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Streszczenie

Zdolnosé utrzymywania réwnowagi ciata przez cztowieka jest kluczowym
elementem codziennego funkcjonowania  cztowieka, wptywajgcym na
samodzielnos¢ i jako$¢ zycia. Utrzymywanie réwnowagi to dynamiczny proces,
w ktérym wazna role odgrywajg mechanizmy przygotowania posturalnego.
Mechanizmy, takie jak wczesne, antycypacyjne oraz kompensacyjne przygotowanie
posturalne, odpowiadajg za przygotowanie i reakcje ciata na destabilizujgce bodzZce.
Metody badania rownowagi opierajg sie gtdwnie na analizie przemieszczen srodka
nacisku stop w dziedzinie czasu i czestotliwosci. Nowoczesne narzedzia, takie jak
czujniki IMU oraz wirtualna rzeczywistosé, oferujg nowe mozliwosci badawcze,
szczegblnie w kontekscie badai w sytuacji konfliktu sensorycznego idiagnostyki
neurologicznej, w tym choroby Parkinsona. Analizy te sg jednak niewystarczajgce,
poniewaz pomijajg szybkie, niecykliczne zmiany. ktére moga by¢ réwniez bardzo
istotne w diagnozowaniu ileczeniu pacjentdw zzaburzeniami neurologicznymi,

ortopedycznymi lub przedsionkowymi.

Zaobserwowana potrzeba rozwoju metod pomiarowych oraz nowych sposobdw
analizy danych w celu lepszego zrozumienia mechanizméw kontroli rownowagi
u cztowieka doprowadzita do sformutowania trzech gtéwnych celéw badawczych:
opracowanie metodyki pomiardw, ktdére umozliwiajg ocene zmian w strategii kontroli
posturalnej w odpowiedzi na spodziewane i niespodziewane bodzce destabilizujace,
okreslenie wptywu bodzcow wirtualnych i rzeczywistych na przygotowanie posturalne
jako narzedzie diagnostyczne oraz analiza mozliwosci praktycznego zastosowania
metody wykrywania chwilowych korekt postawy w ocenie strategii kontroli

posturalne;j.

Rozprawa doktorska stanowi podsumowanie wynikow badan opublikowanych
w szeregu artykutéow naukowych, ktére koncentrujg sie na mechanizmach kontroli
posturalnej i zdolnosci utrzymywania réwnowagi u cztowieka. Zbidr ten obejmuje
zagadnienia dotyczgce zaréwno teoretycznych aspektéw kontroli postawy, w tym
opracowanej howej metodyki analizy danych stabilograficznych, jak i praktycznych

zastosowan klinicznych. W opisywanych artykutach stopniowo przechodzono od



prostszych eksperymentéw oceniajgcych zdolhos¢ utrzymywania rownowagi ciata
wwirtualnej rzeczywistosci, przez wprowadzenie bardziej ztozonych bodzcow
destabilizujagcych w postaci przesuniecia podtoza w swiecie rzeczywistym, az po
rozwoj nowych metod analizy danych opartych o wskazniki stosowane na gietdzie,
ktére maja na celu uzupetnienie tradycyjnych technik oceny rownowagi, konczac na
praktycznym wykorzystaniu opracowanych metod w praktyce klinicznej na grupie
0s6b z choroba Parkinsona. Wykazano, ze standardowe metody oceny zdolnosci
utrzymywania réwnowagi, takie jak analiza wielkosci w dziedzinie czasu
i czestotliwosci, okazaty sie niewystarczajagce do petnego okreslenia reakcji na
bodzce. Zastosowanie badan z bodzZzcami destabilizujacymi, zardwno rzeczywistymi
jak i wygenerowanymi w technologii wirtualnej rzeczywistosci znaczaco poszerza
mozliwosci analizy zdolnosci utrzymywania réwnowagi. Wykorzystanie metod
detekcji chwilowych korekt postawy, takich jak analiza zmian trendu w sygnale COP,
zwieksza mozliwosci interpretacyjne zjawisk towarzyszacych destabilizacji ciata

osoby badanej.



Summary

The ability to maintain balance is a crucial element of daily human functioning,
influencing both independence and quality of life. Maintaining balance is dynamic,
with postural preparation mechanisms playing a significant role. Mechanisms such
as early, anticipatory, and compensatory postural adjustments prepare the body and
respond to destabilizing stimuli. Methods for studying balance primarily focus on
analyzing center of pressure (COP) displacements in both time and frequency
domains. Modern tools, such as IMU sensors and virtual reality, offer new research
opportunities, particularly in the context of sensory conflicts and neurological
diagnostics, including Parkinson's disease. However, these analyses can be
insufficient, as they often overlook rapid, non-cyclical changes that may be critical
for diagnosing and treating patients with neurological, orthopedic, or vestibular

disorders.

The observed need for developing measurement methods and new approaches to
data analysis for a better understanding of balance control mechanisms in humans
led to the formulation of three main research objectives: (1) to develop measurement
methodologies that enable the assessment of changes in postural control strategies
in response to expected and unexpected destabilizing stimuli, (2) to determine the
impact of virtual and real stimuli on postural preparation as a diagnostic tool, and (3)
to analyze the practical application of methods for detecting momentary postural

corrections in assessing postural control strategies.

The doctoral dissertation summarizes research findings published in several
scientific articles, which focus on postural control mechanisms and the ability to
maintain balance in humans. This body of work addresses both theoretical aspects
of postural control, including a newly developed methodology for analyzing
stabilographic data, and practical clinical applications. The articles gradually
progressed from simpler experiments assessing balance ability in virtual reality to
more complex destabilizing stimuli, such as real-world surface shifts, and to the
development of new data analysis methods based on stock market indicators. These

new methods aim to complement traditional balance assessment techniques and



culminated in the clinical application of the developed methods in a group of
individuals with Parkinson's disease. It was shown that standard methods of
assessing balance ability, such as time- and frequency-domain analyses, were
insufficient for fully capturing reactions to stimuli. The use of destabilizing stimuli,
both real and generated through virtual reality, significantly expanded the possibilities
for analyzing balance abilities. Methods for detecting momentary postural
corrections, such as trend analysis in the COP signal, enhanced the interpretive

capacity for understanding phenomena associated with body destabilization.
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2. Poszerzone streszczenie w jezyku polskim

2.1 Woprowadzenie

Zdolnos¢ utrzymywania réwnowagi jest kluczowym elementem codziennego
funkcjonowania cztowieka. Wptywa ona na niezalezno$é w wykonywaniu czynnosci
dnia codziennego, mozliwos¢ samodzielnego poruszania sie czy tez szeroko pojeta
jakosé zycia. Utrzymywanie rownowagi to ztozony proces angazujacy miedzy innymi
uktad przedsionkowy uktad wzrokowy oraz uktad proprioceptywny. Uktad
przedsionkowy Jest zlokalizowany w uchu wewnetrznym i sktada sie z kanatéw
potkolistych oraz woreczkai tagiewki, ktdre reaguja na przyspieszenie gtowy [1]. Zmyst
wzroku dostarcza informacji o otaczajgcym swiecie, takich jak natezenie swiatta,
potozenie obiektéw w zasiegu wzroku czy potozenie widocznych czesci ciata. Uktad
proprioceptywny dostarcza sensorycznych informacji o wzajemnym potozeniu czgsci
ciata wzgledem siebie. Zakonczenia czuciowe proprioceptoréw sg wrazliwe na
deformacje. Istnieje kilka grup proprioceptordéw, ktére sg szczegdlnie wazne dla
kontroli ruchu. Sg one wrazliwe na zmienne fizyczne, takie jak pozycja stawu, dtugos¢
predkosé skurczu i sita miesdnia. Integracja informacji z wczesniej wymienionych
uktadow jest niezbedna do utrzymania rownowagi. Zaburzenia ktéregokolwiek z tych
uktadéw moga prowadzi¢ do problemdéw ze zdolnoscia utrzymywania réwnowagi
i zwiekszonego ryzyka upadkéw. Zaburzenia w zdolnosci utrzymywania réwnowagi
moga by¢é wynikiem choréb uktadu nerwowego, procesu starzenia sie,
przedsionkowych zaburzehn réwnowagi, zaburzeh w czuciu w stopach w wyniku
cukrzycy lub obrazen narzadu ruchu [1,2]. Zaburzona zdolnos$é¢ utrzymywania
rownowagi moze prowadzi¢ do upadkdw, ktdre skutkujgc urazami, mogg dodatkowo
pogorszy¢ stan zdrowia [3]. Upadki oraz powstate w ich wyniku obrazenia sg jednag
z gtdwnych przyczyn hospitalizacji osob starszych, co w efekcie moze prowadzi¢ do
utraty mobilnosci oraz utraty samodzielnos$ci zyciowej [4]. W zwigzku z tym, kluczowe
dla poprawy jakosci zycia, szczegdlnie w populacji starszej oraz wsrod osob
z chorobami przewlektymi, jest monitorowanie i poprawa zdolnosci utrzymywania

rownowagi, a przez to ograniczenie ryzyka upadkow.



Utrzymanie stabilnej postawy ciata jest dynamicznym procesem wymagajacym
ciggtej kontroli oraz korekt pozycji srodka masy w celu utrzymania rownowagi
podczas wykonywania czynnosci zycia codziennego. Proces utrzymywania
réwnowagi opiera sie na procesach zwigzanych z przygotowaniem posturalnym (PA)
oraz procesem kompensacji posturalnej w odpowiedzi na bodziec destabilizujgcy.
Przygotowanie posturalne wystepuje tuz przed zaburzeniem posturalnym, a jego rolg
jest wyeliminowanie lub minimalizacja negatywnych skutkéw utraty rdwnowagi.
Natomiast korekty kompensacyjne majg na celu przywrdcenie rownowagi ciata tuz po
wystgpieniu zaburzenia [5, 6, 7]. Mechanizmy kontroli postawy moga by¢ wczesne
(ang. early postural adjustment — EPA) — wystepujgce ok 600-400 ms przed
zaburzeniem, przygotowujgce ciato na nadchodzgce zaburzenie, antycypacyjne (ang.
anticipatory postural adjustment — APA) — wystepujace ok 150 ms przed do 50 ms po
wystagpieniu zaburzenia, przygotowujgce do przeciwstawienia sie zaburzeniu, lub
kompensacyjne (ang. compensatory postural adjustment — CPA) wystepujace ok 70-
300ms po wystapieniu zaburzenia, przywracajace réwnowage po zaburzeniu [8, 9,
10]. Wystepowanie wyzej opisanych mechanizméw objawia sie gtéwnie zmiang
aktywnos$ci miesniowej migséni posturalnych [8], przemieszczeniem poszczegdlnych
segmentow ciata, przemieszczeniem srodka masy (COM) lub srodka nacisku stép
(COP) [6]. BodZce wywotujgce PA mozna podzielié na dwa typy — pierwszy, zwigzany
zdobrowolnym zainicjowaniem ruchu [11] oraz drugi, zewnetrzny, pochodzacy
z otaczajgcego sSrodowiska, czesto prowadzacy do destabilizacji [5]. Badania
sugerujg, ze bodziec zewnetrzny moze wywotaé APA, pod warunkiem, ze osoba
badana wie, kiedy wystgpi zaburzenie [8, 10]. W kontekscie rehabilitacji i terapii,
zrozumienie tych mechanizmoéw jest kluczowe, ze wzgledu na potrzebe identyfikacji
specyficznych deficytow w systemie kontroli réwnowagi pacjenta [12, 13], redukc;ji

ryzyka upadkéw [4, 14] i monitorowania postepdw rehabilitacji [15].

Naukowcy korzystajg z réznorodnych sposobdw, ktére umozliwiajg ocene
zdolnosci utrzymywania rownowagi. Najczesciej stosowana jest metoda bazujgca na
analizie przemieszczen $rodka nacisku stop. Wielkosci opisujgce zdolnoscé
utrzymywania stabilnej postawy ciata na podstawie przemieszczen COP najczesciej

analizowane sg w dziedzinie czasu [16, 17] i w dziedzinie czestotliwosci [18, 19]. Do



najpopularniejszych wielkosci w dziedzinie czasu nalezg: dtugos¢ sciezki COP,
srednia predkos¢ COP, pole powierzchni elipsy COP oraz zakresy ruchu COP
w kierunkach przednio-tylnym (AP) i Srodkowo-bocznym (ML). Testy moga réwniez
obejmowac okreslenie pozycji COM, ruchdéw gtowy oraz wartosci przyspieszenia
tutowia [20]. W literaturze opisywane sg takze duzo rzadziej uzywane metody, takie
jak analiza zwykorzystaniem rozktadu falkowego [21, 22, 23] czy tez analizy

probabilistyczne oparte na entropii [24].

Analizy w dziedzinie czestotliwosci rozszerzajg analizy w dziedzinie czasu
o identyfikacje sktadowych cyklicznych, ktére pojawiaja sie w sygnale COP. Analizy
czestotliwosciowe moga ujawni¢ subtelne zmiany, ktére sa trudno zauwazalne
w standardowych analizach opartych na wielkosciach w dziedzinie czasu. Mogg one
odgrywac role w opracowywaniu nowych metod diagnostyki w przypadku analizy
zdolnosci utrzymywania réwnowagi w sytuacji konfliktu sensorycznego — zaréwno
w Swiecie rzeczywistym jak i przy wykorzystaniu wirtualnej rzeczywistosci.
Technologia wirtualnej rzeczywistosci w ostatnich latach zyskuje na popularnosci,
adzieki rozwojowi techniki jest coraz szerzej dostepna. Wykorzystanie
tréjwymiarowych obrazéw pozwala na wygenerowanie $rodowiska i bodzcéw, ktore
bytyby trudne do wytworzenia wrzeczywistym sSwiecie. Dodatkowo, szerokie
mozliwosdci przygotowania scenariuszy umozliwiajg dostosowanie procesu
diagnostycznego i rehabilitacyjnego do konkretnego przypadku i umiejetnosci
pacjenta. Sprawia to, ze technologia wirtualnej rzeczywistosci jest coraz czescigj
wykorzystywana w rehabilitacji czy diagnostyce, w tym schorzen zwigzanych
z ostabiong zdolnoscig utrzymywania réwnowagi. Szczegdlnie przydatne wtym
przypadku wydajg sie badania w sytuacji konfliktu bodzcéw sensorycznych. W takiej
sytuacji poszczegbdlne zmysty otrzymuja sprzeczne informacje, a osoba badana jest
poddawana bodZzcom, ktére bezposrednio lub posrednio destabilizuja jej postawe.
Przyktadem moze by¢ badanie, podczas ktérego osoba badana stoi stabilnie na
nieruchomym podtozu, a za pomoca technologii wirtualnej rzeczywistosci
przekazywana jest do zmystu wzroku informacja o ruchu otoczenia (np. poprzez
wyswietlanie oscylujgcego pomieszczenie) [18, 25, 26, 27]. Analiza reakcji ciata na

zaburzenia wizualne moze by¢é cennym Zzrodtem informacji diagnostycznych



dotyczgcych zdolnosci utrzymywania réwnowagi i adaptacji w dynamicznie
zmieniajacych sie warunkach otoczenia. Dysfunkcje w tej adaptacji mogag by¢
wczesnym wskaznikiem probleméw neurologicznych, takich jak choroba Parkinsona

czy zaburzenia przedsionkowe [28].

Stosunkowo nowym trendem w badaniach zdolnosci utrzymywania rownowagi sg
pomiary z wykorzystaniem czujnikédw bezwtadnosciowych wyposazonych
w akcelerometr, zyroskop i magnetometr (IMU). Ich zdolnos$¢ do doktadnego pomiaru
kinematyki ciata w trzech wymiarach pozwala na bardziej kompleksowa ocene
rownowagi [29, 30, 31, 32]. Analiza danych z czujnikéw IMU moze dostarczy¢
dodatkowych informac;ji, na temat mechanizmdw utrzymania réwnowagi i reakcji na
zaburzenia, takich jaki zmiana katéw w stawach czy przyspieszenia liniowego tutowia

[28, 31, 32].

Obecnie stosowane metody oceny zdolnhosci utrzymywania rownowagi, takie jak
analiza przemieszczen COP w dziedzinie czasu [16, 17] iczestotliwosci [18, 19],
dostarczajg cennych informacji o stabilnosci posturalnej. Do powszechnie
analizowanych parametréw w dziedzinie czasu opisujgcych zdolnos¢ do utrzymania
rownowagi nalezg predkosé COP, powierzchnia elipsy COP oraz zakresy ruchu COP
w kierunkach AP i ML. Podczas analizy wczesniej wymienionych wartosci, zaktada sig,
ze wzrost wartosci tych wielkosci najczesciej wskazuje na wystepujgce problemy
z utrzymywaniem roéwnowagi [33]. Analizy czestotliwosciowe pozwalajg na analize
cyklicznych komponentédw mierzonego sygnatu, identyfikujac wystepujgce w nim
dominujgce czestotliwosci, co z kolei umozliwia ocene pojawiajgcych sie zmian
w strategii utrzymywania roéwnowagi ciata przez cztowieka. Informacje te sa
szczegblnie istotne w przypadku badania oddziatywania cyklicznych zaburzen
w wirtualnej rzeczywistosci [21, 22, 23] i rozszerzaja mozliwos¢ oceny zdolnosci
utrzymywania rownowagi w stosunku do analiz w dziedzinie czasu. Wprowadzenie
bardziej zaawansowanych technologii, jak badania z wykorzystaniem czujnikéw IMU,
elektromiografii oraz technologii wirtualnej rzeczywistosci moze wspomoc ocene
zdolnosci utrzymywania réwnowagi i przygotowania posturalnego [29, 30, 31, 32],
wymaga jednak stosowania analiz, ktdre pozwolg na petne poznanie i interpretacje

informacji zawartych w sygnale pomiarowym. Opisane wyzej metody pozwalaja na
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wykrycie w rejestrowanym sygnale zmian wskazujacych na pojawiajace sie zmiany
w strategii utrzymywania rownowagi. Analizy te bazujg jednak przede wszystkim na
globalnej analizie sygnatu lub wykorzystuja cykliczny charakter pojawiajacych sig
zjawisk, nie uwzgledniajac wystepujgcych szybkich zmian o charakterze
niecyklicznym, ktére moga by¢ rowniez bardzo istotne w diagnozowaniu i leczeniu
pacjentow z zaburzeniami neurologicznymi, ortopedycznymi lub przedsionkowymi.
Istnieje wiec potrzeba ciagtego rozwoju wykorzystywanych metod badawczych, ktére
uzupetniajgc obecnie stosowane pomiary i analizy umozliwig petniejsze poznanie
i interpretacje zmian pojawiajacych sie w zdolnosci utrzymywania réwnowagi

bedacych wynikiem rozwoju wielu chordb.
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2.2 Celpracy

Zaobserwowana potrzeba rozwoju metod pomiarowych oraz poszukiwania
nowych metod prowadzenia analizy danych pomiarowych zapewniajgcych lepsze
zrozumienie mechanizméw kontroli utrzymywania réwnowagi ciata przez cztowieka

pozwolita na sformutowanie nastepujgcych celéw badawczych:

e Opracowanie metodyki prowadzenia pomiaréw zdolnosci utrzymywania
rownowagi ciata przez cztowieka umozliwiajgcych ocene zmian w strategii
kontroli posturalnej jako reakcji na spodziewane i niespodziewane bodZce
wytragcajace z rownowagi.

e Okreslenie wptywu wirtualnych i rzeczywistych bodzcow wytrgcajgcych
zréwnowagi na zjawisko przygotowania posturalnego jako narzedzia do
diagnostyki zdolnosci utrzymywania rownowagi ciata przez cztowieka.

e Analiza mozliwosci praktycznego zastosowania metody detekgji chwilowych
korekt postawy do oceny zmian w strategii kontroli posturalnej w odpowiedzi

na wirtualne i rzeczywiste bodzce wytrgcajace z rownowagi.

Niniejsza rozprawa doktorska stanowi podsumowanie wynikéw badan
opublikowanych w szeregu artykutdow naukowych, ktére koncentrujg sie na
mechanizmach kontroli posturalnej i zdolnosci utrzymywania rownowagi
u cztowieka. Zbiér ten obejmuje zagadnienia dotyczgce zaréwno teoretycznych
aspektow kontroli postawy, w tym opracowanej nowej metodyki analizy danych

stabilograficznych, jak i praktycznych zastosowan klinicznych.

Opracowane zostaty metody badawcze wykorzystujagce VR w analizach
przygotowania posturalnego w reakcji na bodzce mogace potencjalnie doprowadzié
do zaburzenia réwnowagi ciata. Zastosowano réwniez wielkosci bazujgce na
zmianach potozenia COP, ktére nie majg charakteru cyklicznego do oceny zmian
strategii utrzymywania roéwnowagi. W badaniach stopniowo przechodzono od
prostszych eksperymentéw oceniajgcych zdolnos$é utrzymywania rownowagi ciata
w wirtualnej rzeczywistosci [A1], przez wprowadzenie bardziej ztozonych bodzcéw
destabilizujacych w swiecie rzeczywistym [A2], az po rozw6j nowych metod analizy

danych, ktére majg na celu uzupetnienie tradycyjnych technik oceny réwnowagi [A3,
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A4, Ab], konczac na prébie praktycznego wykorzystania opracowanych metod
w praktyce klinicznej na grupie osob z chorobg Parkinsona [A6]. W badaniach
wykorzystujgcych VR i symulacje upadku ze schodéw [A1] potwierdzono, ze sam
wizualny bodziec destabilizujacy moze mieé¢ rézny wptyw na rownowage badanych
0sOb. Zauwazono natomiast, ze analiza czestotliwosciowa, szczegdlnie ruchdw
gtowy, dostarczyta bardziej precyzyjnych informacji o reakcji badanych na zadany
wizualny bodziec, co sugeruje, ze dodatkowe analizy mogg poméc w lepszym
wykrywaniu subtelnych zmian. W zwiazku z tym konieczne byty dalsze badania
z bardziej wyraznymi bodzcami destabilizujacymi, w tym rzeczywistymi oraz
wykorzystaniem pomiaréw elektromiograficznych (EMG) i kinematyki catego ciata
w celu poszerzenia prowadzenia analiz. Jako odpowiedz na wyzej wymienione
potrzeby w drugim etapie badan [A2] zastosowano rzeczywiste zaburzenia, w postaci
przesuniecia podtoza, ktére aktywowato mechanizmy przygotowania posturalnego
(APA 1 EPA). Wyniki pokazaty, ze wiedza o nadchodzacym bodzcu wptywata na reakcje
posturalng, szczegdlnie w zakresie wzrostu napiecia miesniowego konczyn dolnych.
Zrozumienie, w jaki sposéb uktad nerwowy przygotowuje sie i reaguje na zewnetrzne
bodzce jest kluczowe w kontekscie diagnostyki i rehabilitacji. W tym przypadku
pomocne mogtoby okazac¢ sie okazac sie zastosowanie analiz zwiekszajgcych
mozliwosci interpretacyjne sygnatu mierzonego podczas oceny zdolnosci
utrzymywania réwnowagi. Z tego powodu w nastepny etap badan [A3] dotyczyt
rozszerzenia tradycyjnych metod analizy rownowagi o nowe podejscia, inspirowane
technikami z analizy technicznej trendow gietdowych. Wyznaczono wspotczynnik
Trend Change Index (TCIl). Wspodtczynnik ten definiuje liczbe zmian trendu,
okreslanych jako liczba przecieé¢ sygnatu wynikajacych z algorytmu obliczeniowego
Moving Average Convergence Divergence (MACD). MACD jest przedstawiany
w postaci dwdch Llinii: linii MACD oraz linii sygnatowej. Przeciecie linii MACD i linii
sygnatowej sygnalizuje zmianeg trendu w sygnale przemieszczenia COP. Wspdtczynnik
TCl jest zatem suma liczby zmian trendu sygnatu w trakcie pomiaru [A3 — A5]. W celu
przetestowania idalszego rozwoju metody analizy zmian trendu sygnatu COP
w kolejnym etapie badano reakcje oséb w warunkach zaburzen wygenerowanych

w technologii wirtualnej rzeczywistosci [A4] ipodczas rzeczywistego zaburzenia
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w postaci przesuniecia podtoza [A5]. Analiza zmian trendu wykazata, ze liczba zmian
trendu, oraz czas i odlegtos¢ pomiedzy kolejnymi punktami oznaczajgcymi zmiane
trendu w sygnale nimi moga wptywa¢ na zdolnos¢ utrzymywania stabilnej postawy
ciata isugerowaé zmiane strategii utrzymywania rownowagi. Whnioski ptynace
z badan pozwolity na przypuszczenia, ze analiza zmian trendu moze by¢ przydatna
w diagnostyce i ocenie oséb dotknietych chorobami neurodegeneracyjnymi. Z tego
powodu ostatnim krokiem badan byta proba praktycznego wykorzystania analizy
Zmian trendu w czasie analizy zdolnosci utrzymywania rownowagi u osdéb z chorobg
Parkinsona {PD) [A6]. W kontekscie chordb takich jak choroba Parkinsona, analiza
trendéw okazata sie przydatna w wykrywaniu réznic miedzy stanami "on" i "off"
leczenia dopaminergicznego. Pozwala ona na detekcje zmian stabilnosci posturalnej,
ktére nie sg widoczne w tradycyjnych pomiarach, co sugeruje jej potencjalne
zastosowanie w monitorowaniu postepow choroby oraz w diagnostyce zaburzen
neurologicznych. Wykorzystanie analizy trendéw u pacjentéw z PD pozwala tez na
bardziej doktadne monitorowanie postepdéw choroby, co moze by¢ kluczowe

w dostosowywaniu leczenia i rehabilitacji.
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2.3 Analiza przemieszczenn COP i ruchéw gtowy w odpowiedzi na bodziec

generowany w wirtualnej rzeczywistosci [A1]

Zaburzenia rownowagi mogg by¢ sygnatem oznaczajgcym  choroby
neurologicznych lub wynikiem procesu starzenia. Standardowe testy zdolnosci
utrzymywania réwnowagi, takie jak pomiary przemieszczen COP, czesto sa
niewystarczajgce do wykrycia subtelnych zaburzen réwnowagi. Ztego wzgledu rosnie
potrzeba wprowadzenia nowych, bardziej zaawansowanych metod, ktére bytyby
w stanie wykry¢ zmiany, ktére sg niewidoczne w tradycyjnych analizach w dziedzinie
czasu. W tym kontekscie technologia wirtualnej rzeczywistosci (VR) odgrywa coraz
wiekszg role, umozliwiajgc symulowanie réznorakich warunkéw destabilizujgcych.
Dzieki technologii VR mozliwe jest wywotanie destabilizujgcego bodzca wizualnego,
przy jednoczesnym utrzymaniu nieruchomego podtoza, co wprowadza badang osobe
w sytuacje konfliktu sensorycznego. W literaturze opisywane sg badania zdolnosci
utrzymywania rownowagi w VR podczas ekspozycji na ruchome otoczenie czy tez
symulacji sytuacji dnia codziennego. Analiza reakcji na tak przedstawione zaburzenie
wizualne moze by¢ zrédtem informacji na temat mechanizméw utrzymywania
stabilnej postawy ciata. W badaniach zdolnosci utrzymywania rownowagi najczescie;j
analizowane sg wielkosci bazujace na wielkosSciach w dziedzinie czasu. Jednakze,
mimo wzrostu wartosci wielkosciw dziedzinie czasie w warunkach konfliktu bodZzcow
sensorycznych, nie zawsze sg one bezposrednio zwigzane z zaburzeniami rownowagi
zwigzanymi np. z chorobami uktadu nerwowego. Ztego powodu rosnie
zapotrzebowanie na nowe metody pomiaréw i analiz, ktére uwydatniatyby zmiany
niezauwazalne w  standardowej analizie wdziedzinie c¢zasu. Analiza
czestotliwosciowa i zastosowanie akcelerometréow uzupetniajg standardowag analize
o dodatkowe informacje dotyczace np. cyklicznosci ruchéw COP czy charakterystyki

ruchow poszczegélnych segmentéw ciata.
Z tego powodu cele pracy badawczej w pierwszym artykule cyklu obejmowaty:

o okreslenie czy bodziec wizualny, w postaci symulowanego upadku ze

schodéw ma wptyw na kontrole posturalng,
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e okreslenie czy rozszerzenie analiz 0 analize czestotliwosciowag moze zwiekszyé
zakres interpretacji zdolnosci utrzymywania réwnowagi w poréwnaniu do
analiz opartych na domenie czasowej,

e okreslenie czy pomiary ruchdéw gtowy moga uzupetni¢ pomiary COP
oinformacje dotyczace wptywu wprowadzonego wizualnego bodzca
wytrgcajgcego z rownowagi na zdolnos¢ utrzymania réwnowagi,

e okreslenie, czy wizualny sygnat ostrzegawczy poprzedzajgcy wystgpienie
wizualnego bodzca wytrgcajacego z rownowagi wywota zmiane w ruchach

gtowy i przemieszczeniu COP.

W celu odpowiedzi na powyzsze pytania zaprojektowano serie badan, w ktérej
wzieto udziat 10 uczestnikdow (7 kobiet i 3 mezczyzn) o sredniej wieku 25 lat
i sSrednim BMI 23 kg/mz. Uczestnicy nie deklarowali powaznych urazéw konczyn
dolnych ani probleméw z réwnowagg. Trzy osoby z grupy badawczej (jedna osoba
z silng chorobag lokomocyjna i lekiem wysokosci (pp3), oraz dwie osoby (pp1, pp2)
0 zwiekszonych parametrach, ktére mogly s$Swiadczy¢ o problemach
z utrzymaniem rownowagi) zdecydowano sie wytgczy¢ z grupy oséb zdrowych
i przeprowadzi¢ osobne analizy dla kazdego przypadku. Badanie przeprowadzono
przy uzyciu platformy pomiarowej WinFDM-S oraz zestawu VR HTC Vive. Aplikacja
VR w Unity 3D przedstawiata prostg scenerie w postaci pokoju, a awatar osoby
badanej zostat umiejscowiony na podtodze przed schodami prowadzgacymi w doét
(Rysunek 1}. Podczas 60 sekundowych pomiarow mierzono COP i ruchy gtowy.
Testy w VR byty poprzedzone badaniem stania na platformie z otwartym (EO)
i zamknietymi oczami (EC) w swiecie rzeczywistym. W pierwszym tescie, w 30
sekundzie symulowano upadek ze schoddow (BB). W drugim tescie uczestnicy
otrzymywali wizualny sygnat ostrzegawczy na 3 sekundy przed symulacja (BZ).

Kazdy test powtdrzono trzykrotnie.

16






byt prawdopodobnie na tyle nierealistyczny, ze nawet informacja o jego
pojawieniu sie i wczesniejsze doswiadczenie tego, jak to bedzie wygladad, nie
zmienity reakcji uczestnikéw. Podczas pomiaréw zidentyfikowano trzy osoby,
jedna z deklarowana silng choroba lokomocyjng i lekiem wysokosci i dwie,
u ktérych wartosci wielkosci opisujgce zdolnos¢ utrzymywania réwnowagi
zhacznie roznity sie od reszty. Te rdoznice moga wskazywaé na problemy
zutrzymaniem rownowagi w okreslonych warunkach, jak przebywanie na
wysokos$ci czy niespodziewany ruch podtoza. W badaniach nie stwierdzono
istotnych réznic w $redniej predkosci COP i gtowy miedzy zdrowymi oscbami
a trzema osobami podatnymi na zaburzenia, co sugeruje, ze te parametry nie sg
wystarczajgce do identyfikacji problemow z réwnowagg. Wyrazniejsze roznice
zauwazono w polu elipsy COP i ruchéw gtowy, gdzie wartosci dla trzech osdéb byty
wyzsze niz dla reszty grupy, co moze wskazywac¢ na trudnosci w utrzymaniu
robwnowagi po zaburzeniu. Analiza czestotliwosciowa wykazata, ze bodziec
w postaci symulowanego upadku ze schoddw wywotat u badanych oséb reakgcje.
W zmierzonym sygnale przebiegu COP w kierunku AP wykryto sktadowag cykliczng
0 najwiekszej amplitudzie wynoszacej od 0,1 Hz do 0,2 Hz. Analiza tej sktadowej
dla grupy kontrolnej oraz oséb pp1, pp2 i pp3 nie ujawnita réznic miedzy testami
zostrzezeniem i bez ostrzezenia, jednak zauwazono znaczgce réznice miedzy
trzema osobami (pp1, pp2, pp3) a resztg uczestnikdw. Najwieksze réznice
dotyczyty amplitudy pierwszej harmonicznej, szczegblnie w odniesieniu do
ruchow gtowy, gdzie wartosci te byty znacznie wyzsze niz u reszty grupy. Te réznice
wskazujg na przyjecie strategii balansowania ciatem, gdzie ruchy gtowy dominuja
nad przemieszczeniami COP, co moze byé istotne w diagnozowaniu problemow

Z robwnowagag.

Podsumowujac, bodzce wizualne generowane w wirtualnej rzeczywistosci
majg roézny na osoby badane. Symulacja upadku ze schoddéw miata za zadanie
wytworzenie sytuacji do zbadania reakcji ciata cztowieka na nagte, wizualne
zaburzenie réwnowagi. W tym przypadku stworzona symulacja nie wptyneta
znacznie na kontrole posturalng u badanych osdb. Konieczne wydaje sie

przetestowanie bodzZzcéw wizualnych, ktére w wiekszym stopniu wptywajg na
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stabilnos¢ posturalng. Analiza w domenie czestotliwosciowej, szczegolnie
analiza amplitudy pierwszej harmonicznej w sygnale przemieszczenia gtowy,
lepiej roznicowata osoby podatne na zewnetrzne zaburzenia wizualne. Chociaz
takie wyniki nie zawsze wskazuja na problemy zdrowotne, moga sugerowac
zwiekszong podatnos¢ na nieoczekiwane zachowania w sytuacjach
wymagajgcych szybkich ruchdéw gtowy. Aby w petni zrozumie¢ mechanizmy
odpowiedzialne za reakcje na zewnetrzne bodzce destabilizujgce konieczna jest
dodatkowa analiza z wykorzystaniem elektromiografii (EMG) oraz rozszerzenie
analizy kinematyki ruchéw ciata cztowieka z samej gtowy na cate ciato,
aw szczegolnosci na koriczyny dolne oraz staw kolanowy. Wyniki badan
podkreslajg potrzebe dalszego dopracowywania metod symulowania wizualnych
bodzcéw destabilizujgcych oraz metod analizy zdolnosci utrzymywania
rownowagi i reakcji na wizualne bodzce, ktdéra wykrywataby zmiany dotad

niewykrywalne w standardowej analizie w dziedzinie czasu i czestotliwosci.
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2.4 Wptyw aktywnosci wybranych migsni konczyny dolnej na poziom
zaburzen rownowagi w reakcji na bodziec wytrgcajgcy z rwnowagi [A2]

Niniejszy artykut stanowi kontynuacje wczesniejszych badan nad analizg
odpowiedzi motorycznej na zaburzenia wizualne, ale wprowadza nowe podejscie
poprzez zastosowanie rzeczywistych zaburzen réwnowagi w postaci bodzca
destabilizujgcego w postaci przesuwu podtoza. Mechanizmy Antycypacyjnego (APA)
i Weczesnego (EPA) Przygotowania Posturalnego odgrywaja kluczowg role
w dostosowaniu ciata do reakcji na bodzce zewnetrzne, umozliwiajac utrzymanie
rownowagi i stabilnosci posturalnej. W ostatnich latach badania nad APA i EPA
zyskaty na znaczeniu, zwtaszcza w kontekscie diagnozowania zaburzen posturalnych
oraz prognozowania upadkéw. Obserwacja tych mechanizméw pozwala na gtebsze
zrozumienie mechanizmow kontrolujgcych reakcje posturalne. Zastosowanie
narzedzi takich jak platforma stabilograficzna, system do elektromiografii oraz
czujniki IMU pozwala na bardziej kompleksowe i doktadne monitorowanie zaréwno
aktywnosci miesniowej, przemieszczen COP jak i kinematyki catego ciata. Niniejszy
artykut bada praktyczne zastosowania tych mechanizmow w ocenie stabilnosci

posturalnejiich potencjalne wykorzystanie w rehabilitacji oraz prewencji urazéw.

Celem tej pracy jest zbadanie czy informacja o czasie wystapienia rzeczywistego
bodzca zaburzajgcego rownowage wptywa na napiecie miesni koriczyn dolnych przed
wystagpieniem zaburzenia. Do szczegdtowych celdéw nalezato wykrycie wystepowania
zjawiska APA i EPA, okreslenie, czy zwigkszona aktywnosé miesniowa jest ciagta
w czasie, czy tez nagta i krotko poprzedza zaburzenie oraz czy napiecie migsni
konczyn dolnych na poczatkowym etapie zwigzanym z EPA prowadzi do zwiekszenia
napiecia miesniowego w fazie zwigzanej z APA. Dodatkowo, okreslono czy wzrost
napiecia miesni konczyn dolnych przed zaburzeniem wynika ze zmian posturalnych
wywotujgcych przesuniecie Srodka masy do przodu lub do tytu, zwigkszenia lub
Zzmniejszenia nacisku przodostopia na podtoze czy ze zwiekszeniem kata zgiecia

w stawie kolanowym.

W celu odpowiedzi na powyzsze cele zaprojektowano serie badan, w ktdrej wzieto

udziat 38 uczestnikéw (27 kobiet i 11 mezczyzn) o Sredniej wieku 23 lat, srednim
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w odniesieniu do wszystkich analizowanych migesni w tescie Tr3, obliczono wartosc¢
nacisku przodostopia na podtoze oraz wartosci kata zgiecia w stawie kolanowym
w odniesieniu do testu Tr3. Nastepnie sprawdzono czy zwiekszona aktywnoscé
miesniowa zwigzana z APA wptywa na przemieszczenie i predkos¢ COP po utracie
rownowagi. Analiza statystyczna zostata przeprowadzona Matlab R2022a przy
pomocy testu ANOVA Friedmana oraz test post-hoc Wilcoxona z korektg Holma.
Ze wzgledu na brak normalnych rozktaddw w zbiorach uzyskanych danych, obliczono

korelacje Spearmana.

Uzyskane wyniki pozwolity na zauwazenie wzrostu napiecia migsniowego tylko
wtedy, gdy badana osoba znata moment wystapienia zaburzenia. W badaniach
prébowano zdefiniowac strategie przygotowania posturalnego oraz jej wptyw na
kompensacje posturalng po zaburzeniu. Réznice istotne statystycznie w EMGapa
i EMGeea miedzy testami Tr1 i Tr3 oraz testami Tr2 i Tr3 zaobserwowano tylko
w odniesieniudo ruchu do przodu dlaTA, GLi GM w analizach podczas wystepowania
zjawiska APA oraz dla TA i GM (tylko lewa konczyna dolna) w analizach dla zjawiska
EPA. Statystycznie istotne korelacje miedzy EPA a APA wskazywaty, ze miesnie TAi GM
byty aktywowane wczesniejiich aktywnos$¢ wzrastata az do momentu zaburzenia. Nie
stwierdzono statystycznie istotnych réznic w $rednich wartosciach nacisku
przodostopia ani kgta zgiecia w kolanie miedzy testami Tr1, Tr2 i Tr3. Zaobserwowano
korelacje miedzy zwiekszong aktywnoscia miesniowa a predkoscig oraz
maksymalnym przemieszczeniem COP po zaburzeniu, szczegdlnie dla miesnia TA
w ruchu do przodu biezni oraz dla miesnia GL w ruchu do tytu. W obu przypadkach
obserwowany wzrost napiecia miesniowego skutkowat wydtuzeniem $ciezki

i predkosci przemieszczenia COP.

Badania miaty na celu zidentyfikowanie wptywu przesuniecia podtoza do przodu
i do tytu na reakcje miesni koniczyn dolnych zwigzang z dostosowaniem posturalnym
poprzez ocene aktywnosci wybranych miesni, ocene zgiecia w stawie kolanowym
oraz ocene nacisku wywieranego na podtoze, co byto réwnoznaczne
z przemieszczeniem COP. Wystepowanie zjawiska APA | EPA zostato zidentyfikowana
na podstawie aktywnosci miesniowej. Analiza wybranych miesni wykazata,

Ze podczas fazy APA w odniesieniu do Tr3, tj., gdy uczestnicy testu byli poinformowani
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O czasie rozpoczecia zaburzenia, mozna byto zauwazy¢ wzrost sredniej aktywnosci
miesniowej. Wykazano, ze aktywnosé miesnia TA odgrywata kluczowag funkcje
w adaptacji zwiazanej z zaburzeniem posturalnym. Ze wzgledu na brak réznic
istotnych statystycznie pomiedzy prébami Tr1, Tr2, Tr3 w wartosci zgiecia w stawie
kolanowym, przemieszczenia COP oraz nacisku przodostopia mozna przypuszczac,
ze dostosowanie posturalne do zaburzenia nie byto zwigzane z pochyleniem tutowia
do przodu ani do tytu, a obserwowany wzrost napiecia TA, GL i GM nie wptywat na
zgiecie w stawie kolanowym. Ze wzgledu na obecnos¢ silnej korelacji pomiedzy
napieciem miesniowym a przemieszczeniem COP oraz predkosciag COP po
zaburzeniu oraz miedzy napieciem migsniowym TA a przemieszczeniem COP oraz
predkoscig przemieszczenia COP moze wskazywaé, ze zwiekszone napiecie
miesniowe w fazie APA byto odpowiedzialne za blokade stawdw przed zaburzeniem,
co z kolei zmieniato wzér kompensacji posturalnej po zaburzeniu, zwiekszajgc

zaréwno dtugosé sciezki, jak i predkosé COP.

Badania jednoznacznie potwierdzity, ze czynnikiem wywotujgcym dostosowanie
posturalne i gotowos¢ do reakcji na zaburzenia byta wiedza o oczekiwanym czasie
bodzca zaburzajgcego. Waznym czynnikiem zwigzanym z przygotowaniem do
zaburzenia byto napiecie miesniowe odpowiedzialne za usztywnienie stawow
konczyn dolnych, aw konsekwencji wiekszy zakres ruchu COP po zaburzeniu.
Potaczenie rzeczywistych zaburzen, takich jak niespodziewany i spodziewany ruch
podtoza, z analizg EMG i IMU, daje mozliwos¢ precyzyjnej oceny mechanizmow
utrzymywania réwnowagi. Takie podejscie moze dostarczy¢ nowych informacji na
temat interakcji pomiedzy uktadem nerwowym a miesniowym w procesie
utrzymywania rownowagi, co jest szczegélnie istotne w kontekscie prewencji
upadkéw oraz rehabilitacji. Wyniki wskazujg na koniecznos¢ szerszej analizy reakcji
posturalnej na rzeczywiste bodzce destabilizujgce, takie jak przesuniecie podtoza.
Pomocne mogtoby okazaé sie wprowadzenie nowej metodyki analizy, ktory bytaby
w stanie wykrywaé niezauwazalne w standardowej analizie zmiany niecykliczne.
Zrozumienie, jak organizm przygotowuje sie i reaguje na zewnegtrzne bodzce

wytracajgce z rownowagi, jest kluczowe dla opracowania lepszych metod diagnostyki
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i rehabilitacji, ktore mogtyby skuteczniej poprawia¢ stabilnos¢ posturalng

i zmniejszac ryzyko upadkow w codziennych sytuacjach.
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2.5 Wskazniki gietdowe w badaniach nad réwnowagg cztowieka [A3]

Dotychczasowe badania dotyczgce zdolnosci utrzymania rownowagi najczesciej
opierajg sig na pomiarach przemieszczen srodka nacisku stép, takich jak predkosé¢
COP, pole elipsy czy zakres przemieszczen w réznych kierunkach. W przypadkach, gdy
bodzce zaburzajgce rownowage majg charakter cykliczny, analizy w dziedzinie
czestotliwosci mogg dostarczyé cennych informacji na temat reakcji organizmu.
Jednak analiza czestotliwosciowa jest ograniczona do wykrywania cyklicznych zmian
w pozycjach COP, pomijajac zmiany niecykliczne, ktdre réwniez mogg by¢ istotne dla
oceny strategii utrzymania réwnowagi. W tym kontekscie, nowe metody analizy,
inspirowane technikami stosowanymi w analizie technicznej cen akcji na gietdzie,
moga rozszerzy¢ tradycyjne podejscia poprzez uwzglednienie chwilowych,
niecyklicznych zmian COP i COM. Tego rodzaju zaawansowane podejsScie moze nie
tylko poprawi¢ doktadnos¢ diagnostyczng, ale takze umozliwi¢ wczesniejsze
wykrywanie zaburzen rownowagi, co jest szczegdlnie wazne w kontekscie
przeciwdziatania upadkom i zwigzanym z nimi urazom. W trzecim artykule w cyklu
opisana zostata metoda analizy zdolnosci utrzymywania réwnowagi oparta na
wskazniku gietdowym, ktéra ma potencjat, aby uzupetni¢ zaréwno analize
w dziedzinie czasu oraz czestotliwosci podczas badan w wirtualnej rzeczywistosci

[A1] oraz podczas analizy przygotowania i kompensacji posturalnej [A2].

Artykut przedstawia prébe wykorzystania wskaZnika Moving Average
Convergence/Divergence (MACD), zwigzanego z analizg techniczng trenddw cen akcji
w analizach dotyczgcych oceny zdolnosci utrzymania réwnowagi w Swiecie

rzeczywistym i wirtualnej rzeczywistosci.

Celem badania byto wykazanie mozliwosci wykorzystania wskaznikéw
gietdowych do oceny zdolnosci do utrzymania rownowagi jako uzupetnienia analiz
zwykorzystaniem wartosci w dziedzinie czasu i czestotliwosci. Wykorzystanie
wskaznikéw gietdowych ma na celu umozliwienie wykrywania znaczacych zmian
w trendzie — zmian kierunku — wruchu COP wraz z okresleniem czasu miegdzy
kolejnymi skokami. Taka analiza powinna umozliwi¢ wykrywanie zaréwno cyklicznych

komponentdw, jak i zmian niecyklicznych w okreslonym zakresie czestotliwosci.
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W badaniach wzieto udziat 83 zdrowych uczestnikéw (56 kobiet i 27 mezczyzn)
o Sredniej wieku 21 lat, Srednim wzroscie 172 cm i Sredniej masie 65 kg. Uczestnicy
deklarowali brak historii powaznych urazéw koniczyn dolnych oraz dysfunkcji uktadu
ruchu czy zaburzen roéwnowagi. Badanie przeprowadzono przy uzyciu platformy
pomiarowej WIinFDM-S oraz zestawu Oculus Rift. Aplikacja VR w Unity 3D
przedstawiata dwie scenerie — ,,otwartg” pustynng scene z obiektami widzianymi
w odlegtosci okoto 100 m oraz ,zamknietg” w postaci umeblowanego pokoju
zobiektami w odlegtosci okoto 3m. Podczas pomiaréw scenerie oscylowaty
w ptaszczyznie strzatkowej przy statych czestotliwosciach. Procedura badawcza
obejmowata pomiary w srodowisku rzeczywistym (z otwartymi i zamknietymi oczami)
oraz w srodowisku wirtualnym z uzyciem dwodch scenerii ("otwartej" i "zamknietej")
oscylujacych z réznymi czestotliwosciami (0,2 Hz, 0,5 Hz, 0,7 Hz i 1,4 Hz). Uczestnicy
stali boso na platformie pomiarowej, z rekami skrzyzowanymi na piersiach i gtowa
skierowang na wprost. Pomiary obejmowaty przemieszczenia COP podczas 30-
sekundowych testéw. Analize wynikéw przeprowadzono w oprogramowaniu MATLAB.
W pierwszym etapie analizowano srednig predkosé COP oraz zakres ruchu COP
w kierunku AP. Nastepnie przeprowadzono analize czestotliwosciowsa, okreslajac
gestosé widmowag (PSD) przemieszczenia COP w kierunku AP. Obliczono rowniez
wspotezynnik Trend Change Index (TCI), ktéry definiuje liczbe zmian trendu na

podstawie wskaznika MACD.

Wskaznik MACD jest przedstawiony w formie dwodch linii: linii MACD i linii
sygnatowej. Linia MACD zostata uzyskana poprzez odjecie szybkiej Sredniej kroczgce;j
(Srednia 26 okresowa) od wolnej sredniej kroczgcej (Srednia 12 okresowa) (RGwnanie

1, Réwnanie 2).

Rdéwnanie 1

MACD12,26 = EMA]_Z - EMA26
gdzie:
EMA,; - szybka srednia kroczaca,

EMA. — wolna sSrednia kroczaca.
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Analiza statystyczna wynikéw zostata przeprowadzona przy uzyciu
oprogramowania Statistica 13. Przeprowadzono test ANOVA Kruskala-Wallisa oraz
test post-hoc Dunna, aby zbadacé, czy wystepujg istotne statystycznie rdznice

w analizowanych grupach.

Zmierzone wartosci kolejnych pozycji COP w czasie zostaty opracowane przy
uzyciu analiz w dziedzinie czasu i czestotliwosci oraz na podstawie analizy trendu.
W analizie wdziedzinie czasu ($rednia predkosé COP, srednia predkosé COP
w kierunku AP, zakres ruchu w kierunku AP) wykazano statystycznie istotny wzrost
wartosci wielkosci mierzonych w s$rodowisku wirtualnym w poréwnaniu do
rzeczywistego dla wiekszo$ci pomiardw, zwyjatkiem $redniej predkosci COP
i zakresu ruchu w kierunku AP przy czestotliwosciach oscylacji 0,2 Hz i 0,5 Hz.
Obliczono wspdtczynniki PSD i TCI dla kierunku AP. Wyniki analiz PSD wskazaty na
statystycznie istotne réznice przy porownaniu testow z otwartymi oczami (EO) do
wszystkich innych pomiaréw oraz w zakresie 0,5-10 Hz dla testow z zamknietymi
oczami (EC) w pordwnaniu do pomiardow w sceneriach "otwartej" i "zamknietej" przy
czestotliwosciach 0,5 Hz, 0,7 Hz i 1,4 Hz. Nie stwierdzono istotnych réznic przy
poréwnaniach pomiarow w wirtualnym $rodowisku miedzy sobg zardwno
w przypadku PSD jak i TCI. Poréwnania wartosci PSD i TCl pokazaty, ze maksymalne
wartosci uzyskano przy czestotliwosciach oscylacji scenerii 0,7 Hz i 1,4 Hz,
niezaleznie od typu scenerii. Statystycznie istotne réznice stwierdzono takze przy
poréwnaniu pomiarow w wirtualnym srodowisku przy czestotliwosciach 0,2 Hz i 0,5

Hz z pomiarami przy czestotliwosci 1,4 Hz.

Tradycyjne wielkosci uzywane do opisywania zdolnosci utrzymywania réwnowagi,
takie jak dtugos¢ sciezki COP, srednia predkosc¢ i zakres ruchu, moga wzrosngc
u zdrowych oséb przy niestabilnym podtozu lub w sytuaciji konfliktu sensorycznego.
W takich przypadkach analiza czestotliwosciowa umozliwia rozktad sygnatu ruchu
COP na sktadniki cykliczne i okreslenie czestotliwosci gtéwnych sktadnikéw ruchu.
Jednakze, tradycyjne metody nie wykrywajg niecyklicznych korekt pozycji COP.

Proponowana w pracy analiza wykorzystujgca wspétczynniki gietdowe umozliwita
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wykrycie zmian trendu w ruchu COP, zaréwno cyklicznych, jak i niecyklicznych.
Zaproponowano obliczenia nowego wspotczynnika, ktéry definiuje liczbe zmian
trendu w sygnale przemieszczenia COP. Analiza liczby zmian trendu dla
poszczegdélnych pomiaréw pokazuje, ze liczba tych zmian nie zalezata od
przetestowanych warunkéw badania. Moze to oznaczaé, ze kontrola réwnowagi
wymaga pewnej liczby szybkich zmian trendu ruchu COP (dla przedziatu czasowego
0,05-1,0 s, co odpowiada czestotliwosciom od 10 Hz do 0,5 Hz). Pogorszenie
warunkow, takie jak wprowadzenie zaburzenia w postaci oscylujgcej scenerii, nie
zmienia znaczgco tej liczby. Na tej podstawie mozna wnioskowadé, ze albo uktad
rownowagi nie potrzebuje wickszej liczby tego typu ruchow, albo uktad ruchowy nie

jest w stanie ich wykonaé.

Przedstawione wyniki badan pokazuja, ze tradycyjne metody analizy, takie jak
w ocenie ogolnej zdolnosci utrzymywania réwnowagi. Jednak mogg one nie w petni
wykrywaé subtelne, niecykliczne zmiany w przemieszczeniu COP. Proponowana
metoda analizy z wykorzystaniem analizy trendu opartej na wskazniku gietdowym
pozwala na wykrycie szybkich, niecyklicznych korekt postawy, co moze dostarczy¢
nowych informacji diagnostycznych, szczegdlnie istotnych w kontekscie badania
0s6b z zaburzeniami réwnowagi. Niezbedny jest dalszy rozwdj tej metody oraz jej
testowanie w sytuacji wystepowania réznorodnych bodzcow, zardéwno wizualnych
w Srodowisku wirtualnej rzeczywistosci, jak i rzeczywistych, symulujacych codzienne
zycie. Szczegdlnie wazne wydaje sie przetestowanie tej metody na grupie oséb
dotknietych np. chorobami neurodegeneracyjnymi, gdzie subtelne zmiany
w rownowadze mogg byC¢ kluczowe dla wczesnej diagnostyki i monitorowania
postepu choroby. Integracja tej metody w praktyce klinicznej moze prowadzi¢ do
bardziej precyzyjnej oceny zdolnosci utrzymania réwnowagi oraz lepszego

zrozumienia mechanizmaow kontroli proprioceptywnej.
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2.6 Wptyw zaburzen wizualnych na zmiany trendow w przebiegach

przemieszczen COP [A4]

Czwarty artykut w cyklu jest bezposrednig kontynuacja badan wprowadzajgcych
analize trenddw w badaniach zdolnosci utrzymywania réwnowagi [A3] i jednoczesnie
odpowiedzig na potrzebe dalszego rozwoju tej metody w celu poszerzenia mozliwosci
prowadzenia analiz wynikéw pomiaréw prowadzonych w $rodowisku VR
z zaburzeniami. Artykut miat na celu sprawdzenie czy analiza z wykorzystaniem
analizy zmian trendu moze skutecznie uzupetnia¢ standardowe metody oceny
réwnowagi poprzez identyfikacje liczby korekt posturalnych (TCl) oraz wprowadzenie
dodatkowych wskaznikow opartych na TCl. Ponadto, badanie miato na celu
okreslenie czy zmniejszenie czestotliwosci korekt posturalnych oraz zwiekszenie
odlegtosci miedzy punktami zmiany trendu mogg by¢ wskaznikami zwiekszonego

ryzyka upadku, co mogtoby znalez¢ zastosowanie w diagnostyce i ocenie rownowagi.

W badaniach wzieto udziat 28 zdrowych uczestnikéw (13 kobiet i 15 mezczyzn)
o $redniej wieku 22 lat, Srednim wzroscie 173 cm i $redniej masie 68 kg. Kryteriami
wykluczajgcymi z badan bylty problemy zdrowotne zwigzane z utrzymaniem
rownowagi ibtednikiem oraz otytos¢ (wskaznik masy ciata BMI > 30). Badanie
przeprowadzono przy uzyciu platformy pomiarowej WinFDM-S oraz zestawu Oculus
Rift. Scenerie tréjwymiarowe zostaty opracowane w srodowisku Unity 3D. Sceneria
»zamknieta” przedstawiata umeblowany pokdj, w ktorym obiekty byty widziane przez
badanego w odlegtosci okoto 3 m, natomiast sceneria ,otwarta” przedstawiata
pustynig, gdzie obiekty znajdowaty sie w odlegtosci okoto 100 m. Podczas testow
sceneria oscylowata w kierunku AP z statg czestotliwoscig. Procedura badawcza
obejmowata testy w rzeczywistym Srodowisku, polegajace na staniu z otwartymi

oczami (EQ) i zamknietymi oczami (EC), a takze testy w srodowisku wirtualnym.
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miedzy kolejnymi punktami zmiany trendu (MACD_dS), sredni czas migedzy kolejnymi
punktami zmiany trendu (MACD_dT) oraz srednia predkosé¢ zmian przemieszczen

miedzy kolejnymi punktami zmiany trendu (MACD_dV).

Do analizy statystycznej wynikow, ze wzgledu na brak rozktadu normalnego, uzyto

testow ANOVA Friedmana oraz post hoc Wilcoxona z korekcjg Holma.

W czasie analizy wyniki podzielono na trzy grupy: wartosci standardowe
w dziedzinie czasu, wartosci wskaznika zmiany trendu (TCl) w catosci pomiaru oraz
z podziatem na okresy czasowe oraz wartosci obliczone na podstawie analizy trendu
(MACD_dT, MACD_dS, MACD_dV). Wartosci predkosci COP w kierunku AP wzrosty
statystycznie istotnie po zamknieciu oczu przez uczestnika oraz po wprowadzeniu
zburzen wizualnych w VR. W przypadku wartosci TCIl poréwnanie pomiaréw EO i EC
nie wykazato istotnych statystycznie réznic. Istotne statystycznie rdznice
zaobserwowano przy porownywaniu testu EO w Srodowisku rzeczywistym
zpomiarami w Srodowisku wirtualnym w przypadku oscylujacej scenerii
o czestotliwosci 0.7 Hz. Wprowadzenie zaburzen do VR zmniejszyto wartosci mediany
TCl w przedziale czasowym 0-0.2s. Dla przedziatu czasowego 0.2-0.5s mozna
zauwazyc, ze wyzsze wartosci mediany wystepowaty w pomiarach z uzyciem scenerii
oscylujgcej o czestotliwosci 1.4 Hz. Dla przedziatu czasowego 0.5-1 s najwyzsze
wartosci zaobserwowano w testach VR z zaburzeniami o czestotliwosci 0.7 Hz.
Analizujgc wartosci MACD_dS mozna zauwazy¢ zhaczny wzrost uzyskanych wartosci
w testach VR w porownaniu z pomiarami wykonanymi w srodowisku rzeczywistym.
Przy pordwnaniu pomiarow uzyskanych w VR miedzy poszczegdlnymi testami nie
stwierdzono istotnych statystycznie réznic. W przypadku analizy wartosci MACD_dT
znacznie wyzsze wartosci uzyskano dla pomiaréw przeprowadzonych przy
czestotliwosci 0.7 Hz. Wartosci mediany MACD_dV wzrosty po zamknigciu oczu oraz

po wprowadzaniu wirtualnej rzeczywistosci.

Otrzymane wyniki wykazujg, ze w wiekszosci przypadkéw wartos¢ TCl byta
zblizona, niezaleznie od warunkow pomiarowych, co moze sugerowac, ze do
utrzymania réwnowagi konieczna jest pewna liczba korekt postawy. Analizowane

wartosci MACD_dS, MACD_dT i MACD_dV dostarczyty dodatkowych informacji
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o ruchu COP. Wartosci te moga wskazywag, czy zmiany predkosci wynikajg ze zmian
dtugosci skokéw COP, czasu ich trwania, czy obu tych czynnikéow jednoczesnie.
W badaniach zaobserwowano, ze warto$é¢ MACD_dT, ktéra nie ulega znaczgcemu
spadkowi, jestistotna z perspektywy zdolnos$ci utrzymania réwnowagi, a jednoczesny
wzrost MACD_dS i spadek MACD_dT swiadczacy o dtuzszych przeskokach COP
odbywajacych sie w krotszym czasie moze prowadzic do destabilizacji

i ewentualnego upadku badanej osoby.

Wykorzystanie wskaznikow gietdowych do oceny stabilnosci ciata ludzkiego
uzupetnia standardowe analizy w dziedzinie czasu i czestotliwosci. Analiza wartosci
TCl, MACD_dV, MACD_dT i MACD_dS dostarcza dodatkowych informacji
o czynnikach wptywajacych na standardowe wielkosci opisujgce zdolnosé
utrzymywania réwnowagi, takie jak dtugosc¢ sciezki, Srednia predkos¢ i zakres ruchu.
taczac analize zmian trendu z analizg wielkosci stabilograficznych, mozemy uzyskaé
informacje na temat czestotliwosci korekcji postawy, odstepéw miedzy korekcjami

i predkosci ruchu COP.
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2.7 Analiza zmian trendu w ocenie rownowagi ciata podczas korekt postawy

w reakcji na zaburzenie [A5]

Pigty artykut w cyklu stanowi potaczenie badan nad reakcjami posturalnymi
w odpowiedzi na zewnetrzy bodziec wytrgcajacy z rownowagi [A2] z innowacyjng
metodg analizy zmian trendu do zdolnosci utrzymywania réwnowagi [A3, Ad4].
Tradycyjne metody analizy postawy, takie jak pomiary aktywnosci migsni
i przemieszczen srodka nacisku stép, moga by¢ uzupetnione przez analizy zmian
trendu (TCA). TCA, inspirowana metodami stosowanymi w analizie gietdowej,
umozliwia identyfikacje szybkich korekt posturalnych i analize niecyklicznych zmian
w sygnale COP, co moze dostarczy¢ nowych informacji na temat strategii utrzymania
réwnowagi i reakcji na destabilizujace bodzce. Artykut jednoczesnie jest odpowiedzig
na potrzebe dalszego rozwoju i testowania analizy zmian trendu, w tym przypadku,
w srodowisku  rzeczywistym, przy wystepowaniu rzeczywistego bodzca
wytracajgcego z rownowagi. W niniejszym artykule zostata postawiona hipoteza, ze
wzrost predkosci COP moze by¢ wynikiem zmiany strategii utrzymania réwnowagi, co
powinno znalez¢ odzwierciedlenie w zmianach parametrow analizy trendu w sygnale
COP, takich jak liczba zmian trendu oraz czas i odlegto$¢ pomiedzy nimi. Celem
badania byto ustalenie, czy rézne warunki podczas badania zjawisk zwigzanych
z przygotowaniem posturalnym wptywaja na wartosci wielkosci uzyskanych w czasie

analizy trendu.

W badaniuwzieto udziat 38 osob (27 kobiet, 11 mezczyzn), o Srednie wieku 23 lata,
srednim wzroscie 172 cm oraz $redniej masie ciata 70 kg. Czynnikami
wykluczajgcymi z badan byty przebyte urazy konczyn dolnych oraz problemy
z rownowaga. Stanowisko pomiarowe sktadato sie z platformy mierzacej nacisk stép
(WIinFDM-S), biezni do treningu i oceny posturalnych perturbacji (BalanceTutor),
umozliwiajgcej wprowadzenie destabilizujgcych przemieszczen podtoza w kierunku
AP i ML, bezprzewodowego zestawu do elektromiografii (Ultium EMG) oraz czujnikéw
IMU (Ultium Motion). Platforma stabilograficzna byta umieszczona centralnie na
biezni i sztywno przymocowana. Elektrody oraz czujniki systemu do elektromiografii

zostaty przymocowane na powierzchni skory we okolicach brzuscow: miesnia
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piszczelowego przedniego (TA), miesnia prostego uda (RF), miesnia brzuchatego tydki
(gtowa przysrodkowa) oraz miesnia brzuchatego tydki (gtowa boczna) (GM) - miesni
aktywnie zaangazowanych w proces utrzymywania réwnowagi w kierunku przednio-
tylnym. Jeden czujnik IMU zostat przymocowany do pasa biezni, co umozliwiato
wykrycie rozpoczecia perturbacji w postaci poruszenia platformy na pasie biezni
i synchronizacje wszystkich urzadzen (Rysunek ). W pierwszej prébie uczestnicy nie
wiedzieli, kiedy i w jakim kierunku nastgpi perturbacja (Tr1). W drugiej wiedzieli, ze
perturbacja nastapi, ale nie znali jej doktadnego czasu ani kierunku {Tr2). W trzeciej
prébie byli doktadnie informowani o czasie i kierunku perturbacji, z odliczaniem
wyswietlanym na ekranie (Tr3). Podczas kazdej proby platforma wykonywata dwa

ruchy —do przodu i do tytu — kazdy o dtugosci 9,5 cm i trwajgcy 0,5 sekundy.

—

Rysunek 5 Stanowisko pomiarowe wraz z osobg badana [A5]

Po wykonaniu pomiaréw analizowano wartosci w dziedzinie czasu, a takze
przeprowadzano analize zmian trendu. W czasie analizy obliczono srednig predkosci
COP oraz wielkosci opisujace charakterystyke zmian trendu — catkowitg liczbe zmian
trendu podczas catego testu (TCl), srednig odlegtos¢ miedzy kolejnymi punktami

zmiany trendu (TCI_dS), sredni czas miedzy kolejnymi punktami zmiany trendu
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(TCL_dT) oraz srednig predkos¢ chwilowych przemieszczenn pomiedzy kolejnymi
zmianami trendu (TCI_dV). Test Shapiro-Wilka wykazat brak normalnych rozktadow
dla wszystkich wielkosci, dlatego w analizie statystycznej zastosowano mediany oraz
testy nieparametryczne. Wielkosci otrzymane w testach Tr1, Tr2 i Tr3 poréwnano za

pomoca testu Friedmana oraz testu par Wilcoxona z poprawkag Holma.

Analiza sygnatéw EMG wykazata roznice w aktywacji miesni konczyn dolnych
miedzy prébami, szczegdlnie w prébie Tr3, gdzie zaobserwowano wczesniejsze
przygotowanie do zaburzenia réwnowagi (EPA i APA) [A2]. Badania potwierdzity, ze
rézna wartosé¢ aktywacji miesni wptywa na charakterystyke sygnatéw COP, co byto
widoczne w zmianach wartosci parametréw takich jak TCI_dS i TCl_dV.
W szczegolnosci, w probie Tr3, na sekunde przed zaburzeniem odnotowano znaczacy
wzrost odlegtosci miedzy kolejnymi punktami oznaczajgcymi zmiane trendu, co
sugeruje zmianeg strategii utrzymania réwnowagi. Wzrost ten byt réwniez widoczny
w liczbie przemieszczen COP w okreslonych przedziatach czasowych. Wykazano, ze
w sytuacjach, gdy badani wiedzieli o nadchodzacym zaburzeniu, wzrastata predkosé
COP (Vcor), co mogto wskazywaé na zmiane strategii utrzymania réwnowagi. Mimo
wzrostu Vcep, liczba zmian trendu (TCI) pozostata stata, co sugeruje, ze zmiany te
wynikaty z wydtuzenia odlegtosci pokonywanych przez COP, a nie z czestszych korekt
postawy. Zauwazono rowniez, ze zwiekszone napiecie miesniowe, wynikajgce ze
swiadomosci nadchodzgcego ruchu, prowadzito do usztywnienia ciata, co mogto
powodowacé zmiany w charakterystyce utrzymania rownowagi. Badania wskazuja, ze
reakcje ciata na zaburzenia réwnowagi sg ztozone i mogg sie rézni¢ w zaleznosci od

poziomu swiadomosci badanych na temat nadchodzacego zaburzenia.

Metoda analizy zmian trendu moze uzupetnia¢ tradycyjne analizy COP oraz
pomiary EMG w badaniach nad przygotowaniem posturalnym (PA). Umozliwia ona
okreslenie wielkosci bazujacych na TCI, ktdre pomagaja wyjasniac¢ przyczyny np.

wzrostu predkosci COP, co ilustruje mechanizmy strategii utrzymania rownowagi.
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2.8  Analiza zmian trendu w réwnowadze posturalnej w chorobie Parkinsona
[A6]

Szosty artykut cyklu jest opisem wykorzystania innowacyjnej metody analizy
trendu w badaniach zdolnosci utrzymywania réwnowagi z wykorzystaniem IMU
w grupie osob zchorobg Parkinsona (PD). Badania te mogag przyczyni¢ sie
w przysztosci do powszechnego stosowania analizy trendu w praktyce klinicznej,
umozliwiajgc bardziej precyzyjne monitorowanie postepdw choroby oraz tworzenie
nowych metod diagnostyki w oparciu o szczegétowe analizy stabilnosci posturalnegj
pacjentéw. Artykut powstat we wspdtpracy z Uniwersytetem w Kilonii, gdzie zostaty

wykonane pomiary.

Badania przedstawione w artykule majg dwa cele - zbadanie potencjalnego
zastosowania analizy zmian trendu (TCA) do oceny stabilnosci posturalnej
zwykorzystaniem [IMU oraz zastosowanie tej analizy w kontekscie choréb
neurologicznych, w szczegdlnosci PD. Hipotezg badan jest, ze TCA moze réznicowad
osoby z chorobg Parkinsona (pwPD) i zdrowe osoby doroste, a takze rozrézniaé
pomiedzy fazami "on" (PDon) i "off" (PDoff) zwigzanymi z przyjmowaniem lekdow

dopaminergicznych.

Grupa badawcza sktadata sie z 61 zdrowych 0sdb podzielonych na dwie podgrupy:
mtodych dorostych (40 oséb) (YO) o sredniej wieku 30 lat, Srednim wzroscie 185 cm
i sredniej masie ciata 80 kg i starszych dorostych (21 oséb) (OP) o sredniej wieku 73
lat, srednim wzroscie 181 cm i sredniej masie ciata 84 kg oraz 29 oséb z chorobg
Parkinsona (pwPD). Wsrod podgrupy z choroba Parkinsona 13 os6b uczestniczyto
w badaniu jako PDoff (ocena UPDRS Il wynosita 24 £ 10), 23 jako PDon (ocena
UPDRS Il wynosita 30 £20), a 7 zaréwno jako PDon (ocena UPDRS Il wynosita
26 £ 10), jak i PDoff (ocena UPDRS Ill wynosita 27 = 10). Wszyscy uczestnicy badanh
zchoroba Parkinsona byli pacjentami oddziatu neurogeriatrycznego w Centrum

Neurologii Uniwersyteckiego Szpitala Schleswig-Holstein w Kiel.

Trzy czujniki IMU (Ultium Motion) zostaty przymocowane do ciata (na wysokosci
miednicy, mostka i gtowy) kazdej badanej osoby za pomocg elastycznych paskow

(Rysunek ). Uczestnikdw poproszono o stanie w pozycji wyprostowanej z nogami
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mogg prezentowac¢ podobne zachowanie jak osoby zdrowe, co moze by¢ wynikiem
kompensacyjnych mechanizméw w centralnym uktadzie nerwowym. Badanie
wykazato, ze leczenie dopaminergiczne moze wptywaé¢ na zmiany w stabilnosci
postawy. Wyniki TCA wskazaty na wiekszg liczbe zmian trendu (TCIl) i mniejsze
wartosci TCI_dT w stanie "off" w poréwnaniu do stanu "on", co moze odzwierciedla¢

deficyty wizualne wynikajace z niedoboru dopaminy.

Najwazniejszym wnioskiem ptynacym z badan jest to, ze wprowadzenie analizy
zmiany trendu (TCA) okazato sie kluczowe w wykrywaniu znaczacych réznic miedzy
stanem "on" a "off" leczenia PD, co podkresla jej potencjat w ocenie zmian
zwiazanych zchoroba, ktére nie sg wykrywane za pomocg konwencjonalnych

parametrow.
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2.9 Podsumowanie

W ramach rozprawy doktorskiej przedstawiono wyniki badan opublikowanych
w szeregu artykutéw naukowych, ktére koncentrujg sie na mechanizmach kontroli
posturalnej i zdolno$ci utrzymywania réwnowagi ciata cztowieka wrdznych

warunkach eksperymentalnych, w tym w rzeczywistym i wirtualnym srodowisku.

Uzyskane wyniki badan dostarczyty informacji, ze standardowo stosowane
wielkosciliczone w dziedzinie czasu, opisujgce zdolnosc¢ utrzymywania rownowagi sg
niewystarczajgce do okreslenia reakcji badanej osoby na zadane bodzZce.
Zastosowanie analiz w dziedzinie czestotliwosci moze znacznie poszerzyé
mozliwosci interpretacji otrzymywanych danych pomiarowych, co wykazano
w jednym z badanh podczas oceny wptywu ruchu gtowy na utrzymywanie réwnowagi
ciata. Zastosowanie tych analiz umozliwito wyodrebnienie z grupy badawczej osob
najbardziej podatnych na zaburzenia wizualne. W badaniach dotyczacych wptywu
rzeczywistych bodzZzcow wytrgcajacych zréwnowagi na wystepowanie zjawisk
przygotowania posturalnego potwierdzono, ze kluczowym czynnikiem, ktory
wywotywat zjawiska przygotowania posturalnego i gotowos$é do reakcji na zaburzenie
byta informacja o czasie nadchodzgcego zaburzenia. Dodatkowo wykazano,
ze potaczenie analizy stabilograficznej, EMG i IMU poszerza mozliwos¢ precyzyjnej
oceny mechanizméw utrzymywania rownowagi. Wyniki badan potwierdzity, ze
metoda analizy chwilowych korekt postawy wzbogaca standardowe analizy
w dziedzinie czasu iczestotliwosci umozliwiajac uwzglednienie niecyklicznych
przemieszczennh COP. Wykazano przydatnosé tej metody zaréwno podczas badan
w Srodowisku wirtualnym z oscylujagcymi zaburzeniami jak i w $rodowisku
rzeczywistym przy realnych bodzcach destabilizujgcych. Rozwdj analiz w oparciu
o detekcje chwilowych korekt postawy otwiera nowe mozliwosci w diagnostyce
zaburzen réwnowagi, szczegdélnie w odniesieniu do choréb neurodegeneracyjnych,
jak choroba Parkinsona. Zastosowanie tych narzedzi w praktyce klinicznej pozwolito
na réznicowanie pomiedzy stanem "on" a "off" leczenia dopaminergicznego w PD.
Wyniki te wskazujg na duzy potencjat zastosowanej metody, w tym do wczesnej
diagnostyki zmian w stabilnosci posturalnej, ktére nie sg widoczne przy uzyciu

tradycyjnych metod oceny réwnowagi.
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Podsumowujac, przeprowadzone badania umozliwity realizacje zaktadanych
celow badawczych. Zastosowanie badan z bodzcami destabilizujgcymi, zaréwno
rzeczywistymi jak i wygenerowanymi w technologii wirtualnej rzeczywistosci
znaczgco poszerza mozliwosci analizy zdolnosci utrzymywania réwnowagi.
Wykorzystanie metod detekcji chwilowych korekt postawy, zwieksza mozliwosci
interpretacyjne zjawisk towarzyszgcych destabilizacji ciata osoby badanej. Tego typu
podejscie umozliwia bardziej precyzyjne monitorowanie stabilnosci posturalnej, co
ma kluczowe znaczenie zaréwno w rehabilitacji, jak i w prewencji upadkow, a takze

w diagnostyce choréb neurodegeneracyjnych.
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3. Poszerzone streszczenie w jezyku angielskim

3.1 Introduction

The ability to maintain balance is a key element of daily human functioning.
It affects independence in performing everyday activities, mobility, and overall quality
of life. Balance maintenance is a complex process involving the vestibular, visual, and
proprioceptive systems. The vestibular system, located in the inner ear, comprises
the semicircular canals, utricle, and saccule, which respond to head acceleration [1].
The visual system provides information about the surrounding environment, including
light intensity, object positions within sight, and the location of visible body parts. The
proprioceptive system supplies sensory data about the relative positions of body
parts. Proprioceptor sensory endings respond to deformation, and several groups of
proprioceptors play a crucial role in movement control. They are sensitive to physical
variables such as joint position, muscle length, contraction speed, and muscle force.
The integration of information from these systems is essential for maintaining
balance. Disorders in any of these systems can lead to balance control difficulties
and an increased risk of falls. Impaired balance may result from neurological
diseases, aging, vestibular disorders, sensory disturbances in the feet due to
diabetes, or musculoskeletal injuries [1,2]. Disrupted balance can lead to falls,
which, by causing injuries, may further worsen health conditions [3]. Falls and related
injuries are among the leading causes of hospitalization in older adults, often
resulting in loss of mobility and independence [4]. Therefore, monitoring and
improving balance, especially in the elderly and those with chronic illnesses, is

crucial for enhancing quality of life and reducing fall risks.

Maintaining a stable posture is a dynamic process that requires constant control
and adjustments of the center of mass to sustain balance during everyday activities.
The process of balance maintenance involves mechanisms related to postural
preparation (PA) and postural compensation in response to destabilizing stimuli.
Postural preparation occurs just before a disturbance and aims to prevent or minimize
the negative effects of balance loss. In contrast, compensatory adjustments are

designed to restore balance immediately after the disturbance [5, 6, 7]. Postural
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control mechanisms can be categorized as early (early postural adjustment — EPA),
which occur approximately 600-400 ms before the disturbance, preparing the body
for the anticipated imbalance; anticipatory (anticipatory postural adjustment — APA),
occurring approximately 150 ms before to 50 ms after the disturbance, preparing to
counter the imbalance; or compensatory (compensatory postural adjustment— CPA),
occurring approximately 70-300 ms after the disturbance, restoring balance [8, 9, 10].
These mechanisms primarily manifest as changes in the activity of postural muscles
[8], the displacement of individual body segments, and shifts in the center of mass
(COM) or center of pressure (COP) [6]. Stimuli triggering PA can be divided into two
types: the first related to voluntary movement initiation [11], and the second external,
originating from the environment, often leading to destabilization [5]. Research
suggests that an external stimulus can trigger APA if the subject is aware of when the
disturbance will occur [8, 10]. In rehabilitation and therapy, understanding these
mechanisms is critical for identifying specific deficits in a patient's balance control
system [12, 13], reducing the risk of falls [4, 14], and monitoring rehabilitation

progress [15].

Scientists use various methods to assess the ability to maintain balance, with the
most employed approach involving the analysis of center of pressure (COP)
displacements. Metrics describing the ability to maintain a stable posture, based on
COP displacements, are most frequently analyzed in the time domain [16, 17] and the
frequency domain [18, 19]. The most popular time-domain metrics include COP path
length, average COP velocity, COP ellipse area, and COP movement ranges in the
anterior-posterior (AP) and medio-lateral (ML) directions. Assessments may also
involve determining the position of the center of mass (COM), tracking head
movements, and measuring trunk acceleration values [20]. Less frequently used
methods, as described in the literature, include wavelet transform analysis [21, 22,

23] and probabilistic analyses based on entropy [24].

Frequency domain analyses complement time-domain analyses by identifying
cyclic components in the COP signal. These analyses can reveal subtle changes that
may be difficult to detect using standard time-domain metrics. Frequency domain

approaches are particularly valuable in developing new diagnostic methods,
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especially for assessing balance abilities under sensory conflict conditions, both in
real-world environments and through virtual reality (VR) applications. VR technology
has gained popularity in recent years due to technological advancements, making it
more accessible. The use of 3D imagery enables the creation of environments and
stimuli that are challenging to replicate in the real world. Additionally, the wide range
of customizable scenarios allows the diagnostic and rehabilitation process to be
tailored to individual patient cases and abilities. As a result, VR is increasingly being
applied in rehabilitation and diagnostics, particularly for conditions related to
impaired balance. Research in sensory conflict scenarios, where different senses
receive conflicting information, is especially relevant in this context. In such cases,
participants are exposed to stimuli that directly or indirectly destabilize their posture.
For example, a study might involve a person standing on stable ground while VR
technology creates the visual illusion of a moving environment (e.g., by displaying
oscillating surroundings) [18, 25, 26, 27]. Analyzing the body’s response to these
visual disturbances can offer valuable diagnostic insights into balance control and
adaptability in dynamically changing environments. Impaired adaptability may serve
as an early indicator of neurological disorders, such as Parkinson’s disease or

vestibular dysfunction [28].

Currently used methods for assessing balance abilities, such as time-domain [16,
17] and frequency-domain analyses of COP displacements [18, 19], offer valuable
insights into postural stability. Commonly analyzed time-domain parameters include
COP velocity, COP ellipse area, and COP displacement ranges in the anterior-
posterior (AP) and medio-lateral (ML) directions. Typically, an increase in these
parameters is interpreted as indicative of balance control issues [33]. In contrast,
frequency-domain analyses facilitate the examination of cyclic components within
the signal, identifying dominant frequencies, which aids in assessing changes in
balance strategies. This approach is especially useful when studying the effects of
cyclic disturbances in virtual reality environments [21, 22, 23], broadening the scope
of balance assessments beyond what time-domain analyses provide. The
incorporation of advanced technologies, such as IMU sensors, electromyography,

and virtual reality, can further enhance the evaluation of balance abilities and
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postural preparation [29, 30, 31, 32]. However, these technologies require analyses
that allow for a comprehensive understanding and interpretation of the data within
the measured signal. While the methods described above detect changes in the
signal that suggest alterations in balance strategies, they focus on global signal
analysis or the cyclic nature of observed phenomena, often overlooking rapid, non-
cyclic changes. These non-cyclic changes can be critical for diagnosing and treating
patients with neurological, orthopedic, or vestibular disorders. Consequently, there
is a need for the continued development of research methods that complement
current measurements and analyses, providing a more complete understanding and
interpretation of changes in balance abilities that may result from the progression of

various diseases.
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3.2 Research objective

The recognized need for developing measurement methods and exploring novel
approaches to data analysis, aimed at improving our understanding of human
balance control mechanisms, has led to the formulation of the following research

objectives:

e Develop a methodology for measuring human balance abilities that
assesses changes in postural control strategies in response to both
anticipated and unanticipated destabilizing stimuli.

e Determine the impact of virtual and real destabilizing stimuli on postural
preparation as a diagnostic tool for evaluating human balance abilities.

¢ Analyze the practical application of methods for detecting momentary
postural corrections to assess changes in postural control strategies in

response to virtual and real destabilizing stimuli.

This doctoral dissertation summarizes the results of a series of studies published
in scientific articles, focusing on the mechanisms of postural control and the ability
to maintain balance in humans. The work encompasses both theoretical aspects of
postural control, including the development of new methodologies for analyzing

stabilographic data, and practical clinical applications.

Research methods utilizing virtual reality (VR) were developed to analyze postural
preparation in response to balance-disturbing stimuli. Additionally, non-cyclical
changes in the center of pressure (COP) were measured to assess shifts in balance
strategies. The studies evolved from simpler experiments evaluating balance in virtual
reality environments [A1], to more complex real-world destabilizing stimuli [A2], and
to the development of novel data analysis methods aimed at complementing
traditional balance assessment techniques [A3, A4, A5]. The final phase involved
applying these methods in clinical practice with patients diagnosed with Parkinson's
disease (PD) [AB]. In studies involving VR and a simulated fall down the stairs [A1], it
was confirmed that visual destabilizing stimuli affected participants' balance
differently. Frequency analysis, particularly of head movements, provided more

precise information about participants' responses to visual disturbances, suggesting
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that additional analyses could help detect subtle changes. This led to further studies
using more pronounced destabilizing stimuli, including real-world perturbations and
the integration of electromyography (EMG) and full-body kinematic measurements,
to expand the scope of analysis. The second phase of research [A2] involved real-
world disturbances, such as shifting ground, to activate postural preparation
mechanisms (anticipatory postural adjustments—APA, and early postural
adjustments—EPA). The results showed that awareness of an impending stimulus
influenced postural reactions, particularly in terms of increased lower limb muscle
tension. Understanding how the nervous system prepares for and reacts to external
stimuliis crucial for diagnosis and rehabilitation. This phase highlighted the necessity
for more advanced data analysis techniques to enhance balance assessment
interpretation. The next research phase [A3] focused on extending traditional balance
assessment methods by applying techniques inspired by stock market trend analysis.
The Trend Change Index (TCIl) was introduced, which defines the number of trend
changes based on signal intersections from the Moving Average Convergence
Divergence (MACD) algorithm. MACD is represented by two lines: the MACD line and
the signal line. Their intersections indicate trend changes in COP displacement, and
the TCI coefficient counts the number of these changes during measurement [A3 -
Ab]. To further validate the COP trend change analysis method, subsequent studies
examined participants' responses to virtual reality-generated disturbances [A4] and
real-world perturbations with shifting ground [A5]. The analysis showed that the
number of trend changes, as well as the time and distance between them, influenced
postural stability and indicated shifts in balance strategies. These findings suggest
that trend change analysis may be valuable for diagnosing and assessing individuals
with neurodegenerative diseases. The final phase of the research involved evaluating
the practical application of trend change analysis in assessing balance in individuals
with Parkinson's disease (PD) [A6]. In PD, trend analysis proved effective in detecting
differences between "on" and "off" states during dopaminergic treatment, revealing
changes in postural stability that were not detectable with traditional methods. This
suggests that trend analysis may be valuable for monitoring disease progression and

diagnosing neurological disorders. Additionally, trend analysis in PD patients allows
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for more precise tracking of disease progression, which could be critical for

optimizing treatment and rehabilitation strategies.
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3.3 Analysis of center of pressure displacements and head movements
triggered by a visual stimulus created using the virtual reality technology

[A1]

Balance disorders can indicate neurological diseases or result from the aging
process. Standard balance tests, such as COP displacement measurements, are
often insufficient for detecting subtle balance disturbances. As a result, there is an
increasing need for more advanced methods capable of identifying changes that
remain undetected by traditional time-domain analyses. In this context, virtual reality
(VR) technology is playing an increasingly significant role, enabling the simulation of
various destabilizing conditions. Through VR, itis possible to introduce destabilizing
visual stimuli while maintaining stable ground, placing the individual in a situation of
sensory conflict. Studies have described balance assessments in VR environments,
often exposing participants to moving surroundings or simulations of everyday
situations. Analyzing reactions to these visual disturbances provides valuable
insights into the mechanisms underlying postural stability. In balance assessment
studies, time-domain parameters are typically analyzed. However, while time-
domain values often increase under sensory conflict conditions, they do not always
correlate directly with balance disorders, particularly those caused by neurological
conditions. This underscores the need for new measurement and analysis methods
capable of detecting changes that are not visible in standard time-domain analysis.
Frequency-domain analysis and the use of accelerometers complement traditional
analyses by providing additional information, such as the cyclicity of COP movements

or the characteristics of individual body segment movements.

Consequently, the research objectives of the first article in this series were as

follows:

¢ determine whether a visual stimulus, in the form of a simulated fall down
the stairs, affects postural control,
e assesswhetherincorporating frequency-domain analysis can enhance the

interpretation of balance ability compared to time-domain analysis,
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e evaluate whether head movement measurements can complement COP
measurements by providing additional insights into the effects of visual
destabilizing stimuli on balance ability,

e investigate whether a visual warning signal preceding the destabilizing

stimulus influences head movements and COP displacement.

To answer the questions, a series of studies was designed involving 10
participants (7women and 3 men) with an average age of 25 years and an average BMI
of 23 kg/mz. All participants reported no significant lower limb injuries or balance
issues. However, three individuals - one with severe motion sickness and a fear of
heights (pp3), and two others (pp1, pp2) with elevated parameters indicating potential
balance issues - were excluded from the healthy group, and separate analyses were
conducted for each case. The study was conducted using the WinFDM-S
measurement platform and the HTC Vive VR set. The VR application, developed in
Unity 3D, presented a simple room scenario where the participant's avatar stood at
the top of a staircase leading downward (Figure 1). Throughout the 60-second trials,
both COP and head movements were recorded. Prior to the VR tests, participants
underwent balance assessments on the platform in a real-world setting, with eyes
open (EO) and eyes closed (EC). In the first test, a simulated fall down the stairs was
triggered at the 30-second mark (BB). In the second test, participants received a
visual warning signal 3 seconds before the simulation (BZ). Each test was repeated

three times.

Figure 1 VR scenery [A1]

The analysis of the results was conducted in three stages. In the first stage,

comparisons were made between the values of COP displacement velocity (Vcop),
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head movement velocity (Vheas), and COP ellipse area (EAcop) in both real and VR
environments to assess the impact of destabilizing visual stimuli. The second stage
involved analyzing the range of COP and head movements (DAD) in the anterior-
posterior (AP) direction. The final stage consisted of a case study comparing the
parameters of individuals with balance difficulties to those without such issues.
Statistical analysis was performed using Statistica 13 software. Since none of the
variables followed a normal distribution, non-parametric tests were used to compare

differences.

To determine whether the simulated fall down the stairs could induce balance
loss and whether COP displacements and head movements could identify balance-
related issues, the analysis was conducted in two ways: first, by evaluating changes
in parameters describing destabilization and postural compensation in a group of
healthy individuals, and second, by comparing the results of those more susceptible

to visual disturbances with the healthy group.

The analysis of parameters describing destabilization and postural compensation
in the healthy group revealed that the destabilizing visual stimulus did not
significantly affect participants' behavior. No significant differences were found
between their reactions with and without the warning signal. It is likely that the visual
stimulus (a simulated fall downstairs) was too unrealistic to elicit substantial
changes, even when participants were aware of its occurrence and had experienced
it before. Among the subjects, three individuals—one with severe motion sickness
and a fear of heights, and two others with elevated balance parameters—stood out.
Their differing results suggest potential balance difficulties under specific conditions,
such as being at heights or experiencing unexpected ground movement. The study
did not find significant differences in average COP or head movement velocities
between healthy individuals and those more susceptible to disturbances, indicating
that these parameters alone may be insufficient for detecting balance problems.
More noticeable differences were observed in COP ellipse area and head
movements, where the values for the three individuals were higher than the rest of
the group, suggesting greater difficulty in maintaining balance after a disturbance.

Frequency analysis revealed that the visual stimulus triggered a cyclic component
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with the highest amplitude between 0.1 Hz and 0.2 Hz in the COP AP signal. While no
differences were found between tests with and without the warning signal, significant
differences were observed between the three individuals and the rest of the
participants, particularly in the first harmonic amplitude related to head movements.
These results suggest that head movements dominated over COP displacements in

their balance strategy, which could be key in diagnosing balance problems.

In summary, visual stimuli in VR affect individuals differently. Although the
simulated fall down the stairs was designed to assess postural responses to a
suddenvisualdisturbance, it did not significantly impact the postural control of most
participants. This suggests that stronger or more realistic visual stimuli are needed to
assess postural stability effectively. Frequency domain analysis, particularly the first
harmonic amplitude of head movement signals, was better at distinguishing
individuals susceptible to visual disturbances. While these findings do not
necessarily indicate health issues, they may suggest increased susceptibility to
unexpected stimuli requiring rapid head movements. To fully understand the
mechanisms behind responses to external destabilizing stimuli, further analysis
using electromyography (EMG) and expanded kinematic assessments of body
movements - especially those of the lower limbs and knee joints - is necessary. The
findings highlight the need for further refinement of methods simulating visual
destabilizing stimuli and balance assessment techniques that detect changes not

captured by standard time and frequency domain analyses.
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3.4 The effect of selected lower limb muscle activities on a level of

imbalance in reaction on anterior-posterior ground perturbation [A2]

This article continues previous research on motor responses to visual
disturbances, introducing a novel approach by applying real balance disruptions in
the form of destabilizing ground shifts. Mechanisms of Anticipatory Postural
Adjustment (APA) and Early Postural Adjustment (EPA) play a crucial role in adapting
the body to external stimuli, helping to maintain balance and postural stability. In
recent years, research on APA and EPA has become increasingly important,
especially for diagnosing postural disorders and predicting falls. Observing these
mechanisms provides deeperinsights into how the body controls posturalresponses.
Tools such as stabilographic platforms, electromyography systems, and IMU sensors
offer more comprehensive and precise monitoring of muscle activity, COP
displacements, and overall body kinematics. This article explores the practical
applications of these mechanisms in assessing postural stability and their potential

use in rehabilitation and injury prevention.

The aim of this study is to investigate whether knowledge of the timing of an actual
balance-disrupting stimulus affects lower limb muscle tension before the
disturbance occurs. Specific objectives include detecting the occurrence of APA and
EPA, determining whether increased muscle activity is continuous over time or short-
lived before the disturbance, and whether early muscle tension during the EPA phase
leads to increased muscle tension in the APA phase. Additionally, the study aims to
assess whether the increase in lower limb muscle tension before the disturbance
results from postural changes that shift the center of mass forward or backward,

increase or decrease forefoot pressure on the ground, or increase knee flexion angles.

To address the objectives, a series of studies was conducted involving 38
participants (27 women and 11 men) with an average age of 23 years, an average
height of 172 cm, and an average weight of 70 kg. All participants reported no history
of serious lower limb injuries, motor system dysfunctions, or balance disorders. The
measurement setup consisted of a foot pressure measurement platform (WinFDM-

S), a treadmill for postural perturbation training and assessment (BalanceTutor),
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Wilcoxon’s post-hoc test with Holm’s correction. Due to the non-normal distribution

of the data, Spearman’s correlation was also calculated.

The results showed an increase in muscle tension only when participants were
aware of the timing of the disturbance. The study aimed to define the strategy of
postural preparation and its impact on postural compensation after the disturbance.
Statistically significant differences in EMGAPA and EMGEPA between Tr1 and Tr3, as
well as between Tr2 and Tr3, were observed only for forward movement in the TA, GL,
and GM muscles during APA, and for TA and GM (only in the left leg) during EPA.
Significant correlations between EPA and APA indicated that the TA and GM muscles
were activated earlier, with activity increasing until the disturbance occurred. No
significant differences were found in forefoot pressure or knee flexion angle across
the Tr1, Tr2, and Tr3 tests. A correlation between increased muscle activity and both
COP velocity and maximum displacement after the disturbance was noted,
particularly for the TA muscle during forward movement and GL during backward
movement. In both cases, increased muscle tension led to extended COP path length

and velocity.

The study aimed to evaluate the effect of forward and backward ground
displacement on lower limb muscle responses related to postural adaptation by
examining muscle activity, knee flexion, and pressure on the ground in relation to COP
displacement. APA and EPA phenomena were identified based on muscle activity,
and the analysis revealed an increase in average muscle activity during APA in Tr3,
when participants were informed of the disturbance's timing. The TA muscle was
shown to play a crucial role in adapting to postural disturbances. Due to the lack of
significant differences in knee flexion, COP displacement, and forefoot pressure
between Tr1, Tr2, and Tr3, it can be inferred that postural adaptation to the
disturbance was not associated with forward or backward trunk leaning, and the
observed increase in TA, GL, and GM muscle tension did not affect knee flexion. The
strong correlation between muscle tension and COP displacement and velocity after
the disturbance, especially between TA tension and COP behavior, suggests that

increased muscle tension during the APA phase contributed to joint locking before
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the disturbance, thereby altering postural compensation and increasing both COP

path length and velocity.

The study clearly confirmed that the key factor triggering postural adjustment and
readiness for disturbance was awareness of the anticipated timing of the
perturbation. Muscle tension, which stiffened the lower limb joints, was crucial for
preparing for the disturbance, leading to greater COP displacement after the
disturbance. Combining real-world disturbances, such as unexpected and
anticipated ground shifts, with EMG and IMU analysis offers a precise assessment of
balance control mechanisms. This approach provides new insights into the
interaction between the nervous and muscular systems in maintaining balance,
which is especially important for fall prevention and rehabilitation. The results
emphasize the need for broader analysis of postural responses to real destabilizing
stimuli, such as ground displacement. The introduction of a new analytical
methodology capable of detecting non-cyclical changes, which standard analyses
often miss, could be highly beneficial. Understanding how the body prepares for and
responds to external balance disturbances is key to developing improved diagnostic
and rehabilitation methods that can more effectively enhance postural stability and

reduce the risk of falls in everyday situations.
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3.5 The stock market indexes in research on human balance [A3]

Previous studies on balance maintenance ability have primarily focused on
measuring center of pressure (COP) displacements, including parameters like COP
velocity, ellipse area, and displacement range in different directions. When balance-
disturbing stimuli are cyclical, frequency-domain analyses can provide valuable
insights into the body’s response. However, frequency analysis is limited to detecting
cyclical changes in COP positions and may overlook non-cyclical changes that are
also critical for assessing balance maintenance strategies. In this context, new
analytical methods inspired by stock market price trend analysis techniques can
expand traditional approaches by incorporating momentary, non-cyclical changes in
COP and center of mass (COM) movements. These advanced approaches can not
only enhance diagnostic accuracy but also allow for earlier detection of balance
disturbances, which is particularly important for fall prevention and reducing injury
risks. The third article in this series introduces a balance analysis method based on a
stock market index, aiming to complement both time-domain and frequency-domain
analyses in virtual reality studies [A1] and postural preparation and compensation

analyses [A2].

This article explores the use of the Moving Average Convergence/Divergence
(MACD) index - typically associated with stock price trend analysis - to evaluate
balance maintenance ability in both real-world and virtual reality environments. The
study aimed to demonstrate the feasibility of applying stock market indicators to
assess balance ability, complementing traditional time and frequency-domain
analyses. By detecting significant trend changes - directional shifts - in COP
movement and identifying the time intervals between successive changes, this
analysis could capture both cyclical and non-cyclical components within a specific

frequency range.

The study involved 83 healthy participants {56 women and 27 men) with an
average age of 21 years, an average height of 172 cm, and an average weight of 65 kg.
All participants reported no history of significant lower limb injuries, motor system

dysfunction, or balance disorders. The study was conducted using the WinFDM-S
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measurement platform and the Oculus Rift VR system. The VR application, developed
in Unity 3D, presented two scenarios: an "open" desert scene with objects visible at
approximately 100 meters, and a "closed" room scene with furniture and objects at
about 3 meters. During the measurements, the scenes oscillated in the sagittal plane
at fixed frequencies. The testing procedure included measurements taken in both
real-world environments (with eyes open and closed) and in virtual environments
using the two oscillating scenes ("open" and "closed") at different frequencies (0.2
Hz, 0.5 Hz, 0.7 Hz, and 1.4 Hz). Participants stood barefoot on the measurement
platform with their arms crossed over their chest and heads facing forward. The
measurements focused on COP displacements during 30-second tests. Data
analysis was conducted using MATLAB software. In the first stage, the average COP
velocity, and the range of COP movement in the AP direction were analyzed. This was
followed by a frequency analysis to determine the Power Spectral Density (PSD) of
COP displacementin the AP direction. Additionally, the Trend Change Index (TCl) was
calculated to define the number of trend changes based on the Moving Average

Convergence Divergence (MACD) index.

The MACD index s represented by two lines: the MACD line and the signalline. The
MACD line was obtained by subtracting the slow-moving average (26-period average)

from the fast-moving average (12-period average) (Equation 1, Equation 2).

Equation 4

MACD12,26 = EMA]_Z - EMA26

where:
EMA,; — faster exponential moving average,

EMA,s — slower exponential moving average;

Equation 2

ema. < Pot A —api+ A —a)’p+ (A —aYps + -+ (1 —a)'py
PN I+(l-a)+(1-a)2+Q-a)®++(1—-a)¥

where:

p0 — ultimate value,

60






The measured values of subsequent COP positions over time were processed
using time, frequency domain analyses, and trend analysis. In the time-domain
analysis (average COP velocity, average COP velocity in the AP direction, range of
movement in the AP direction), a statistically significantincrease in measured values
in the virtual environment was observed compared to the real environment for most
measurements. However, there were no significant differences for average COP
velocity and range of movement in the AP direction at oscillation frequencies of 0.2
Hz and 0.5 Hz. PSD and TCI coefficients were calculated for the AP direction. The PSD
analysis showed statistically significant differences when comparing tests with open
eyes (EO) to all other measurements, as well as within the 0.5-10 Hz range for tests
with closed eyes (EC) compared to the "open"” and "closed" VR scenes at oscillation
frequencies of 0.5 Hz, 0.7 Hz, and 1.4 Hz. No significant differences were found
between the virtual environment tests themselves for both PSD and TCI values.
Comparisons of PSD and TCI values indicated that the maximum values were
obtained at oscillation frequencies of 0.7 Hz and 1.4 Hz, regardless of the scene type.
Statistically significant differences were also observed when comparing the virtual

environment tests at frequencies of 0.2 Hz and 0.5 Hz with those at 1.4 Hz.

Traditional metrics used to describe balance ability, such as COP path length,
average velocity, and movement range, tend to increase in healthy individuals when
standing on unstable surfaces or in situations of sensory conflict. In such cases,
frequency analysis allows for the decomposition of the COP movement signal into
cyclic components and identification of dominant movement frequencies. However,
traditional methods often fail to detect non-cyclic corrections in COP position. The
proposed analysis method using stock market indices enabled the detection of both
cyclic and non-cyclic trend changes in COP movement. A new coefficient, the Trend
Change Index (TCI), was introduced to define the number of trend changes in the COP
displacement signal. The analysis of trend changes across different measurements
showed that the number of these changes remained consistent across tested
conditions. This suggests that balance control requires a certain number of rapid
trend changes in COP movement (within time intervals of 0.05-1.0 s, corresponding

to frequencies of 10 Hz to 0.5 Hz). Destabilizing conditions, such as the introduction
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of an oscillating visual scene, did not significantly alter this number. From this, it can
be inferred that either the balance system does not require additional movements, or

the motor system is unable to generate them.

The presented results show that traditional methods of analysis, such as
measuring COP path length, average velocity, and movement range, are effective in
assessing general balance ability but may not fully capture subtle, non-cyclic
changes in COP displacement. The proposed trend analysis method, based on
astock market index, allows for the detection of rapid, non-cyclic postural
corrections, which could provide new diagnostic insights, especially for individuals
with balance disorders. Further development and testing of this method are
necessary under a variety of stimuli, both in virtual reality environments and in real-
world simulations that mimic everyday scenarios. Itis especially important to assess
this method on individuals with neurodegenerative diseases, where subtle changes
in balance may be critical for early diagnosis and monitoring disease progression.
Integrating this method into clinical practice could lead to more precise balance

assessments and a better understanding of proprioceptive control mechanisms.
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3.6 Impact of Visual Disturbances on the Trend Changes of COP

Displacement Courses Using Stock Exchange Indices [A4]

The fourth article in the series builds on previous research introducing trend
analysis in balance assessment [A3], while addressing the need for further
development of this method to enhance the analysis of measurement results in a VR
environment with disturbances. The article aimed to determine whether trend change
analysis (TCI) can effectively complement standard balance assessment methods by
identifying the number of postural corrections (TCl) and introducing additional
indicators based on TCI. Furthermore, the study sought to determine whether
areduction in the frequency of postural corrections and an increase in the distance
between trend change points could serve as indicators of increased fall risk, which

could be applied in balance diagnostics and evaluation.

The study involved 28 healthy participants (13 women and 15 men) with an
average age of 22 years, an average height of 173 cm, and an average weight of 68 kg.
Exclusion criteria included health problems related to balance or the vestibular
system, as well as obesity (body mass index BMI| > 30). The experiment was
conducted using the WinFDM-S measurement platform and the Oculus Rift VR
system. The 3D scenes were developed in the Unity 3D environment. The "closed"
scene depicted a furnished room with objects visible to the participant
at approximately 3 meters, while the "open" scene portrayed a desert landscape with
objects located about 100 meters away. During the tests, the scenes oscillated in the
AP direction at a constant frequency. The experimental procedure included tests in
areal-world environment, where participants stood with eyes open (EQO) and eyes

closed (EC), as well as tests conducted in the virtual environment.
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(MACD_dS), the average time between consecutive trend change points (MACD_dT),
and the average velocity of displacements between consecutive trend change points

(MACD_dV).

For the statistical analysis, due to the non-normal distribution of the data,
Friedman’s ANOVA and Wilcoxon post hoc tests with Holm correction were applied.
The analysis divided the results into three groups: standard time-domain values, TCI
values for the entire measurement, and values calculated based on trend analysis
(MACD_dT, MACD_dS, MACD_dV). COP velocity in the AP direction significantly
increased after participants closed their eyes and when visual disturbances were
introduced in VR. However, no statistically significant differences were found for TCI
values between EO and EC. Statistically significant differences in TCI values were
observed when comparing the EO test in the real environment with measurements in
the virtual environment using the 0.7 Hz oscillating scene. Introducing VR
disturbances decreased the median TCl values in the 0-0.2 s time interval. For the
0.2-0.5 s interval, higher median values were observed in the 1.4 Hz oscillating scene
tests, while the highest values for the 0.5-1 s interval were observed in VR tests with
0.7 Hz disturbances. In terms of MACD_dS values, a significant increase was noted
in VR tests compared to real-world measurements, but no significant differences
were found between VR tests. For MACD_dT, significantly higher values were
observed in measurements conducted at a 0.7 Hz frequency. Median MACD_dV
values increased after participants closed their eyes and when virtual reality was

introduced.

The results show that in most cases, the TCI value remained consistent across
different testing conditions, suggesting that maintaining balance requires a certain
number of postural corrections. The MACD_dS, MACD_dT, and MACD_dV values
provided additional insights into COP movement, indicating whether changes in
velocity result from shifts in COP distance, time taken, or both factors. The study also
found that the MACD_dT value, which did not significantly decrease, plays a critical
role in maintaining balance. The simultaneous increase in MACD_dS and decrease in
MACD_dT—indicating longer COP jumps in shorter times—could lead to

destabilization and potential falls.
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Using stock market indicators to assess human stability complements standard
time- and frequency-domain analyses. Analyzing TCIl, MACD_dV, MACD_dT, and
MACD_dS values offer new insights into factors affecting traditional balance
parameters, such as path length, average velocity, and movement range. By
integrating trend change analysis with stabilographic measurements, we can gain
valuable information about the frequency of postural corrections, the intervals

between corrections, and the speed of COP movement.
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3.7 Trendchange analysisin the assessment of body balance during posture

adjustment in reaction to anterior-posterior ground perturbation [A5]

The fifth article in this series combines research on postural responses to external
destabilizing stimuli [A2] with the innovative Trend Change Analysis (TCA) method for
assessing balance [A3, A4]. Traditional methods of postural analysis, such as muscle
activity measurements and center of pressure (COP) displacements, can be
complemented by TCA. Inspired by stock market analysis techniques, TCA enables
the identification of rapid postural corrections and the analysis of non-cyclical
changes in the COP signal, providing new insights into balance maintenance
strategies and responses to destabilizing stimuli. The article also highlights the need
for further development and testing of TCA in real-world environments with actual
balance-disturbing stimuli. This article hypothesizes that an increase in COP velocity
may result from a shift in balance maintenance strategies, which should be reflected
in trend analysis parameters, such as the number of trend changes and the time and
distance between them. The aim of the study was to determine whether different
conditions during the examination of postural preparation phenomena affect the

values obtained through trend analysis.

The study involved 38 participants (27 women, 11 men), with an average age of 23
years, an average height of 172 cm, and an average weight of 70 kg. Exclusion criteria
included previous lower limb injuries and balance issues. The testing setup consisted
of a foot pressure measurement platform (WinFDM-S) and a treadmill (BalanceTutor)
for postural perturbation training and assessment, which allowed for destabilizing
ground displacements in the anterior-posterior (AP) and medio-lateral (ML)
directions. A wireless electromyography system (Ultium EMG) and IMU sensors
(Ultium Motion) were also used. The stabilographic platform was securely attached
to the treadmill, and electrodes and EMG system sensors were placed near the
muscle bellies of the tibialis anterior (TA), rectus femoris (RF), and the medial and
lateral heads of the gastrocnemius (GM)—muscles actively involved in maintaining
balance in the AP direction. An IMU sensor was attached to the treadmill belt,

enabling detection of the onset of perturbations caused by platform movement and
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and non-parametric tests. The results from Tr1, Tr2, and Tr3 were compared using the

Friedman test and Wilcoxon pair tests with Holm correction.

The EMG signal analysis showed differences in lower limb muscle activation
across the trials, particularly in Tr3, where earlier preparation for the balance
disturbance (EPA and APA) was observed [A2]. The studies confirmed that varying
levels of muscle activation influenced COP signal characteristics, as reflected in
changes to parameters such as TCI_dS and TCIl_dV. Notably, in Tr3, a significant
increase in the distance between consecutive trend change points was observed one
second before the disturbance, suggesting a shift in balance strategy. This increase
was also evident in the number of COP displacements within specific time intervals.
When participants were aware of the impending disturbance, COP velocity (Vcop)
increased, indicating a potential shiftin balance strategy. Despite the increase in Veee,
the number of trend changes (TCl) remained constant, suggesting that these changes
were due to longer distances covered by COP rather than more frequent postural
adjustments. It was also observed that increased muscle tension, caused by the
anticipation of the upcoming movement, led to body stiffening, which may have
altered balance maintenance characteristics. These studies suggest that the body's
responses to balance disturbances are complex and vary depending on the

participant's awareness of the disturbance.

The trend change analysis method complements traditional COP analyses and
EMG measurements in studies of postural preparation. TCl-based metrics help
explain phenomena such as increased COP velocity, providing insights into the

mechanisms underlying balance maintenance strategies.
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3.8 Trend change analysis of postural balance in Parkinson's disease

discriminates between medication state [A6]

The sixth article in the series describes the use of an innovative trend analysis
method in balance studies utilizing IMU sensors in a group of individuals with
Parkinson's disease (PD). These studies have the potential to significantly impact
clinical practice by providing more precise tools for monitoring disease progression
and developing new diagnostic methods through detailed postural stability analyses.
The article was produced in collaboration with the University of Kiel, where the

measurements were conducted.

The research presented in the article had two primary objectives: to investigate
the potential application of trend change analysis (TCA) for assessing postural
stability using IMU sensors and to apply this analysis in the context of neurological
diseases, particularly PD. The hypothesis was that TCA could distinguish between
individuals with Parkinson's disease (pwPD) and healthy adults, as well as
differentiate between the "on" (PDon) and "off" (PDoff) phases associated with taking

dopaminergic medications.

The study group consisted of 61 healthy individuals, divided into two subgroups:
young adults (YO) comprising 40 participants with an average age of 30 years, an
average height of 185 cm, and an average weight of 80 kg; and older adults (OP),
comprising 21 participants with an average age of 73 years, an average height of 181
cm, and an average weight of 84 kg. Additionally, 29 individuals with Parkinson's
disease (pwPD) participated in the study. Among the Parkinson's subgroup, 13
individuals were assessed as PDoff (UPDRS lll score of 24 = 10), 23 as PDon (UPDRS
lll score of 30 £ 20), and 7 were evaluated in both PDon (UPDRS Il score of 26 £ 10)
and PDoff (UPDRS Ill score of 27 + 10) conditions. All participants with Parkinson's
were inpatients at the neurogeriatric ward of the Neurology Center at University

Hospital Schleswig-Holstein in Kiel.

Three IMU sensors (Ultium Motion) were attached to participants' bodies—on the

pelvis, sternum, and head—using flexible straps (Figure 6). Participants were
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findings suggest that during simple balance tasks, individuals with PD may exhibit
behavior similar to healthy individuals, due to compensatory mechanisms in the
central nervous system. The study showed that dopaminergic treatment influences
postural stability. TCA results indicated a higher number of trend changes (TCI) and
lower TC1_dT values in the "off" state compared to the "on" state, potentially reflecting

visual and motor deficits caused by dopamine depletion.

The most significant conclusion from the study is that the introduction of trend
change analysis (TCA) was crucial in detecting meaningful differences between the
"on" and "off" treatment states in PD. This highlights TCA's potential for assessing

disease-related changes that are not captured by conventional balance parameters.
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3.9 Summary

The doctoral dissertation presents the results of research published in several
scientific articles, focusing on the mechanisms of postural control and the ability to
maintain human balance under various experimental conditions, including both real-
world and virtual environments. The findings revealed that standard metrics, such as
COP velocity - commonly used to assess balance - are insufficient to fully capture an
individual's response to applied stimuli. Frequency analysis of head movements
proved valuable, enabling the identification of individuals most susceptible to visual

disturbances.

The obtained research results indicated that the standard time-domain measures
used to describe balance ability are insufficient to determine the subject's response
to applied stimuli. The application of frequency-domain analyses can significantly
expand the interpretative possibilities of the acquired measurement data, as
demonstrated in one of the studies assessing the impact of head movement on
maintaining body balance. These analyses made it possible to identify individuals
most susceptible to visual disturbances within the study group. In studies examining
the influence of real-world destabilizing stimuli on postural preparation phenomena,
it was confirmed that the key factor triggering postural preparation and readiness to
respond to the disturbance was the information about the timing of the upcoming
disturbance. Additionally, it was shown that combining stabilographic analysis, EMG,
and IMU significantly enhances the ability to accurately assess balance maintenance
mechanisms. The research results confirmed that the method of analyzing
momentary postural corrections enriches standard time- and frequency-domain
analyses by accounting for non-cyclical COP displacements. The usefulness of this
method was demonstrated in both virtual environment studies with oscillating
disturbances and real-world settings with actual destabilizing stimuli. The
development of analyses based on detecting momentary postural corrections opens
new opportunities for diagnosing balance disorders, particularly in relation to
neurodegenerative diseases such as Parkinson's disease. The application of these
tools in clinical practice enabled differentiation between the "on" and "off" states of

dopaminergic treatment in PD. These results indicate the high potential of the applied
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method, including its use in the early diagnosis of postural stability changes that are

not visible with traditional balance assessment methods.

In conclusion, the conducted studies successfully achieved the research
objectives. The use of destabilizing stimuli, both real and virtual, significantly
broadens the scope for analyzing balance capacity. The incorporation of methods
that detect momentary postural adjustments, enhances the ability to interpret
phenomena associated with body destabilization. This approach allows for more
precise monitoring of postural stability, which is crucial for rehabilitation, fall

prevention, and the diagnhosis of neurodegenerative diseases.
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4. Podsumowanie wktadu wtasnego

Wktad wtasny do niniejszej rozprawy doktorskiej zostat szczegotowo okreslony
w oswiadczeniach dotyczacych indywidualnego wktadu procentowego
i merytorycznego wspoétautordow, ktdre zostaty podpisane przez pierwszego autora lub
autora korespondencyjnego w przypadku kazdej publikacji bedacej czescig pracy

zbiorowej.
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Wykaz skrétow

COP
COM
AP
ML
EPA

APA

CPA
VR
EO
EC

BB

BZ

VCOP

Vhead
EAcor
DAD
Alh
FFT
EMG
IMU
TA

GM

GL
RF
MACD

TCI
PSD

MACD_dT/TCL_dT

Srodek nacisku stoép / center of pressure

srodek masy / center of mass

przednio-tylny / anterior-posterior
przysrodkowo-boczny / medial-lateral

wczesne przygotowanie posturalne / early postural adjustment

antycypacyjne przygotowanie posturalne / anticipatory postural
adjustment

kompensacyjne korekty posturalne / compensatory postural adjustment
rzeczywistosc¢ wirtualna / virtual reality

oczy otwarte / eyes opened

oczy zamkniete / eyes closed

badanie w wirtualnej rzeczywistosci bez wizualnego bodZca
ostrzegajgcego / measurement in VR without visual warning

badanie w wirtualnej rzeczywistosci z wizualnym bodZzcem
ostrzegajacym / measurement in VR with visual warning

predkos¢ COP / COP velocity

predkos¢ przemieszczern gtowy / head velocity

pole elipsy COP / COP ellipse area

zakres ruchu gtowy / head movement range

pierwsza amplituda harmoniczna / first harmonic amplitude
szybka transformata Fouriera / Fast Fourier Transform
elektromiografia / electromyography

czujnik bezwtadnosciowy / Inertial Measurement Units
miesien piszczelowy przedni/ musculus tibialis anterior

miesien brzuchaty tydki — gtowa przysrodkowa / musculus gastrocnemius
medialis

miesien brzuchaty tydki — gtowa boczna / musculus gastrocnemius
lateralis

miesien prosty uda / musculus rectus femoris

wskaZnik zbieznosci/rozbieznosci srednich ruchomych / Moving Average
Convergence/Divergence

wskaznik zmiany trendu / Trend Change Index
gestos¢ widmowa / power spectral density

Sredni czas miedzy kolejnymi punktami zmiany trendu / mean time
between subsequent points of the trend change
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MACD_dS/TCI_dS

MACD_dV/TCl_dV

TCA
PD
pwPD

PDon

PDoff

JERK
SURFACE
PATH
MV
RANGE
RMS

Srednia odlegtosé miedzy kolejnymi punktami zmiany trendu / mean
distance between subsequent points of the trend change

Srednia predkos$¢ zmian przemieszczert miedzy kolejnymi punktami
zmiany trendu / mean velocity of changes of displacements between
subsequent points of the trend change

analiza zmian trendu / trend change analysis
choroba Parkinsona / Parkinson’s disease
pacjenci z choroba Parkinsona / patients with Parkinson’s disease

pacjenciz chorobg Parkinsona przyjmujacy leki dopaminergiczne /
patients with Parkinson’s disease during medication on

pacjenci z choroba Parkinsona nieprzyjmujacy lekéw dopaminergicznych
/ patients with Parkinson’s disease during medication off

zryw / sway jerkiness

pole elipsy podparcia / sway area

Sciezka / path

Srednia predkos¢ / mean velocity

zakres przyspieszenia / range of acceleration

btad sredniokwadratowy/ root mean square of the acceleration
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gait [2], [3], [10], [31], [33]. However, there are cases
when problems with balance are caused by specific
conditions in the environment or from specific be-
haviors. For instance, American football players de-
veloped problems with balance after quick right- and
left-head movements [7]. The detection of such less
obvious balance disturbances requires the extension of
standard balance measurements to include simulations
of events connected with work or the introduction of
additional factors that could disturb balance. The in-
formation delivered to individual senses responsible
for balance may be diversified during a conflict of
sensory stimuli. This is why balance-related tests are
increasingly performed using virtual reality technol-
ogy, where the scenery and the manner of its presen-
tation are used as balance disturbing stimuli [6], [9],
[16], [19], [20].

The application of virtual reality makes it possible
to simulate the visual conditions of balance loss or to
trigger a balance destabilizing factor. Tests of visual
stimulation and the effect of visual stimuli on posture
control were performed under various conditions. These
included individuals focusing on objects located at
various distances [28] or being exposed to a moving
environment [16], [25], [32]. Virtual reality (VR)
creates an illusion where a test participant has the
impression of being in a place other than where they
really are [18]. The introduction of virtual surroundings
while simultaneously maintaining immovable ground,
exposes a person to sensory conflict. As a result, the
body generates a kinetic response towards the visual
disturbance. The analysis of such a response can be
a valuable source of diagnostic information concern-
ing disturbed balance [9], [20].

In tests of maintaining balance, analyzed parame-
ters usually include center of pressure (COP) displace-
ments, including the average COP velocity, the area of
an ellipse, and the range of the COP movements in the
anterior-posterior (AP) and mid-lateral (ML) direc-
tions [5], [12], [14]. Importantly, there are increases in
the values of these parameters under conditions of
conflicting sensory stimuli, however, these changes
are not necessarily connected with disturbed balance
[15], [16]. For this reason, there is a growing demand
for new methods of measurements and analyses. One
of the solutions involves completing a frequency
analysis aimed at observing changes that may be un-
noticeable during a standard analysis using a time
domain [12], [16]. Force platform-related analyses are
limited to the two-dimensional plane under feet. This
is why some tests have involved the use of acceler-
ometers to detect changes in the postural balance
based on movements of the center of mass (COM) or

other segments of the body [20], [21], [34]. This re-
sulted in additional analysis of body movements for
maintaining balance [24], [29].

1.1. Objective of the research

It seems necessary to apply extended methods and
use an advanced mathematical apparatus for measur-
ing the ability to maintain balance. However, this
approach requires that there would be standardized
procedures for such measurements and defined ranges
of parameter values, taking the responses of healthy
and ill individuals to introduced disturbance into ac-
count. For this reason, the purpose of the research
work included the following:

e determination whether a simulated fall off the stairs
may affect the posture,

e determination of whether the extension of analyses
with a frequency-related analysis could increase
the scope of interpretation in relation to analyses
based on the time domain,

e determination of whether measurements of the head
movements could supplement the COP measure-
ments with information regarding the effect of the
introduced disturbance factor on the ability to
maintain balance,

¢ determination of whether the visual warning signal
preceding the introduction of the balance-disturbing
factor will trigger a change in the head movements
and the COP displacement.

2. Materials and methods

2.1. Study group

The study group consisted of 10 test participants
(7 females and 3 males) at an average age of 25 (SD = 3)
and an average BMI of 23 kg/m* (SD = 3.3). Inter-
views of participants indicated that none had a history
of an extreme lower limb injury or had any motor
system dysfunction, balance disorder, or any other
problem that could affect their balance.

An additional test participant, designated as pp3
(female, 25 years of age, BMI = 17.3 kg/m®), declared
that she suffered from intense car sickness, a fear of
heights, and dizziness (when her eyes were closed).

Increased values of selected parameters for two
individuals (designated as ppl and pp2) suggested the
presence of potential problems with maintaining bal-
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ance or, at least, higher susceptibility to the introduced
virtual disturbance. Therefore, these individuals were
excluded from the group of individuals treated as
healthy and were instead the subjects of a separate
case study, along with the person suffering from bal-
ance maintaining problems (pp3).

This study was previously approved by the Ethics
in Research Committee of the Academy of Physical
Education in Katowice (protocol number 5/2020). Each
of the study participants was informed of consent in
accordance with the Ethics in Research Committee, as
well as of the form and the course of the study. In
each case, consent to participate in the study was ex-
pressed in oral form (written consent was not re-
quired).

2.2. Measurement stand

The study was performed using a measurement plat-
form (WinFDM-S, Zebris, sample frequency 100 Hz,
2560 extensometer sensors, sensors area: 34 cm X
54 cm), and a VR HTC Vive headset. The VR appli-
cation was prepared in the Unity 3D system and con-
sisted of a simple scenery. In the application, the ava-
tar (facing the stairs) was placed on the floor near the
stairs. The scenery is presented in Fig. 1.

form, where participants had their eyes open (EO) and
closed (EC) for 60 seconds. Afterward, the partici-
pants took part in tests involving virtual reality (BB).
The first 20 seconds of the tests involved leaning in
the ML direction to synchronize the measurement
systems. From the 20th second onwards, the patients
stood still. At the 30th second, the system showed the
movement of the scenery, simulating the fall off the
stairs. For 20 seconds following the disturbance, the
subject was supposed to stand without moving. In the
subsequent test (BZ), the measurement procedure was
the same as BB, except that participants were exposed
to a visual red signal three seconds before the distur-
bance was triggered. The tests were subsequently
repeated three times, obtaining data designated as
BB1, BZ1, BB2, BZ2, BB3, and BZ3. During each of
the measurements, the participant was supposed to
stand motionless with their arms crossed on their
chest.

2.4. Analysis of results

The positions of the COP and the head on the plat-
form plane and in space were recorded. The analyses
included parameters identified as changes in the di-
rection of the triggered visual disturbance (i.e., AP).

Fig. 1. The scenery of the test: without and with the warning signal

2.3. Experimental procedure

Measurements were taken of successive positions
of the center of pressure (COP) (WinFDM-S) and suc-
cessive positions of the head (HTC Vive). For head
movement, the current position of the head was read
directly from the Unity graphics engine from data ob-
tained from the HTC Vive system. The results were
used for a frequency analysis; the average COP ve-
locity and the area of the ellipse containing the COP,
were calculated.

The performance of the tests in the virtual reality
trial was preceded by a trial of standing on the plat-

Displacements in the ML direction were only used to
synchronize related courses and were not analyzed. The
values recorded during the first 20 seconds were not
analyzed and were only used for time synchronization of
the results. The analysis involved measuring the changes
of the COP displacements and head movements and
adopting the 20th second (the end of the synchronizing
procedure) as the zero moment of the test.

The analysis of the obtained measurement data
was divided into three stages (Fig. 2).

The first stage involved identifying the effect of
disturbance based on comparison of the average ve-
locity of the COP displacements and head movements
(V), and the area of the ellipse (EA) in relation to the
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Table 2. Values of velocity (V), range of movements in the AP DAD direction,
the ellipse area calculated based on the ranges of the COP displacements, and head movements for the BB and BZ tests
(the values indicate the median of 3 measurements in relation to the pp1, pp2, and pp3 tests)

V 25s from the loss of balance Dap [mm] Ellipse area [mm?]
BB BZ BB BZ BB BZ

COP Head CcOoP Head CcOop Head COP Head (00) 3 Head COopP Head
Median 12.5 8.7 14.0 8.3 26.8 344 23.4 359 149 342 148 305
Lower quantile 11.5 8.0 11.7 7.9 18.6 25.8 19.2 27.7 104 242 93 258
Upper quantile 16.0 9.7 14.6 9.2 329 46.9 30.8 41.2 230 522 199 469
Minimum 9.2 6.4 9.5 6.8 14.2 19.8 15.7 17.5 54 174 47 159
Maximum 23.6 12.2 20.7 12.5 60.0 82.0 41.5 56.3 487 949 444 891

11.8 10.7 17.7 15.3 344 56.9 64.2 94.7 259 898 249 815
ppl 15.4 13.1 14.0 11.5 37.6 62.1 46.8 75.7 287 893 535 1317

14.1 12.0 13.1 11.4 49.4 71.9 58.2 109.5 309 1433 388 1505

12.9 15.3 13.4 94 25.8 54.2 18.4 41.4 231 2459 335 1049
pp2 13.5 11.4 11.1 9.2 27.1 47.9 22.9 26.7 623 841 210 553

20.9 11.7 12.8 10.8 46.1 50.1 28.8 76.7 873 1514 521 2506

18.8 11.7 19.2 12.8 31.5 47.3 54.2 50.7 453 971 1450 1687
pp3 13.5 9.2 16.8 11.1 32.5 549 353 64.3 277 530 628 1282

16.2 10.3 18.5 12.1 221 49.6 25.1 38.3 386 733 674 848

domain; this was obtained from the changes of the
COP and the head in relation to the tests performed
in the real environment. The values are presented in
Table 3.

Table 3. Values of the amplitude of the first harmonic Alh
and the Alh ratio calculated for the head in relation to Alh
calculated for the COP for the BB and BZ tests

Head Alh/

Alh [mm] COP_Alh

BB BZ

COP | Head | COP | Head | BB | BZ

Median 102 | 172 | 95 15.3 1.5 | 1.7
Lower quantile 8.8 139 | 74 12.8 14 1.5
Upper quantile 126 | 185 | 134 | 224 1.8 1.8
Minimum 4.9 6.8 42 7.6 07 | 1.3
Maximum 147 | 280 | 166 | 28.1 | 29 | 2.6
29.1 | 51.6 | 31.9 | 58.1 1.8 | 1.8

ppl 153 | 327 | 25.6 | 487 | 2.1 1.9
36.6 | 622 | 324 | 72.8 1.7 | 22

12.1 | 385 | 114 | 31.6 | 32 | 2.8

pp2 11.9 | 410 | 139 | 159 | 34 | L1
17.0 | 581 | 246 | 859 | 3.4 | 3.5

182 | 376 | 125 | 297 | 2.1 | 24

pp3 225 | 437 | 145 | 383 1.9 | 2.6
130 | 31.0 | 120 | 185 | 24 | L5

The values of V and EA in relation to the EO, EC,
BB and BZ tests revealed statistically nonsignificant
differences (in relation to V: ANOVA KW p = 0.26;

in relation to the ellipse area (EA): ANOVA KW
p=0.59).

The second stage of analyses involved testing for dif-
ferences between the calculated values of V, EA, Dup
(Table 2) and Alh (Table 3) in relation to the tests with
(BZ) and without (BB) the signal warning disturbance.
There were no statistically significant differences based
on the Wilcoxon signed-rank test (p > 0.05).

The values of Dap and Alh (Tables 2 and 3) were
compared to examine differences between the dis-
placement of the COP and the movement of the head.
This analysis indicated the existence of significant
differences when comparing Dap and Alh for the group
of healthy individuals (p < 0.05 for the Wilcoxon
signed-rank test).

The third stage of analyses involved examining
how the results for the individuals who qualified as
more susceptible to the introduced disturbance could
differ from those in the control group. The V values
for ppl and pp2 (all measurements) did not deviate
from the medians obtained for the control group. The
velocity was higher only for pp3. However, there were
differences in the ellipse arca (EA), with increased
values for ppl and pp3 for all measurements. There
were increased values of EA for pp2 but only for the
measurements in the virtual environment. The maxi-
mum and minimum values for the group of healthy
individuals were single events, i.c., they appeared for
a given person in one measurement, whereas values of
the remaining measurements were similar to the me-
dian. As a result, the single high value data items could
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be treated as accidental losses of balance that were
without diagnostic significance.

4. Discussion

Analyses needed to be completed in two directions
to investigate how a simulated fall off stairs could
trigger a loss of balance and whether an analysis of
COP displacements and head movements could enable
the identification of balance-related problems [34].
The first direction analyzed changes in parameters
describing destabilization and postural compensation
for the group of healthy individuals. Similarly to the
research by Huweler [13], the analysis focused on
head movements and COP displacements, and ob-
tained displacement values in the AP direction. Re-
lated comparisons were completed in the real and
virtual environments. To assess the effect of the visual
stimulus (signal) on the COP displacements and head
movements, it was necessary to analyze the average
velocity, the ellipse area of prediction, and the range
of movements after the disturbance. Similarly to the
tests by Alpers [1] and Davis [8], the analysis in the
frequency domain was performed to determine the
amplitude of the first cyclic component of Alh.

The second direction compared results for indi-
viduals diagnosed as experiencing an impact of the
introduced disturbance on balance with those for indi-
viduals who were healthy.

4.1. Analysis of the impact
of the scenery disturbance
on healthy participants

4.1.1. Comparison of the measurements
in the real and virtual environments

The first stage of analyses included the comparison
of the most frequently measured stabilometric parame-
ters [6], namely, the area of ellipse (which made up
95% of the path of support) and the average velocity
of the COP displacements. The comparison was per-
formed on the measurements in the real environment
with the participants having their eyes open and
closed (Table 1), and in the virtual environment using
the additional stimulus triggering the loss of balance
(i.e., simulated fall off the stairs) (Table 2). The sig-
nificant power of the test (>0.8) combined with statis-
tically nonsignificant differences between the results

of the measurements indicated that the introduced
destabilizing stimulus did not affect the behavior of
the test participants. It is possible that the classical
analysis provided insufficient information regarding
if, and how, the introduced visual stimulus affected
changes in postural stability [16], [33]. The results and
interpretative ambiguity should be unaffected by the
small group size because effective statistical analysis
in relation to small groups in similar postural stability-
related tests has previously been well demonstrated by
Keshner et al. [19]. The primary factor of importance
might be that data interpreted in the aforesaid manner
could be sensitive to disturbance (if any) in the form
of losses of balance unrelated to the ability to maintain
balance. This seems to be confirmed by large discrep-
ancies in the values of such parameters in different
research studies. For instance, in the tests performed
by Blaszczyk et al. [2] on a group of approximately
21 year-olds (the use of force-plate posturography),
the average velocity of the COP amounted to 9.8 mm/s
(SD = 1.6) with eyes open and 12.2 mm/s (SD = 2.7)
with eyes closed. In the tests performed by Skalska et
al. [27], the average velocity of the COP amounted to
5.9 mm/s (SD = 2.5) with eyes open and 6.0 mm/s
(SD = 2.2) with eyes closed. In previous tests by other
authors, the average velocity of the COP amounted to
8.1 mm/s (SD = 0.8) with eyes open and 10.5 mm/s
(SD = 2.3) with eyes closed. An even greater diver-
gence could be observed for the ellipse area. In two
independent tests performed by Blaszczyk et al. [2]
and Rocchi et al. [26], the values of the ellipse arca for
persons aged 6070, were 179.5 mm® (SD = 114.1) and
484 mm® (range of 197 mm® to 998 mm?), respec-
tively. Furthermore, previous tests on a group of indi-
viduals who were approximately 21 years of age pro-
vided different values, i.e., 154 mm* (SD = 94.3) with
eyes open and 174 mm’ (SD = 104.7) with eyes
closed [15]. Such differences and the standard devia-
tions of the COP-related ellipse area (for which the
relative error often exceeded 50% of the average) could
indicate that the analysis is insufficient (particularly
under conditions of conflicting sensory stimuli). There-
fore, it was necessary to extend the above analyses
with parameters to enable a better and more compre-
hensive interpretation of findings.

4.1.2. Analysis of the impact
of the warning stimulus

The use of the signal warning about the simulated
fall off the stairs made it possible for a test participant
to prepare for the situation [34]. This was done to
determine if preparation for an expected disturbance
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would affect the behavior of test participants; to achieve
this it was necessary to analyze parameters identi-
fied after the disturbance, i.e., Dap and Alh (Tables 2
and 3). The HTC VIVE system displaying VR images
was used to identify successive positions of the head
(specifically, the VR headset in space). In this way, it
was possible to extend analyses based on the COP
measurements with analyses based on head movements.

There were no differences in the parameters with
and without the use of the warning signal. Such dif-
ferences are frequently noticeable in cases where ac-
tual stimuli are triggering the loss of balance [1], [5],
and when the preparation (e.g., an impact) could lead
to a delayed reaction. In terms of the tests, the distur-
bance in the form of a simulated fall off the stairs was
purely visual and its effect was probably so strong that
even the information about its appearance and previ-
ous experience of what it would look like did not
change the response of participants.

In addition, the analysis of all obtained results in-
dicated greater head movements. Taking into consid-
eration the movement of the entire body as that of an
upended pendulum, the above phenomenon was natu-
ral and confirmed by results from Wider [30].

The measurements made it possible to identify
three individuals where there was a significant effect
of the introduced disturbance on the ability to main-
tain balance. These three individuals were the subject
of a separate case study.

4.2. Case study

During measurements, it was possible to single out
three individuals (one based on the previous declara-
tion and two based on the measurement results), where
the values of selected parameters differed significantly
from those of the remaining individuals. The recorded
differences could indicate problems with maintaining
balance when events affect the perception of the envi-
ronment (e.g., being at height or an unexpected
movement of the ground) [20], [34]. Particular atten-
tion should be paid to the fact that the greatest differ-
ences were demonstrated in parameters rarely used in
such measurements (i.e., the cyclic components of the
head movements determined using the fast Fourier
transform).

4.2.1. Analysis of average velocity
and the ellipse area of prediction

There were no clear differences between the group
of healthy individuals and the three diagnosed with

increased susceptibility to the introduced disturbance
when examining the average velocity of the COP and
the head (Table 2) (for measurements taken in the real
environment). Although these parameters for the three
individuals were higher than the median for the group,
they were lower than the maximum values for the
group. Thus, the parameters did not explicitly differen-
tiate those individuals who were strongly affected by
visual disturbance; this indicated that further analyses
were needed.

Differences were noticeable when viewing the
COP-related ellipse area (Table 2). All of these values
for the three individuals (during measurements in the
virtual environment) were higher than the upper quan-
tile. In addition, some of the measured values exceeded
the maximum values for the group (for ppl — one
measurement, and for pp2 and pp3 — three measure-
ments). Furthermore, the ellipse area values (which
were identified for the head movements) for the three
cases (Table 2) were higher than the upper quantile of
the reference group. In half of the cases, these values
were also higher than the maximum values for the
healthy participants. The increased values of the el-
lipse area, particularly those obtained with the head
movements, could indicate that a given participant
found it difficult to maintain balance after experienc-
ing the disturbance. However, such differences were
only observed for some measurements, which could
imply a momentary loss of balance.

The range of the COP displacements and head
movements (Table 2) did not unequivocally indicate the
scale of the disturbance effect on the three individuals.
Only ppl revealed increased values of the analyzed
parameter. In half of the cases, the values were higher
than the maximum values for the group. For the re-
maining cases, the values were higher than the upper
quantile. For pp2 and pp3, the values varied from
similar to the median to sporadically higher than the
maximum for the group.

These ambiguities could limit the usefulness of such
measurements in diagnosing problems with maintaining
balance. For this reason, it is necessary to find pa-
rameters which could provide the most repeatable
results.

4.2.2. Analysis of the first harmonic
— balance maintaining strategy

The frequency analysis of the tests concerning bal-
ance made it possible to break down the signal com-
posed of changes in the positions of the COP and
those of the head into successive cyclic components,
giving the frequency and amplitude of such move-
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ments [15], [16], [19]. The use of the fast Fourier
transform in the tests revealed that the application of
the destabilizing stimulus (in the form of a simulated
fall off the stairs) triggered the appearance of the cy-
clic component with the highest amplitude of 0.1 Hz
to 0.2 Hz. The analysis of this for the reference group
and ppl, pp2, and pp3 (Table 3) did not reveal differ-
ences between the tests with and without the warning
stimulus. However, there were significant differences
for the three individuals (i.e., ppl, pp2, and pp3),
compared to the remaining participants. These differ-
ences were visible early when comparing the values of
the amplitude of the first harmonic obtained with the
COP displacements, yet the greatest differences were
observed with this parameter in relation to the head
movements. In the second case, only two values (i.e.,
one for pp2 and one for pp3) were lower than the up-
per quantile of the group. The remaining values were
between 1.3 and 3.8 times higher than the upper
quantile and between 1.05 and 3.1 times higher than
the maximum values for the rest of the group. Such
repeatability of increased amplitude of the harmonic
peak was not observed for any other test participant.
Such increased values obtained for other persons were
sporadic results, obtained in single measurements for
a given person.

The above results indicate that, when analyzing
the effect of disturbances due to virtual reality and,
probably in other balance-related tests, it is necessary
to take the COP displacements (which is a certain
standard) and movements of other parts of the body
(e.g., head — as in the case of this study) into consid-
eration. Even when the head movements are taken
into account, an ordinary analysis in the time domain
could be insufficient for detecting differences among
test subjects. For the tests discussed in this article,
only separate analyses of individual cyclic compo-
nents indicated differences that distinguished the three
individuals from the entire group.

Furthermore, the determination of the first har-
monic indicated the strategy adopted by individual
participants to maintain their balance. The proportion
of the first harmonic amplitude for the head and the
COP (Table 3) indicated whether a given person bal-
anced using their entire (stiffened) body (value of the
ratio close to 1) or whether head movements domi-
nated over the COP displacements. The latter case, as
could be surmised (because it was not directly meas-
ured) involved a larger range of trunk movements
combined with the simultaneous flexion/extension of
the hip joint and dorsal/plantar flexion of the ankle.
The appropriate synchronization of movements causes
an increased range of trunk movements and a slight

range in the COP displacements (all in the AP direc-
tion). The tests revealed that the aforementioned strat-
egy dominated in the three individuals as indicated by
increased parameter values. This implies that individu-
als having difficulty maintaining balance will apply the
above strategy of balancing their body in virtually dis-
turbed (i.e., moving) surroundings. This also explains
slight differences in parameters identified on the basis
of the successive COP displacements. The above con-
clusion could be important in diagnosing problems
with maintaining balance, but requires more tests and
verification.

The determination of a coefficient describing the
strategy for maintaining balance should not only in-
clude parameters determined in the time domain (e.g.,
ranges of the COP displacements and head move-
ments), but should primarily include the harmonic of
the FFT that is characterized by the highest amplitude.
Such an analysis could help filter out slight move-
ments, which do not necessarily determine the global
movement strategy.

5. Conclusions

The application of the VR technology along with
the creation of visual stimuli aimed to trigger the loss
of balance could help diagnose balance-related prob-
lems and extend tests of balance involving standing
with one’s eyes open and closed. The VR-aided simu-
lation of phenomena, which could occur in reality,
enables the activation of mechanisms for achieving an
appropriate posture following exposure to distur-
bances. The proper understanding of these underlying
mechanisms could help in the development of systems
and methodology for detecting balance-related prob-
lems. Such problems are manifested by an improper
reaction to the upsetting of the balance of the stabile
posture; these may be undetectable during tests in the
real environment, which is why VR technology can be
helpful.

The results revealed that measurements under con-
ditions of conflicting sensory stimuli required an
extension of the traditional approach for a more
comprehensive analysis of results. The parameters most
commonly analyzed when assessing the ability to main-
tain balance do not provide a full answer as to how the
stimuli introduced to upset balance affects a given
person. Thus, this study recommends the use of analy-
ses in the frequency domain to provide a more com-
prehensive view of how upsetting the balance impacts
individuals. The tests also revealed that measurements



Analysis of center of pressure displacements and head movements triggered by a visual stimulus... 27

of the successive COP positions (currently the most
frequent method of assessing the ability to maintain
balance) could prove insufficient in analyzing balance.
Additional measurements with head movements ex-
tended the possibilities of interpreting results obtained
in related balance tests.

The amplitude of the first harmonic, particularly
with respect to the head movements, most repeatedly
differentiated the individuals with the highest suscep-
tibility to the introduced disturbance. It should be
emphasized that such results do not necessarily indi-
cate the existence of health disorders; however, the
increased susceptibility to certain forms of disturbance
could translate into unexpected behavior during work
at heights or when playing sports requiring fast
movements of the head.
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nected with an external factor (frequently leading to
postural destabilisation) provoking a bodily move-
ment as indicated by Cleworth et al. [7], Sibley and
Etnier [31]. Initially, the researchers focused on the
first stimulus type, reducing analyses of APAs entirely
to the processes taking place in the body and those
followed by the movement. However, recent research
suggests that the transfer of energy from an external
source (outside the body) can also trigger postural
adjustment if it is only known when the expected en-
ergy stimulus takes place. For instance, Mohapatra
and Krishnan [25] reported a lack of APAs in relation
to random moments, when test participants were not
informed about possible perturbation and the perma-
nent occurrence of APAs when such information was
available. It was also possible to demonstrate the ex-
istence of correlation between APAs and the value of
force applied from outside. In their research, Berg and
Hughes [2] found that APAs were greater when the
test participant was not aware of the magnitude of the
aforesaid force. The lack of information about the
nature and form of perturbation resulted in an in-
creased muscular activity.

APAs have a practical application of discovering
postural disorders and the prediction of falls [1], [26],
[32], [36]. Ritzmann et al. [36] indicated the practical
use of such research in the development of training
aimed to reduce fall-triggered injuries. Additionally,
the observation of APAs can be utilized during the
detection of limb stability and the identification of
recovery (e.g., after injuries or surgeries). Ocffinger et
al. [26] pointed out to the practical use of APA meas-
urements in the assessment of recovery after ligament
reconstruction. In their research, Scariot et al. [29]
attempted to correlate APAs and EPAs (taking place
slightly earlier) with perturbation reactions or com-
pensatory postural adjustments (CPAs). It can be con-
cluded that the above-named tests were an attempt to
answer the question whether the occurrence of APAs
positively affected the prevention of destabilisation
triggered by external factors. There are multiple inter-
pretations of Scariot and colleague’s [29] results, How-
ever, when focusing on postural stability, the result
could be interpreted in a way similar to that developed
in the research by Bax et al. [1], which suggested that
the smaller displacement of the COP (center of pres-
sure) and the COM (center of mass) after perturbation
reflects greater efficacy in maintaining postural sta-
bility. The above-presented assumption is incomplete
as it does not include a number of forces and dynamic
parameters compensating numerous phenomena which
take place in the human locomotor system and whose
aim is to restore the bodily posture preceding pertur-

bation [15], [20], [21], [38]. However, the COM and
COP displacements are measurable and reflect the
correlation with the probability of falling (which was
demonstrated in related research) [13], [14], [19],
[41], [43].

Inspired by the research described previously, the
work described below seeks to determine whether
information concerning the time of ground-related
perturbation affects the muscular tension of lower
limb muscles before the perturbation. An attempt to
answer the above-presented question requires the
identification of the occurrence of APAs and EPAs. It
should also be determined whether increased muscular
activity was continuous over a given time or was
abrupt and shortly preceded perturbation. Based on
these findings, we next sought to determine whether
lower limb muscle tone at the initial EPA-related
stage leads to the increased muscle tone in the phase
connected with APA.

It is also worth considering that muscular activity
is not the only manifestation of postural adjustment,
research-related tests should also include changes of
the COP as well as postural changes connected with
anticipatory (“pre-perturbation”) adjustments. Another
research question is whether an increase in the mus-
cular tension of lower limb muscles before perturba-
tion (i.c., an increase in APAs) results from postural
changes triggering the displacement of the COM for-
wards or backwards, and, consequently, an increase or
decrease of pressure exerted by the forefoot on the
ground. The final question is whether an increase in
the muscular tension of lower limbs a moment before
perturbation (an increase in APAs) results from pos-
tural changes connected with an increase in the angle
of flexion in the knee joint.

The occurrence of APAs entails certain conse-
quences connected with the manner of a response to
perturbation (identifiable by measuring some parame-
ters after the occurrence of perturbation). Therefore, it
should be considered whether an increase in the mus-
cle tone preceding perturbation (an increase in APAs)
leads to an increase in the COP velocity and move-
ment range after perturbation. Finding the answers to
the questions formulated above should allow for un-
derstanding of neurological mechanisms that control
postural responses to expected or unexpected destabi-
lising factors. These studies are a continuation of pre-
vious research on the analysis of motor behavior using
only visual disorders [38], [39], [40]. Tests concerning
correlations between selected parameters identifying
responses to perturbation and postural changes as well
as changes of muscular activity triggered by APAs
facilitate the development of strategies to maintain
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both balance and readiness of quick responses to im-
balance. Well-trained balance and the ability of mo-
toric reactions to balance disorders make it possible to
minimise the risk of falling and sustaining injuries in
representatives of all age groups involved in daily
activities as well as in relation to sports people in
events characterised by particularly high susceptibility
to falling [19], [38], [39]. Diagnostics, informed from
the reactions of healthy individuals, will be developed
for individuals experiencing problems with their lower
limbs and neurological system dysfunction resulting
in balance-related mechanism disorders. Widely de-
fined prediction of falls and the further development
of traditional methods supporting diagnostics and
therapy constitute a utilitarian objective of this re-
search [3], [20]. The research results might make it
possible, among other things, for the development of
both rehabilitation methods after injuries and fall pre-
vention training.

2. Materials and methods

2.1. Study group

The study group included 38 participants (27 fe-
males and 11 males) aged 23 + 2.6 years, with an av-
erage height of 172 + 9.6 cm and an average weight of

70 + 17 kg. None of the participants had a history of
an extreme lower limb injury nor suftered from motor
system dysfunctions or balance disorders.

This study was previously approved by the Ethics
in Research Committee of the Academy of Physical
Education in Katowice (report number 5/2020).

2.2. Experimental procedure

The measurement stand consisted of a platform ena-
bling measurements of the distribution of pressure ex-
erted by feet on the ground (WinFDM-S, Zebris Medical
GmbH, Germany, sampling frequency of 100 Hz, 2560
tension meter sensors, sensors area = 34 x 54 cm),
a treadmill for training and preventing postural perturba-
tion (BalanceTutor, MediTouch, Israel), a cordless set
for electromyography (EMG, Ultium EMG, Noraxon,
USA, sampling frequency of 2000 Hz) and a cordless set
of IMU (Inertial Measurement Units) sensors (Ultium
Motion, Noraxon, USA, sample frequency 200 Hz). The
stabilographic platform was located in the central part of
the belt of the treadmill for training and preventing pos-
tural perturbation and it was attached using a two sided
tape to the treadmill. In front of the platform, in a special
grip, there was an IMU sensor used for the detection of
each movement of the treadmill.

All systems were synchronized with each other with
the use of Noraxon MR3 (Noraxon, USA) devices and
the designed synchronization adapter using the mini

Fig. 1. Measurement stand with a test participant and the treadmill with the sensor and direction of perturbation
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adjustment to perturbation and the investigation of the
effect of the aforesaid manner on the COP displace-
ment after perturbation enabled the determination of
the components of a strategy aimed to maintain bal-
ance. The identification of the strategy of adjustment
to perturbation was restricted to the assessment of the
activity of selected muscles, the evaluation of flexion
in the knee joint and the assessment of pressure ex-
erted on the ground, which was tantamount to the
displacement of the COP. As reported elsewhere [1],
[26], [29], [32], [36], muscular activity was used to
identify Early Postural Adjustments (EPAs) and An-
ticipatory Postural Adjustments (APAs).

4.1. Detection of muscular activity
before perturbation

The analysis of selected muscles revealed that
during APA (Fig. 6) in relation to Tr3, i.e., when test
participants were informed about the starting time of
perturbation, it was possible to notice an increase in
average muscular activity. The aforesaid increase
occurred in the case of all tested muscles, i.e., RF, TA,
GL and GM in the APA phase. The increase was no-
ticeable in relation to the adjustment to both forward
and backward perturbation. However, it should be
noted that an increase in the average value was ac-
companied by an increase of the standard deviation.
As a result, some increases did not reveal statistically
significant differences. Statistically significant in-
creases were observed between Trl and Tr3 as well as
Tr2 and Tr3 in relation to the TA, GL and GM mus-
cles for APA before the forward shift and in relation
to the TA and GL muscles for APA before the back-
ward shift. Therefore, similarly to research by Cle-
worthet at al. [7], it was demonstrated that the activity
of TA played an important role in APA. In accordance
with publications [7], [26], the above-named muscle
played an important role in the perturbation-related
adjustment. Scariot et al. [29] indicated TA as the mus-
cle which was activated when adjusting to any move-
ments connected with jumps, taking a step or catching
a flying ball. Apart from making movements in the
ankle joints, the TA also protects against the occur-
rence of flat feet [5], the occurrence of which may
disturb postural reactions. This finding was confirmed
by the Shein et al.’s is study, which found a reduced
TA cross-section in ultrasonography in a group of
patients with flat feet [42]. The greatest changes in the
absolute values of muscle forces during performance
of tasks related to maintaining posture under various
conditions were also observed for the TA muscle [12].

The above fact would mean weaker activity of this
muscle with flat feet. The presence of flat feet affects
the way the body is balanced and the displacement of
the COP [17]. We should also remember that, when
positioned medially or laterally in the medial com-
partment of the extensor retinaculum, it is able to per-
form supination and pronation movements in the
lower ankle joint and participate in postural reactions
in the frontal plane by stabilizing the lower ankle joint
[51, [24].

Similar conclusions related to forward shifts of the
treadmill belt resulted from the analysis of GL and
GM. Oeffinger et al. [26] indicated the GL and GM as
muscles, whose activation was particularly important
in the stabilisation of the body in a response to the
temporary dysfunction of lower limbs in patients after
anterior cruciate ligament reconstruction.

By observing the anatomy and topography of GM
and GL, their relationship with capsular-ligament struc-
tures can be noticed in knee joint [22], [27], [28], [37].
The GM connects to the posterior medial capsule of
the knee joint [22] while The GL connects to the fa-
bellofibular ligament [27], [28], [32]. The above com-
bination may affect the mechanosensive function of
the capsule and ligaments of the knee joint and thus
pre-prepare the receptors and thus the whole organism
for disorders [18].

We replicated findings of Scariot et al. [29] and Lee
et al. [23] indicating that activation of the TA connected
with adjustment to perturbation occurred significantly
earlier than in the APA phase and included EPAs. The
above-presented observations were confirmed by the
analysis of muscular activity in the EPA phase (Fig. 7),
revealing the existence of statistically significant dif-
ferences between Trl, Tr2 and Tr3 in relation to TA
and its adjustment for the forward movement of the
treadmill belt. The subsequent stage involved investi-
gation focused on the existence of correlation between
increased muscular activity in the EPA and APA phases.
The results presented in Table 1 indicate a linear corre-
lation between the activity of TA obtained for both
left and right lower limbs of the test participants. The
foregoing revealed that the activity of the aforesaid
muscles already grew during the EPA phase and the
APA phase constituted the continuation of the above-
named increase. The results presented in Table 1 did
not reveal an increase in GL and GM activity during
the EPA phase, which indicated that the muscles were
activated shortly before the perturbation. Their activ-
ity increased significantly and more intensely than
that of the TA and followed the EPA phase. Muscular
activation could result in the movements of limbs or
changes in the position of limbs, including, e.g., flex-
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ion in the knee joint or the forward inclination of the
body. Perhaps this is because of the fact that the TA is
a highly motorized muscle and does not connect with
the ligamentous and capsular structures of the knee
joint and ankle joints [5] while GM and GM connect
with the ligaments and capsule of the knee joint, as
mentioned earlier [22], [27], [28], [37].

4.2. Postural changes
triggered by APA

Research by Cleworth et al. [7] indicated slight
lower limb flexion by an angle of 0.5° during the
phase of adjustment to similar perturbation connected
with the forward movement of the ground. In turn, the
researchers reported a lack of statistically significant
differences connected with the flexion of the upper leg
and trunk. The tests involving the analysis of the flex-
ion in the knee joint did not reveal statistically signifi-
cant changes between phases Trl, Tr2 and Tr3. Simi-
larly, no statistically significant changes were observed
in the displacement of the COP nor in forefoot pres-
sure. Therefore, it could be supposed that a postural
adjustment to perturbation was not connected with
forward or backward trunk inclination and that the
observed increase in the tension of TA, GL and GM
did not affect the flexion in the knee joint. The fore-
going conclusion was confirmed by the results pre-
sented in Table 2, indicating the lacking correlation
between muscle tone and the flexion in the knee joint
and the increase in forefoot pressure. The increased
muscle tone combined with the lack of the COP dis-
placement may indicate the block of the joint, which
could translate into a longer adjustment to perturba-
tion or indicate other postural changes, such as back-
ward pelvic girdle inclination and forward shoulder
girdle inclination, which requires tests in the scope of
kinematics of the upper part of the body.

4.3. Impact of APA on the selected
muscle reactions to postural
compensation after perturbation

The analysis of correlations between muscle tone
and the COP displacement as a well the velocity of the
COP after perturbation (Table 3) indicated a strong
correlation between the muscle tone of the TA and the
COP displacement as well as the displacement of the
COP after perturbation. In terms of the GL, the above-
named correlation was lower. In both cases, the ob-

served increased muscle tone resulted in the extension
of the path and velocity of the COP displacement. The
aforesaid results, confirmed observations by Mohapa-
tra et al. [25], report tests involving hitting a body
trunk with a weight led to the increased displacement
of the COP in measurements when the test participant
was informed on the occurrence of perturbation. The
results could indicate that the increased muscle tone in
the APA phase was responsible for block in the joints
before perturbation, which, in turn, changed the pat-
tern of postural compensation after perturbation. The
higher COP moved significantly further than in the
situation when muscle tone did not occur and in-
creased both path and velocity-related values.

5. Conclusions

The data explicitly indicated that the factor trig-
gering postural adjustment and readiness for response
to perturbation was the knowledge of the expected
time of the perturbation. These data did not reveal
differences in the activation of selected muscles, dif-
ferences in flexion in the knee joint as well as differ-
ences in changes of backward-forward pressure be-
tween the tests where the participants did not know or
knew the nature of perturbation but were unaware of
its starting time.

An important factor connected with the adjustment
to perturbation was muscle tone responsible for blocking
of joints of lower limbs and, consequently, a greater
inclination of the COP after perturbation.

The subsequent stages of tests should focus on the
search for objective methods enabling the measurements
of body kinematics resulting from postural compensation
as a response to perturbation and their relationship with
the adjustment to perturbation. It is also important to
overcome some limitations that can improve the accu-
racy of measurements. Such limitations include the in-
ability to collect tissues and determine the number of
receptors in the muscles, the lack of a needle method for
EMG measurement and the lack of isokinetic studies
performed. These findings may generate training pro-
gramme of muscles and body stability aimed to reduce
the incidence of traumas and falls due to unexpected
perturbation of the body and ground. The determination
of a strategy enabling the maintaining of balance before
perturbation based on muscular activity and values of
ground reaction forces could provide information about
proper patterns of response to perturbation. These data
may also provide guidelines for persons suffering from
balance disorders due to diseases and injuries.
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was achieved by overlapping the following two

movements:

e movement along the sagittal axis (AP direction) of
the currently tested participant (Eq. (1))

y=A, *sinQ2z £1), (1)

where:
f; — frequency of the scenery movements,
A, — amplitude of the scenery movements in cen-
timeters,
¢ —time;
e movement around the transverse axis of a given
test participant (Eq. (2))

¢ = A, *sin(2n f,1), 2)

where:

f, — frequency of the scenery movements,

A, — amplitude of the scenery movements in de-
grees,

¢ — time.

The following designations were adopted for the
purpose of the tests utilized:
A, =15 [ecm],
A, = 1[deg],
fr=05%f,
f (depending on test condition) = 0.2 Hz or 0.5 Hz
or 0.7 Hz or 1.4 Hz.
Each test lasted 30 s. There was one trial for each
condition of the measurement.

Experimental procedure

The procedure consisted of tests performed in the
real and virtual environments. In the real environment,
measurements were performed with eyes open (EO)
and eyes closed (EC). Measurements in the virtual
environment were performed using two sceneries
(“open” and “closed”) that oscillated with constant
frequencies of 0.2 Hz, 0.5 Hz, 0.7 Hz and 1.4 Hz.
Participants were required to take off their shoes and
step on the measuring platform in an upright position.
During measurements participants had to stand still
with their arms crossed over their chests and their
eyes focused on a designated point. Measurements
were performed in the real environment followed by
measurements in the virtual environment (Fig. 2).
Participants were divided into four groups:

e “open” scenery at frequencies of 0.2 Hz (0.2 O)

and 0.5 Hz (0.5 O),

e “open” scenery at frequencies of 0.7 Hz (0.7 O)

and 1.4 Hz (1.4 O),

e “closed” scenery at frequencies of 0.2 Hz (0.2 C)
and 0.5 Hz (0.5 ©),

e “closed” scenery at frequencies of 0.7 Hz (0.7 C)
and 1.4 Hz (1.4 C).

Fig. 2. Sequence of one measuring series

Each participant was tested in the real environment
and then in a virtual reality environment:

o for a group of 40 participants, measurements were
obtained in “open” scenery; 24 participants from
this group took part in tests with scenery movement
frequencies of 0.2 Hz and 0.5 Hz, with the remain-
ing 16 participating in tests with scenery move-
ment frequencies of 0.7 Hz and 1.4 Hz.

e for a group of 43 measurements were obtained in
“closed” scenery, with 32 participants tested at scen-
ery movement frequencies of 0.2 Hz and 0.5 Hz and
11 participants tested at scenery movement frequen-
cies of 0.7 Hz and 1.4 Hz

Analyzed quantities

The measurements obtained were the displacements
of the COP for successive moments during the 30 s of
testing. Analysis was performed using MATLAB soft-
ware. In the first stage, analysis of the average velocity
of the COP — total and in AP direction — and the COP
range of motion in AP direction was performed. The
results were compared for all conditions. In the next
step, the frequency analysis of the measurements was
performed by determining the PSD of the COP dis-
placement in the AP direction, determined as the
square of the amplitude values of the bands from the
(FFT) calculations divided by the unit frequency. Then,
the Trend Change Index (TCI) coefficient was calcu-
lated. This coefficient defines the number of changes in
the trend, determined as the number of signal intersec-
tions from the Moving Average Convergence Diver-
gence (MACD) calculation algorithm.

Calculation of TCI and MACD coefficients

The MACD is presented in the form of two lines:
the MACD line and the signal line. The MACD line
was obtained by subtracting two moving averages with
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scenery oscillation at 0.7 Hz and in “closed” scenery
with the scenery oscillation at 0.7 Hz and 1.4 Hz.

In the case of summary analyzes of the values of the
TCI coeftficient calculated for individual types of tests
(ranges above 0.5 Hz), the obtained values are similar
(Fig. 4b) and no statistically significant differences
were observed.

It is noteworthy that the very large values of the
coefficients of variation (CV) (Table 4) obtained in
the case of PSD analyzes in relation to similar ana-
lyzes made with the use of the TCI coefficient.

Analyzing the effect size for Dunn’s post-hoc test,
all achieved values of the » (epsilon square) parameter
exceed the value of 0.38. In the interpretation pro-
posed by Rea and Parker [18] it means “strong” effect
size. The result means that we can consider the results
of the comparisons as valid for the current research
group.

In Figures 5 and 6, the median number of trend
changes recorded in individual measurements, divided

169

into frequency ranges corresponding to the ranges in
Table 1, are shown. Comparison of the measurements
carried out with EO with those carried out with EC
showed no statistically significant differences for any
of the intervals (Table 5). When comparing measure-
ments obtained in the real environment (EO and EC)
with measurements obtained in the virtual environ-
ment, statistically significant differences were ob-
served primarily with scenery oscillations at frequen-
cies of 1.4 Hz and of 0.7 Hz and regardless of the type
of scenery used (Table 5). When comparing the meas-
urements made in the virtual environment with each
other, statistically significant differences were found
only when comparing tests performed with a scenery
oscillation frequency of 1.4 Hz with tests performed at
other frequencies.

In the case of the figures in which the values of
median PSD from individual measurements with divi-
sion into frequency ranges are shown (Figs. 7 and 8),
it can be seen that the maximum values were obtained

Table 4. Coefficient of variation obtained for total PSD for frequency ranges
below and above 0.5 Hz and TCI for frequencies above 0.5 Hz

CV of: EO EC 020 050 0.70 140 02C 05C 0.7C 14C
PSD 0-0.5 Hz [%] | 57.1 37.6 49.9 142.5 38.1 49.0 53.2 584 24.1 91.2
PSD>0.5Hz[%] | 504 73.9 57.7 79.9 95.4 72.7 119.9 73.9 122.7 227.0

TCI [%] 5.9 6.7 55 6.1 10.7 1.9 6.0 7.4 6.9 44

Legend: EO — eyes open; EC — Eyes closed.

Fig. 5. TCI for individual time slots for measurements in the real environment and the open scenery
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the work, comparative analyzes were carried out in
the field of time and frequency using calculations used
for stock market analyzes in order to present the inter-
pretative possibilities of these approaches in the as-
sessment of the ability to maintain balance. Calcula-
tions for a new coefficient that defines the number of
trend changes in the COP displacement signal were
proposed.

Analysis of individual measurements

The analysis of the results obtained in the time
domain shows that the introduction of oscillating
scenery increases the values of the analyzed quantities
in the real environment. Both the speed and the range
of motion increased, however, these values do not
make it possible to indicate the mechanism of these
changes (Table 2).

PSD is used to indicate the dominant frequencies
in the analyzed signal, especially in the cases where
a large amount of noise is present. The PSD presented in
Fig. 4a shows values below 0.5 Hz and above 0.5 Hz
and indicates that the majority of cyclic components
appearing in the analyzed signal have a frequency
lower than 0.5 Hz. The analysis of p coefficients
(Table 3) showed no statistically significant differ-
ences with the scenery oscillating at a frequency of
0.7 Hz for both types of scenery and for “closed”
scenery with an oscillation frequency of 1.4 Hz. This
indicates that, for these cases, the values of the COP
motion amplitude resulting from the body following
the moving scenery were so large that they were visi-
ble in the frequency range above 0.5 Hz. This result
seems to be consistent with the conclusions of other
studies [12], [21]. Such a distribution of cyclic compo-
nents may indicate the dominance of visuo-vestibular
control [2], [15], when the body performs mainly
slow, cyclic movements while standing. The increases
in the PSD value in the case of research in the virtual
environment may indicate the appearance of addi-
tional cyclical movements related to the oscillation of
the scenery. These changes include both increases at
frequencies lower than 0.5 Hz and higher than 0.5 Hz
— the latter case is particularly visible in measure-
ments conducted in “closed” scenery with the oscilla-
tion frequencies of this scenery equal to 0.7 Hz and
1.4 Hz. Analysis of the data presented in Figure 8
shows that this increase is mainly caused by increases
in the PSD value in the time interval of 0.3-0.4 s for
the test with a frequency of 1.4 Hz and the time interval
of 0.6-0.8 s for the test with a frequency of 0.7 Hz. Such
PSD may show that the “closed” scenery together
with the higher oscillation frequency had a greater
influence on the behavior of the participants, causing

them to have significant cyclic movements synchro-
nized with the oscillation of the scenery.

The analysis of the sum of individual trend
changes for individual measurements (Fig. 4b) shows
that the number of these changes does not depend on the
conditions. This may mean that balance control requires
a certain number of rapid changes in the trend of the
COP movement (for the time interval of 0.05-1.0 s,
corresponding to frequencies of 10 Hz to 0.5 Hz). Mak-
ing the conditions less favorable, which can include
the introduction of a disturbance in the form of oscil-
lating scenery, does not significantly change this num-
ber. On this basis, it can be concluded that either the
balance system does not need more of this type of
movement or the locomotor system is not able to gen-
erate more of them.

One more conclusion can be drawn from the PSD
analysis and the sum of trend changes. The values of
the CVs (Table 4) obtained for PSD only in the case
of measurements with EC and for measurements at
a frequency of 0.7 Hz (in both cases for a result below
0.5 Hz) take a value lower than 40%. In the rest of cases,
they are close to or much greater than 50%. This demon-
strates a large dispersion of the obtained measurement
data. In the case of the number of changes in the
trend, these values exceed 10% only in one case. This
may indicate that in this type of analysis, when it is
important to study insignificant but rapid movements
of the COP, the use of analyzes based on stock ex-
change ratios may bring much better results.

Analysis with division into time intervals

Observed signal power in the range above (.5 Hz
obtained in tests performed in the real environment
(Fig. 9), as well as in tests in the virtual environment
with the scenery oscillating at a frequency of 0.2 Hz
and 0.5 Hz (Figs. 7, 8), is negligibly small and does
not exceed most of the analyzed unity intervals. The
exception is the range of 0.8-1.0 s, where slightly
higher PSD values obtained during tests at a fre-
quency of 0.5 Hz were observed. This can be ex-
plained by the fact that the time interval of 0.8-1.0 s
corresponds approximately to this frequency (i.e., the
movements of the body following the scenery were
observed here).

In the case of frequencies of 0.7 Hz and 1.4 Hz,
a significant increase in the PSD value was observed
in the time intervals corresponding to these frequen-
cies (0.3-0.4 s for the frequency of 1.4 Hz and 0.6-0.8 s
for the frequency of 0.7 Hz). These increases indicate
that the COP, and thus the entire body, followed the
cyclically moving scenery. The differences in the PSD
values visible between the “open” and “closed” scen-
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ery result from differences in the amplitude values of
the recorded movements following the scenery.

The analysis of the number of trend changes
obtained during the tests in the real environment
(Figs. 5, 6) shows that in the intervals from 0.05 s
to 0.5 s (which corresponded to the frequency range
of 0.5-10 Hz movements) there was a significant
number of changes in the trend indicating changes in
the direction of the COP movement; this was despite
very low PSD values. According to the information
provided by Bizid et al. [2] and Micarelli et al. [15],
this may indicate an important role of proprioceptive
control, despite the PSD analysis indicating a lack of
cyclic movements in this frequency range and sug-
gesting that there is a minor role for this type of control.

Interesting conclusions are provided by analysis of
the number of trend changes in subsequent time inter-
vals obtained in the virtual environment in relation to
results obtained in the real environment (Figs. 5, 6). In
the case of scenery oscillation frequencies of 0.7 Hz
and 1.4 Hz for the time interval of 0.05-0.2 s, most
cases saw a statistically significant decrease in the
number of trend changes observed compared to the
measurements with EO and EC, with a simultaneous
increase of this number in the time intervals corre-
sponding to the scenery oscillation frequencies (0.3—
0.5 s). For the frequency of 1.4 Hz, a drop in the num-
ber of trend changes was also recorded for the time
interval of 0.5-0.9 s. This means that the increased
number of trend changes appearing at the frequencies
of 0.7 Hz and 1.4 Hz reduced the number of trend
changes at other frequencies. When analyzing the
possible causes of these changes, it is necessary to
return to the previous point that stated the total num-
ber of changes in the trend for the 0.05-1.0 s range
undergoes only very slight changes, regardless the
measurement carried out (Fig. 4b). This may mean
that the introduction of disturbances with a frequency
in this range (e.g., 1.4 Hz) resulted in an increase in
the number of body movements performed with this
frequency (in an attempt to follow the scenery to pre-
vent a potential fall) and forced a reduction in the
number of trend changes in other time periods, whilst
the total the number of all trend changes remained
approximately constant. It can be assumed that this
invariability in the maximum number of trend changes
may be related to the fact that the locomotor system is
not able to increase the total number of trend changes
above a certain value. In such case, introducing envi-
ronmental oscillations with a specific frequency may
reduce the number of trend changes in the range of
0.05-0.2 s, where these fast movements of COP are
treated as related to proprioception. This reduction in

the number of changes may not allow the propriocep-
tive system to obtain sufficient information and thus
the individual may not be able to maintain their balance.
This conclusion shows that cyclical oscillations of the
environment not only affects the information collected
by the visuo-vestibular system, but may also distort
information from the proprioceptive system.
Additionally, it should be noted that the coefficients
of variation obtained for the trend changes are much
smaller than those obtained for the PSD (Tables 4-9),
which may indicate that the analysis of these values
provides much more reliable results. Based on the above
considerations, it can be assumed that:
¢ reducing the number of trend changes in the fre-
quency band assumed to be used in proprioceptive
control may have an impact on the ability to main-
tain balance; this information and the practical use
of stock exchange ratios can be helpful in the diag-
nosis of people with balance dysfunctionalities;
¢ by analyzing changes in the number of changes in
the trend in individual time intervals, it is possible
to selectively assess the impact of proprioceptive
control on the overall ability to maintain balance.

Limitations

The presented method for assessing the ability to
keep balance is an extension of the methods used so
far, however, it also has some limitations and ele-
ments that require further research, including:
¢ stating the extent to which changes in the parame-

ters used for the calculations of TCI will affect the

final results;

¢ determining whether the application of this method
will give comparable or more reliable results in the
case of using parameters that enable the analysis of
slow changes in the trend (below 0.5 Hz) com-
pared to the analyzes carried out in the frequency
domain (i.e., Fourier transform, wavelet analysis);

e checking whether a decrease in the number of

changes in the trend in the range of 0.05-0.2 s

(above 0.5 Hz) has a negative impact on the ability

to maintain balance;

e investigating whether smaller fluctuations in the
number of changes in the trend mean less impact
of the oscillating environment on the individual.

5. Conclusions

Summing up, it can be stated that the application
of approaches for determining stock exchange indices
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in the analysis of subsequent COP positions provides
new information that can be used in the assessment of
the ability to maintain balance. This knowledge can be
used both in clinical studies on balance and in the de-
velopment of new methods using this type of meas-
urement. The values of the proposed index may be used
to determine the excitation of systems responsible for
maintaining balance, as they constitute an objective
tool for determining the number of COP displacement
corrections per unit of time. These types of indicators
may be appropriate for clinical applications.
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Table 2 Values of individual parameters (M - median, QR/2 - the half of coefficient quartile of variation)

Head Pelvis Sternum
YO oP PDon PD off YO oP PDon PD off YO opP PDon PD off

JERK [cm2/s5] (] 30.78 37.54 2852 28.06 7.64 1048 8.28 8.08 9.22 1212 10.26 8.59

QR/2 [%] 190 123 56 60 58 54 67 59 109 58 55 50
My M 2417 29.66 26.50 26.97 1215 1332 14.39 1557 14.25 16.78 16.80 15.98
[cm/s) QR/2 [%] 38 29 22 24 31 34 29 31 31 21 17 24
PATH M 241.69 296.59 265.04 269.73 12147 133.16 143.92 155.67 142.52 167.84 168.02 159.75
[cm] QR/2 [%] 38 29 22 24 31 34 29 31 31 21 17 24
RMS [cm/s2] M 272 318 2.1 313 0.91 1.21 1.14 1.17 1.15 147 143 1.34

QR/2 [%] 67 72 83 36 25 34 38 14 44 41 38 29
SURFACE [cm2/s4] (] 35.96 81.86 3594 71.10 7.09 1040 10.90 11.22 10.49 18.07 17.19 1417

QR/2 [%] 229 145 209 74 49 77 48 29 89 84 70 61
RANGE M 10.73 12.02 7.83 9.38 297 4.29 4.19 3.38 343 561 437 446
[cm/s2] QR/2 [%] 78 89 04 73 41 52 44 15 72 53 43 24
Tal M 258 272 269 302 295 295 284 317 296 301 287 310
[no] QR/2 [%] 9 5 4 4 4 6 5 3 5 7 2
TCI_dT (Y] 0.21 0.20 0.19 017 0.18 018 18 0.16 0.18 017 0.18 017
[s] QR/2 [%] 8 4 5 4 6 5 4 5 2
TCI_dS [em] M 2.08 2.29 1.89 1.76 0.88 074 1.02 097 1.01 0.96 1.02 1.02

QR/2 [%] 59 40 35 23 36 46 44 27 35 36 35 18
TC_dv M 1563 1949 15.90 17.22 8.26 6.90 9.59 9.20 932 845 11.18 10.04
[cm/s] QR/2 [%] 48 32 30 25 34 56 39 26 35 44 25 19
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Zyciorys Autorki

Mgrinz. Marta Chmura w 2015 roku rozpoczeta studia inzynierskie na Wydziale Inzynierii
Biomedycznej Politechniki Slaskiej na kierunku inzynieria biomedyczna o specjalnosci
inzynieria wyrobéw medycznych. W 2019 roku obronita tytut inzyniera. Nastepnie
kontynuowata studia magisterskie na Wydziale Inzynierii Biomedycznej Politechniki
Slaskiej, na kierunku inzynieria biomedyczna o specjalnosci biomechatronika i sprzet
medyczny. W 2020 roku obronita prace magisterska pt. ,Analiza wptywu czasu przebywania
w srodowisku wirtualnej rzeczywistosci na wielkosci opisujgce zdolnosé utrzymywania

réwnowagi i zmiennosé chodu”, uzyskujgc wynik bardzo dobry.

0Od 1 pazdziernika 2020 roku rozpoczeta dalsze ksztatcenie w ramach Wspoélnej Szkoty
Doktorskiej Politechniki Slaskiej dokonujgc wyboru tematu rozprawy doktorskiej
zaproponowanego przez promotora, dr. hab. inz. Jacka Jurkojcia, prof. PS pt. ,Ocena zmian
wybranych mechanizmdw kontroli posturalnej w odpowiedzi na rzeczywiste i wirtualne

bodZce prowadzgce do wytracenia z rownowagi”.

Doktorantka jest wspodtautorkg 8 artykutéw naukowych  opublikowanych
w czasopismach, wtym 7 z listy JCR. Jest rowniez wspdtautorkg 15 rozdziatdw z monografii.
Wozieta udziat w 14 konferencjach naukowych, krajowych oraz miedzynarodowych.
Pozyskata grant projako$ciowy na rozpoczecie dziatalnosci naukowej w nowej tematyce
badawczej, w ramach programu Inicjatywa Doskonatosci — Uczelnia Badawcza oraz
subwencje na utrzymanie i rozwoj potencjatu badawczego Mtodych Naukowcow. W trakcie
trwania studidéw doktoranckich odbyta 7-miesieczny staz naukowy w zaktadzie fizjoterapii
Fizjosport w Gliwicach oraz miesieczny staz naukowy, zagraniczny, na Uniwersytecie
w Kilonii w Niemczech. Poszerzajgc zakres swoich kompetencji, wzieta udziat w letnigj
szkole “Motor Control Summer School” we wrzesniu 2024 roku oraz w szkoleniu
prosektoryjno-anatomicznym w czerwcu 2023 roku. Otrzymata wyrdznienie w konkursie
o Nagrode Polskiego Towarzystwa Biomechaniki dla mtodych pracownikéw nauki im. prof.

A. Moreckiego i prof. K. Fidelusa w edycji 2023.

Doktorantka podczas studidow czynnie angazowata sie¢ w dziatalnosé¢ promocyjna

uczelni bedgc od pazdziernika 2020 roku czynnym cztonkiem Zespotu ds. Promocji
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i Popularyzacji Nauki na Wydziale Inzynierii Biomedycznej. Byta takze cztonkiem komitetow
organizacyjnych konferencji naukowych: biorgc udziat w organizowaniu konferencji
naukowych: Advances in Applied Biomechanics & ,,Majéwka Mtodych Biomechanikéw” im.
prof. Dagmary Tejszerskiej (2021 r.), “Medical and Sport Technologies” & ,Young
Biomechanists Conference” named of prof. Dagmara Tejszerska (2022-2024 r.) i HealthTech
Innovations Conference (2022-2024 r.). W 2021 roku zostata powotana na stanowisko
prezesa Rady Mtodych Innowatordw, dziatajagcej przy Towarzystwie Innowacyjnych
Technologii dla Zdrowia. Brata takze udziat w akcjach organizowanych przez Centrum
Popularyzacji Nauki Politechniki Slaskiej, takich jak Noc Naukowcéw czy Dni Otwarte

Politechniki Slaskiej.
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