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Early detection of neuropathologies is critically important for preserving a patient’s quality of life and improving
the effectiveness of medical care. Many neurological disorders, including Multiple Sclerosis and Parkinson’s Disease,
develop gradually and often begin with subtle or nonspecific symptoms. At these early stages, clinical manifestations
may be barely noticeable, yet this is precisely the period when medical intervention can be most effective.

Timely diagnosis enables the initiation of treatment before irreversible changes occur in the central nervous
system. This helps slow disease progression, reduce symptom severity, and delay disability. Moreover, early detection
supports the development of personalized treatment strategies, including appropriate pharmacological therapy and
rehabilitation programs, while also allowing continuous monitoring of their effectiveness over time.

The work examines approaches to assessing the biological stability of movement coordinates in patients with
multiple sclerosis and Parkinson’s disease as an important indicator of the functional state of the central nervous
system. The relevance of quantitative methods for analyzing motor activity is substantiated for early diagnosis,
monitoring disease progression, and evaluating treatment effectiveness. A methodology for analyzing time series of
movement coordinates is proposed, incorporating statistical, spectral, and nonlinear indicators that enable detection of
subtle changes in motor dynamics.

Special attention is paid to determining parameters of stability, variability, and regularity of movement, which
reflect the level of neuromotor control.

The results confirm the feasibility of using the proposed approach as an objective tool for assessing biological
stability of movement in a patient with neuropathologies. The method can be integrated into telemedicine systems and
rehabilitation platforms for personalized patient management. Future research prospects include expanding the sample
size, improving analytical algorithms, and applying machine learning techniques to enhance diagnostic accuracy.

Keywords: multiple sclerosis, Parkinson’s disease, motion coordinates, biological stability, patients, mathematical

modeling, evaluation of disease progression, neuromotor control.

Introduction

Motor function disorders associated with
neurodegenerative and demyelinating diseases of the
central nervous system represent a complex
multifactorial process accompanied by changes in the
biomechanical ~ characteristics  of  movement,
impairment of spatiotemporal coordination, and
reduction in postural stability. Among the most
common pathologies characterized by such alterations
are multiple sclerosis and Parkinson’s disease [1, 2].
Despite the different pathogenesis of these diseases,
their clinical manifestations are often associated with
impaired motor control, which is reflected in changes
in  movement coordinate parameters, increased
trajectory variability, loss of rhythmicity, and reduced
stability of the dynamic characteristics of the motor
system.

Multiple sclerosis is a chronic autoimmune
demyelinating disease of the central nervous system,
in which damage to nerve fibers disrupts the

conduction of impulses between different functional
structures of the brain and spinal cord.

This leads to the development of movement
discoordination, ataxia, gait instability, and impaired
sensorimotor control [3]. Parkinson’s disease [4], in
turn, belongs to progressive neurodegenerative
disorders characterized by impaired extrapyramidal
regulation of movement, manifested by tremor,
bradykinesia, rigidity, and postural instability [5]. In
both cases, changes in the functional state of the motor
system can be quantitatively described through the
analysis of movement coordinates, their temporal
evolution, and statistical characteristics.

Review of existing approaches

Modern methods for clinical assessment of
motor impairments are mainly based on standardized
rating scales, which allow determining the severity of
neurological deficits; however, they have limited
resolution for detecting early or subtle functional
changes [4, 5, 6]. In this regard, the application of
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instrumental assessment methods based on movement
coordinate registration using stabilometric platforms,
inertial sensors, accelerometric systems, video
tracking, and optical sensors [7, 8] is becoming
increasingly relevant. The obtained coordinate time
series can be considered biomedical signals containing
information about the dynamics of sensorimotor
system functioning and the level of its biological
stability.

Biological stability of movement coordinates can
be defined as the ability of the motor system to
maintain relatively stable spatiotemporal trajectory
characteristics under conditions of physiological
fluctuations and external perturbations [9].

From the perspective of dynamical systems
theory, such stability can be assessed through the
analysis of coordinate variance, spectral signal
characteristics, correlation properties, entropy-based
indices, phase trajectories, and nonlinear dynamic
parameters [10]. Stability impairment manifests itself
as an increase in oscillation amplitude, the appearance
of additional frequency components, changes in the
autocorrelation structure of the signal, and an
increased level of stochasticity in the coordinate
process.

Of particular interest is the analysis of movement
coordinates as time series, which makes it possible to
apply digital signal processing methods for extracting
informative features of pathological processes. In
particular, spectral analysis enables the assessment of
energy redistribution among frequency components of
the movement signal, which is characteristic of tremor
in Parkinson’s disease or ataxic oscillations in
multiple sclerosis. The use of statistical stability
criteria, correlation analysis, evaluation of fractal
properties, and entropy-based characteristics makes it
possible to identify hidden patterns in the structure of
the movement process that are not always detectable
during conventional clinical examination [11].

From a technical perspective, the problem of
assessing the biological stability of movement
coordinates is a task of analyzing multidimensional
non-stationary signals whose parameters change due
to disturbances in neuromotor control mechanisms.
Solving this problem requires the development of an
adequate mathematical model of the coordinate
process, identification of informative stability criteria,
and design of algorithms for experimental data
processing. The application of such approaches creates
prerequisites for the automation of diagnostic
procedures, improvement of pathological change
detection accuracy, and development of decision-
support systems in neurological practice.

Thus, the assessment of biological stability of
movement coordinates in patients with multiple
sclerosis and Parkinson’s disease is actual scientific
and technical problem that combines methods of
biomechanics, digital processing of biomedical
signals, mathematical modeling, and intelligent data
analysis. The development of quantitative criteria for

evaluating the stability of coordinate parameters
makes it possible to improve the objectivity of
diagnostics, provide  monitoring of  disease
progression, and create the basis for individualized
rehabilitation technologies.

The purpose of this research is to develop and
investigate methods for assessing the biological
stability of movement coordinates in patients with
multiple sclerosis and Parkinson’s disease based on
the determination and analysis of coordinates
informative parameters characterizing the degree of
sensorimotor control impairment.

Based on the foundations of the TONTOR
theory, this study proposes an analysis of the
correspondence of the imaginary and real informative
parameters of the spaces of the technological phantom
and the real space of objects, which provides the
actual state of the object being controlled.

Materials and research methods

The main task of determining the stability of the
coordinates of an object with possible movement
disorders due to diseases of the nervous system is to
control the ability to maintain a constant coordinate
under the action of appropriate force loads. n order to
have such an opportunity, the object must be able to
solve a number of complex motion problems.

Let us consider the case of linear motion, when
an object sets itself the task of moving from one point
to another along known coordinates. In this case, the
trajectory of motion is described by a conventional
linear equation in the form

y=kx+b. (1)

In this equation, for its fulfillment, the quantities
and must be absolutely stable, otherwise the problem
loses its meaning.

The problem of transformation from an
imaginary function to an effective force can be solved
using affine transformations

X=AX+B,y +C,
y=Ax+BYy +C
Substitution (7.1) into equation (7.2) where there
is a relationship between the coefficients

)

X = AX+By
y =Cx+Dyy (3)
X= A;x' + Bz'y'
y=Cx +D,y
gives us the equation of the segment , i.e.
(A-aA)x +(B -aB,)y +(C,-aC,)=b. (4)

Let us make the transition from imaginary to real
coordinates.

To do this, we rewrite (2) in the form of a
transition from imaginary to real coordinates
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Xz = Ax, + By, +C

: ©)
Yy, =Dx,+Ey,+F

where Xg, Yr - coordinates of the real system, X,, Y,

- coordinates of the imaginary system, A, B,C, D, E, F
- coefficients of linear transformation.

The unknown transformation coefficients can be
found through a system of three points.

Further, we transform the equation equation (5)
into matrices for n points, i.e.

{xl,xz,xs...xn} ~
Yir Yo YoV g
:| Xi’X21X3"'Xn (6)

X1 Y1 Yor YgeYn

{A B C
(|

D E F

or
M, =kxM,_,
where M, is the imaginary coordinate matrix sup-

plemented by a unit row vector.

System (6) is solved using the least squares meth-
od and multiplication of the left and right sides by the
transformation matrix. We have a model of affine
transformations in the following form

Xg cosa —sina||m, O
= . X
Yr sina cosa 0 n,
1 —sin6| | X, A,
x . + =
0 cosO ||y, A,

{nxcow —nysin(a+e)} [xu}+ (7.7)

- n,sina —n, cos(a+0) | |y,

A, A B C
ekl el E]
ky D E||y, F
Then
M, =Q-H-PM, +A=M,; -M, +A, (8)

[cosa —sina ) .
Q=| . } - rotation matrix around
|sina  cosa
the center of coordinates,
m, 0 . .
H= - coordinate scale matrix,
10

C .
A= F} - displacement vector,

{1 —sin®
\P —

= - orthogonality  deviation
0 cos6

matrix.

In this case, the presence of the ¥ matrix vio-
lates the orthogonality of the transformation by addi-
tional rotation relative to the horizontal axis.

Therefore, since we know the solution in the form
of the transformation matrix M, , we have the oppor-
tunity to determine the coefficients in equation (8).

Such coefficients include, firstly, n, and n, as

the values of linear deformation, o, and a, - the

angles of rotation of the coordinate system and 6 - the
angle of non-orthogonality.
All these quantities can be determined as follows

N, = A4 +A% = A+ D?
UP \/7"122 +7"§2 = ‘/BZ +E?

A D
a, =arctg| —2 |=arctg| — 9
cwoffzo(Z) o
ocz:a1+6:arctg[_x“J:arctg(iJ
Aoy E
0=2, -2,

The given model of transition from imaginary to
real provides a variant of description of transformation
of the phantom of the second kind TF Il into the third
TF 111 and the third into the fourth TF IV. In this form
it is the basic model of transformations [1, 12]. Let us
consider a number of remarks concerning this model.

Firstly, the technological phantom of the third
kind (TF 1) coincides with the object in its parame-
ters. The only noticeable difference is observed be-
tween the masses, i.e. purely coordinate transfor-
mations in (7.6) can be considered as

‘ {1+[S] 1+[S] 1+[S]}

~1 (7.10)
1+[S] 1+[S] 1+][S]

Results and their discussion

In fact, this matrix (7.10) describes the
parameters of the motion and geometry of the
bioobject during the execution of the line in real
coordinates. In this case, in the ideal case, the value
[S] acts similarly to the value in equation

_on or, or ..
=5 0%+ & Sy, + & 52,

or;

That is, this is the difference between the spaces
of the technological phantom and real space.

Secondly, in addition, in the process of
implementation in real space, the phenomenon of
duality arises and therefore expressions (7), (8) and (9)
take the following form

|:XR + D} [, +[SDeos(+[SD  —(n, +[SDsin(e.+[S])
Yo +D| | (n, +[SDsin(a+[S]) —(n, +[S]cos(a+[S) (11)

X, +[S]] [ +[S]
X[Yﬁ[s]}r 2, +[5]
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or
MRD = QDHDTDMU[S] +AD = MTDMU[S] +AD (12)
where

_|cos(a+[S]) -sin(a+[S])

® | sin(e+[S]) cos(o+[S])

matrix about the coordinate origin considering actual
measurement errors;

+[S S
H, = NSl ] } coordinate scaling matrix

[S]  n,+[S]

considering object motion measurement errors;

} - the rotation

'C [S] .

Ap = - the displacement vector always
LF [8]

exists, even when C=F=0,

[ 1 —sin[S] . .

Y, = - the orthogonality error matrix
| [S] cos[S]

is applied when the coordinate axes deviate from
orthogonalit ® >[S] or &8s, >[S].

It can be clearly seen that the degree of scaling
and angular distortions is entirely determined by the
relationship between the coefficients A, B, C, and D.

At the same time, from equation (9), there is a
dependence of the rotation angles on the same set of
coefficients. Thus, all distortions arise due to the
displacement (misalignment) of coordinate systems
relative to each other, while the coefficients merely
characterize the magnitude of these distortions, which
are a consequence of the properties of the real space.

The following parameters, according to equation
(9), can never have an error smaller than [S].

At present, the scale n and angle o functions

can be interpreted in terms of the curvature of real
space, i.e., as n=n(r) and o= a(r).

In our case, the spatial curvature depends on the
displacement vectors A, and A, the combined effect
of which can be described by the matrix A and the
radius vector originating from the coordinate origin.

In this case, we obtain functional dependencies
in the form of gradients of scale and angle variations:

gradn(r) = 201 on(r); , on(r) j
OX oy
and (13)
gradar) - 280 240
oy
In vector form, the following result is obtained
an( ) = Agradn(r)
and (14)
on(r)
——=)\grad .
o, Mra n(r)

If a level grid with an interval deviation [S] is
constructed on our plane, it becomes possible to
graphically determine both the magnitude and direc-
tion of the gradient.

In this case, the direction of the gradient is de-
fined by the normal to the level curve at the measure-
ment point. The value [S] is known, while the distance
between the points can be measured.

The directional derivative of the gradient equals
its magnitude. Therefore, we obtain:

|gradn(r)| = [ ]

and (15)
|grada(r)| = Bl

In essence, the previous consideration of a virtual
function in real space corresponds to the transfor-
mation of a virtual acceleration function into an effec-
tive force according to Newton’s law.

Thus, when analyzing this case, we conclude that
any force arises as a consequence of the appearance of
acceleration of the object’s center of mass, i.c., when
the resultant acceleration exceeds the magnitude [S].
The exceedance of acceleration beyond the threshold
[S] cannot occur due to unknown reasons. This phe-
nomenon always has a physical basis, which leads to
the emergence of specific physical forces, as previous-
ly discussed in the context of affine transformations.

Thus, based on the conducted analysis of the ob-
ject’s motion coordinate space using the TONTOR
theory, it can be stated that the most relevant tasks in
determining stability parameters are the measures of
variability and regularity of movements, which reflect
the level of neuromotor control of motor activity and
its characteristics. This enables the development of
algorithms for the analysis and early diagnosis of
disturbances in the motion coordinate space in the
presence of nervous system disorders.

BucHoBku

In this study, based on the approaches of the
TONTOR theory, the main characteristic parameters
of the object’s motion trajectory in space associated
with deformations and displacements were analyzed.
These parameters reflect the assessment of the
biological stability of motion coordinates in patients
with multiple sclerosis and Parkinson’s disease as an
important indicator of the functional state of the
central nervous system.

In this context, it is reasonable to propose a
methodology for analyzing time series of motion co-
ordinates, which includes statistical, spectral, and
nonlinear metrics that enable the detection of subtle
changes in motor dynamics. These methods, operating
in conjunction with the proposed TONTOR theory
approaches for identifying and analyzing technologi-
cal phantoms of objects and the dynamics of their
motion in space, will contribute to a more precise
assessment of system state and to the early diagnosis
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of nervous system disorders. These constitute
promising avenues for further research.

The method can be integrated into telemedicine
systems and rehabilitation platforms for personalized
patient management. Future research perspectives also
include expanding study sample sizes, developing and
refining analytical algorithms, and applying machine
learning methods to improve diagnostic accuracy
through automated methods and systems.

Jlitepatypa
[1]1G. Tymchik, V. Skytsiouk, T. Klotchko, H.
Bezsmertna, W. Wojcik et all., “Diagnosis

abnormalities of limb movement in disorders of the
nervous system,” Proc. SPIE, vol. 10445, 7 Aug
2017. https://doi.org/10.1117/12.2281000.

[2] Chang K. C. Effect of Amantadine on Corneal
Endothelium in Subjects with Parkinson’s Disease.
Ophthalmology, 2010, Vol. 117, Iss. 6, pp. 1214 -
1219.

[3] L. Riem, S.A. Beardsley, A.Z. Obeidat, and B.D.
Schmit, “Visual oscillation effects on dynamic
balance control in people with multiple sclerosis”, J.
Neuroeng Rehabil., Aug 17; 19(1):90. 2022. DOI:
10.1186/s12984-022-01060-0.

[4] Matsui H, et al., “The relation between visual
hallucinations and visual evoked potential in Parkinson

disease,” Clin. Neuropharmacol., 28, pp. 79-82. 2005.
DOI: 10.1097/01.wnf.0000157066.50948.65.

[5] Cole MH, et al. Falls in Parkinson’s disease: kinematic
evidence for impaired head and trunk control. Mov
Disord. 2010;25(14):2369-2378. doi:
10.1002/mds.23292.

[6] E. Warmerdam, M. Schumacher, T. Beyer, P. T.

Nerdal, L. Schebesta, K. H Stirner, K. E Zeuner,
C. Hansen, W. Maetzler, “Postural Sway in

UDC 621: 616.858-008.6-079.4
B. I. Ckuuok, T. P. Kitouko

Parkinson's Disease and Multiple Sclerosis
Patients During Tasks  With  Different
Complexity,” Front Neurol. 2022 Mar 29;
13:857406. DOI: 10.3389/fneur.2022.857406.

[71 Maetzler W, Domingos J, Srulijes K, Ferreira JJ,
Bloem BR. Quantitative wearable sensors for
objective assessment of Parkinson's disease. Mov
Disord., 28, pp. 1628-1637, 2013. DOI:
10.1002/mds.25628

[8] TI.C. Tumuuk, B. I. Ckurrtok, M. A. Baiiatpay®6, T. P.
Kiouko. BimdyTHUKM KOHTPOJIEHO-BUMIPIOBAIBHIX
cucrem. HTYY «KIIl» BIII BIIK «IlonitexHika,
2008.

[9] V. Tsapenko, M. Tereshchenko, G. Tymchik, S.
Matvienko and V. Shevchenko, “Analysis of
Dynamic Load on Human Foot,” in 2020 IEEE 40th
Intern. Conf. on Electronics and Nanotechnology
(ELNANO), Kyiv, Ukraine, pp. 400-404, 2020. DOI:
10.1109/ELNANO50318.2020.9088788.

[10] K. McMaster, M. H. Cole, D. Chalkley, M. W.
Creaby, “Gait biofeedback training in people with
Parkinson’s disease: a pilot study,” J. Neuroeng.
Rehabil.,19:72, 2022 Jul 16. DOIl:
10.1186/512984-022-01051-1.

[11]M. A. Busa, Sc. W. Ducharme, R. E. A. van
Emmerik, ‘“Non-Linear Techniques Reveal
Adaptive and Maladaptive Postural Control
Dynamics in Persons with Multiple Sclerosis”, J.
Mult.  Scler. (Foster City), 3:177, 2016.
DOI:10.4172/2376-0389.1000177.

[12] V. Skytsiouk and T. Klotchko, “Basic principles
of spatial position of imaginary and real TONTOR
step”, Bull. Kyiv Polytech. Inst. Ser. Instrum.
Mak., no. 63(1), pp. 100-106, Jul. 2022. DOI:
10.20535/1970.63(1).2022.260659.

Hayionanvnuii mexniunuu ynieepcumem Yrpainu « Kuiscokuti nonimexuiunui iHcmumym imMeHi

leops Cikopcokoeon, Kuis, Ykpaina

OLIHIOBAHHS BIOJIOTTYHOI CTABUIBHOCTI KOOPJUHAT PYXY IALIEHTA IIPU
PO3CIIHOMY CKIJIEPO3I TA XBOPOBI [TAPKIHCOHA

Panne BUSIBIEHHS HEWPONATOJIOTIH € KPUTHYHO BAXKIMBHM JUIs 30€pPEKEHHS SKOCTI JKUTTS MAli€HTa Ta ITiBHIICHHS
e(EeKTUBHOCTI MEIUYHOI JOMOMOTH. bararo HEBpOJOTIYHMX pPO3/aiiB, BKIIOYAIOUH PO3CITHUN CKIIEpPO3 Ta XBOPOOY
[MTapkiHcoHa, PO3BUBAIOTHCS MOCTYIIOBO Ta YaCTO MOYMHAIOTHCS 3 JIe[b MOMITHHX a0o HecrenugiuHux cumnrTomis. Ha
IUX PaHHIX CTalifAX KIIHIYHI IPOSBH MOXYTH OyTH Jielb MOMITHHMH, IIPOTE caMe B IIeH Mepio MeIWYHE BTPYyYaHHST
Moske OyTr Halie()eKTUBHIIINM.

CBoeyacHa JiarHOCTHKA J03BOJIAE€ PO3MIOYATH JIIKYBaHHS 10 TOTO, SIK BiZOYAYTHCA HE3BOPOTHI 3MiHM B IICHTPAIBHIN
HepBOBill cuctemi. lle momomarae yHmoBiIBHHTH NPOTPECYBAaHHS 3aXBOPIOBAHHS, 3MEHIIUTH TSDKKICTh CHMIITOMIB Ta
BiATEpMiHyBaTH iHBaJIiIHICTH. KpiM TOTO, paHHE BUABJICHHS CHpHIE po3poOIli IepCOHai30BaHUX CTPATErii JiKyBaHHS,
BKJIIOYAIOYH BiAMOBIAHY (apMaKoJIOTi4Hy TEpaIliio Ta MporpaMmu peabiiTalii, a TaKoXK J03BOJISE OCTIHHO KOHTPOJIIO-
BaTH 1X €PEKTUBHICTH 3 YACOM.

Y po6oTi po3rIAAaoThCS MiAXOAN O OILIHKHM 0i0JIOTiYHOI cTabLIBbHOCTI KOOPAMHAT PyXy Yy HAI€HTIB 3 PO3CISTHUM
CKJIepo30M Ta xBopoOoto IlapkiHCOHA SIK Ba)KIMBOTIO MOKa3HHMKA ()YyHKIIOHAJIBLHOTO CTaHy LEHTPaJIbHOI HEPBOBOI CH-
cremMu. OOIpyHTOBAaHO aKTyaJIbHICTh KUIBKICHHX METOJIB aHajli3y pPyXOBOi aKTHBHOCTI JJISI PaHHBOI J1arHOCTHKH,
MOHITOPUHTY TIPOTPECYBAaHHS 3aXBOPIOBAHHA Ta OLIHKM €(EKTHBHOCTI JIKyBaHHS. 3alpONOHOBAHO METOJOJIOTII0
aHaJIi3y YacOBUX PSAIB KOOPIWHAT PYyXy, IO BKJIIOYAE CTATHCTUYHI, CIEKTPAIbHI Ta HENiHIHHI TOKA3HUKH, SKi JI03BO-
JISTIOTH BUSIBJIATH JIeNlb TIOMITHI 3MiHH B PyXOBili TUHAMIIII.
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Oco0aMBa yBara NpHIUIETHCS BU3HAYEHHIO MapaMeTpiB CTaOIIBHOCTI, BapiaOenbHOCTI Ta PEeryJsIpHOCTI PYyXiB, sKi
BiOOpakatoTh piBeHb HEUPOMOTOPHOTO KOHTPOIIO.

PesynbraTu miATBEpIKYIOTH AOIIBHICTS BUKOPHUCTAHHS 3alIPOIIOHOBAHOTO MiAXOLY SK 00'€KTUBHOTO iHCTPYMEHTY IS
OIIHKH 0i0JIOTiYHOI CTaOIMFHOCTI PyXiB y MAIlieHTa 3 HeWpOmaToyoriiMiu. MeTo Moke OyTH 1HTEIpPOBaHUH y CHCTEMH
TeJEMEIUIINHNA Ta peabimiTanifiHi aThopMu ISl IepCOHANI30BAaHOTO BEICHHS MamieHTiB. [lepcriekTuBu MailOyTHIX
JOCTIKeHb BKIIIOYAIOTh PO3MIMPEHHS BUOIPKH, BJOCKOHAJICHHA AHAJITHYHHUX aJITOPUTMIB Ta 3aCTOCYBaHHS METOIIB
MAIIIMHHOT'0 HaBYaHHA IS T ABUINEHHSI TOYHOCTI JIaTHOCTHUKH.

KoarouoBi cioBa: poscisHuii ckiepos, xBopoba [lapkiHcOHa, KOOpAMHATU pPyXY, Ol0JOTi4HA CTAOLIBbHICTb, MAI€HT,
MaTeMaTHYHe MOJEIOBAaHHSI, OLIHKa IPOrPECYBaHH XBOPOOU, HEHPOMOTOPHHUI KOHTPOJIb.
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