn causes a vestibulo-ocular reflex - movement of the eyes in the
direction opposite to the movement of the head. Vestibular function is assessed
based on the pattern of eye movement relative to head movement. The method of
registration of eye movements is based on the detection of the image of the pupil in
the frame, based on the contrast of the image between the pupil and the iris. This
contrast is higher when the eye is illuminated with infrared light[26]. The advantages
of the method are its non-invasiveness and a wide range of characteristics of eye
movements available for study. In a number of the described works, eye movements
were recorded using eye trackers, allowing to create comfortable research conditions
for the patient and efficiently process the obtained oculograms. In HIT, the doctor
abruptly and unpredictably turns the patient's head in the horizontal plane by about
15 ° in about 100 ms and observes an instant compensatory eye movement response.
During each impulse of the head, the response of the eye movement of a healthy
person will compensate for the rotation of the head, and the gaze will remain fixed
on a target fixed on the ground. A common measure of the adequacy of the vestibulo-
ocular response (VOR) is amplification. Gain is a general term for the ratio of output
to input in any dynamic system. To measure the VOR gain, we calculate the ratio of
the area under the eye velocity curve to the area under the head velocity curve during

the head pulse.
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to distinguish a peripheral process from a central one

To detect deviations in the functioning of the vestibular apparatus, various
tests are used: caloric, a test on a swivel chair and a head impulse test[27], all of
them are aimed at diagnosing the function of semicircular canals. Currently, the head
impulse test is the most common method of functional testing of six semicircular
canals, consisting in a sharp forced turn of the head from 15 to 30 degrees at a speed
of about 150-300 degrees / second with simultaneous detection of eye movement.
However, this technique, in the way it was formed, does not consider the
contribution of the otolith organ to the reactivity of the vestibular system as a whole.
It is believed that only semicircular canals are responsible for the perception of turns,
although at such head rotation speeds, otoliths should inevitably experience
centrifugal acceleration several times higher than the threshold values of their
sensitivity of 0.08 - 0.14 m/s2[1].
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2 Methods and materials

2.1 Measuring the distance between otolith organ and the axis of head

rotation

For testing the theory of the contribution of otolith organs to the sensitivity of
angular accelerations, first of all we need a large database of parameters that are
independent of theoretical calculations, such as the distance of the location of the

otolith organs from the axis of rotation of the head.

HIMPS - fixating an earth-fixed target (X) SHIMPS - fixating a head-fixed target (X)
during the head turn during the head turn

head turn
to the right

head turn
to the right

at start at start

Figure 12 — A- Head Impulse Test, B — Suppressed Head Impulse Test

Spontaneous nystagmus occurs when the eye is in the extreme orbital position,
expressed in a slow tilt of the eye to the central axis and, along the next rapid phase
of returning to the extreme position. It can manifest itself in both horizontal and
vertical directions, and its appearance indicates a malfunction of the stem neural
integrator, which is responsible for keeping the gaze.

Research material for measurement was extracted from the Max Plank
Institute Leipzig Mind-Brain-Body MRI head dataset[28]. During the resting state

scans, participants were instructed to remain awake with their eyes open and fixate
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on a low-contrast fixation cross on grey background. After the resting state scans,
the participants were free to leave their eyes open or closed, or even sleep during the
other scans. Dataset of 50 healthy participants comprising by two groups: 1) young
group 25.1 +- 3.1 years, range 20-35 years; 2) Elderly group 67.6+- 4.7 years, range
59-77 years.

By using this dataset of MRI images we built a three dimensional model of
the vestibular apparatus and the axis of the rotation of the head. The process of
creating 3D medical models can be divided into three main stages: the first is
obtaining a series of medical images of the area of interest in the Digital Imaging
and Communication in Medicine (DICOM) format, the second is the creation of a
digital three-dimensional model, and the final is the direct printing of the physical

object.

Figure 13 — MRI T2 image of human head. Vestibular organs are indicated by red
arrows
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Figure 14 — MRI T2 image of human head. Axis dens (axis of rotation) is indicated
by red arrow

For the successful production of 3D models, the obtained DICOM images
must have high spatial resolution, good tissue differentiation, and a minimum slice
thickness. For high-quality reconstruction of digital 3D models, the slice thickness
should not exceed 1 mm. Currently, the sources of DICOM images, on the basis of
which digital models for 3D printing can be created, are methods of radiation
diagnostics, such as computed and magnetic resonance imaging and computed
tomography. For the getting information about distance between otolith organs and
the axis of rotation of the head which goes through the second neck bone dens which
looks like a tooth | measure it using the MRI images of 12 volunteers from Leipzig
Mind-Brain-Body dataset[28].

For the graphical presentation of individual anatomical structures in the form
of virtual three-dimensional objects use the technique of volumetric three-
dimensional rendering. To do this, the operator defines threshold values for the raster

contrast (for example, those that correspond to bone density). After that, a three-
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dimensional model is built corresponding to the specified range in the 3D Slicer
software package[29]. To understand the peculiarities of constructing three-
dimensional images, let us consider the algorithm used in the 3D Slicer software
package. By changing the methods of graphic processing and image presentation, it
is possible to create complex, multi-component models, consisting of separate
elements that correspond to bones, muscles, airways, vessels, and the like. Some
models are highlighted in different colors and change their transparency to obtain

the most visual and easy-to-understand image of the research object.

Left axis rotaion

Neutral position Right axis rotaion

Figure 15 — Atlantoaxial 3D-model and helical axis orientation and location
during axial rotation in vivo. Superior view and posterior view for three discrete

positions
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2.2 Head movement during head impulse test

According to the results of the head impulse test for 10 healthy volunteers, an
averaged graph of the head rotation speed during the test was constructed (Figure
16). To process the data obtained during testing, as well as to calculate the magnitude
of the centrifugal forces applied to the otolith organs, the Matlab software package

was used.
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Figure 16 — Averaged head angular velocity during head impulse test: average
(blue), standard deviation (SD) (yellow and red)

During the head impulse test when we turn patient’s head at the speeds up to
the 300 degrees per second we create not only spin acceleration but the lineal
acceleration too. This assumption may allow us to make a mathematical model with
which we can calculate the displacements of otolith membrane and the force that it
gets. Head impulse test reveals dysfunction of individual vertical semicircular canals
in vestibular patients[30]. Unlike search coils, which are currently the only
alternative, this new method for detecting dysfunction of individual vertical

semicircular canals is fast, non-invasive and practical in the clinic.
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2.3 Modeling otolith dynamics

In this study the following dynamics equation has been used [31]:

m,x(t) + B *x(t) + k * x(t) = m_ * w? * R = f(t) (3)
Parameter Value Units
m, 1.413 % 1076 kg
m_ 0.628 * 10° kg
B 1.643 x 1073 kg/s
k 1.309 kg/s?

m, - the mass of the otolith, m_ - mass of the otoconia, B - viscosity
coefficient, k — elasticity coefficient, R — distance from the head axis of rotation to
the otolith organ, w — angular head velocity; f(t) — external force applied, centrifugal
force.

A typical approach to solving higher-order ordinary differential equations in

Matlab is to convert them to systems of first-order differential equations, and then
solve those systems. using a change of variables. Let x(t) = x, and % = X, such

that differentiating both equations we obtain a system of first-order differential

- d d k B f()m_
equations —* =x, and —2=————24 ©Om

dt my m_ my

. This system was solved in

Matlab numerically with the initial conditions: x(t) =0, x(t) = 0. f(t) was
presented either as 1) the centrifugal force, where value of the distance between the
otolith organ and axis of rotation R = 35 mm, and the average profile of head
angular velocity w(t) as shown in Fig. 16, or 2) by the constant gravity force f(t) =

m_g, where g = 9.8 m/s?.
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3 Results

3.1 Segmentation of MR-images and measurement the distance between

otoliths and axis of head rotation

Figure 17 shows 3D model of a second vertebra and two vestibular systems
based on the segmentation of a series of 2D images in program package Slicer 3D.

Figure 17 - 3D model of second vertical vertebra (green) and two inner ears

(yellow), it helps to recognize the sizes and distance between them

39



401

« $

|
1 2 3 4 : 7 9 10 11 12
as factor(subject)
Figure 18 — Distance distribution between axis of rotation and left side
otolith organ
425
40.0
" 375 ‘ .
E[ L]
!J_\ |
350 ‘
| ]

1 2 3 4 B 7 3 10 11 12
as factor(subject)

Figure 19 — Distance distribution between axis of rotation and right side
otolith organ
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As the measuring results you could see a distance distribution between axis of
rotation and left (Figure 18) and right otolith organ (Figure 19), these results based
on different genders and ages of volunteers so they are pretty scattered but for sure

we could say that the mean distance is about 35 mm.

3.2 Otolith dynamics simulation

The numerical solution of the model (2) gives the following results: the values
of the otolith membrane displacement were obtained depending on time. During the
HIT the highest displacement of the otolith membrane is to 0.2 um (Figure 20).
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Figure 20 — Displacement of the otolith membrane (OM) during HIT

Gravity acceleration was introduced to right side of the equation to see how
otolith membrane will deflect and to check the model. Simulation showed that the
highest point displacement is equal to 4 um (Figure 21).

Since linear acceleration can be provided as gravitational field of the Earth,
and linear motion, there is a problem of ambiguity of sensory information. In
otoliths, as in canals, there is some duplication of function, which consists in the

similarity of receptors at both sides. Within each otolith macula, a sinuous zone, the
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striola, separates the direction of polarization of the hair cells on each side.
Consequently, tilting the head increases the afferent signal from one part of the
macula, while decreasing firing from another part of the same macula. This the push-
pull mechanism of sensory input from each side makes the otoliths less vulnerable
in unilateral vestibular lesions compared to semicircular canals. Like canals, otoliths
are designed so that they can respond to movement in all three measurements.
However, unlike canals, which have one sensory organ per axis of angular motion,
otoliths have only two sensory organs for three axes of linear motion[32]. In a person
in an upright position, the sacculus is directed vertically (parasagittal), while the
utriculus is oriented horizontally (in the same plane as the lateral semicircular
canals). The sac (sacculus) perceives linear acceleration in its plane, which includes
acceleration oriented along the vertical axis, as well as linear motion along the
anteroposterior axis. The uterus (utriculus) records acceleration in its horizontal
plane, which includes lateral accelerations along the frontal axis (the assumed line
drawn between the external auditory canals), as well as anteroposterior

movement[33].
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Figure 21 - Displacement of the otolith membrane (OM) by gravity acceleration

The Fourier spectrum of the centrifugal acceleration was calculated using FFT
function in Matlab to investigate if the head impulse test trace fits the sensitivity
range of the otoliths (Fig. 22). The most dominant frequency in the acceleration

profile was 1.4 Hz which is still in the range of theoretical otolith sensitivity.
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Figure 22 — Fourier spectrum of the average head turn acceleration. Dominant
frequency is indicated with red asterisk
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4 Discussion

We can see that the results of model calculation are correct in comparing to
another article which research was based on first otolith membrane model[34].

The rest of parameters in the model remain a big point of the discussion. The
sensitivity analysis is required to identify the key parameters and the degree of their
contribution to the model output.

1. A mathematical model of the otolith membrane reaction was obtained.
mechanical stimulus corresponding to the real stages of the process transformation
of mechanical stimulus, occurring in the secondary mechanoreceptor. Taken
together, the results obtained indicate the possible application of the developed
mathematical model to analyse functioning of the otolith membrane in various
conditions, in particular rotations. Relatively simple form of solution allowed us to
show that the displacements of different parts of the OM are different and depend
on the configuration of the otolith membrane and orientation relative to the external
force. According to the results of the tests and processing the mathematical model
it’s clear that the ration between theoretical displacement amplitude during HIT and
Earth graviton is equal to 1:25, so the highest simulated otolith displacement

1. Under the action of gravity —d, = 4 um,;

2. During the HIT - dy;r = 0.2 um = 5% * d;

2. The otolith organ sensitivity threshold values is about 0.08 - 0.14 m/s?when
the peak acceleration during HIT is 0.42 m/s?

3. The frequency at which the otolith amplitude displacement is maximal
Vmax Shifts toward low frequencies with the growth of the otolith mass

4. HIT max frequencies 1,4 Hz is comparable with otolith sensitivity

Experimental verification of the model is needed by the outer-counter roll test.
The next step is extend the model by Coriolis force and explore its impact on the

OM displacement.
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CONCLUSION

Simulation of the otolith dynamics showed that the peak acceleration of the
otolith membrane during head impulse test in higher than the lower threshold of
motion perception. This may indicate that head impulse test consisting of rotations
only activates not only the semicircular canals but the otolith organs as well. Further,
the sensitivity analysis of the model used is needed to evaluate the key parameters
influencing the simulation outcome. On top of that, the simulation results should be
verified experimentally for example by means of outer counter roll test.

1) 50 MRI T2 images of healthy volunteers were segmented using 3D-Slicer.
The distances between the axis of head rotation (2nd vertebra) and the otolith organs
on the left and on the right sides were measured.

2) The average trace of head angular velocity was constructed based on
recordings of head movements during the head impulse test in a group of 30 healthy
volunteers. Peak angular velocity was identified.

3) Second-order dynamics model of the otolith membrane was modified for
modelling the motion of the otolith membrane under action of centrifugal force
arising during head impulse test.

4) The displacement of the otolith membrane was simulated under the
constant acceleration (gravity) condition and during the head impulse test. The
simulation results show that the centrifugal acceleration during head impulse test is
higher than the thresholds of motion perception therefore it might be stated that

otolith organs are activated during fast rotational head movements.

45



REFERENCES

1. Kingma H. Thresholds for perception of direction of linear acceleration
as a possible evaluation of the otolith function // BMC Ear, Nose Throat Disord.
BioMed Central, 2005. Vol. 5, Ne 1. P. 5.

2. Smith S.M. et al. Benefits for bone from resistance exercise and
nutrition in long-duration spaceflight: Evidence from biochemistry and densitometry
//'J. Bone Miner. Res. 2012. Vol. 27, Ne 9. P. 1896-1906.

3. Sun H.M. The assessment of motion sickness induced by sensory
conflict and posture instability // Advances in Intelligent Systems and Computing.
Springer, 2020. Vol. 1217 AISC. P. 44-52.

4.  Wilson V.J., Jones G.M. Mammalian Vestibular Physiology. Boston,
MA: Springer US, 1979.

5. Ru M. et al. Math-Net.Ru. 2021. P. 59-63.

6. Lychakov D. V., Rebane Y.T. Otolith regularities // Hear. Res. Hear
Res, 2000. Vol. 143, Ne 1-2. P. 83-102.

7. Kondrachuk A. V. Finite element modeling of the 3D otolith structure.
//'J. Vestib. Res. 2001. Vol. 11, Ne 1. P. 13-32.

8. Ross M.D., Rogers C.M., Donovan K.M. Innervation patterns in rat
saccular macula: A structural basis for complex sensory processing // Acta
Otolaryngol. Informa Healthcare, 1986. Vol. 102, Ne 1-2. P. 75-86.

9. Ross M.D. et al. 3-d components of a biological neural network
visualized in computer generated imagery: 1l. Macular neural network organization
// Acta Otolaryngol. Informa Healthcare, 1990. Vol. 109, Ne 3—4. P. 235-244.

10. Tomko D.L. et al. Influence of gravity on cat vertical vestibulo-ocular
reflex // Exp. Brain Res. Springer-Verlag, 1988. Vol. 69, Ne 2. P. 307-314.

11. Wall C., Petropoulos A.E. Human vertical Eye movement responses to
earth horizontal pitch // Acta Otolaryngol. Informa Healthcare, 1993. Vol. 113, Ne
1-2. P.113-118.

46



12. Matsuo V., Cohen B. Vertical optokinetic nystagmus and vestibular
nystagmus in the monkey: Up-down asymmetry and effects of gravity // Exp. Brain
Res. Springer-Verlag, 1984. Vol. 53, Ne 2. P. 197-216.

13. Clément G., Lathan C.E. Effects of static tilt about the roll axis on
horizontal and vertical optokinetic nystagmus and optokinetic after-nystagmus in
humans // Exp. Brain Res. Springer-Verlag, 1991. Vol. 84, Ne 2. P. 335-341.

14. Herdman S.J. Vestibular rehabilitation // Contin. Lifelong Learn.
Neurol. Lippincott Williams and Wilkins, 2006. Vol. 12, Ne 4. P. 151-167.

15. Antonenko L.M., Parfenov V.A. A specialized approach to diagnosing
and treating vertigo // Nevrol. Neiropsikhiatriya, Psikhosomatika. Ima-Press
Publishing House, 2016. Vol. 8, Ne 1. P. 56—60.

16. Educational course “Dry immersion. Weightlessness on Earth:
Theoretical and Applied Aspects, Possibilities of Application in Treatment and
Rehabilitation " (in Russian) [Electronic resource]. URL.:
https://cyberleninka.ru/article/n/obrazovatelnyy-kurs-suhaya-immersiya-
nevesomost-na-zemle-teoreticheskie-i-prikladnye-aspekty-vozmozhnosti-
primeneniya-v-lechenii-i-1 (accessed: 06.06.2021).

17. Yates B.J. et al. Responses of vestibular nucleus neurons to tilt
following chronic bilateral removal of vestibular inputs // Exp. Brain Res. Springer
Verlag, 2000. Vol. 130, Ne 2. P. 151-158.

18. Eatock R.A. Adaptation in hair cells // Annual Review of Neuroscience.
Annu Rev Neurosci, 2000. Vol. 23. P. 285-314.

19. Kachar B. et al. High-resolution structure of hair-cell tip links // Proc.
Natl. Acad. Sci. U. S. A. National Academy of Sciences, 2000. VVol. 97, Ne 24. P.
13336-13341.

20. Society A.M. American Microscopical Society // Science (80-. ). 1895.
Vol. 2, Ne 36. P. 296-298.

47



21. About the gravitational-inertial mechanism of orientation in birds and
other vertebrates (in Rassian) [Electronic resource] URL.:
https://www.elibrary.ru/item.asp?id=9933881 (accessed: 03.06.2021).

22. Eckert R., Randall D., Augustine D. Animal Physiology. Mechanisms
and adaptations (in Russian) [Electronic resource]. URL.:
https://www.studmed.ru/ekkert-r-rendall-d-ogastin-d-fiziologiya-zhivotnyh-
mehanizmy-i-adaptacii_5c7a6d872c4.html (accessed: 03.06.2021).

23. Howard J., Hudspeth A.J. Compliance of the hair bundle associated
with gating of mechanoelectrical transduction channels in the Bullfrog’s saccular
hair cell // Neuron. 1988. Vol. 1, Ne 3. P. 189-199.

24. Markin V.S., Hudspeth A.J. Gating-spring models of mechanoelectrical
transduction by hair cells of the internal ear // Annual Review of Biophysics and
Biomolecular Structure. Annual Reviews Inc., 1995. Vol. 24. P. 59-83.

25. Wall C., Furman J.M.R. Visual-vestibular interaction in humans during
earth-horizontal axis rotation // Acta Otolaryngol. Informa Healthcare, 1990. Vol.
109, Ne 5-6. P. 337-344.

26. Gananca M.M., Caovilla H.H., Gananca F.F. Electronystagmography
versus videonystagmography. // Braz. J. Otorhinolaryngol. Vol. 76, Ne 3. P. 399—
403.

27. Halmagyi G.M. et al. The video head impulse test // Front. Neurol.
Frontiers Media S.A., 2017. Vol. 8, Ne JUN.

28. Babayan A. et al. Data descriptor: A mind-brain-body dataset of MR,
EEG, cognition, emotion, and peripheral physiology in young and old adults // Sci.
Data. Nature Publishing Groups, 2019. Vol. 6.

29. Jin S. et al. Development environment construction of medical imaging
software 3d slicer // J. Complex. Heal. Sci. JVE International Ltd., 2020. Vol. 3, Ne
1.P.43-51.

48



30. Kim J. et al. Effects of Linear Visual-Vestibular Conflict on Presence,
Perceived Scene Stability and Cybersickness in the Oculus Go and Oculus Quest //
Front. Virtual Real. Frontiers Media SA, 2021. Vol. 2.

31. Sidorenko G.Yu. Software for a mobile vertical posture simulator for
testing prototypes of a vestibular prosthesis. Chapter IVV. Moscow, 2011. P. 163. (in
Russian)

32. (PDF) The Diagnosis and Management of Parkinson’s Disease
[Electronic resource]. URL.:
https://www.researchgate.net/publication/330292374 The _Diagnosis_and _Manag
ement of Parkinson’s Disease (accessed: 03.06.2021).

33. Age aspects of vertigo (in Russian) [Electronic resource]. URL:
https://cyberleninka.ru/article/n/vozrastnye-aspekty-golovokruzheniy/viewer
(accessed: 06/03/2021).

34. Le Page E.L. A role for the otoliths in the mechanics of cochlear
homeostasis? // AIP Conference Proceedings. American Institute of Physics Inc.,
2018. Vol. 1965.

49



BriBog OT4eTa Ha medaTh - AHTHIIaTAaT https://users.antiplagiat.ru/report/print/46?v=1...

OTyeT O NpoBepkKe Ha 3auMcTBOBaHuA Nel

AsTop: AbabikepumMoe Akbinbek
Mposepstowmi: MNevepuubii Anekcein AHaTonbesuy (pecher@phys.tsu.ru / 1D: 449043)

OTYeT NPenoCTaBNeH CepBMCOM «AHTUNNarmaT» - users.antiolagiat.ru

WH®POPMALLUA OB OTHETE

Havano npoesepkun: 11.06.2021 07:29:27
OnuTtensHoCTb nposepku: 00:00:05
KoppekTnposka o1 11.06.2021 08:57:15
KoMMeHTapuu: He yKa3aHo

Moaynu noucka: VIHTepHeT

WH®OPMALLUA O
JOKYMEHTE

N nokymeHTa: 46

Havano 3arpy3ku 11.06.2021 07:29:25
NanTenbHOCTL 3arpy3ku: 00:00:01
Wms ncxoaHoro anna: Master_s
Thesis_Abdykerimov_final.pdf
Ha3paruve nokyMeHTa: Master_s
Thesis_Abdykerimov_final

Pa3mep TekcTa: 70 kb

Tun DOKYMEeHTa: BbinyckHas
KBanummkaumorHHas pabora
CumMBonoB 8 TekcTe: 71404

Cnos 8 TekcTe: 10666

Yucno npepncxenuin: 563

3AMMCTBOBAHUA CAMOLUUTUPOBAHUSA ULUATUPOBAHUSA OPUITMHANBHOCTbL
1,96% 0% 0% 98,04%
Hons Jons BnokoB Brnokos
Ne S srigTs & TaKkeTe NcToyHuk AKTyaneH Ha Moaynb noucka & oTYeTE ETEKETE
[011 0,83%  083% Neuroscience in Space || 210«T2018  MHTepheT 6 6
[021  0,69% 0.69% Ihe Video Head Impulse Test 02 Hom 2020  WnTepHeT 4 4
[031 0,44% 0,44% ot il 01 Cer 2018  UHTepHeT 1 1
P a2
£ )T 2, z 'Y 7 ,
0. 1 Z4 }/ri A6 C/—/c/«f/
; / &
- ¢ rr K‘\ TR
2y P 2 5 A s 2T A\ - - NP4 27 A s
ceter . , Rimesncpziced — AR Srepesiviy A A

Crp.1mu31

11.06.2021 12:58



