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Streszczenie

Zdolnos¢ utrzymywania réwnowagi ciata przez cztowieka jest kluczowym
elementem  codziennego funkcjonowania cztowieka, wptywajgcym na
samodzielnos¢ i jakos¢ zycia. Utrzymywanie rdwnowagi to dynamiczny proces,
w ktérym wazng role odgrywaja mechanizmy przygotowania posturalnego.
Mechanizmy, takie jak wczesne, antycypacyjne oraz kompensacyjne przygotowanie
posturalne, odpowiadajg za przygotowanie i reakcje ciata na destabilizujgce bodzce.
Metody badania réwnowagi opieraja sie gtéwnie na analizie przemieszczen srodka
nacisku stop w dziedzinie czasu i czestotliwosci. Nowoczesne narzedzia, takie jak
czujniki IMU oraz wirtualna rzeczywistos¢, oferujg nowe mozliwosci badawcze,
szczegoblnie w kontekscie badan w sytuacji konfliktu sensorycznego i diagnostyki
neurologicznej, w tym choroby Parkinsona. Analizy te sg jednak niewystarczajgce,
poniewaz pomijajg szybkie, niecykliczne zmiany. ktére moga by¢ rowniez bardzo
istotne w diagnozowaniu ileczeniu pacjentdéw zzaburzeniami neurologicznymi,

ortopedycznymi lub przedsionkowymi.

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

posturalnej.

Rozprawa doktorska stanowi podsumowanie wynikéw badan opublikowanych
w szeregu artykutow naukowych, ktére koncentrujg sie ha mechanizmach kontroli
posturalnej i zdolnosci utrzymywania rownowagi u cztowieka. Zbiér ten obejmuje
zagadnienia dotyczgce zaréwno teoretycznych aspektéw kontroli postawy, w tym
opracowanej nowej metodyki analizy danych stabilograficznych, jak i praktycznych

zastosowan klinicznych. W opisywanych artykutach stopniowo przechodzono od




prostszych eksperymentéw oceniajgcych zdolnosé¢ utrzymywania rownowagi ciata
w wirtualnej rzeczywistosci, przez wprowadzenie bardziej ztozonych bodzcow
destabilizujgcych w postaci przesuniecia podtoza w Swiecie rzeczywistym, az po
rozwo6j nowych metod analizy danych opartych o wskazniki stosowane na gietdzie,
ktére majag na celu uzupetnienie tradycyjnych technik oceny réwnowagi, konczac na
praktycznym wykorzystaniu opracowanych metod w praktyce klinicznej na grupie
0s6b z choroba Parkinsona. Wykazano, ze standardowe metody oceny zdolnosci
utrzymywania roéwnowagi, takie jak analiza wielkosci w dziedzinie czasu
i czestotliwosci, okazaty sie niewystarczajagce do petnego okreslenia reakcji na
bodzce. Zastosowanie badan z bodzcami destabilizujgcymi, zaréwno rzeczywistymi
jak i wygenerowanymi w technologii wirtualnej rzeczywistosci znaczaco poszerza
mozliwosci analizy zdolnosci utrzymywania rownowagi. 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 Wprowadzenie

Zdolnos¢ utrzymywania réwnowagi jest kluczowym elementem codziennego
funkcjonowania cztowieka. Wptywa ona na niezaleznos$¢ w wykonywaniu czynnosci
dnia codziennego, mozliwos¢ samodzielnego poruszania sie czy tez szeroko pojeta
jakos¢ zycia. Utrzymywanie réownowagi to ztozony proces angazujacy miedzy innymi
uktad przedsionkowy uktad wzrokowy oraz uktad proprioceptywny. Uktad
przedsionkowy Jest zlokalizowany w uchu wewnetrznym i sktada sie z kanatow
potkolistych oraz woreczka i tagiewki, ktore reaguja na przyspieszenie gtowy [1]. Zmyst
wzroku dostarcza informacji o otaczajgcym sSwiecie, takich jak natezenie Swiatta,
potozenie obiektow w zasiegu wzroku czy potozenie widocznych czesci ciata. Uktad
proprioceptywny dostarcza sensorycznych informacji o wzajemnym potozeniu czesci
ciata wzgledem siebie. Zakonczenia czuciowe proprioceptoréw sg wrazliwe na
deformacje. Istnieje kilka grup proprioceptoréw, ktére sg szczegblnie wazne dla
kontroli ruchu. Sg one wrazliwe na zmienne fizyczne, takie jak pozycja stawu, dtugosc¢
predkosé¢ skurczu i sita miesnia. Integracja informacji z wczesniej wymienionych
uktadoéw jest niezbedna do utrzymania rownowagi. Zaburzenia ktéregokolwiek z tych
uktadéw mogag prowadzi¢ do problemow ze zdolnoscig utrzymywania réwnowagi
i zwiekszonego ryzyka upadkéw. Zaburzenia w zdolnosci utrzymywania réwnowagi
moga by¢é wynikiem choréb uktadu nerwowego, procesu starzenia sie,
przedsionkowych zaburzen rownowagi, zaburzen w czuciu w stopach w wyniku
cukrzycy lub obrazen narzadu ruchu [1,2]. Zaburzona zdolnos$é utrzymywania
rownowagi moze prowadzi¢ do upadkow, ktére skutkujgc urazami, moga dodatkowo
pogorszy¢ stan zdrowia [3]. Upadki oraz powstate w ich wyniku obrazenia sg jedna
z gtdwnych przyczyn hospitalizacji oséb starszych, co w efekcie moze prowadzi¢ do
utraty mobilnosci oraz utraty samodzielnosci zyciowej [4]. W zwigzku z tym, kluczowe
dla poprawy jakosci zycia, szczegélnie w populacji starszej oraz wsrdéd osob
z chorobami przewlektymi, jest monitorowanie i poprawa zdolnosci utrzymywania

réwnowagi, a przez to ograniczenie ryzyka upadkéw.




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
rownowagi opiera sie na procesach zwigzanych z przygotowaniem posturalnym (PA)
oraz procesem kompensacji posturalnej w odpowiedzi na bodziec destabilizujacy.
Przygotowanie posturalne wystepuje tuz przed zaburzeniem posturalnym, a jego rola
jest wyeliminowanie lub minimalizacja negatywnych skutkéw utraty réwnowagi.
Natomiast korekty kompensacyjne maja na celu przywrécenie rownowagi ciata tuz po
wystapieniu zaburzenia [5, 6, 7]. Mechanizmy kontroli postawy moga by¢ wczesne
(ang. early postural adjustment — EPA) - wystepujace ok 600-400 ms przed
zaburzeniem, przygotowujgce ciato na hadchodzace zaburzenie, antycypacyjne (ang.
anticipatory postural adjustment — APA) — wystepujace ok 150 ms przed do 50 ms po
wystgpieniu zaburzenia, przygotowujace do przeciwstawienia sie zaburzeniu, lub
kompensacyjne (ang. compensatory postural adjustment — CPA) wystepujace ok 70-
300ms po wystagpieniu zaburzenia, przywracajgce rownowage po zaburzeniu [8, 9,
10]. Wystepowanie wyzej opisanych mechanizmoéw objawia sie gtéwnie zmiang
aktywnosci miesniowej miesni posturalnych [8], przemieszczeniem poszczegdlnych
segmentow ciata, przemieszczeniem srodka masy (COM) lub srodka nacisku stop
(COP) [6]. Bodzce wywotujgce PA mozna podzieli¢ na dwa typy — pierwszy, zwigzany
zdobrowolnym zainicjowaniem ruchu [11] oraz drugi, zewnetrzny, pochodzacy
zotaczajgcego sSrodowiska, czesto prowadzacy do destabilizacji [5]. Badania
sugerujg, ze bodziec zewnetrzny moze wywota¢ APA, pod warunkiem, ze osoba
badana wie, kiedy wystapi zaburzenie [8, 10]. W kontekscie rehabilitacji i terapii,
zrozumienie tych mechanizmow jest kluczowe, ze wzgledu na potrzebe identyfikac;ji
specyficznych deficytéw w systemie kontroli rownowagi pacjenta [12, 13], redukgc;ji

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

Naukowcy korzystajg z réznorodnych sposobéw, ktére umozliwiajg ocene
zdolnosci utrzymywania réwnowagi. Najczesciej stosowana jest metoda bazujgca na
analizie przemieszczen s$rodka nacisku stop. Wielkosci opisujgce zdolnosc¢
utrzymywania stabilnej postawy ciata na podstawie przemieszczehh 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
obejmowacé okreslenie pozycji COM, ruchéw 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 pojawiajg sie w sygnale COP. Analizy
czestotliwosciowe moga ujawnié¢ subtelne zmiany, ktére sg 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 rownowagi 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 srodowiska i bodzcéw, ktore
bytyby trudne do wytworzenia wrzeczywistym $Swiecie. Dodatkowo, szerokie
mozliwosci przygotowania scenariuszy umozliwiajg dostosowanie procesu
diagnostycznego i rehabilitacyjnego do konkretnego przypadku i umiejetnosci
pacjenta. Sprawia to, ze technologia wirtualnej rzeczywistosci jest coraz czesciegj
wykorzystywana w rehabilitacji czy diagnostyce, w tym schorzen zwigzanych
z ostabiong zdolnoscig utrzymywania rownowagi. Szczegdlnie przydatne w tym
przypadku wydajg sie badania w sytuacji konfliktu bodZzcéw sensorycznych. W takiej
sytuacji poszczegdlne zmysty otrzymujg sprzeczne informacje, a osoba badana jest
poddawana bodZzcom, ktére bezposrednio lub posrednio destabilizujg jej postawe.
Przyktadem moze by¢ badanie, podczas ktdrego 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 oscylujacego pomieszczenie) [18, 25, 26, 27]. Analiza reakcji ciata na

zaburzenia wizualne moze by¢ cennym zréodtem informacji diagnostycznych




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

czy zaburzenia przedsionkowe [28].

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

[28, 31, 32].

Obecnie stosowane metody oceny zdolnosci utrzymywania réwnowagi, takie jak
analiza przemieszczen COP w dziedzinie czasu [16, 17] iczestotliwosci [18, 19],
dostarczajg cennych informacji o stabilnosci posturalnej. Do powszechnie
analizowanych parametrow w dziedzinie czasu opisujacych zdolnos¢ do utrzymania
rownowagi naleza predkos¢ COP, powierzchnia elipsy COP oraz zakresy ruchu COP
w kierunkach AP i ML. Podczas analizy wczesniej wymienionych wartosci, zaktada sie,
ze wzrost wartosci tych wielkosci najczesciej wskazuje na wystepujgce problemy
z utrzymywaniem réwnowagi [33]. Analizy czestotliwosciowe pozwalajg na analize
cyklicznych komponentéw mierzonego sygnatu, identyfikujgc wystepujgce w nim
dominujace czestotliwosci, co z kolei umozliwia ocene pojawiajacych sie zmian
w strategii utrzymywania réwnowagi ciata przez cztowieka. Informacje te s3g
szczegoblnie istotne w przypadku badania oddziatywania cyklicznych zaburzen
w wirtualnej rzeczywistosci [21, 22, 23] i rozszerzajg 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 rownowagi i przygotowania posturalnego [29, 30, 31, 32],
wymaga jednak stosowania analiz, ktére pozwolg na petne poznanie iinterpretacje

informac;ji zawartych w sygnale pomiarowym. Opisane wyzej metody pozwalajg na
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wykrycie w rejestrowanym sygnale zmian wskazujgcych na pojawiajace sie zmiany
w strategii utrzymywania rownowagi. Analizy te bazujg jednak przede wszystkim na
globalnej analizie sygnatu lub wykorzystujg cykliczny charakter pojawiajacych sie
zjawisk, nie uwzgledniajagc wystepujgcych szybkich zmian o charakterze
niecyklicznym, ktére moga by¢ réwniez bardzo istotne w diagnozowaniu i leczeniu
pacjentéw z zaburzeniami neurologicznymi, ortopedycznymi lub przedsionkowymi.
Istnieje wiec potrzeba ciggtego rozwoju wykorzystywanych metod badawczych, ktére
uzupetniajgc obecnie stosowane pomiary i analizy umozliwig petniejsze poznanie
iinterpretacje zmian pojawiajgcych sie w zdolnosci utrzymywania réwnowagi

bedgcych 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 mechanizmow kontroli utrzymywania rownowagi ciata przez cztowieka

pozwolita na sformutowanie nastepujacych celdw badawczych:

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

e Okreslenie wptywu wirtualnych i rzeczywistych bodzcéw wytrgcajacych
zréwnowagi na zjawisko przygotowania posturalnego jako narzedzia do
diagnostyki zdolnosci utrzymywania réwnowagi ciata przez cztowieka.

e Analiza mozliwosci praktycznego zastosowania metody detekcji 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 réwnowagi
u cztowieka. Zbiér ten obejmuje zagadnienia dotyczace zaréwno teoretycznych
aspektéw kontroli postawy, w tym opracowanej nowej metodyki analizy danych

stabilograficznych, jak i praktycznych zastosowan klinicznych.

Opracowane zostaty metody badawcze wykorzystujgce VR w analizach
przygotowania posturalnego w reakcji na bodZzce mogace potencjalnie doprowadzi¢
do zaburzenia réwnowagi ciata. Zastosowano rowniez wielkosci bazujgce na
zmianach potozenia COP, ktére nie maja charakteru cyklicznego do oceny zmian
strategii utrzymywania réwnowagi. W badaniach stopniowo przechodzono od
prostszych eksperymentéw oceniajgcych zdolnosé¢ utrzymywania rownowagi ciata
w wirtualnej rzeczywistosci [A1], przez wprowadzenie bardziej ztozonych bodzcéw
destabilizujgcych w $wiecie rzeczywistym [A2], az po rozwdj nowych metod analizy

danych, ktére maja na celu uzupetnienie tradycyjnych technik oceny réwnowagi [A3,

12



A4, A5], koniczac na prdbie praktycznego wykorzystania opracowanych metod
w praktyce klinicznej na grupie oséb z choroba Parkinsona [A6]. W badaniach
wykorzystujgcych VR i symulacje upadku ze schodéw [A1] potwierdzono, ze sam
wizualny bodziec destabilizujgcy moze mie¢ rézny wptyw na réwnowage badanych
osOb. Zauwazono natomiast, ze analiza czestotliwosciowa, szczegdlnie ruchow
gtowy, dostarczyta bardziej precyzyjnych informacji o reakcji badanych na zadany
wizualny bodziec, co sugeruje, ze dodatkowe analizy moga pomdéc w lepszym
wykrywaniu subtelnych zmian. W zwigzku z tym konieczne byty dalsze badania
zbardziej wyraznymi bodzZzcami destabilizujgcymi, w tym rzeczywistymi oraz
wykorzystaniem pomiaréw elektromiograficznych (EMG) i kinematyki catego ciata
w celu poszerzenia prowadzenia analiz. Jako odpowiedZz na wyzej wymienione
potrzeby w drugim etapie badan [A2] zastosowano rzeczywiste zaburzenia, w postaci
przesuniecia podtoza, ktére aktywowato mechanizmy przygotowania posturalnego
(APA i EPA). Wyniki pokazaty, ze wiedza o nadchodzgcym 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 okazaé sie okazaé 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 howe podejscia, inspirowane
technikami z analizy technicznej trendéw gietdowych. Wyznaczono wspétczynnik
Trend Change Index (TCIl). Wspoétczynnik ten definiuje liczbe zmian trendu,
okreslanych jako liczba przecieé sygnatu wynikajgcych z algorytmu obliczeniowego
Moving Average Convergence Divergence (MACD). MACD jest przedstawiany
w postaci dwdch linii: linii MACD oraz linii sygnatowej. Przeciecie linii MACD i linii
sygnatowej sygnalizuje zmiane trendu w sygnale przemieszczenia COP. Wspétczynnik
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 wwarunkach zaburzen wygenerowanych

w technologii wirtualnej rzeczywistosci [A4] i podczas 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 wptywacé na zdolnosé utrzymywania stabilnej postawy
ciata isugerowa¢ zmiane strategii utrzymywania rownowagi. Whnioski ptynace
z badan pozwolity na przypuszczenia, ze analiza zmian trendu moze byé przydatna
w diagnostyce i ocenie osdb dotknietych chorobami neurodegeneracyjnymi. Z tego
powodu ostatnim krokiem badan byta préba praktycznego wykorzystania analizy
zmian trendu w czasie analizy zdolnos$ci utrzymywania réwnowagi u osdb z chorobg
Parkinsona (PD) [A6]. W kontekscie chordb takich jak choroba Parkinsona, analiza
trendow 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 postepéw choroby, co moze byé kluczowe

w dostosowywaniu leczenia i rehabilitacji.
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2.3 Analiza przemieszczen COP i ruchow gtowy w odpowiedzi na bodziec

generowany w wirtualnej rzeczywistosci [A1]

Zaburzenia rownowagi moga byé 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 rownowagi. Ztego wzgledu ros$nie
potrzeba wprowadzenia nowych, bardziej zaawansowanych metod, ktére bytyby
w stanie wykry¢ zmiany, ktére sg niewidoczne w tradycyjnych analizach w dziedzinie
czasu. W tym kontekscie technologia wirtualnej rzeczywistosci (VR) odgrywa coraz
wiekszg role, umozliwiajagc symulowanie réznorakich warunkéw destabilizujgcych.
Dzieki technologii VR mozliwe jest wywotanie destabilizujgcego bodzca wizualnego,
przy jednoczesnym utrzymaniu nieruchomego podtoza, co wprowadza badang osobe
w sytuacje konfliktu sensorycznego. W literaturze opisywane sa badania zdolnosci
utrzymywania rownowagi w VR podczas ekspozycji na ruchome otoczenie czy tez
symulacji sytuacji dnia codziennego. Analiza reakcji na tak przedstawione zaburzenie
wizualne moze by¢ zrédtem informacji na temat mechanizméw utrzymywania
stabilnej postawy ciata. W badaniach zdolnos$ci utrzymywania réwnowagi najczescie;j
analizowane sg wielkosci bazujgce na wielkosciach w dziedzinie czasu. Jednakze,
mimo wzrostu wartosci wielkosci w dziedzinie czasie w warunkach konfliktu bodzcow
sensorycznych, nie zawsze sg one bezposrednio zwigzane z zaburzeniami réwnowagi
zwigzanymi np. z chorobami uktadu nerwowego. Ztego powodu rosnie
zapotrzebowanie na nowe metody pomiardw i analiz, ktére uwydatniatyby zmiany
niezauwazalne w standardowej analizie wdziedzinie czasu. Analiza
czestotliwosciowa i zastosowanie akcelerometrow uzupetniajg standardowg analize
o dodatkowe informacje dotyczgce np. cyklicznosci ruchéw COP czy charakterystyki

ruchow poszczegbdlnych segmentdw ciata.
Z tego powodu cele pracy badawczej w pierwszym artykule cyklu obejmowaty:

e okreslenie czy bodziec wizualny, w postaci symulowanego upadku ze

schodéw ma wptyw na kontrole posturalng,
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e okreslenie czyrozszerzenie analiz o analize czestotliwosciowa moze zwiekszy¢
zakres interpretacji zdolnosci utrzymywania réwnowagi w poréwnaniu do
analiz opartych na domenie czasowej,

e okreslenie czy pomiary ruchow gtowy mogag uzupetni¢ pomiary COP
oinformacje dotyczace wptywu wprowadzonego wizualnego bodzca
wytragcajgcego z rownowagi na zdolnos¢ utrzymania rownowagi,

e okreslenie, czy wizualny sygnat ostrzegawczy poprzedzajacy wystapienie
wizualnego bodZca wytrgcajagcego z réownowagi wywota zmiane w ruchach

gtowy i przemieszczeniu COP.

W celu odpowiedzi na powyzsze pytania zaprojektowano serie badan, w ktérej
wzieto udziat 10 uczestnikéw (7 kobiet i 3 mezczyzn) o Sredniej wieku 25 lat
i Srednim BMI 23 kg/m?. Uczestnicy nie deklarowali powaznych urazéw korczyn
dolnych ani problemdéw z réwnowagg. Trzy osoby z grupy badawczej (jedna osoba
z silng chorobg lokomocyjng i lekiem wysokosci (pp3), oraz dwie osoby (pp1, pp2)
o zwiekszonych parametrach, ktére mogty $wiadczyé o problemach
z utrzymaniem réwnowagi) zdecydowano sie wytgczy¢ z grupy osdéb 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 prowadzacymi w doét
(Rysunek 1). Podczas 60 sekundowych pomiaréw mierzono COP i ruchy gtowy.
Testy w VR byty poprzedzone badaniem stania na platformie z otwartym (EQ)
i zamknietymi oczami (EC) w Swiecie rzeczywistym. W pierwszym tescie, w 30
sekundzie symulowano upadek ze schodéw (BB). W drugim tescie uczestnicy
otrzymywali wizualny sygnat ostrzegawczy na 3 sekundy przed symulacjg (BZ).

Kazdy test powtdrzono trzykrotnie.
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Rysunek 1 Sceneria VR [A1]

Analiza wynikéw sktadata sie z trzech etapéw. W pierwszym etapie poréwnane
zostaty wartosci predkosci przemieszczen COP (Vcop), ruchéw gtowy (Vhead) Oraz
powierzchni elipsy COP (EAcor) W Srodowisku rzeczywistym i VR, w celu
zidentyfikowania wptywu destabilizujgcego bodzca wzrokowego. Nastepnym
krokiem, byta analiza zakresu ruchu COP izakresu ruchéw gtowy (DAD)
w kierunku AP. Ostatnim etapem analiz byto studium przypadku poréwnujgce
parametry oséb z trudnosciami w utrzymaniu réwnowagi z osobami bez takich
probleméw. Analiza statystyczna zostata przeprowadzona w oprogramowaniu
Statistica 13. Ze wzgledu na brak rozktadu normalnego we wszystkich

wielkosciach do poréwnania réznic wykorzystano testy nieparametryczne.

Aby zbadac¢ jak symulowany upadek ze schoddw moze wywotac utrate
rownowagi i czy analiza przemieszczen COP oraz ruchéw gtowy moze umozliwié
identyfikacje problemoéw zwigzanych z réwnowaga analizy przeprowadzono
wdwoéch kierunkach - analiza zmian parametréw opisujgcych destabilizacje
i kompensacje posturalng dla grupy zdrowych osdb oraz pordwnanie wynikéw dla
os6b, u ktérych stwierdzono zwiekszony wptyw wprowadzonego wizualnego

bodzca na rdwnowage, z wynikami osdb zdrowych.

Analiza zmian parametréw opisujgcych destabilizacje i kompensacje
posturalng dla grupy zdrowych osdb wykazata, ze wprowadzony bodziec
destabilizujgcy nie miat znaczacego wptywu na zachowanie uczestnikéw. Wyniki
nie wykazaty réznic w reakcjach uczestnikéw z i bez sygnatu ostrzegawczego.
Prawdopodobnym powodem tej sytuacji byt fakt, ze bodziec destabilizujgcy

w formie symulowanego upadku ze schodéw byt wytgcznie wizualny i jego efekt
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byt prawdopodobnie na tyle nierealistyczny, ze nawet informacja o jego
pojawieniu sie i wczesniejsze doswiadczenie tego, jak to bedzie wygladac, nie
zmienity reakcji uczestnikéw. Podczas pomiaréw zidentyfikowano trzy osoby,
jedng z deklarowang silng chorobg lokomocyjng i lekiem wysokosci i dwie,
u ktorych wartosci wielkosci opisujgce zdolnos$é utrzymywania réwnowagi
znacznie roznity sie od reszty. Te rdznice moga wskazywaé¢ na problemy
zutrzymaniem réwnowagi w okreslonych warunkach, jak przebywanie na
wysokosci czy niespodziewany ruch podtoza. W badaniach nie stwierdzono
istotnych réznic w sredniej predkosci COP i gtowy miedzy zdrowymi osobami
a trzema osobami podatnymi na zaburzenia, co sugeruje, ze te parametry nie sg
wystarczajgce do identyfikacji probleméw z rownowaga. Wyrazniejsze réznice
zauwazono w polu elipsy COP i ruchéw gtowy, gdzie wartosci dla trzech oséb byty
wyzsze niz dla reszty grupy, co moze wskazywa¢ na trudnosci w utrzymaniu
rownowagi po zaburzeniu. Analiza czestotliwosciowa wykazata, ze bodziec
w postaci symulowanego upadku ze schodéw wywotat u badanych osdb reakcje.
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
z ostrzezeniem i bez ostrzezenia, jednak zauwazono znaczace réznice miedzy
trzema osobami (pp1, pp2, pp3) a resztg uczestnikdw. Najwieksze réznice
dotyczyty amplitudy pierwszej harmonicznej, szczegélnie 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 by¢ istotne w diagnozowaniu problemow

z rbwnowaga.

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

przetestowanie bodzcow wizualnych, ktére w wiekszym stopniu wptywajg na
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stabilnos¢ posturalng. Analiza w domenie czestotliwosciowej, szczegdlnie
analiza amplitudy pierwszej harmonicznej w sygnale przemieszczenia gtowy,
lepiej réznicowata osoby podatne na zewnetrzne zaburzenia wizualne. Chociaz
takie wyniki nie zawsze wskazujg na problemy zdrowotne, mogg sugerowac
zwiekszong podatnos¢ na nieoczekiwane zachowania w sytuacjach
wymagajacych szybkich ruchow 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 ruchow ciata cztowieka z samej gtowy na cate ciato,
aw szczegdlnosci na konczyny dolne oraz staw kolanowy. Wyniki badan
podkreslajg potrzebe dalszego dopracowywania metod symulowania wizualnych
bodzcow destabilizujagcych oraz metod analizy zdolnosci utrzymywania
rownowagi i reakcji na wizualne bodzce, ktéra wykrywataby zmiany dotad

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

Niniejszy artykut stanowi kontynuacje wczesniejszych badan nad analiza
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 Wczesnego (EPA) Przygotowania Posturalnego odgrywaja kluczowg role
w dostosowaniu ciata do reakcji na bodzce zewnetrzne, umozliwiajgc utrzymanie
rownowagi i stabilnosci posturalnej. W ostatnich latach badania nad APA i EPA
zyskaty na znaczeniu, zwtaszcza w kontekscie diagnozowania zaburzen posturalnych
oraz prognozowania upadkow. Obserwacja tych mechanizmoéw pozwala na gtebsze
zrozumienie mechanizméw kontrolujgacych reakcje posturalne. Zastosowanie
narzedzi takich jak platforma stabilograficzna, system do elektromiografii oraz
czujniki IMU pozwala na bardziej kompleksowe i doktadne monitorowanie zaréwno
aktywnosci miesniowej, przemieszczern COP jak i kinematyki catego ciata. Niniejszy
artykut bada praktyczne zastosowania tych mechanizmdéw 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 konczyn dolnych przed
wystgpieniem zaburzenia. Do szczegotowych celdw nalezato wykrycie wystepowania
zjawiska APA i EPA, okreslenie, czy zwiekszona aktywnos¢ miesniowa jest ciggta
w czasie, czy tez nagta i krotko poprzedza zaburzenie oraz czy napiecie miesni
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, zwiekszenia lub
zmniejszenia nacisku przodostopia na podtoze czy ze zwiekszeniem kata zgiecia

w stawie kolanowym.

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

udziat 38 uczestnikéw (27 kobiet i 11 mezczyzn) o sredniej wieku 23 lat, Srednim
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wzroscie 172 cm i Sredniej masie 70 kg. Uczestnicy deklarowali brak historii
powaznych urazow konczyn dolnych oraz dysfunkcji uktadu ruchu czy zaburzen
rownowagi. Stanowisko pomiarowe sktadato sie z platformy mierzgcej nacisk stép
(WinFDM-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 czujnikow
IMU (Ultium Motion). Platforma stabilograficzna byta umieszczona centralnie na
biezni i sztywno przymocowana. Jeden czujnik IMU umieszczony zostat w specjalnie
zaprojektowanym uchwycie i potozony na pasie biezni przed platforma (Rysunek 2).
Wszystkie systemy byty zsynchronizowane za pomocg oprogramowania Noraxon MR3
i platformy Mbstack z mikrokontrolerem ESP32, co umozliwiato szybkie wykrycie

ruchu biezni.

Rysunek 2 Stanowisko pomiarowe [A2]

Do badan elektromiograficznych na podstawie przegladu literatury zostaty
wybrane cztery miesnie o kluczowych znaczeniu w kontekscie utrzymywania
rownowagi: miesniu piszczelowym przednim (TA), miesniu prostym uda (RF), miesniu
brzuchatym tydki przysrodkowym (GM) i bocznym (GL). Testy te sg czesto stosowane
do badania APA i CPA. Elektrody powierzchniowe zostaty umieszczone na skérze
w poblizu brzuscéw miesni ipotaczono zbezprzewodowymi sensorami EMG.
Dodatkowo, w celu identyfikacji katow zgiecia w stawach, uzyto 17 sensoréw IMU,

zawierajgcych akcelerometr, zyroskop i magnetometr, rozmieszczonych na tutowiu,
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konczynach i gtowie. Procedura testowa sktadata sie z dwdch etapdéw: spoczynek
(ERx) i zaburzenia (Tr). Podczas etapu spoczynku uczestnik siedziat na krzesle,
trzymajgc stopy ptasko na podtodze i rozluzniajgc miesnie konczyn dolnych przez
15 sekund, w celu zarejestrowania ich aktywnosci. W drugim etapie uczestnik miat za
zadanie sta¢ nieruchomo, z twarzg skierowang do przodu irekami swobodnie
opuszczonymi wzdtuz ciata na platformie stabilograficznej na biezni, zabezpieczony
specjalng uprzezg. Test obejmowat trzy proby. Kazda préba sktadata sie z dwdch
ruchéw biezni — do przodu i do tytu. Pierwszy ruch byt zawsze do przodu i byt
inicjowany 10 sekund po rozpoczeciu pomiaréw. Ruch do tytu byt inicjowany
20 sekund po rozpoczeciu pomiardw. Zardwno ruchy do przodu, jak i do tytu biezni
wynosity 9,5 cm i trwaty 0,52 sekundy. W pierwszej prébie (Tr1) uczestnik nie znat
charakteru, czasu ani kierunku zaburzenia. W drugiej prébie (Tr2) znat charakter
zaburzenia, ale nie czas ani kierunek. W trzeciej probie (Tr3) uczestnik znat czas
(odliczanie) i kierunek zaburzenia. Wyznaczono nastepujace wartosci: t0 — czas
poczatku ruchu oraz EMGRx - srednia aktywnos$¢ miesni podczas spoczynku. W celu
standaryzacji aktywnosc¢ kazdego miesnia mierzonaw Tr1, Tr2 i Tr3 zostata podzielona
przez wartos¢ EMGRx. Nastepnym krokiem byto zbadanie aktywnosci miesni
w okreslonych przedziatach czasowych odpowiadajgcych kolejno obszar aktywacji
miesni podczas swobodnego stania (P0), obszar poszukiwania wzrostu aktywnosci
miesniowej wywotanej przez EPA (P1), obszar wzrostu aktywnosci miesniowej

wywotanej przez APAs (P2) (Rysunek 3).

-~ ~ S0
EMG P= | EMGr,
N -
8
400
P f EMGad |
50
P.= [ EMGdr,
130
EMG pp =P~ P, ,
EMG,,, =P, - P,.
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Rysunek 3 Analizowane przedziaty czasowe, réwnania do wyznaczania aktywnosci migsniowej [A2]

Wartosci EMGapa i EMGepa zostaty zidentyfikowane dla kazdego z miesni

poddanych testom. Nastepnie skorelowano wyzej wymienione wartosci
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w odniesieniu do wszystkich analizowanych miesni w tescie Tr3, obliczono wartosé¢
nacisku przodostopia na podtoze oraz wartosci kata zgiecia w stawie kolanowym
w odniesieniu do testu Tr3. Nastepnie sprawdzono czy zwiekszona aktywnosé
miesniowa zwigzana z APA wptywa na przemieszczenie i predkos¢é 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 rozktadéw w zbiorach uzyskanych danych, obliczono

korelacje Spearmana.

Uzyskane wyniki pozwolity na zauwazenie wzrostu napiecia miesniowego tylko
wtedy, gdy badana osoba znata moment wystgpienia zaburzenia. W badaniach
prébowano zdefiniowaé strategie przygotowania posturalnego oraz jej wptyw na
kompensacje posturalng po zaburzeniu. Rdéznice istotne statystycznie w EMGapa
i EMGeea miedzy testami Tr1 i Tr3 oraz testami Tr2 i Tr3 zaobserwowano tylko
w odniesieniu do ruchu do przodu dla TA, GLi GM w analizach podczas wystepowania
zjawiska APA oraz dla TA i GM (tylko lewa koriczyna dolna) w analizach dla zjawiska
EPA. Statystycznie istotne korelacje miedzy EPA a APA wskazywaty, ze miesnie TAi GM
byty aktywowane wczesniejiich aktywnos¢ wzrastata azdo momentu zaburzenia. Nie
stwierdzono statystycznie istotnych réznic w s$rednich wartosciach nacisku
przodostopia ani kata zgiecia w kolanie miedzy testami Tr1, Tr2 i Tr3. Zaobserwowano
korelacje miedzy zwiekszong aktywnoscia miesniowga a predkoscia 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 koriczyn 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 i 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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0 czasie rozpoczecia zaburzenia, mozna byto zauwazy¢ wzrost sredniej aktywnosci
miesniowej. Wykazano, ze aktywnos$¢ miesnia TA odgrywata kluczowsg funkcje
w adaptacji zwigzanej z zaburzeniem posturalnym. Ze wzgledu na brak réznic
istotnych statystycznie pomiedzy prébami Tr1, Tr2, Tr3 w wartosci zgiecia w stawie
kolanowym, przemieszczenia COP oraz nacisku przodostopia mozna przypuszczag,
ze dostosowanie posturalne do zaburzenia nie byto zwigzane z pochyleniem tutowia
do przodu ani do tytu, a obserwowany wzrost napiecia TA, GL i GM nie wptywat na
zgiecie w stawie kolanowym. Ze wzgledu na obecnos$é silnej korelacji pomiedzy
napieciem miesniowym a przemieszczeniem COP oraz predkoscia COP po
zaburzeniu oraz miedzy napieciem miesniowym TA a przemieszczeniem COP oraz
predkoscig przemieszczenia COP moze wskazywacé, ze zwiekszone napiecie
miesniowe w fazie APA byto odpowiedzialne za blokade stawéw przed zaburzeniem,
co z kolei zmieniato wzdér kompensacji posturalnej po zaburzeniu, zwiekszajgc

zaréwno dtugos¢ sciezki, jak i predkosé COP.

Badania jednoznacznie potwierdzity, ze czynnikiem wywotujagcym dostosowanie
posturalne i gotowosé do reakcji na zaburzenia byta wiedza o oczekiwanym czasie
bodzca zaburzajgcego. Waznym czynnikiem zwigzanym z przygotowaniem do
zaburzenia byto napiecie miesniowe odpowiedzialne za usztywnienie stawoéw
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 mozliwosé precyzyjnej oceny mechanizmow
utrzymywania rownowagi. Takie podejscie moze dostarczy¢ nowych informacji na
temat interakcji pomiedzy uktadem nerwowym a miesniowym w procesie
utrzymywania réwnowagi, co jest szczegdlnie istotne w kontekscie prewencji
upadkéw oraz rehabilitacji. Wyniki wskazujg na koniecznos$é szerszej analizy reakcji
posturalnej na rzeczywiste bodzce destabilizujgce, takie jak przesuniecie podtoza.
Pomocne mogtoby okazaé sie wprowadzenie nowej metodyki analizy, ktory bytaby
w stanie wykrywac¢ niezauwazalne w standardowej analizie zmiany niecykliczne.
Zrozumienie, jak organizm przygotowuje sie i reaguje na zewnetrzne bodzce

wytragcajgce z rownowagi, jest kluczowe dla opracowania lepszych metod diagnostyki
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i rehabilitacji, ktére mogtyby skuteczniej poprawia¢ stabilnosé posturalng

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

Dotychczasowe badania dotyczgce zdolnosci utrzymania rownowagi najczesciej
opierajg sie na pomiarach przemieszczen srodka nacisku stép, takich jak predkosé¢
COP, pole elipsy czy zakres przemieszczen w réznych kierunkach. W przypadkach, gdy
bodzce zaburzajgce réwnowage majg charakter cykliczny, analizy w dziedzinie
czestotliwosci moga dostarczy¢ cennych informacji na temat reakcji organizmu.
Jednak analiza czestotliwosciowa jest ograniczona do wykrywania cyklicznych zmian
w pozycjach COP, pomijajac zmiany niecykliczne, ktére rowniez moga 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 podejScie moze nie
tylko poprawi¢ doktadnosé¢ diagnostyczng, ale takze umozliwi¢ wczesniejsze
wykrywanie zaburzen réwnowagi, co jest szczegbélnie 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 probe wykorzystania wskaznika Moving Average
Convergence/Divergence (MACD), zwigzanego z analizg techniczng trenddw cen akcji
w analizach dotyczacych oceny zdolnosci utrzymania réwnowagi w sSwiecie

rzeczywistym i wirtualnej rzeczywistosci.

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

komponentow, 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 $redniej wieku 21 lat, Srednim wzroscie 172 cm i Sredniej masie 65 kg. Uczestnicy
deklarowali brak historii powaznych urazéw konczyn dolnych oraz dysfunkcji uktadu
ruchu czy zaburzen réwnowagi. Badanie przeprowadzono przy uzyciu platformy
pomiarowej WinFDM-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 ,zamknieta” w postaci umeblowanego pokoju
zobiektami w odlegtosci okoto 3 m. Podczas pomiaréw scenerie oscylowaty
w ptaszczyznie strzatkowej przy statych czestotliwosciach. Procedura badawcza
obejmowata pomiary w sSrodowisku rzeczywistym (z otwartymi i zamknietymi oczami)
oraz w srodowisku wirtualnym z uzyciem dwéch scenerii ("otwartej" i "zamknietej")
oscylujgcych 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 wynikoéw przeprowadzono w oprogramowaniu MATLAB.
W pierwszym etapie analizowano srednig predkos¢ COP oraz zakres ruchu COP
w kierunku AP. Nastepnie przeprowadzono analize czestotliwosciowa, okreslajac
gestos¢ widmowg (PSD) przemieszczenia COP w kierunku AP. Obliczono réwniez
wspoétczynnik Trend Change Index (TCI), ktory definiuje liczbe zmian trendu na

podstawie wskaznika MACD.

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

1, Réwnanie 2).

Réwnanie 1

MACD12‘26 = EMA12 - EMA26
gdzie:
EMA,, - szybka srednia kroczaca,

EMA. —wolna $rednia kroczgca.
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Roéwnanie 2

Pot+(1—a)p+(1—a)’p,+(1—a)’ps++(1—a)'py
1+A-a)+(0-a)*+(Q-a)*++A-a)V

EMA,y =

gdzie:

p0 - biezgca wartosc¢ sygnatu,
pN —wartosé sygnatu poprzedzajgca N okreséw pomiarowych,

N — liczba okreséw pomiarowych uwzglednianych w obliczeniach.

Linia sygnatu zostata uzyskana poprzez obliczenie sredniej wyktadniczej o okresie

9 z linii MACD (Réwnanie 3).

Réwnanie 3

Signal Line = EMApacpo

Przeciecie linii MACD i linii sygnatu sygnalizuje zmiane trendu w sygnale
przemieszczenia COP w kierunku AP. Zmiany trendu sg zwigzane ze zmiang kierunku
ruchu COP. Wspotczynnik TCI okresla liczbe zmian trendu w sygnale podczas 30-

sekundowego testu, obliczang jako suma przeciec linii MACD i linii sygnatu.

Obliczone wartosci wspotczynnikow PSD i TCI zostaty uzyte do analizy wptywu
zaburzen, na jakie byli narazeni uczestnicy. Porobwnano zaréwno efekty scenerii
i czestotliwosci oscylacji na uczestnikéw, jak i roznice w odniesieniu do srodowiska
rzeczywistego. Obliczenia zaréwno dla PSD, jak i TCI zostaty wykonane dla kierunku
AP. Szczegétowa analiza wykazata, ze odstepy czasowe miedzy poszczegdlnymi
zmianami trendu réznity sie. Wzwigzku z tym wykryte zmiany trendu zostaty
pogrupowane wedtug czasu poprzedzajgcego te zmiany. Przedziaty czasowe zostaty
przeksztatcone na odpowiadajgce im czestotliwosci, aby umozliwi¢ pordwnawcza

analize wspoétczynnikéw MACD i PSD (Tabela 1).

Tabela 1 Przedziaty czasowe brane pod uwage podczas analiz oraz odpowiadajgce im przedziaty czestotliwosci

[A3]
T[s] 0.05-0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.5 0.5-0.6
f[Hz] 5.0-10.0 2,5-5.0 1,67-2,5 1,25-1,67 1.0-1,25 0,83-1.0
T[s] 0.6-0.7 0.7-0.8 0.8-0.9 0.9-1.0 0.05-1.0 1.0-30.0
f[Hz] 0,71-1.0 0,625-1 0,56-0,625 0,5-0,56 >0.5 <0.5

28



Analiza statystyczna wynikdw zostata przeprowadzona przy uzyciu
oprogramowania Statistica 13. Przeprowadzono test ANOVA Kruskala-Wallisa oraz
test post-hoc Dunna, aby zbadaé, czy wystepujg istotne statystycznie réznice

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 w dziedzinie czasu (srednia predkos¢ COP, srednia predkos¢ COP
w kierunku AP, zakres ruchu w kierunku AP) wykazano statystycznie istotny wzrost
wartosci wielkosci mierzonych w $Srodowisku wirtualnym w poréwnaniu do
rzeczywistego dla wiekszosci pomiaréw, z wyjatkiem $redniej predkosci COP
i zakresu ruchu w kierunku AP przy czestotliwosciach oscylacji 0,2 Hz i 0,5 Hz.
Obliczono wspodtczynniki PSD i TCI dla kierunku AP. Wyniki analiz PSD wskazaty na
statystycznie istotne réznice przy poréwnaniu testéw z otwartymi oczami (EO) do
wszystkich innych pomiaréw oraz w zakresie 0,5-10 Hz dla testow z zamknietymi
oczami (EC) w poréwnaniu do pomiaréw 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 TCI 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 pomiardéw 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 rownowagi,
takie jak dtugosé sciezki COP, srednia predkosé i zakres ruchu, mogg wzrosnacé
u zdrowych oséb przy niestabilnym podtozu lub w sytuacji konfliktu sensorycznego.
W takich przypadkach analiza czestotliwosciowa umozliwia rozktad sygnatu ruchu
COP na sktadniki cykliczne i okreslenie czestotliwosci gtownych sktadnikow ruchu.
Jednakze, tradycyjne metody nie wykrywaja niecyklicznych korekt pozycji COP.

Proponowana w pracy analiza wykorzystujgca wspotczynniki 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
poszczegélnych pomiardw 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
warunkéw, takie jak wprowadzenie zaburzenia w postaci oscylujgcej scenerii, nie
zmienia znaczgco tej liczby. Na tej podstawie mozna wnioskowag, ze albo uktad
réwnowagi nie potrzebuje wiekszej liczby tego typu ruchéw, albo uktad ruchowy nie

jest w stanie ich wykonac.

Przedstawione wyniki badan pokazuja, ze tradycyjne metody analizy, takie jak
w ocenie o0gdlnej zdolnosci utrzymywania rownowagi. Jednak mogg one nie w petni
wykrywac 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, szczegélnie istotnych w kontekscie badania
0s6b z zaburzeniami rownowagi. Niezbedny jest dalszy rozwdj tej metody oraz jej
testowanie w sytuacji wystepowania réznorodnych bodzcéw, zaréwno wizualnych
w srodowisku wirtualnej rzeczywistosci, jak i rzeczywistych, symulujacych codzienne
zycie. Szczegblnie wazne wydaje sie przetestowanie tej metody na grupie osob
dotknietych np. chorobami neurodegeneracyjnymi, gdzie subtelne zmiany
wrownowadze mogg by¢ 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 mechanizmow kontroli proprioceptywnej.
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2.6 Wptyw zaburzen wizualnych na zmiany trendéw w przebiegach

przemieszczen COP [A4]

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

ryzyka upadku, co mogtoby znalezé zastosowanie w diagnostyce i ocenie réwnowagi.

W badaniach wzieto udziat 28 zdrowych uczestnikéow (13 kobiet i 15 mezczyzn)
o $redniej wieku 22 lat, srednim wzroscie 173 cm i Sredniej masie 68 kg. Kryteriami
wykluczajagcymi z badan byty problemy zdrowotne zwigzane z utrzymaniem
rownowagi i btednikiem oraz otytos¢ (wskaznik masy ciata BMI > 30). Badanie
przeprowadzono przy uzyciu platformy pomiarowej WinFDM-S oraz zestawu Oculus
Rift. Scenerie trojwymiarowe zostaty opracowane w srodowisku Unity 3D. Sceneria
»Zamknieta” przedstawiata umeblowany pokdj, w ktérym obiekty byty widziane przez
badanego w odlegtosci okoto 3 m, natomiast sceneria ,otwarta” przedstawiata
pustynie, gdzie obiekty znajdowaty sie w odlegtosci okoto 100 m. Podczas testéw
sceneria oscylowata w kierunku AP z statg czestotliwoscig. Procedura badawcza
obejmowata testy wrzeczywistym srodowisku, polegajgce na staniu z otwartymi

oczami (EO) i zamknietymi oczami (EC), a takze testy w sSrodowisku wirtualnym.
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Pomiar z oczami otwartymi (EO)

Pomiar z oczami zamknietymi (EC)

1-minutowa przerwa

Pomiar z oscylujgca scenerig o czestotliwosci 0.7 Hz

15 - 30s pomiaru-0.7_1 30 - 45s pomiaru - 0.7_2

Pomiar z oscylujgca scenerig o czestotliwosci 1.4 Hz

15 -30s pomiaru-1.4_1 30 - 45s pomiaru -1.4_2

Pomiar ze zmiang czestotliwosci oscylacji scenerii 0.7/1.4 Hz

15 - 30s pomiaru - 0.7_before 30 - 45s pomiaru - 1.4_after

Pomiar ze zmiang czestotliwosci oscylacji scenerii 1.4/0.7 Hz

15 - 30s pomiaru - 1.4_before 30 - 45s pomiaru - 0.7_after

Rysunek 4 Procedura badawcza [A4]

Pomiary w VR byty przeprowadzane z uzyciem scenerii otwartej i zamknietej
oscylujgcej zczestotliwosciami 0,7 Hz, 1,4 Hz oraz ze zmiang czestotliwosci
w potowie badaniaz 0,7 Hzna 1,4 Hzi 1,4 Hz na 0,7 Hz (Rysunek 4). Uczestnicy stali
boso na platformie pomiarowej, zrekami skrzyzowanymi na piersiach i gtowa
skierowang na wprost. Kazdy pomiar trwat 60 sekund. W analizach uwzgledniono
okres od 15 do 45 sekundy, czyli czas, w ktérym dla badan z oscylujgcg scenerig

trwaty oscylacje.

Dane pomiarowe zostaty przetworzone w oprogramowaniu MATLAB. Analiza
obejmowata przemieszczenia COP w kierunku AP w czasie pomiaréw EO i EC, oraz
w trakcie srodkowych 30 sekund testéw z oscylacjami scenerii przy czestotliwosciach
0,7 Hz i 1,4 Hz oraz ze zmiang czestotliwosci (15 sekund przed i 15 sekund po
zmianie). Obliczono podstawowe wartosci stabilograficzne, takie jak predkosé COP
i zakres ruchu COP w kierunku AP oraz wskaznik zmiany trendu (TCI). Wskaznik TCI
zostat przedstawiony jako sumaryczna liczba wszystkich zmian trendu dla
analizowanego pomiaru oraz tgczna liczba zmian trendu podzielona na nastepujace
okresy czasowe: 0-0,2 s, 0,2-0,5 s oraz 0,5-1 s. Kazdy z okreséw czasowych okresla
czas, ktoéry uptynat po wystgpieniu jednej zmiany trendu do wystgpienia kolejnej. Na

podstawie algorytmu TCI obliczono réwniez nastepujgce wartosci: srednig odlegtosc¢
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miedzy kolejnymi punktami zmiany trendu (MACD_dS), sredni czas miedzy kolejnymi
punktami zmiany trendu (MACD_dT) oraz $rednig predkos¢ zmian przemieszczen

miedzy kolejnymi punktami zmiany trendu (MACD_dV).

Do analizy statystycznej wynikéw, 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 (TCI) 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 TCI poréwnanie pomiaréw EO i EC
nie wykazato istotnych statystycznie rdznic. Istotne statystycznie rdznice
zaobserwowano przy porodwnywaniu testu EO w Srodowisku rzeczywistym
zpomiarami w Srodowisku wirtualnym w przypadku oscylujgcej 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
zauwazy¢, 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¢ znaczny wzrost uzyskanych wartosci
w testach VR w poréwnaniu z pomiarami wykonanymi w srodowisku rzeczywistym.
Przy poréwnaniu pomiaréw 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 zamknieciu oczu oraz

po wprowadzaniu wirtualnej rzeczywistosci.

Otrzymane wyniki wykazuja, ze w wigkszosci przypadkéw wartos¢ TCIl byta
zblizona, niezaleznie od warunkéw pomiarowych, co moze sugerowac, ze do
utrzymania rownowagi 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 mogg wskazywac, czy zmiany predkosci wynikajg ze zmian
dtugosci skokéw COP, czasu ich trwania, czy obu tych czynnikéw jednoczesnie.
W badaniach zaobserwowano, ze wartos¢ MACD_dT, ktéra nie ulega znaczagcemu
spadkowi, jestistotna z perspektywy zdolnosci utrzymania rownowagi, ajednoczesny
wzrost MACD_dS i spadek MACD_dT $wiadczacy o dtuzszych przeskokach COP
odbywajgcych sie w krotszym czasie moze prowadzié do destabilizacji

i ewentualnego upadku badanej osoby.

Wykorzystanie wskaznikéw 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 informac;ji
o czynnikach wptywajacych na standardowe wielkosci opisujgce zdolnosc¢
utrzymywania réwnowagi, takie jak dtugosc¢ Sciezki, srednia predkosc¢ i zakres ruchu.
taczac analize zmian trendu z analizg wielkosci stabilograficznych, mozemy uzyskaé
informacje na temat czestotliwosci korekcji postawy, odstepdw miedzy korekcjami

i predkosci ruchu COP.
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2.7 Analizazmiantrenduw ocenie réwnowagi 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
metoda analizy zmian trendu do zdolnosci utrzymywania réwnowagi [A3, A4].
Tradycyjne metody analizy postawy, takie jak pomiary aktywnos$ci miesni
i przemieszczen srodka nacisku stop, 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 dostarczyé nowych informac;ji na temat strategii utrzymania
rownowagi i reakcji na destabilizujgce bodzce. Artykut jednoczesnie jest odpowiedzig
na potrzebe dalszego rozwoju i testowania analizy zmian trendu, w tym przypadku,
w Srodowisku  rzeczywistym, przy wystepowaniu rzeczywistego bodZca
wytragcajgcego z rownowagi. W niniejszym artykule zostata postawiona hipoteza, ze
wzrost predkosci COP moze by¢ wynikiem zmiany strategii utrzymania rownowagi, co
powinno znalez¢ odzwierciedlenie w zmianach parametréw analizy trendu w sygnale
COP, takich jak liczba zmian trendu oraz czas iodlegtos¢ pomiedzy nimi. Celem
badania byto ustalenie, czy rézne warunki podczas badania zjawisk zwigzanych
z przygotowaniem posturalnym wptywajg na wartosci wielkosci uzyskanych w czasie

analizy trendu.

W badaniu wzieto udziat 38 oséb (27 kobiet, 11 mezczyzn), o Srednie wieku 23 lata,
srednim wzroscie 172 cm oraz Sredniej masie ciata 70 kg. Czynnikami
wykluczajgcymi z badan byty przebyte urazy konhczyn dolnych oraz problemy
z robwnowaga. Stanowisko pomiarowe sktadato sie z platformy mierzacej nacisk stop
(WinFDM-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 czujnikow
IMU (Ultium Motion). Platforma stabilograficzna byta umieszczona centralnie na
biezni i sztywno przymocowana. Elektrody oraz czujniki systemu do elektromiografii

zostaty przymocowane na powierzchni skéry 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 rownowagi 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
probie byli doktadnie informowani o czasie i kierunku perturbaciji, z odliczaniem
wyswietlanym na ekranie (Tr3). Podczas kazdej préby platforma wykonywata dwa

ruchy —do przodu i do tytu — kazdy o dtugosci 9,5 cm i trwajacy 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 $rednig predkosci
COP oraz wielkosci opisujgce charakterystyke zmian trendu — catkowitg liczbe zmian
trendu podczas catego testu (TCIl), $rednig odlegtosé miedzy kolejnymi punktami

zmiany trendu (TCI_dS), sredni czas miedzy kolejnymi punktami zmiany trendu
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(TCI_dT) oraz s$rednig predkosé chwilowych przemieszczen pomiedzy kolejnymi
zmianami trendu (TCI_dV). Test Shapiro-Wilka wykazat brak normalnych rozktadéw
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 poprawkg Holma.

Analiza sygnatow EMG wykazata réznice w aktywacji miesni koriczyn dolnych
miedzy prébami, szczegélnie w probie 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 parametrow takich jak TCI_dS i TCl_dV.
W szczegdlnosci, w prébie Tr3, na sekunde przed zaburzeniem odnotowano znaczacy
wzrost odlegtosci miedzy kolejnymi punktami oznaczajgcymi zmiane trendu, co
sugeruje zmiane strategii utrzymania rownowagi. Wzrost ten byt rowniez widoczny
w liczbie przemieszczenh COP w okreslonych przedziatach czasowych. Wykazano, ze
w sytuacjach, gdy badani wiedzieli o nadchodzgcym zaburzeniu, wzrastata predkosc¢
COP (Vcor), co mogto wskazywaé na zmiane strategii utrzymania réwnowagi. Mimo
wzrostu Vcop, 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 réwniez, ze zwiekszone napiecie miesniowe, wynikajace ze
swiadomosci nadchodzacego ruchu, prowadzito do usztywnienia ciata, co mogto
powodowaé zmiany w charakterystyce utrzymania rownowagi. Badania wskazuja, ze
reakcje ciata na zaburzenia rownowagi sg ztozone i moga sie rézni¢ w zaleznosci od

poziomu swiadomosci badanych na temat nadchodzgcego zaburzenia.

Metoda analizy zmian trendu moze uzupetnia¢ tradycyjne analizy COP oraz
pomiary EMG w badaniach nad przygotowaniem posturalnym (PA). Umozliwia ona
okreslenie wielkosci bazujgcych na TCI, ktére pomagajg wyjasniaé 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]

Szésty artykut cyklu jest opisem wykorzystania innowacyjnej metody analizy
trendu w badaniach zdolnosci utrzymywania réwnowagi z wykorzystaniem IMU
w grupie o0sOb zchorobg Parkinsona (PD). Badania te moga 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 posturalnej
pacjentow. Artykut powstat we wspotpracy z Uniwersytetem w Kilonii, gdzie zostaty

wykonane pomiary.

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

dopaminergicznych.

Grupabadawcza sktadata sie z61 zdrowych osob 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, sSrednim wzroscie 181 cm i Sredniej masie ciata 84 kg oraz 29 oséb z chorobag
Parkinsona (pwPD). Wsréd podgrupy z chorobg Parkinsona 13 os6b uczestniczyto
w badaniu jako PDoff (ocena UPDRS Ill wynosita 24 +10), 23 jako PDon (ocena
UPDRS Ill 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 badan
zchorobag 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 pomoca elastycznych paskow

(Rysunek ). Uczestnikdw poproszono o stanie w pozycji wyprostowanej z nogami
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razem, jedna obok drugiej i skupienie wzroku na punkcie na biatej Scianie przez 10 s,

jako czes¢ testu Short Physical Performance Battery.

head

sternum

Lower back

)

Rysunek 6 Umiejscowienie czujnikéow IMU [A6]

Dane z czujnikéw IMU zostaty przetworzone w oprogramowaniu MATLAB.
Wyznaczono nastepujace wielkosci dla ruchéw COM: zryw (JERK) (cm?®/s®), pole
elipsy podparcia (SURFACE) (cm?), $ciezka (PATH) (cm), $rednia predkosé (MV)
(cm/s), zakres przyspieszenia (RANGE) (cm/sz) oraz btad sredniokwadratowy (RMS)
(cm/sz). Wykonana zostata réwniez analiza zmian trendu [A3, A4] dla sygnatu
przyspieszenia, w wyniku ktorej otrzymano wartosci TCI, TCI_dT, TCI_dS oraz TCI_dV.
Analiza statystyczna zostata przeprowadzona przy uzyciu oprogramowania Matlab
R2022a oraz JASP. Test Shapiro-Wilka wykazat brak normalnych rozktadéw dla
wszystkich wielkosci, dlatego w analizie statystycznej zastosowano testy
nieparametryczne. Do poréwnania réznic pomiedzy grupami i pozycjami czujnikéw
wykorzystano test Kruskala-Wallisa oraz test post-hoc Dunna z korekcja

Bonferroniego.

Wyniki potwierdzity, ze wykrywanie réznic w ruchach miedzy segmentami ciata
jest mozliwe zaréwno przy uzyciu wielkosci opisujgcych zdolnos¢ utrzymywania
rownowagi, jak i TCA, jednakze tylko TCA umozliwita rozréznienie stanéw "on" i "off"

u osob z PD. Wyniki sugeruja, ze podczas prostych zadan rdwnowaznych osoby z PD
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moga prezentowaé podobne zachowanie jak osoby zdrowe, co moze by¢ wynikiem
kompensacyjnych mechanizméw w centralnym uktadzie nerwowym. Badanie
wykazato, ze leczenie dopaminergiczne moze wptywac¢ 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 odzwierciedlaé

deficyty wizualne wynikajgce z niedoboru dopaminy.

Najwazniejszym whnioskiem ptyngcym 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
zwigzanych zchorobg, ktére nie sg wykrywane za pomoca konwencjonalnych

parametréw.
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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 zdolnosci utrzymywania réwnowagi ciata cztowieka w réznych

warunkach eksperymentalnych, w tym w rzeczywistym i wirtualnym srodowisku.

Uzyskane wyniki badan dostarczyty informacji, ze standardowo stosowane
wielkosciliczone w dziedzinie czasu, opisujgce zdolnos¢ utrzymywania rownowagi sg
niewystarczajgce do okreslenia reakcji badanej osoby na zadane bodzce.
Zastosowanie analiz w dziedzinie czestotliwosci moze znacznie poszerzyé
mozliwosci interpretacji otrzymywanych danych pomiarowych, co wykazano
w jednym z badan podczas oceny wptywu ruchu gtowy na utrzymywanie réwnowagi
ciata. Zastosowanie tych analiz umozliwito wyodrebnienie z grupy badawczej oséb
najbardziej podatnych na zaburzenia wizualne. W badaniach dotyczacych wptywu
rzeczywistych bodzZzcéw wytrgcajacych zrownowagi na wystepowanie zjawisk
przygotowania posturalnego potwierdzono, ze kluczowym czynnikiem, ktéry
wywotywat zjawiska przygotowania posturalnego i gotowosc¢ do reakcji na zaburzenie
byta informacja o czasie nadchodzacego zaburzenia. Dodatkowo wykazano,
ze potaczenie analizy stabilograficznej, EMG i IMU poszerza mozliwosé precyzyjnej
oceny mechanizméw utrzymywania rownowagi. Wyniki badan potwierdzity, ze
metoda analizy chwilowych korekt postawy wzbogaca standardowe analizy
w dziedzinie czasu iczestotliwosci umozliwiajgc uwzglednienie niecyklicznych
przemieszczen COP. Wykazano przydatnos¢ tej metody zaréwno podczas badan
w srodowisku wirtualnym z oscylujagcymi zaburzeniami jak i w $rodowisku
rzeczywistym przy realnych bodzZzcach destabilizujgcych. Rozwdj analiz w oparciu
o detekcje chwilowych korekt postawy otwiera nowe mozliwosci w diagnostyce
zaburzen rownowagi, szczegélnie 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 rownowagi.
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Podsumowujgc, przeprowadzone badania umozliwity realizacje zaktadanych
celéw badawczych. Zastosowanie badan z bodzcami destabilizujacymi, zaréwno
rzeczywistymi jak i wygenerowanymi w technologii wirtualnej rzeczywistosci
znaczgco poszerza mozliwosci analizy zdolnosci utrzymywania rownowagi.
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 zardwno w rehabilitacji, jak i w prewencji upadkéw, a takze

w diagnostyce chordb 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
lightintensity, 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
counterthe 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.

e 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) [A6]. 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 (TCl) 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 -
A5]. 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, it is 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:

e 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 (7 women and 3 men) with an average age of 25 years and an average BMI
of 23 kg/m?. 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 (Vhead), and COP ellipse area (EAcor) 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 (asimulated 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
sudden visual disturbance, 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 deeper insights into how the body controls postural responses.
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, orincrease 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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which allowed for destabilizing displacements of the ground in both the anterior-
posterior (AP) and medio-lateral (ML) directions, a wireless electromyography system
(Ultium EMG), and IMU sensors (Ultium Motion). The stabilographic platform was
centrally positioned on the treadmill and securely fixed in place. An IMU sensor was
placed in a specially designed holder on the treadmill belt in front of the platform
(Figure 2). All systems were synchronized using Noraxon MR3 software and an
Mbstack platform with an ESP32 microcontroller, enabling quick detection of

treadmill movement.

Figure 2 Measurement stand [A2]

Based on the literature review, four muscles were selected for the
electromyographic studies due to their key roles in maintaining balance: the tibialis
anterior (TA), rectus femoris (RF), medial gastrocnemius (GM), and lateral
gastrocnemius (GL). These muscles are commonly examined in studies investigating
Anticipatory Postural Adjustments (APA) and Compensatory Postural Adjustments
(CPA). Surface electrodes were placed on the skin near the muscle bellies and
connected to wireless EMG sensors. Additionally, 17 IMU sensors, each containing
an accelerometer, gyroscope, and magnetometer, were used to track joint angles.
These sensors were placed on the torso, limbs, and head. The test procedure
consisted of two stages: rest (ERx) and perturbation (Tr). During the rest stage,
participants sat on a chair with their feet flat on the floor, relaxing their lower limb

muscles for 15 seconds to record baseline muscle activity. In the perturbation stage,
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participants stood still on the stabilographic platform on the treadmill, facing forward
with their arms relaxed at their sides, secured by a safety harness. The test consisted
of three trials, each involving two treadmill movements—forward and backward. The
first movement was always forward, initiated 10 seconds after the start of the
measurement, while the backward movement occurred 20 seconds after the start.
Both forward and backward displacements covered 9.5 cm and lasted 0.52 seconds.
In the first trial (Tr1), participants were unaware of the nature, timing, or direction of
the perturbation. In the second trial (Tr2), they knew the nature of the perturbation but
not its timing or direction. In the third trial (Tr3), participants were informed of both
the timing (with a countdown) and the direction of the perturbation. The following
values were determined: t0 — the start of the movement, and EMGRx — the average
muscle activity during the rest phase. To standardize the data, muscle activity in Tr1,
Tr2, and Tr3 was divided by the EMGRx value. Next, muscle activity was analyzed in
specific time intervals corresponding to different phases of muscle activation: free
standing (P0), the period anticipating increased muscle activity due to EPA (P1), and

the period of increased muscle activity caused by APA (P2) (Figure 3).
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Figure 3 Time intervals and equations for determining muscle activity [A2]

EMGAPA and EMGEPA values were identified for each muscle assessed. These
values were then correlated across all analyzed muscles during the Tr3 test.
Additionally, forefoot pressure and knee flexion angle were calculated relative to the
Tr3 test. The study then assessed whether increased muscle activity related to APA
affected the displacement and velocity of the COP following balance loss. Statistical

analysis was performed using Matlab R2022a, utilizing the Friedman ANOVA test and
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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 (TCI) was
calculated to define the number of trend changes based on the Moving Average

Convergence Divergence (MACD) index.

The MACD indexis 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 = EMAlZ - EMA26

where:
EMA,, - faster exponential moving average,

EMA,¢ — slower exponential moving average;

Equation 2

EMA =p0+(1—a)p1+(1—a)2p2+(1—a)3p3+---+(1—a)NpN
PN 1+(1-a)+(1-a)?2+(A—-a)3+-+(1—a)V

where:

p0 — ultimate value,
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pN —value preceding N periods,

N — number of periods.

The signal line was obtained by calculating the moving average with exponential

weight for the MACD signal considering the nine MACD signal samples (Equation 3).

Equation 3

Slgnal Line = EMAMACD,9

The intersection of the MACD line and the signal line indicates a trend change in
the COP displacement signal in the AP direction. These trend changes correspond to
shifts in the direction of COP movement. The Trend Change Index (TCI) coefficient
defines the number of trend changes in the signal during a 30-second test and is

calculated as the total number of intersections between the MACD and signal lines.

The calculated PSD and TCI values were used to analyze the participants'
responses to disturbances. The effects of different virtual scenarios and oscillation
frequencies were compared, as well as the differences between the virtual and real-
world environments. Calculations for both PSD and TCI were focused on the AP
direction. Adetailed analysis revealed that the time intervals between individual trend
changesvaried. As a result, these detected trend changes were grouped based on the
time intervals preceding them. These time intervals were then converted into
corresponding frequencies, enabling a comparative analysis between the MACD and

PSD coefficients (Table 1).

Table 1 The time intervals considered during the analyzes [A3]

T[s] 0.05-0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.5 0.5-0.6
f[Hz] 5.0-10.0 2,5-5.0 1,67-2,5 1,25-1,67 1.0-1,25 0,83-1.0
T[s] 0.6-0.7 0.7-0.8 0.8-0.9 0.9-1.0 0.05-1.0 1.0-30.0
f[Hz] 0,71-1.0 0,625-1 0,56-0,625 0,5-0,56 >0.5 <0.5

The statistical analysis of the results was conducted using Statistica 13 software.

A Kruskal-Wallis ANOVA test and Dunn's post-hoc tests were performed to determine

whether statistically significant differences existed among the analyzed groups.
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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 TClI 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 TCIl. Furthermore, the study sought to determine whether
a reduction 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 diagnhostics 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 (EO) and eyes

closed (EC), as well as tests conducted in the virtual environment.
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Test with eyes opened (EO)

Test with eyes closed (EC)

Measurement with frequency 0.7 Hz

15 - 30s of measurement - 0.7_1 30 - 45s of measurement - 0.7_2

Measurement with frequency 1.4 Hz

15 -30s pomiaru-1.4_1 30 - 45s of measurement -1.4_2

A 4

Measurement with frequency 0.7/1.4 Hz
15 - 30s of measurement - 0.7_before 30 - 45s of measurement - 1.4_after

Measurement with frequency 1.4/0.7 Hz

15 - 30s of measurement - 1.4_before 30 - 45s of measurement - 0.7_after

Figure 4 Experimental procedure [A4]

Measurements in VR were conducted using both open and closed scenes
oscillating at frequencies of 0.7 Hz and 1.4 Hz, as well as with frequency changes
midway through the test—from 0.7 Hz to 1.4 Hz and from 1.4 Hz to 0.7 Hz (Figure 4).
Participants stood barefoot on the measurement platform, with arms crossed over
their chest and head facing forward. Each measurement lasted 60 seconds, and the
analysis focused on the period between the 15th and 45th seconds, during which

oscillations occurred in tests with the oscillating scenes.

The measurement data were processed using MATLAB software. The analysis
focused on COP displacements in the AP direction during EO and EC tests, aswell as
during the middle 30 seconds of tests with scene oscillations at 0.7 Hz and 1.4 Hz,
including the 15 seconds before and 15 seconds after the frequency changes. Basic
stabilographic parameters, such as COP velocity and COP displacement range in the
AP direction, were calculated, along with the Trend Change Index (TCI). The TCl was
expressed as both the total number of trend changes for the entire measurement and
the number of trend changes within specific time intervals: 0-0.2 s, 0.2-0.5 s, and
0.5-1 s. Each time interval represents the time elapsed between consecutive trend
changes. Additionally, the following values were calculated based on the TCI

algorithm: the average distance between consecutive trend change points
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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 TCl
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 TCl 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 Trend change analysis inthe 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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synchronization of all devices (Figure 5). The testing procedure involved three trials.
In the first trial (Tr1), participants were unaware of the timing or direction of the
perturbation. In the second trial (Tr2), participants knew the perturbation would occur
but were unaware of its exact timing or direction. In the third trial (Tr3), participants
were informed of the exact timing and direction of the perturbation, with a countdown
displayed on a screen. In each trial, the platform made two movements - one forward

and one backward - each 9.5 cm long and lasting 0.5 seconds.

Figure 5 Measurement stand [A5]

After the measurements were completed, both time-domain values and trend
change analyses were conducted. The analysis included the calculation of the
average COP velocity and several trend change characteristics: the total number of
trend changes during the entire test (TCl), the average distance between consecutive
trend change points (TCI_dS), the average time between consecutive trend change
points (TCI_dT), and the average velocity of instantaneous displacements between
consecutive trend changes (TCI_dV). The Shapiro-Wilk test revealed non-normal

distributions for all variables, so statistical analysis was conducted using medians
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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 TCI_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 Vcop,
the number of trend changes (TCIl) 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
Il score of 30 = 20), and 7 were evaluated in both PDon (UPDRS Il score of 26 * 10)
and PDoff (UPDRS lll 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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instructed to stand upright with their feettogether and focus on a point on a white wall

for 10 seconds as part of the Short Physical Performance Battery test.

head

sternum

Lower back

ALY

Figure 6 IMU sensors placement [A6]

Data from the IMU sensors were processed using MATLAB software. The following
parameters were determined for center of mass (COM) movements: the sway
jerkiness (JERK) (cm?®/s®), the sway area (SURFACE) (cm?), path (PATH) (cm), mean
velocity (MV) (cm/s), acceleration range (RANGE) (cm/sz), and root mean square of
the acceleration (RMS) (cm/s?). Additionally, trend change analysis (TCA) [A3, Ad] was
performed on the acceleration signal, yielding values for TCI (Trend Change Index),
TCI_dT (average time between trend changes), TCI_dS (average distance between
trend changes), and TCIl_dV (average velocity between trend changes). Statistical
analysis was conducted using MATLAB R2022a and JASP software. The Shapiro-Wilk
test revealed non-normal distributions for all parameters, so non-parametric tests
were applied. Differences between groups and sensor positions were analyzed using

the Kruskal-Wallis test and post-hoc Dunn's test with Bonferroni correction.

The results confirmed that differences in movements between body segments can
be detected using both traditional balance parameters and TCA. However, only TCA

was able to distinguish between "on" and "off" states in individuals with PD. The
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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 TCI_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 diagnosis of neurodegenerative diseases.
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4. Podsumowanie wktadu wtasnego

Wktad wtasny do niniejszej rozprawy doktorskiej zostat szczegdétowo okreslony
w oswiadczeniach dotyczacych indywidualnego wktadu procentowego
i merytorycznego wspotautoréw, ktére zostaty podpisane przez pierwszego autora lub
autora korespondencyjnego w przypadku kazdej publikacji bedgcej czescig pracy

zbiorowe,;.
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Wykaz skrétéw

COP
COM
AP
ML
EPA

APA

CPA
VR
EO
EC

BB

BZ

VCOP

Vhead
EAcor
DAD
A1h
FFT
EMG
IMU
TA

GM

GL
RF
MACD

TCI
PSD

MACD_dT/TCI_dT

Srodek nacisku stdp / 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
ostrzegajgcym / measurement in VR with visual warning

predkosé COP / COP velocity

predkos¢ przemieszczen 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 odlegtos¢ miedzy kolejnymi punktami zmiany trendu / mean
distance between subsequent points of the trend change

Srednia predkos¢ zmian przemieszczen 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
pacjenciz chorobg Parkinsona / patients with Parkinson’s disease

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

pacjenci z chorobg 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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Analysis of center of pressure displacements
and head movements triggered by a visual stimulus
created using the virtual reality technology
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Purpose: The purpose of the study was to determine how a stimulus presented in the virtual reality environment as a simulation
of a fall off the stairs, triggers a loss of balance. The study also examined if the head movement measurements and the analysis in the
frequency domain could increase the range of interpretation. Methods: 11 healthy individuals were tested, two [A1] were identified
as more susceptible to the introduced disturbance, and one reported having dizziness, car sickness and fear of heights. Measurements
of center of pressure (COP) and head positions were performed in the real and in the virtual environment. The beginning of the simula-
tion was either unexpected or preceded by a signal. The analysis included standard parameters determined in time domain as well as the
amplitude of the first harmonic from the fast Fourier transform (FFT). Results: The analysis did not reveal statistically significant
differences between results obtained: in real and virtual environments, with and without the warning signal. It was possible to notice the
effect of virtual disturbance in the three selected individuals; this was particularly evident in the analysis of the first harmonic of the FFT.
Conclusions: The conducted tests revealed that the limitation of the analyses exclusively to the time domain could be insufficient for
a comprehensive interpretation. The effect of introduced disturbance was particularly noticeable in the analysis of the first harmonic for head

movement. The application of this parameter could enable a more accurate investigation of a strategy aimed at maintaining balance.

Key words: virtual reality, postural stability, balance, frequency analysis

1. Introduction

The ability to maintain balance is important in
enabling independent life, the performance of every-
day activities and in allowing individuals to work at
heights or partake in competitive sports. Disturbed
balance may indicate diseases of the nervous system
or be the result of ageing. Difficulty in maintaining
balance could lead to falls resulting in injuries, which
may further worsen health conditions [4], [22]. It is
estimated that falls may impact 30% of people older
than 65 who live independently at home and more
than 50% of people in retirement homes [17]. Since
society is aging, the number of people at risk of falls
could be expected to grow [11]. However, the risk of

falling does not only affect the elderly and has par-
ticularly serious consequences for people working at
heights. A fall from height is one of the most frequent
reasons for injuries (48%) and death (30%) among all
incidents occurring during work at heights [23]. Apart
from irresponsible behavior and inexperience, an in-
creased risk of falling from a height is connected with
age, fatigue, insufficient sleep, and poor health [23].
All of these factors adversely affect concentration and
may lead to disturbed balance, increasing the risk of
falling.

Problems with balance can be permanent and can
be manifested by noting changes in the values of pa-
rameters that indicate the ability to maintain balance.
These can be verified in tests involving regular
standing with eyes open or closed, as well as during
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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,

e 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 c¢m), 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
BBI1, 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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COP and the head. The comparison of the test results
included the EO, EC, BB1, BB2, BB3 and BZ1, BZ2,
BZ3 tests.

eAnalysis of the effect of a simulated fall off the stairs in relation to
the test in the actual environment, based on the average COP

STAGE 1 velocity and the area of ellipse containing the COP

eAnalysis of the effect of the warning signal (stimulus) on analyzed
parameters during a simulated fall off the stairs (comparison of

STAGE 2 results in relation to the BB and BZ tests)

eCase study involving ppl, pp2, and pp3 in relation to the group of

healthy individuals
STAGE 3

Fig. 2. Stages of analysis of the results

The second stage involved the analysis of the COP
displacements and head movements in the AP direc-
tion in the time domain and frequency domain. The
aim of the analysis was to identify the impact of the
warning signal (stimulus) on the test participants’
responses to the disturbance. The analysis included
the average velocity, the area of the ellipse, and the
range of movements in the AP direction, for both the
COP and the head. The range of the COP and head
movements was calculated as the difference of the
coordinates of two extreme positions in the AP direc-
tion, within 15 seconds following the introduction of
disturbance (recorded after a three second disturbance).
The displacement values were designated as Dap. The
COP displacement and head movement values in the
AP direction were used for the frequency analysis by
calculating the fast Fourier transform. The first har-
monic amplitude (A1h) was identified from an analy-
sis of the spectrum. Supplementing the analysis in the
time domain with the frequency domain enabled ex-
amination of the periodicity of the movements.

It was necessary to compare values to establish
whether the following results: V, EA, Dap, and Alh,
changed in successive trials (three repeated tests in
relation to BB and BZ). The results revealed statisti-
cally nonsignificant differences between the values of
the parameters in subsequent tests. This result led to
a decision to combine values of the BB1, BB2, and
BB3 tests into one BB group as well as to combine
values of the BZ1, BZ2, and BZ3 tests into one BZ
group. The lack of statistically significant differences
in subsequent measurements (all of the obtained p-val-
ues from the Kruskal-Wallis test were higher than
a confidence threshold of 0.05 in all of the tests) made
it possible to group all of the measurement results into
two sets (BB and BZ) and perform further analyses
taking into account the increased size of the groups.

An analysis of differences between the range of
the COP displacements and the range of head move-
ments triggered by the visual disturbance was com-
pleted. This was done by comparing parameter values
after the introduction of disturbance, i.e., Dap, and Alh
for the COP and the head, for each of the tests.

The analysis made it possible to establish whether
the visual warning signal/stimulus affected the be-
havior of test participants. The Shapiro—Wilk test was
used for the BB and BZ groups and to perform com-
parative tests. This non-parametric test was conducted
because of the small group size and the lack of a nor-
mal distribution. All calculations were performed
using the Statistica, version 13, software program.

The third stage of analysis encompassed a case
study comparing parameters for the individuals poten-
tially having difficulty maintaining balance with those
of the persons declaring a lack of balance-related
problems.

3. Results

The first stage of the analyses used measurements
in the real environment and involved the calculation
of the average velocity (V) of the COP displacements
and the values of the ellipse area (EA) containing the
COP. The test results are presented in Table 1.

Table 1. Average COP velocity and the area of ellipse
obtained in relation to the EO and EC tests
(in relation to the ppl, pp2, and pp3 tests;
the values indicate the median of 3 measurements)

V [mms] Ellipse are2a (0(0)
[mm’]

EO EC EO EC
Median 11.5 11.6 107 151
Lower quantile 9.3 10.4 76 80
Upper quantile 12.8 14.0 172 196
Minimum 7.9 8.1 67 40
Maximum 14.0 19.8 558 696
ppl 11.2 124 406 661
pp2 9.9 9.2 98 107
pp3 16.1 11.1 230 567

The average velocity of the COP and the head, the
ellipse area containing the COP and head positions,
and the ranges of the COP and head movements in the
AP direction (Dap), measured in the virtual environ-
ment were calculated (Table 2). The amplitude of the
first harmonic in the fast Fourier transform (FFT)
spectra was also calculated based on the frequency
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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 | COP | Head | COP | Head | COP | Head COP Head COP Head
Median 12.5 8.7 14.0 8.3 26.8 34.4 234 35.9 149 342 148 305
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 34.4 56.9 64.2 94.7 259 898 249 815
ppl 154 13.1 14.0 11.5 37.6 62.1 46.8 75.7 287 893 535 1317

14.1 12.0 13.1 114 494 71.9 58.2 109.5 309 1433 388 1505

12.9 15.3 134 9.4 25.8 54.2 18.4 414 231 2459 335 1049
pp2 13.5 114 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 31.5 473 54.2 50.7 453 971 1450 1687
pp3 13.5 9.2 16.8 11.1 32.5 54.9 35.3 64.3 277 530 628 1282

16.2 10.3 18.5 12.1 22.1 49.6 25.1 383 386 733 674 8438

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 1.4 1.5
Upper quantile 126 | 185 | 134 | 224 1.8 1.8
Minimum 4.9 6.8 42 7.6 07 | 13
Maximum 147 | 28.0 | 166 | 281 | 29 | 2.6
29.1 | 51.6 | 31.9 | 58.1 1.8 1.8

ppl 153 | 32.7 | 25.6 | 48.7 | 2.1 1.9
36.6 | 622 | 324 | 72.8 1.7 | 2.2

12.1 | 385 | 11.4 | 31.6 | 32 | 28

pp2 119 | 410 | 139 | 159 | 34 | 1.1
17.0 | 58.1 | 246 | 859 | 34 | 35

182 | 376 | 125 | 29.7 | 2.1 | 24

pp3 225 | 437 | 145 | 383 19 | 2.6
13.0 | 31.0 | 120 | 185 | 24 | 15

The values of V and EA in relation to the EO, EC,
BB and BZ tests revealed statistically nonsignificant
differences (in relation to /: 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, Dap
(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 Dp 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 area (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.e., 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 Btaszczyk 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 Btaszczyk et al. [2]
and Rocchi et al. [26], the values of the ellipse area for
persons aged 60-70, 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-



26 P. WODARSKI et al.

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
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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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The effect of selected lower limb muscle activities
on a level of imbalance in reaction
on anterior-posterior ground perturbation
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Purpose: We investigated whether an increase in muscular tone induced by the information about imminent posture destabilisation
brings a positive result and prevents such destabilisation. Methods: We measured forward and backwards movements of 38 participates
(27 females and 11 males, aged 23 (SD 2.6)) on the treadmill (forward and backward movements). All participants were subjected to
three test condition trials (Tr): 1) subject did not know the nature and time of perturbation (Tr1); 2) subject knew the nature of perturba-
tion but did not know time (Tr2); 3) both the time and nature of perturbation were known precisely (Tr3). The tests resulted in the deter-
mination of muscular activity connected with a postural adjustment as well as values of pressure exerted by the forefoot on the ground,
and the angle of flexion in the knee joint. Results: In terms of postural adjustments, it was possible to observe statistically significant
differences in muscular activity between Trl and Tr2 with reference to Tr3. No statistically significant differences were identified in all
phases regarding values of forefoot pressure and those concerning the angle of flexion in the knee joint. An increase in the muscle tone
before perturbation was correlated with the displacement and the velocity of the COP after perturbation. Conclusions: The results ob-
tained indicate that knowledge of the expected time of perturbation is responsible for postural adjustment. Furthermore, muscle tone
resulting from an adjustment of perturbation and responsible for the stiffening of lower limbs triggered greater displacement of the COP
after perturbation.

Key words: muscle activation, disturbance response, postural stabilization, postural compensation, anticipatory postural control

placement of individual segments of the body, the centre
of mass [3], [4], or the centre of pressure [1], [7]. Re-
search performed by Cleworth et al. [7] and Xie et al.

1. Introduction

Mechanisms of Anticipatory Postural Adjustment
(APA) and mechanisms of Early Postural Adjustment
(EPA) are methods enabling adjustments of the body
in response to a given stimulus [1], [7], [25], [39]. The
above-named adjustments may take various forms,
usually affecting movements of the entire body, or its
parts. APAs are manifested in a variety of manners,
yet many researchers primarily indicate changes of
muscular activity [25] or changes concerning the dis-

[41] revealed that postural adjustments range from
changes preceding the performance of a given move-
ment to the moment of a bodily response, as well as
subsequent stimulus-evoked reactions. There are two
types of stimuli that relate to foregoing. One is con-
nected with the internal initiation of a movement
(movement initiated by someone’s own intention) as
indicated by Shumway-Cook and Woollacott [30] as
well as Xie et al. [41] and the other stimulus, con-
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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). Oeffinger 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.e., 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 suffered 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, Isracl), 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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M5stack (development platform, Shenzhen, China)
device with the ESP32 microcontroller. Start and stop
signals for all devices are provided by the MR3 de-
vice. The developed proprietary software for MSstack
allows for quick detection of the moment of treadmill
movement (the device has an IMU sensor) and trans-
mission of the signal to Noraxon software, which will
ensure quick detection of the moment of treadmill
movement (reaction time less than 100 ps).

The measurement stand with a patient on it is pre-
sented in Fig. 1.

2.3. Arrangement of sensors

The electromyographic tests focused on the four
most important groups of muscles responsible for the
maintaining balance [12], [33] — musculus tibialis
anterior (TA), musculus rectus femoris (RF), muscu-
lus gastrocnemius medialis (GM) and musculus gas-
trocnemius lateralis (GL). Electromyographic tests of
the above-named muscles are often used in the inves-
tigation of APAs and CPAs. In their research, Curuk
et al. [8], [9] measured APAs using unexpected exter-
nal stimuli and those initiated by a test participant.
The authors demonstrated the occurrence of APAs the
activity of TA, RF, GM GL. Similar conclusions were
reported by Garcez et al. [11] and Krishnan et al. [21].

Fig. 2. Arrangement of EMG electrodes

The tests involved the previously mentioned muscles on
both the right and left side of the body. Disposable elec-
trodes for surface electromyography were located on the
skin near bellies of the muscles, making allowances for
innervation areas — guidelines for innervation zones [10],
[16], [34]. The EMG electrode attachment areas were
prepared by removing hair and degreasing the skin sur-
face using ethyl alcohol. Afterwards, the electrodes were
connected to cordless sensors (Fig. 2).

Additionally, the tests involved using special
straps and stickers to attach 17 IMU sensors located
all over the body — head, torso along the spine and
shoulder, and on the upper and lower limbs. The sen-
sors (accelerometer, magnetometer and gyroscope)
were attached to the patient in accordance with the
arrangement diagram provided by the producer on the
webside [44]. The location of the sensors used in the
research for the synchronization and determination of
limb movements is shown in Fig. 3.

Thigh

Fig. 3. Arrangement of IMU sensors

2.4. Tests

The testing procedure consisted of two stages, rest
and perturbation. During the first stage (rest), the test
participant was requested to sit on a chair, place their
feet flat on the ground and relax their lower limb mus-
cles (ERx). The test lasted 15 seconds and recorded
the activity of the lower limb muscles at rest.

The second stage of investigation involved the use of
the treadmill for training and postural perturbation pre-
vention. The test participant was instructed to take off
their footwear and enter the stabilographic platform lo-
cated on the treadmill. Test participants were protected
against falls by wearing a special harness attached to the
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treadmill. A given test participant was supposed to stand
still, with their face directed forward and arms lowered
freely along the sides. The tests involved three trials (Tr),
i.e., Trl, Tr2 and Tr3. Each trial consisted of two tread-
mill movements — forward and backward (Fig. 4). The
first movement was always forward and was initiated
10 seconds after the start of the measurements. The
backward movement of the treadmill was initiated
20 seconds after the start of the measurements. Both
forward and backward movements of the treadmill
amounted to 9.5 cm and lasted 0.52 seconds.

Breaks between the end of one perturbation and
the beginning of another lasted 10 seconds. In the
event of the perturbation-triggered loss of balance, the
test participant was tasked with returning to the up-
right position as soon as possible. The test was re-
peated three times. During the first trial (Trl), the
participant did not know the nature, time and the di-
rection of perturbation. During the second test (Tr2),
the participant knew the nature of perturbation but not
its time and direction. During the third test (Tr3), the
subject knew the time left (countdown) to the occur-
rence of perturbation and its direction (from a dedi-
cated display). A schematic diagram presenting the
successive measurements is presented in Fig. 4.

Sitting on a chair, feet flat on the ground, relaxed lower limb muscles

i
Y

Lack of knowledge of the nature, time and direction of perturbation

i
N

Prior knowledge of the nature of perturbation, yet without the time of its initiation and direction

|¢

T3

Displayed countdown and direction of the next perturbation

Fig. 4. Sequence of measurements

2.5. Analysis of the results

The data exported from the Noraxon software was
preprocessed in accordance with the algorithm embed-
ded in the software (MyoResearch 3.18) — the absolute
values were calculated and filtered with a moving aver-
age filter with a 50 ms window.

At the first stage of the analyses, based on the results
obtained in the ERx test (during sitting on a chair), it was
possible to identify the average resting activity of each
of the muscles subjected to analysis (EMGRx). Af-
terwards, the activity of each muscle measured in Trl,
Tr2 and Tr3 were divided by the EMGRx value, per-
forming the standardisation of measured parameters in
relation to the values measured at rest.

Afterwards, on the basis of the data obtained
from the IMU sensor located on the treadmill belt, it
was necessary to determine the beginning of the
treadmill movement (¢,) for forward and backward
movements.

The subsequent step aimed to answer the question
whether information about the starting time and the
direction of perturbation leads to an increase in the
muscular tension of lower limb muscles. That stage
required the investigation of the muscular activity of
lower limbs in relation to APAs and EPAs in tests Trl,
Tr2 and Tr3. Time values and activity areas subjected to
the analysis are presented in Fig. 5.

EMG

[¥]

-1100  -900 t [ms]

Fig. 5. Analysed time intervals of muscular activity.
The vertical axis represents the multiplicity of the resting value
assuming a symbolic value of V/V.
The horizontal axis represents time in milliseconds (ms)

Area Py stands for the area of muscular activity dur-
ing free standing (between 1100 ms and 900 ms before
perturbation). Area P, represents the area of search for
an increase in the muscular activity triggered by EPA
(between 600 ms and 400 ms before perturbation). Area
P, represents the area of an increase in the muscular
activity triggered by APAs (between 150 ms before
perturbation and 50 ms after perturbation). The mus-
cular activity related to APA and EPA (EMGgpa and
EMGegpa), was determined using Eqgs. (1)+5). The val-
ues of EMGapa and EMGgpa were identified for each of
the muscles subjected to the tests.

-900

P, = j EMGdt, 1)
-1100
—-400

P = j EMGdt @)
—-600
50

P, = j EMGdt 3)
-150

EMGgp, =P - Py, 4)
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EMGgp, =P, =P (%)

Next, to determine whether the occurrence of lower
limb muscle tone at the initial phase (EPA) led to an
increase in the muscle tone before perturbation (APA), it
was necessary to identify correlations between all of
the above-named parameters in relation to all the
muscles subjected to analysis in test Tr3.

After the initial observation of the increased mus-
cular activity before perturbation, in relation to test
Tr3, it was necessary to determine whether APAs did
not result from the postural change connected with the
forward or backward displacement of the COP and
whether it did not result from the change in the flexion
of the knee joint. To this end, it was necessary to cal-
culate values of pressure exerted by the forefoot on
the ground and values of the angle of flexion in the
knee joint in relation to test Tr3. It was also necessary
to identify the existence of correlations between the
above-named values and APAs.

Finally, it was necessary to verify whether an in-
crease in the APA-related muscular activity affected
the displacement and the velocity of the COP after un-
balance. The above-named displacement was always
reverse in relation to the direction of the treadmill mo-
tion. The velocity of the COP was analysed as an in-
crease in displacement 150 ms after perturbation,
whereas the displacement of the COP was analysed as
the maximum deviation of the COP after perturbation,
regardless of its moment of occurrence, yet not later
than two seconds after perturbation.

2.6. Statistical analysis

All analyses were performed using Matlab R2022a.
The Shapiro—Wilk test was used to determine data
normality of the parameters analysed. The lack of
normal distributions was observed for Trl, Tr2 and
Tr3 tests. Based on this, it was used Friedman test
followed by pairwise Wilcoxon post-hoc test with
Holm correction. Additionally, the size of the effect
was calculated with the methodology proposed by
Rea and Parker [35]. If the difference is statistically
significant (p < 0.05), but the effect is small, then
this significance is due to reasons other than signifi-
cant differences in the distribution. The difference
between the medians was reported as statistically
significant as long as the effect was high or at least
medium. Small effects were not reported. Due to the
lack of normal distributions, the Spearman correla-
tion was calculated and presented as the correlation
coefficient.

3. Results

The obtained results allowed for an objective deter-
mination of the muscle tone gain only when the exam-
ined person knew the moment of the disorder’s occur-
rence. The research attempts to define the strategy of
postural preparation and its influence on the results
of postural compensation after the disorder. It was de-
termined what could influence the speed of postural
reactions and the correlation between the measured val-
ues was investigated.

3.1. Analysis of the muscular activity
triggered by APAs and EPAs

Test results concerning the APA-triggered mus-
cular activity are presented in Fig. 6 whereas those
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Fig. 6. EMGAPA in relation to selected RF (rectus femoris),

TA (tibialis anterior), GL(gastrocnemius lateralis) and GM
(gastrocnemius medialis) muscles and successive tests: Trl, Tr2
and Tr3. Unit [V/V] indicates the multiplicity of the value of muscular
activity at rest; L — value concerning the left lower limb and R — value
concerning the right lower limb; Shift forward — forward movement
of the treadmill belt, Shift backward — backward movement
of the treadmill belt; values represent mean * standard deviation
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related to the EPA-evoked muscular activity are pre-
sented in Fig. 7. Because of reference to the average
value at rest, the test values were expressed in v/v.
The aforesaid unit represents muscular activity con-
stituting the multiplicity of the resting value.
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Fig. 7. EMGEPA in relation to selected RF (rectus femoris),
TA (tibialis anterior), GL (gastrocnemius lateralis) and GM
(gastrocnemius medialis) muscles and successive tests: Trl, Tr2
and Tr3. The unit [v/v] indicates the multiplicity of the value
of muscular activity at rest; L — value concerning the left lower limb,
R — value concerning the right lower limb, Shift forward
— forward movement of the treadmill belt, Shift backward
— backward movement of the treadmill belt;
values presented as mean * standard deviation
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Statistically significant differences EMGaps and
EMGgpa between tests Trl and Tr3, and tests Tr2 and
Tr3 were only observed in relation to the forward shift
for TA, GL and GM in relation to analyses indicating the
APA phase and for TA and GM (only the left lower
limb) in relation to the analyses indicating the EPA
phase. The test results concerning the above-named
muscles point to test Tr3 as the one revealing a signifi-
cant increase in muscular activity. EMGapa and EMGgpa
obtained in Tr3 were investigated for the correlation of
muscles subjected to the tests. Correlation coefficients
were determined in relation to muscles revealing varying
activity between Tr3 and the remaining tests, excluding
RF. The results, presented in Table 1, indicate the exis-
tence of the statistically significant correlation between
the phase of the Early Postural Adjustments (EPAs) and
the Anticipatory Postural Adjustment (APAs) in relation
to the backward shift. The correlation could indicate that
the muscle was activated earlier than the remaining mus-
cles and that its activation increased in time until the
occurrence of perturbation.

3.2. Impact of the increased
muscular activity on forefoot pressure
and the APA-triggered change
of the angle of flexion in the knee joint

To analyse whether the increase in the muscular
activity between the phase of free standing and that of
the search for APAs resulted in postural changes it
was necessary to investigate the correlation between
the calculated value of APA and the value of in-
creased forefoot pressure as well as the correlation
between APA and the change in the value of the angle
of flexion in the knee joint. Changes of forefoot pres-
sure and of the angle of flexion in the knee joint were
calculated in time intervals adopted as free standing
and in the APA area (difference between the value
recorded 50 ms after perturbation and the value re-
corded 1100 ms before perturbation). During analyses,
the RF-related values were ignored as its activity was

Table 1. Results of Sperman’s correlation in relation to muscular activity in the APA and EPA phase.
The p values for the significance of the correlation are given in parentheses.
The statistically significant values are bolded

TAL | TAR | GLL | GLR | GM L | GM R

Shift forward 0.73 0.70 0.44 0.28 0.47 021
(@ =0.01)|(p = 0.02)|(» = 0.27) | (p = 0.03) | (p = 0.02) | (»=0.17)

. 0.72 0.69 033 027 0.24 0.33
Shiftbackward | o 011 (5 = 0.01)|(p = 0.30)| (»=0.35) | (p = 0.04)| (p = 0.04)
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Table 2. Results of Sperman’s correlation for increased muscular activity during the APA phase
and increased forefoot pressure as well as for increased muscular activity during the APA phase and changes
in the knee joint flexion. The p values for the significance of the correlation are given in parentheses.
The statistically significant values are bolded

APA — an increase in the load on the forefoot
TAL | TAR | GLL | GLR | GML | GM R
S 2028 033 0.37 0.27 0.13 0.43
@=0.01) | (p=0.01) | (p = 0.44) | (p=0.01) | (p = 0.14) | (p = 0.01)
Sl e 2'(2).222) ® 2'?).371) ® g' (1).740) ® =O '(i;l) ® g':‘fol) (pg.(;‘.lz]l)
APA — flexion in the knee joint

TAL | TAR | GLL | GLR | GML | GM R

T ] 0.11 ~0.23 0.41 0.33 024 | -0.32
(p=054)| (p=0.78) | (p=0.24) | (p = 0.01) | (p =0.11) | (p = 0.01)
Rt g'3.301) @ 2'?).601) @ =0 022 | =0 327) ® g'?fon @ 2‘3?01)

not detected in forward and backward translation. The
test results are presented in Table 2.

The tests were also concermned with differences be-
tween the average values of forefoot pressure in subse-
quent phases of Trl, Tr2 and Tr3. The results did not
reveal any statistically significant differences between the
average values. Similarly, no statistically significant dif-
ferences were observed between the average values of the
angle of flexion in the knee joint in successive tests: Trl,
Tr2 and Tr3.

3.3. Impact of the increased
muscular activity before perturbation
on the velocity and displacement
of the COP after perturbation

During the APA search phase (—150 ms—(+50 ms)), a
correlation between the calculated value of APAs and

the velocity of the COP at the initial stage of motion as
well as between APAs and the maximum displacement
of the COP triggered by perturbation was observed (Ta-
ble 3). The results concerning the correlation of velocity
and the maximum displacement of TA revealed a strong
correlation between the increased activity of the muscle
and the COP displacement velocity and the COP dis-
placement value obtained in relation to the forward mo-
tion of the treadmill (Table 3). A slightly lower correla-
tion was obtained in relation to GL and the backward
shift of the treadmill.

4. Discussion

The above-presented tests aimed to identify the
impact of the forward and backward shift of the
ground on the muscular response in lower limbs con-
nected with postural adjustment. Understanding how

Table 3. Results of Sperman’s correlation for increased muscular activity during the APA phase
and the COP displacement velocity after perturbation as well as for increased muscular activity
during the APA phase and the maximum COP displacement.

The p values for the significance of the correlation are given in parentheses.

The statistically significant values are bolded

APA-V
TAL | TAR | GLL | GLR | GML | GM R
Shift formard 071 | 073 | 021 | 043 | 051 | o1l
(@ =0.00) | (p = 0.00)|(p = 0.17)| (» = 0.09) | (p = 0.34) | (» = 0.27)
Rl SRt 2‘8251) » 2'?-).327) @ 2.3.900) ® 2'3?01) » 2‘(1)?37) » g(l).lss)
APA — COP displacement
TAL | TAR | GLL | GLR | GML | GM R
Shift formard 071 | 063 | 021 | 043 | 06l | 012
(@ =0.00) | (p = 0.00)|(p = 0.13)| (p = 0:22) | (p = 0.55) | (v = 0.87)
Sl s 2‘8259) o 2'8.321) @ 2.3.900) ® 2'3?00) o 2‘(1)?40) o S'8.971)
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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
[5], [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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Purpose: The aim of the study was to demonstrate the possibility of using stock exchange indices to assess the ability to maintain
balance as a supplement to analyzes using values determined in the time and frequency domains. Methods: 83 healthy people (56 fe-
males, 27 males, age years 21 SD = 1.3 years) participated in the research. Measurements were performed with open and closed eyes and
in the virtual environment with two sceneries oscillating at four frequencies. The results determined in the time and frequency domains
were analyzed in relation to the results calculated with the use of stock exchange indicators for which the Trend Change Index was for-
mulated. Performed measurements made it possible to determine the average COP speed, the average COP speed and range of movement
towards AP, power spectral density PSD and stock exchange indices. Results: In the case of PSD values for the ranges above and below
0.5 Hz, statistically significant differences occurred for most measurements. Obtained values of TCI coefficient were similar and no
statistically significant differences were observed. The maximum values of the PSD medians were obtained in trials with the oscillating
scenery. Conclusions: Conducted analyzes showed that use of stock exchange indicators broadens the interpretative possibilities of COP
measurements by determining the number of consecutive skips (changes in the direction) of the COP and prioritizing according to the
times between them. The applied stock market analysis methods also filtered out changes in the position resulting from noises that could

not be removed with the use of standard low-pass filters.

Key words: postural stability, virtual reality, center of pressure, stock market indicators

1. Introduction

Keeping the body in a standing position requires
constant control and correction of the position, veloc-
ity and acceleration of the body’s center of mass
(COM) [9], [10]. Searching for the information about
the strategies and mechanisms describing the process
of maintaining balance has resulted in numerous ap-
proaches to analyzing center of pressure of foot on the
ground (COP) changes — a value which is easy to
measure and interpret. The most frequently used
methods define these changes in relation to time [1],
[6], [24], e.g., path length, the average COP velocity
ellipse area or ranges in anteroposterior (AP) and me-
diolateral (ML) directions. As standard, it is assumed

that the higher the value of the aforementioned quan-
tities, the worse the ability to maintain balance [3],
[4], [11]. Since some repetitive sequences can be seen
in the COP displacement signal course, frequency
domain analyzes are a natural extension of time do-
main analyzes. They make it possible to determine
which cyclic components the analyzed signal consists
of, thus complementing analyzes in the time domain
[7], [13], [23]. Research in the virtual environment
can be mentioned as an example of measurements in
sensory conflict conditions where the oscillating vir-
tual scenery was used with the still, real floor. Such
cyclic movement of the surroundings causes changes
in the body movement pattern, what changes COP
motion. Then, for example, the increase in path length
of COP can be explained by means of frequency
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analysis — one can check what cyclic components are
part of the movement and whether the following scen-
ery is a dominant one [12], [21]. Other methods, such
as wavelet analysis [8], [17], [22] or entropy determi-
nation [5], [16], are used much less often.

However, frequency domain analysis is limited to
changes that are cyclical in nature and only such
changes in COP positions are detected. However,
changes that are not of this nature are ignored. The
ability to detect these types of changes — not cyclical —
seems to be particularly important in terms of assess-
ing the balance maintaining strategy. As proven, there
is a relation between the frequency of COP move-
ments and the strategy of maintaining balance, where
low frequencies (0—0.5 Hz) mostly account for visuo-
vestibular regulation, medium frequencies (0.5-2 Hz)
for cerebellar regulation and high frequencies (>2 Hz)
for proprioceptive regulation [2], [15]. However,
speaking of frequency, it should be remembered that,
in the case of successive COP positions, it should be
interpreted as the rate of these changes, i.c., the time
between individual changes in the COP position [20],
[25]. With such an interpretation, it can be seen that
determining the actual number of consecutive changes
in the position of the COP, and not only those of
a cyclical nature, becomes crucial [14], [19]. Moreo-
ver, the applied method should eliminate changes in
the position that are too small — of a short time, which
may constitute noises, and which remain in the signal
even after the application of low-pass filters.

The aim of the study was to demonstrate the possi-
bility of using stock exchange indices to assess the
ability to maintain balance as a supplement to analyzes
with the use of values determined in the time and fre-
quency domains. The use of stock exchange indicators
is to allow the detection of significant changes in the
trend — changes in direction — in the COP movement
along with the determination of the duration between
consecutive jumps. Such an analysis should enable us,
for a certain frequency range, to detect both cyclical
components and non-cyclical changes

2. Materials and methods

Participants

The participants consisted of 83 healthy people
(56 females and 27 males) with an average age of
21 years (SD = 1.3 years), mean body mass of 65 kg
(SD = 12.2 kg) and an average height of 172 cm
(SD = 8.3 cm). Health problems relating to maintain-
ing balance and obesity (body mass index; BMI > 30)

were considered as exclusion criteria. This study was
first approved by the Ethics in Research Committee of
the Academy of Physical Education in Katowice (pro-
tocol number 5/2020). In accordance with the Ethics in
Research Committee, each participant provided in-
formed consent regarding their participation in the study.
Consent to participate in the study was expressed ver-
bally (written consent was not required).

Measurement stand

Measuring equipment consisted of a platform for
measuring the distribution of pressure exerted by the
foot on the ground (WinFDM-S, Zebris, sample fre-
quency of 100 Hz, 2560 tensiometer sensors, sensing
area = 34 cm x 54 cm) and an Oculus Rift Head
Mounted Display (HMD) for projecting spatial im-
ages. The virtual sceneries, which were projected
during testing, were prepared in the Unity 3D envi-
ronment. Two sceneries were prepared: the first scen-
ery was termed “closed” (Fig. 1a) and consisted of
a furnished room in which objects and the wall were
seen by the participant at a distance of approximately
3 m; the second scenery was termed “open” (Fig. 1b)
and consisted of a desert scene with objects seen at
a distance of approximately 100 m.

Fig. 1b. View of open scenery

During measurements, the sceneries oscillated in
the sagittal plane at constant frequencies. Partici-
pants saw the movement as movement of the entirety
of the surroundings. The movement of the scenery
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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,*sin(2x 1), )]

where:
f; — frequency of the scenery movements,
A, — amplitude of the scenery movements in cen-
timeters,
t — 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,

¢t —time.

The following designations were adopted for the
purpose of the tests utilized:
A, =15 [cm],
A,=1 [deg],
fr=05*f,
f; (depending on test condition) = 0.2 Hz or 0.5 Hz
or 0.7Hz 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 C),

W

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

est with eyes opened

Measurment with first frequenc

Me men h second-freguen

Fig. 2. Sequence of one measuring series

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

e 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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exponential weights taking into account 12 samples
(short-period) and 26 samples (long-period) (Egs. (3)
and (4)).

MACD,, ,, = EMA,, —EMA 3)

where:
EMA |, — faster exponential moving average,
EMA ¢ — slower exponential moving average;

EMA , =

pot(-a)p +(1-a)p,+(1-a)' p, +..+(1-a)" p,
l+(1-a)+(1-a) +(1-a) +.+1-a)"

2

4)

where:

po — ultimate value,

p1 — penultimate value,

pw — value preceding N periods,

N — number of periods.

The signal line was obtained by calculating the
moving average with exponential weight for the MACD
signal taking into account the nine MACD signal sam-

ples (Eq. (5)).
Signal Line = EMAj,cp - %)

The intersection of the MACD and signal line sig-
nals marks a trend change in the COP displacement
signal in the AP direction. A graphical interpretation
of the crossings for the COP signal is shown in Fig. 3.
Changes in the trend are related to the change in the
direction of the COP movement. The TCI coefficient
is the number of changes in the signal trend during

a 30 s test, calculated as the sum of the MACD and
signal line crossings.

Comparative analysis of the PSD and MACD

The calculated values of the PSD and MACD coeffi-
cients were used to analyze the influence of the distur-
bances participants were exposed to. The analysis com-
pared both the effects of particular scenery and the
frequency of oscillations on the participants, as well as the
differences in relation to the real environment. Both PSD
and MACD calculations were made for the AP direction.

The MACD coefficient made it possible to deter-
mine the number of changes in the trend throughout
the entirety of every 30 s measurement. Detailed
analysis showed that timespans differed between indi-
vidual changes in the trend. Therefore, the detected
trend changes were grouped according to the time
preceding these changes and according to the ranges
indicated in row T of Table 1. To make comparative
analysis of the MACD ratio with the calculated PSD
possible, the time intervals obtained for MACD were
converted into corresponding frequencies using the
following assumptions:

o the time of the COP skips between two consecutive
positions detected as a trend change was treated as

a half of the whole cyclic movement in the for-

ward or backward direction;
¢ in the case of a cyclical movement, the time before

the detected trend change was half of the full cycle

(i.e., it takes half of the period); hence, the period

was twice the measured time preceding the de-

tected trend change;

Fig. 3. Signal line and MACD waveforms for an exemplary COP waveform.
The intersections of the MACD and signal line signals mark the locations of the trend changes in the COP signal
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Table 1. The time intervals considered during the analyzes
and the corresponding frequency intervals of the COP displacement signal

T [s] 0.05-0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.5 0.5-0.6
f[Hz] 5.0-10.0 2.5-5.0 1.67-2.5 1.25-1.67 1.0-1.25 0.83-1.0

T[s] 0.6-0.7 0.7-0.8 0.8-0.9 0.9-1.0 0.05-1.0 1.0-30.0
f[Hz] 0.71-1.0 0.625-1 0.56-0.625 0.5-0.56 >0.5 <0.5

e the frequency of such a cyclic component was
calculated in accordance with Eq. (6).

1
f== (6)
2t,
where:

f— frequency,

t, = time between consecutive detected trend
changes with 2¢, = period.

It should be emphasized that detected changes in
the trend can be both cyclical and non-cyclical, whilst
the presented conversion is intended to group the ob-
tained results of the calculations in a manner that en-
ables the comparative analysis of MACD and PSD. The
summary of the analyzed time intervals and the corre-
sponding frequencies is presented in Table 1. During
analyzes of PSD values the total power was determined
for ranges of 0.1-0.5 Hz and 0.5-10 Hz, as well as for
0.5-10 Hz divided into intervals, as shown in Table 1.
MACD coefficients were determined in total for the
range 0.5-10 Hz and with division into intervals ac-
cording to Table 1. The MACD coefficients for the
range below 0.5 Hz for the parameters adopted in the
calculations were zero. This means that no trend changes
where the time was longer than 1 s were detected.

Statistical analysis

The statistical analysis of the results was per-
formed with use of the Statistica 13 software. In the
first step of the analysis, the occurrence of normal
distributions for each of the compared values was
tested for using the Shapiro—Wilk test. The results did
not confirm the presence of normal distributions in all
subgroups, hence, the graphs show the median for the
calculated values. In the next step, the Kruskal-Wallis
ANOVA test and Dunn’s post-hoc test were per-
formed to investigate whether there were significant
statistical differences in the analyzed groups.

3. Results

The measured values of successive COP positions
in time were developed using analyzes in time and

frequency domains and on the basis of algorithms for
determining stock exchange coefficients. In Table 2,
the basic time-domain calculations that are among the
most frequently analyzed variables in balance mainte-
nance ability tests (i.e., the resultant average COP
velocity, the average COP velocity in the AP direction
and the range of motion in the AP direction) are
shown. The results presented from analyzes in the
time domain show a statistically significant increase
in the values measured during the test in the virtual
environment in relation to tests in the real environ-
ment for all measurements except for:

e results of the average total COP velocity and aver-
age velocity in the AP direction when comparing
the measurements with EC with measurements in
“open” and “closed” scenery with oscillation fre-
quencies of 0.2 Hz;

e the range of motion in the AP direction when com-
paring measurements made in the real environment
(both EO and EC) with measurements in “open”
scenery with oscillation frequencies of 0.2 Hz and
0.5 Hz.

In Figure 4a, the calculated PSD values for the
ranges above and below 0.5 Hz are shown. Despite
the noticeable differences between the values obtained
for individual types of measurements, In Table 3, it is
shown that statistically significant differences occur
only in the case of:

e comparisons of tests with EO in relation to all other
measurements for both frequency ranges;

e the frequency range of 0.5-10 Hz, the comparison
of tests with EC in relation to measurements in
“open” scenery with a scenery oscillation frequency
of 0.7 Hz and in “closed” scenery with scenery os-
cillation frequencies of 0.5 Hz, 0.7 Hz and 1.4 Hz;

e the frequency range below 0.5 Hz, comparisons of
tests with EC for all measurements except for
measurements in “open” scenery where the scen-
ery oscillated at frequencies of 0.2 Hz and 0.5 Hz.
Comparison of measurements made in the virtual

environment with each other did not show statistically

significant differences.

Comparing the PSD values obtained in individual
intervals above and below 0.5 Hz (Table 3) showed
statistically significant differences for all measurements
except for measurements in “open” scenery with the
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Table 2. Values obtained in the time domain: V = average velocity of Center of Pressure,
V_AP = average velocity of COP in AP direction, R_AP = range of motion of COP in AP direction

EO
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Fig. 4. (a) PSD values obtained for frequencies above and below 0.5 Hz,
(b) TCI values for time intervals corresponding to frequencies above 0.5 Hz

Table 3. The p values (a = 0.05) obtained for the comparison of the PSD results for tests in real and virtual environments

M EO | EC | 020 | 050 | 070 [ 140 | 02C | 05C | 07C | 14C
easurement

above 0.5 Hz

EO 0.044 | 0.015 | 0.000 [ 0.000 | 0.006 | 0.000 | 0.000 [ 0.000 | 0.000

EC X X 0926 | 0.201 | 0.001 | 0.613 | 0418 | 0.000 | 0.000 | 0.000
below 0.5 Hz

EO 0.000 [ 0.000 [ 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000

EC X X 0.130 | 0.081 | 0.008 [ 0.001 | 0.003 | 0.000 | 0.015 [ 0.035

comparison between results above 0.5 Hz and below 0.5 Hz
0.000 | 0.000 [ 0.000 | 0.000 | 0.501 | 0.004 | 0.000 | 0.003 | 0.071 [ 0.136

Legend: EO — eyes open; EC — Eyes closed.
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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 coefficient 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 r (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
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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 1.4C
PSD 0-0.5Hz [%] | 57.1 37.6 49.9 142.5 38.1 49.0 53.2 58.4 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 [%] 59 6.7 55 6.1 10.7 1.9 6.0 7.4 6.9 4.4

Legend: EO — eyes open; EC — Eyes closed.
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Fig. 5. TCI for individual time slots for measurements in the real environment and the open scenery
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in measurements with scenery oscillation frequencies
of 0.7 and 1.4 Hz in intervals corresponding to these
frequencies and regardless of the type of scenery. Also,
in the case of tests with the scenery oscillating at a fre-
quency of 0.5 Hz, the increase in the PSD value in the
range corresponding to this frequency is noticeable.
The remaining PSD values, especially in the case of

60,00

P. WODARSKI et al.

measurements in the real environment (Fig. 9), are
negligibly small. The p values indicate statistically
significant differences between the measurements in the
real and virtual environment are presented in Table 6. In
the case of comparing the measurements in the virtual
environment between themselves, statistically significant
differences were obtained only when the measurements
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Fig. 6. TCI for individual time intervals for measurements in the real environment and in the closed scenery
Table S. p values (a = 0.05) for comparison of TCI between individual studies
Time
igterval [s]0.05-0.1[0.1-0.2| 0.2-0.3 | 0.3-0.4 | 0.4-0.5 | 0.5-0.6 | 0.6-0.7 | 0.7-0.8 | 0.8-0.9 | 0.9-1.0
Research
EO EC 0.959 | 0.176 | 1.000 0.839 1.000 0.901 1.000 1.000 0.889 1.000
EO 020 0.484 | 0.308 | 1.000 0.861 0.994 1.000 1.000 1.000 0.985 1.000
EO 050 0.557 | 0.005 | 0.932 1.000 1.000 1.000 0.933 0.995 1.000 0.672
EO 070 0.002 | 0.004 | 0.426 0.998 0.983 0.987 0.020 0.931 0.579 0.979
EO 140 0.000 | 0.000 | 0.999 0.000 0.118 0.000 0.017 0.004 0.043 0.905
EO 02C 0.808 | 0.370 | 1.000 0.493 1.000 1.000 1.000 0.978 0.999 1.000
EO 05C 0.004 | 0.126 | 0.829 0.988 1.000 0.414 1.000 0.985 1.000 1.000
EO 0.7C 0.947 | 0.173 | 0.986 1.000 0.950 1.000 0.950 0.965 1.000 1.000
EO 14C 0.000 | 0.000 | 0.919 0.000 0.580 0.000 0.000 0.000 0.044 0.186
EC 020 0.951 | 1.000 | 1.000 1.000 1.000 0.979 0.999 1.000 1.000 1.000
EC 050 0.971 | 0.563 | 0.942 1.000 1.000 1.000 0.992 0.996 0.863 0.799
EC 070 0.025 | 0.341 | 0.447 0.755 0.997 0.665 0.055 0.933 0.976 0.948
EC 140 0.001 | 0.000 | 0.999 0.000 0.062 0.005 0.006 0.004 0.002 0.830
EC 02C 0.999 | 1.000 | 1.000 0.995 1.000 0.823 1.000 0.978 0.684 1.000
EC 05C 0.094 | 0.998 | 0.807 1.000 1.000 0.979 1.000 0.984 1.000 1.000
EC 0.7C 1.000 | 0.939 | 0.983 1.000 0.984 1.000 0.990 0.966 1.000 1.000
EC 14C 0.001 | 0.001 | 0.927 0.000 0.433 0.001 0.000 0.000 0.003 0.129

Legend: EO — eyes open; EC — Eyes closed.
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with the scenery oscillating at frequencies of 0.2 Hz
and 0.5 Hz were compared with the measurements
taken with the “closed” scenery oscillating at a fre-
quency of 1.4 Hz. Tables 7-9 contain the calculated
CVs obtained for individual measurements. It is also
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worth noting that the values of these coefficients
obtained for changes in the trend are smaller in the
case of the number of changes in the trend than in the
case of PSD, especially in the case of high frequen-

cies.

Table 6. p values (= 0.05) for the comparison of PSD results between studies in real and virtual environments

Time
wterval [s] | 0.05-0.1 | 0.1-0.2 | 0.2-0.3 | 0.3-0.4 | 0.4-0.5 | 0.5-0.6 | 0.6-0.7 | 0.7-0.8 | 0.8-0.9 | 0.9-1.0
Research
EO EC 0.005 0.018 0.001 0.011 0.018 0.010 0.754 0.998 0.483 0.011
EO 020 0.056 0.280 0.006 0.010 0.027 0.217 0.208 0.106 0.064 0.003
EO 050 0.003 0.004 0.001 0.000 0.000 0.002 0.021 0.386 0.061 0.000
EO 0.70 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.101 0.026
EO 140 0.000 0.000 0.001 0.000 0.052 0.109 0.648 0.994 0.885 0.300
EO 02C 0.000 0.000 0.000 0.000 0.000 0.000 0.027 0.017 0.002 0.005
EO 0.5C 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
EO 0.7C 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.045 0.079
EO 14C 0.000 0.000 0.000 0.000 0.000 0.000 0.015 0.008 0.006 0.292
EC 020 1.000 1.000 0.996 0.967 0.989 1.000 0.913 0.363 0.826 0.861
EC 050 0.928 0.868 0.915 0.286 0.288 0.809 0.419 0.770 0.817 0.008
EC 0.70 0.121 0.033 0.058 0.017 0.007 0.064 0.000 0.000 0.796 0.948
EC 140 0.387 0.170 0.784 0.000 0.974 0.998 0.995 1.000 1.000 1.000
EC 02C 0.850 0.242 0.449 0.298 0.144 0.751 0.577 0.116 0.320 0.983
EC 0.5C 0.244 0.003 0.005 0.003 0.006 0.071 0.000 0.002 0.024 0.000
EC 0.7C 0.007 0.003 0.001 0.011 0.006 0.009 0.000 0.000 0.483 0.961
EC 14C 0.000 0.000 0.001 0.000 0.003 0.014 0.182 0.032 0.161 0.999
Table 7. Coefficient of variation in individual measurements in the real environment
Time
interval [s]|0.05-0.1| 0.1-0.2 | 0.2-0.3 | 0.3-0.4 | 0.4-0.5 | 0.5-0.6 | 0.6-0.7 | 0.7-0.8 | 0.8-0.9 | 0.9-1.0
()%
eyes open
PSD 30.1 52.6 68.4 58.9 67.1 62.5 88.8 51.7 73.6 92.1
TCI 27.8 22.7 17.6 17.6 22.7 21.4 25.0 50.0 100.0 -
eyes closed
PSD 41.9 55.9 65.0 64.3 62.2 75.2 90.9 125.1 86.3 100.5
TCI 25.0 26.3 18.8 19.4 16.7 214 25.0 50.0 50.0
Table 8. Coefficient of variation in individual measurements in the virtual environment in “open” scenery
Time
interval [s]0.05-0.1| 0.1-0.2 | 0.2-0.3 | 0.3-0.4 | 0.4-0.5 | 0.5-0.6 | 0.6-0.7 | 0.7-0.8 | 0.8-0.9 | 0.9-1.0
(0)%
open scenery 0.2 Hz
PSD 243 48.8 48.8 44.8 64.8 51.2 88.7 105.0 89.2 72.2
TCI 28.6 25.8 25.0 11.8 22.7 28.3 46.4 50.0 100.0
open scenery 0.5 Hz
PSD 333 49.0 65.6 120.7 108.5 82.9 112.3 99.0 108.0 85.1
TCI 30.8 24.2 22.4 25.0 18.5 30.4 30.0 31.3 50.0 100.0
open scenery 0.7 Hz
PSD 73.9 51.6 110.7 99.7 87.4 59.8 137.9 89.7 57.7 474
TCI 50.0 42.3 16.1 23.5 13.6 18.8 16.7 100.0 50.0
open scenery 1.4 Hz
PSD 20.7 64.5 62.0 62.2 60.4 41.5 66.6 71.7 94.7 94.1
TCI 38.9 72.9 22.6 18.4 24.1 54.2 75.0




172

P. WODARSKI et al.

Table 9. Coefficient of variation in individual measurements in the virtual environment in “closed” scenery

Time
wterval [s]]0.05-0.1{ 0.1-0.2 | 0.2-0.3 | 0.3-0.4 | 0.4-0.5 | 0.5-0.6 | 0.6-0.7 | 0.7-0.8 | 0.8-0.9 | 0.9-1.0
cv
closed scenery 0.2 Hz
PSD 436 | 1167 | 111.8 | 1247 | 63.9 | 1047 | 893 101.7 | 547 73.1
TCI 28.6 15.8 21.1 18.4 18.2 21.4 25.0 25.0 50.0
closed scenery 0.5 Hz
PSD 62.5 66.8 934 | 1238 | 89.5 75.5 150.6 | 709 | 1069 | 76.5
TCI 40.0 16.7 18.4 20.6 13.6 33.3 375 50.0 | 100.0
closed scenery 0.7 Hz
PSD 2332 | 4304 | 202.8 | 3374 | 202.0 | 167.6 | 1432 | 112.7 | 8l1.1 52.0
TCI 25.0 23.5 28.9 11.5 23.8 16.1 37.5 25.0 75.0
closed scenery 1.4 Hz
PSD 96.2 | 1249 | 121.7 | 213.7 | 343.8 | 1424 | 1932 | 2143 | 2427 | 397.9
TCI 18.8 41.7 423 25.0 16.7 33.3

4. Discussion

The analysis of successive positions of the COP in
terms of the path length it traveled during the meas-
urement, the average speed with which it was moving,
the area in which it was located or the range of dis-
placements along a specific direction are the simplest
and most common methods of assessing the ability to
maintain balance. In a person with balance dysfunc-
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tionalities these values increase, which, in turn, allows
for a preliminary diagnosis of problems with balance
or the assessment of progress in rehabilitation. How-
ever, these approaches do not always work well. Use
of an unstable surface or conditions causing sensory
conflict cause all these values to increase in healthy
people. In such cases, analysis in the frequency do-
main becomes helpful, as it enables the decomposition
of the COP movement signal into cyclic components
and thus allows for the determination of the frequen-
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Fig. 7. PSD values obtained for individual time intervals for measurements in the real environment and in the open scenery
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cies of the main movement components. In this way,
components of movement such as the body following
a cyclically moving environment become visible, which,
in turn, increases the possibilities for interpreting the
received signal [12], [21]. However, the observation of
successive positions of the COP indicates that the con-
tinuous correction of the position, velocity and accel-
eration of the COM, and the resulting changes in the
position of the COP may not only be cyclical but also
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random. Both traditional time domain methods and
frequency domain analysis cannot detect such non-
cyclic corrections. The technical analyzes proposed in
this paper for determining the trend changes in cur-
rency exchange rates and stock market shares made it
possible to detect the trend changes occurring in the
COP movement (i.e., significant changes in the direc-
tion of the movement of this point), the nature of
which was both cyclical and non-cyclical. As part of

. I ,_ﬂll oziall ozl =1111 IIIIII ;Iﬂl ;IIHI IIILI

0.5-0.6 0.6-0.7 0.7-0.8 0.8-0.9 09-1

05C m0.7C m14cC

Fig. 8. PSD values obtained for individual time intervals for measurements in the real environment and in a closed 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 0.5 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:

e 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;

e 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:

e stating the extent to which changes in the parame-
ters used for the calculations of TCI will affect the
final results;

e 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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Abstract: This work aims to define a strategy for maintaining a vertical posture of the human
body under conditions of conflicting sensory stimuli using a method of trend change analysis. The
investigations involved 28 healthy individuals (13 females, 15 males, average age = 21, SD = 1.3 years).
Measurements were conducted with eyes opened and closed and in the virtual environment with two
sceneries oscillating at two frequencies. Values in the time domain were calculated—the mean center
of pressure (COP) velocity and movement range in the AP direction—as well as values based on the
moving average convergence divergence (MACD) computational algorithm—the trend change index
(TCI), MACD_dT, MACD_dS, and MACD_dV. After dividing the analysis into distinct time periods,
an increase in TCI values was identified in the oscillating scenery at 0.7 and 1.4 Hz during the 0.5-1
and 0.2-0.5 s time periods, respectively. Statistically significant differences were observed between
measurements with an oscillation frequency of 0.7 Hz and those with an oscillation frequency of
1.4 Hz during the 0.2-0.5 s and 0.5-1 s periods. The use of stock exchange indices in the assessment
of the ability to keep a stable body posture supplements and extends standard analyses in the time
and frequency domains.

Keywords: virtual reality; center of pressure; postural stability; stock market indicators

1. Introduction

Maintaining a stable body posture results from the constant control and corrections
performed by many cooperating systems, including the vestibular system and deep sensibil-
ity [1]. The nervous system constantly stimulates muscles that compensate for momentary
disturbances and maintains the center of mass within the boundaries of stability [2,3].
Posture stability tests are devised to determine values based on the coordinates of the
subsequent center of foot pressure (COP) locations. Commonly analyzed values that de-
scribe the ability to maintain balance include COP velocity, COP ellipse surface area, and
COP movement ranges in the antero-posterior (AP) and medio-lateral (ML) directions.
Analyzing the above-mentioned values, it is assumed that the higher these values, the less
likely that one can maintain a stable body posture [4]. The above-mentioned analyses in the
time domain are supplemented with analyses in the frequency domain. Frequency analyses
based on calculations of the fast Fourier transform (FFT) make it possible to determine the
cyclic components of the analyzed signal and ascertain whether a cyclic stimulus upsetting
balance translates into the cyclicity of COP or center of mass (COM) movements [5,6]. Such
analysis also finds application in the case of tests performed under conditions of conflicting
sensory stimuli. In such situations, individual senses receive contradictory information and
a given person (test participant) is affected by stimuli—both in the real-life environment and
virtual reality—which, directly by physical push or indirectly by visual stimuli, unbalance
the person [1,2,7,8]. Research in the virtual environment can be mentioned as an example of
measurements under sensory conflict conditions where oscillating virtual scenery is used
with the still, real floor [1]. Relevant literature also describes other methods to determine
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the ability of the human body to maintain balance. Popular methods include probabilistic
analyses based on entropy [9] and frequency analyses using the wavelet distribution [10,11].
The latter is specifically applied to the analyses of low frequencies of COP movements.

The choice of analysis tools depends on the conditions of the conducted tests and the
information researchers require from the conducted tests. Analyses in the time and fre-
quency domains enable a complex and full evaluation of the ability to keep balance [12,13].
Frequency domain analyses are a natural extension of time domain analyses. The frequency
analyses described in scientific publications usually determine the impact of cyclic external
disturbances on the ability to maintain balance by checking if cyclic components are part of
the movement and whether the following scenery is a dominant one [1,5]. To deepen the
analyses related to the determination of the cyclicity of COP movements, it is necessary
to use a method that would detect momentary, non-cyclic changes occurring during the
whole analysis [14,15]. Such a possibility is provided by trend change analysis making
use of stock exchange indices [16,17]. The method of stock exchange indices may be used
both under static and dynamic conditions and, as in the analysis of COP movements,
during which the patient wears a virtual reality (VR) projection headset. The proposed
methodology for the analysis of trend changes based on determining the changing points
of the COP displacement signal trend allows us to supplement traditional analysis methods
with additional information related to determining the strategy of maintaining balance by
a human. The algorithm for determining trend change points is based on time domain
analysis, so the results are not as noisy as in the case of FFT analyses and spectral leakage.
This procedure enables us, for a certain frequency range, to detect both cyclical components
and non-cyclical changes [16].

The objective of this work is to develop a method of analysis for maintaining the
vertical position of the human body under the conditions of conflicting sensory stimuli
using an innovative method of trend change analysis. This work is a continuation of
previous research [16] regarding the assessment of human balance under conditions of
conflicting sensory stimuli—oscillating virtual scenery and stable floor.

This paper investigates the application of stock exchange indices connected with the
evaluation of stock rate courses to study the ability of the human body to maintain balance
in an oscillating virtual reality. The performed analyses may confirm and extend the
usability of stock exchange indices as a tool to supplement standard analyses for balance
assessments [18].

To maintain a stable body posture, it is necessary to constantly correct COP and center
of mass (COM) positions. Analysis using stock exchange indices will allow us to determine
the number of posture corrections, the time and distance between these corrections, and
the speed of movement of the COP between these corrections [19]. We hypothesize that a
decrease in the frequency of posture corrections, coupled with an increase in the distance
between subsequent points of the trend change, may indicate an increased risk of falling.
The proposed method, based on the analysis of posture corrections, will allow for the
detection of the impact of changes in the frequency of visual disturbances or different
sceneries on postural changes. If validated, this method could effectively assess temporary
postural changes. We also assume that changes in the total number of trend changes
and in particular time periods may indicate dysfunctions that have an impact on the
balance-keeping ability.

2. Materials and Methods
2.1. Measurement Stand

The measurement stand consisted of a stabilographic platform (WinFDM-S, Zebris, Isny
im Allgau, Germany, 100 Hz sample frequency, 2560 tensiometer sensors, 34 cm x 54 cm
sensing area) and a head-mounted display (HMD) Oculus Rift set used for the projection
of three-dimensional images. The three-dimensional sceneries were developed in the Unity
3D environment (Figure 1A,B).
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Figure 1. (A,B) Scenery used in the tests. (A) closed space, (B) opened space.

The ‘closed space’ scenery (Figure 1A) consisted of a furnished room, in which objects
were seen by the tested individual at ~3 m, whereas the ‘open space’ scenery (Figure 1B)
showed a desert, where objects were located at ~100 m. During the tests, the scenery
oscillated in the AP direction at a constant frequency. Oscillations were presented by
moving the scenery in the AP direction, taking into consideration a slight rotation of the
scene by 0.5 degrees [1]. The scenery oscillations were perceived by the subject as the
movement of the entire environment. The oscillation amplitude was set at 30 cm, whereas
the oscillation frequency was set following the procedure described below.

2.2. Study Group

The investigations involved 28 individuals (13 females and 15 males) with an average
age of 22 years (1.3 standard deviation (SD)), mean body mass of 67.5 kg (12 SD), and an av-
erage height of 173.6 cm (8.8 SD). All participants took part in the measurements conducted
in a real-life environment. A group of 12 individuals (7 females and 5 males, average age
22.5 years (0.5 SD), mean body mass 65.1 kg (13.1 SD), average height 171.9 cm (8.8 SD))
was subjected to measurements in the VR ‘closed space’ scenery, while 16 participants
(6 females and 10 males, average age 21.7 years (1.6 SD), mean body mass 69.3 kg (10.8 SD),
average height 174.9 cm (7.3 SD)) were tested in the VR “open space’ scenery. Health prob-
lems related to maintaining balance, for example, neurodegenerative diseases or labyrinth
problems, and obesity (body mass index; BMI > 30) were considered as exclusion criteria.
This study was first approved by the Ethics in Research Committee of the Academy of
Physical Education in Katowice (protocol number 5/2020). Each participant gave verbal
consent to the measurements.

2.3. Experimental Procedure

The experimental procedure encompassed tests in the real-life environment, involving
standing with opened eyes (OE) and standing with closed eyes (CE), as well as tests in the
virtual environment (Figure 2).
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Test with eyes opened (EO)

Test with eyes closed (EC)

Measurment with frequency 0.7 Hz
(15th-30th s —0.7_1,
30th-45th s — 0.7 2)

¥

Measurment with frequency 1.4 Hz
(15th-30ths—1.4 1,
30th-45th s —1.4_2)

¥

Measurment with frequency change 0.7/1.4 Hz
(15th-30th s — 0.7_before,
30th-45th s — 1.4 _after)

Measurment with frequency change 1.4/0.7 Hz
(15th-30th s — 1.4_before,
30th—45th s — 0.7_after)

Figure 2. Experimental procedure.

The measurements in VR were conducted by presenting the open space scenery and
closed space scenery oscillating at frequencies of 0.7 Hz and 1.4 Hz. The selection of
frequency values was based on previously conducted research, which proved that during
the application of such values and the HMD headset, the oscillating scenery had a strong
impact on the tested individuals, such as the movement of following the scenery and
increasing the values of basic stabilographic quantities [1,16]. The subjects were asked
to take off their shoes and stand on the measurement platform in an upright position
with their arms crossed on their chest and their vision focused on a point in the form
of a dot on the wall located in front of them. The subjects’ task was to simply stand
still during all measurements. First, measurements in the real-life environment were
performed. Then, measurements were taken in the virtual environment while wearing 3D
goggles. Measurements in the virtual environment took place directly one after another,
without breaks. A measurement in the oscillating scenery at a frequency of 0.7 Hz (0.7), a
measurement in the oscillating scenery at a frequency of 1.4 Hz (1.4), a measurement in the
oscillating scenery with the change in oscillation frequency from 0.7 Hz to 1.4 Hz (0.7/1.4),
and a measurement in the oscillating scenery with the change in oscillation frequency
from 1.4 Hz to 0.7 Hz (1.4/0.7) were all taken (Figure 2). The measurement series was
performed once for each participant. The change in the oscillation frequency occurred at
the half-time of the measurement. Each measurement lasted 60 s. In the measurements with
the oscillating scenery, the movement of the scenery began in the 15th s of the measurement
and lasted 30 s. All analyses took into consideration a period from the 15th to the 45th s, in
compliance with the description contained in the chapter ‘Analyzed Quantities’.

2.4. Analyzed Quantities

The analysis involved displacements of the COP in the AP direction at the time of the
middle 30 s of the test with the frequency change (15 s before and 15 s after the change),
obtaining the courses of 0.7_before and 1.4_after from the 0.7/1.4 measurement as well
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as courses 1.4_before and 0.7_after from the 1.4/0.7 measurement. In the case of the OE
and CE measurements, the time of the middle 15 s was analyzed. Conversely, the 0.7 and
1.4 measurements used the first 15 s (0.7_1, 1.4_1) and the second 15 s (0.7_2, 1.4_2) of
the test for analysis. The analyses were performed using the MATLAB R2021b software
program. The signal from the platform was filtered with a Butterworth low-pass filter. The
pass frequency of the filter was set to 7 Hz. Basic stabilographic values were determined,
namely the COP velocity and the COP movement range in the AP direction. For each course,
the trend change index (TCI) was calculated [18,20,21]. The TCI defines the number of trend
changes, which is the number of intersections of the signal resulting from the computations
of the algorithm: moving average convergence divergence (MACD) (Equations (1)—(3)).

To calculate TCI values, the MACD line for the COP signal was determined by com-
puting the difference between two exponential moving averages (EMAs) with lengths of 12
and 26 samples, as per Equations (1) and (2):

MACD = EMAcop12 — EMAcop26 1)
where EMAcop1p—faster exponential moving average for COP signal, and EMAcopas—slower
exponential moving average for COP signal.
op1 + (1 — a?pr+--- +(1—Npn)/ A+ (1 — )+ (1 -0+ + (1 - )

where pp—ultimate value, pj—penultimate value, py—value preceding N periods,
N = number of periods, and o« = a smoothing coefficient equal to 2/(N + 1).

Moving on to the subsequent phase, the signal line was calculated as an EMA with a
length of nine samples from the MACD line signal, in accordance with Equation (3):

Signal line = EMAMACD line9 3)

The TCI was presented as the total number of all trend changes for the analyzed mea-
surement and the total number of trend changes segmented into the following time periods:

e (0-02s,
0.2-0.5s,
e and0.5-1s.

These time periods denote the times after which the subsequent trend change occurred
after the previous one. Based on the MACD algorithm, the following values were also
computed: the mean distance between subsequent points of the trend change (MACD_dS),
the mean time between subsequent points of the trend change (MACD_dT) (Figure 3), and
the mean velocity of changes of displacements between subsequent points signifying trend
changes (MACD_dV).

E o—
£ |12 o
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S
% |10
4 é o
(-9
o wv
8 ° ©
(&) ° 8I
%
Y L —
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™
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Figure 3. COP course with trend change moments detected by the algorithm (marked as red dots in
the diagram) and graphic interpretation of MACD_dT and MACD_dS for two random trend change
moments [21].
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2.5. Statistical Analysis

Statistical analysis was performed using the MATLAB R2021b software program. The
compared values were evaluated using the Shapiro-Wilk test to check for the occurrence
of normality in the distribution. The results did not confirm the occurrence of normal
distributions in all sub-groups. Therefore, medians are presented in the diagrams and
non-parametric tests were used.

In the first stage of comparative analysis, comparisons were made between the results
calculated for the group of people assessed in the closed scenery and the group of people
tested in the open scenery. The Mann-Whitney U test was used for the analysis, considering
different group sizes. Comparisons were made for all calculated values separately and no
statistically significant differences were found (p < 0.05, effect size d > 0.7).

Due to the lack of significant differences, it was decided to combine the groups into
one. For all persons, the following values were determined: COP velocity, COP movement,
range of COP motion in the AP direction, TCI, MACD_dT, MACD_dS, and MACD_dYV,
and then for all parameters, the differences between subsequent tests were examined (OE,
CE, 0.7_1,0.7_2,14 1, 1.4_2, 0.7_before, 0.7_after, 1.4_before, and 1.4_after). To verify
whether there were statistically significant differences in the case of the analyzed groups,
the ANOVA Friedman test was conducted followed by the pairwise Wilcoxon post hoc test
with Holm correction. All performed tests obtained high test power.

3. Results

The values were obtained based on the algorithm calculating the MACD index. No
statistically significant differences were found in any groups for all of the analyzed values
between the measurements of open and closed space sceneries. Therefore, the obtained
values were merged into one group. The results were divided into three groups: standard
values in the time domain and values computed based on the MACD algorithm, including
MACD_dT, MACD_dS, MACD_dV, and TCI, with division into time periods.

3.1. Data Analysis in Time Domain

The diagrams below (Figure 4A,B) present the medians of the stabilographic values
in the time domain—the mean COP velocity in the AP direction and the range of COP
movement in the AP direction.

The values of the COP velocity in the AP direction (Figure 4A) increased statistically
significantly after a participant closed their eyes and after the introduction of disturbances
in VR. Statistically significant differences were present while comparing the OE measure-
ments with measurements using VR and while comparing the CE measurements with tests
in the virtual environment, except for 1.4_2, 0.7_before, and 1.4_before. No statistically
significant differences occurred in the comparison of values obtained during the measure-
ments conducted in VR. The diagram (Figure 4B) shows an increase in the values of the
COP movement range in the AP direction with the application of disturbances in VR in
comparison with the values obtained in the real-life environment. An increase occurred
in the case of the median values, interquartile distribution, and data distribution. In the
case of the median value, statistically significant differences were observed between the
OE measurements and the measurements performed in VR, except for 1.4_2, 0.7_before,
and 1.4_before. An analogous situation occurred between the CE measurements and
measurements with the oscillating scenery 0.7_1.4 and 1.4_1.
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Figure 4. (A,B). Stabilographic values in the time domain (EO—eyes opened, EC—eyes closed,
0.7_1—first 15 s of measurement in the oscillating scenery at a frequency of 0.7 Hz, 0.7_2—second
15 s of measurement in the oscillating scenery at a frequency of 0.7 Hz, 1.4_1 first 15 s of measurement
in the oscillating scenery at a frequency of 1.4 Hz, 1.4_2 second 15 s of measurement in the oscillating
scenery at a frequency of 1.4 Hz, 0.7_before—first 15 s of measurement in the oscillating scenery with
the change in oscillation frequency from 0.7 Hz to 1.4 H, 1,4_after—second 15 s of measurement in the
oscillating scenery with the change in oscillation frequency from 0.7 Hz to 1.4 Hz, 1.4_before—first
15 s of measurement in the oscillating scenery with the change in oscillation frequency from 1.4 Hz
to 0.7 Hz, and 0.7_after—second 15 s of measurement in the oscillating scenery with the change in
oscillation frequency from 1.4 Hz to 0.7 Hz). (A) Median of mean COP velocity in the AP direction
and (B) Range of COP movement in the AP direction.

3.2. Trend Change Index

The diagrams below (Figure 5A-D) present the medians of the TCI value. Table 1
presents the p-values obtained for the comparison of the TCI values.

In the diagram presenting the TCI values for individual measurements (Figure 5A),
one can observe that the TCI value obtained for the measurements using the oscillating
scenery at a frequency of 1.4 Hz was at a similar level to the OE and CE measurements.
The TCI values in the case of disturbances at a frequency of 0.7 Hz were lower than the
values obtained in other measurements. The data distribution was also noticeably higher.
The comparison of the OE and CE measurements did not reveal any statistically significant
differences. Statistically significant differences were observed when comparing the OE test
in a real-life environment to measurements in the virtual environment for the case of the
oscillating scenery at a frequency of 0.7 Hz—both before (0.7_before) and after (0.7_after)
the change in frequency. However, in the case of the CE test, statistically significant
differences did not occur except for the oscillating scenery experiment at a frequency of 0.7
Hz after the change in frequency (0.7_after). When comparing the tests conducted in VR,
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statistically significant differences were found only in experiments where the frequency of
the oscillating scenery changed from 1.4 Hz to 0.7 Hz.
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Figure 5. (A-D) TCI Values. (A) TCI for the whole measurement period; (B) TCI for the 0-0.2 s period;
(C) TCI for the 0.2-0.5 s period; (D) TCI for the 0.5-1 s period.
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Table 1. The p-values (p = 0.05) obtained for the comparison of TCI values. Statistically significant
value differences (p < 0.05) (between conditions in first column and second column) are designated
using the green color.

TCI TCI TCI

T (0-0.25) (0.2-0.55) (0.5-1s)
OE CE 1.00 1.00 1.00 1.00
OE 0.7_1 0.17 0.08 1.00 0.98
OE 0.7_2 0.11 0.24 1.00 0.94
OE 141 0.90 0.00 0.00 0.00
OE 142 1.00 0.00 0.00 0.02
OE 0.7_before 0.04 0.22 1.00 0.99
OE 0.7_after 0.00 0.01 0.02 0.00
OE 1.4_before 0.96 0.00 0.01 0.06
OE 1.4_after 0.94 0.00 0.00 0.01
CE 0.7_1 0.63 0.53 0.99 0.85
CE 072 0.49 0.84 0.98 0.70
CE 141 1.00 0.00 0.00 0.02
CE 142 1.00 0.01 0.01 0.08
CE 0.7_before 0.26 0.81 0.97 0.86
CE 0.7_after 0.00 0.14 0.00 0.00
CE 1.4_before 1.00 0.00 0.12 0.21
CE 1.4_after 1.00 0.00 0.03 0.05
0.7_1 0.7.2 1.00 1.00 1.00 1.00
0.7_1 141 0.97 0.03 0.00 0.00
0.7_1 142 0.34 091 0.00 0.00
0.7_1 0.7_before 1.00 1.00 1.00 1.00
0.7_1 0.7_after 0.14 1.00 0.06 0.07
0.7_1 1.4_before 0.92 0.09 0.00 0.00
0.7_1 1.4_after 0.94 0.40 0.00 0.00
0.7_2 141 0.92 0.01 0.00 0.00
0.7_2 142 0.23 0.65 0.00 0.00
0.7_2 0.7_before 1.00 1.00 1.00 1.00
0.7.2 0.7_after 0.22 0.98 0.07 0.14
0.7_2 1.4_before 0.83 0.02 0.00 0.00
0.7_2 1.4_after 0.87 0.15 0.00 0.00
141 142 0.98 0.68 1.00 1.00
141 0.7_before 0.74 0.01 0.00 0.00
141 0.7_after 0.00 0.19 0.00 0.00
141 1.4_before 1.00 1.00 0.98 1.00
141 1.4_after 1.00 0.99 1.00 1.00
142 0.7_before 0.09 0.68 0.00 0.00
142 0.7_after 0.00 1.00 0.00 0.00
142 1.4_before 1.00 0.90 1.00 1.00
142 1.4_after 0.99 1.00 1.00 1.00
0.7_before 0.7_after 0.44 0.98 0.09 0.07
0.7_before 1.4_before 0.60 0.03 0.00 0.00
0.7_before 1.4_after 0.65 0.17 0.00 0.00
0.7_after 1.4_before 0.00 0.41 0.00 0.00
0.7_after 1.4_after 0.00 0.85 0.00 0.00
1.4_before 1.4_after 1.00 1.00 1.00 1.00

Figure 5B shows the TCI values obtained for the period of 0-0.2 s. The introduction of
disturbances into VR decreased the values of the median TCI in this period. A decrease in
the median values was noticeable in the case of higher frequency oscillations in comparison
to those with a lower frequency. Based on the diagram presenting the TCI values for the
period of 0.2-0.5 s (Figure 5C), one can observe that higher values of the median occurred
in the measurements using the scenery oscillating at a frequency of 1.4 Hz. The median
values in the case of disturbances at a frequency of 0.7 Hz were similar to the OE and CE
values. For the period of 0.5-1 s, the highest values were observed in the VR tests with
disturbances at a frequency of 0.7 Hz (Figure 5D), whereas the lowest values were observed
ata 1.4 Hz frequency.

When comparing OE and CE measurements, no statistically significant differences
were observed. By contrast, statistically significant differences were observed between the
results obtained in the real-life environment and those in the virtual environment for all
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time periods in most cases. From 0-0.2 s, statistically significant differences were observed
between measurements 0.7_1 and 0.7_2, 1.4 1 and 1.4_before, and 0.7_before and 1.4_after.
From 0.2-0.5 s, statistically significant differences were found between each measurement
in which the oscillation frequency of 0.7 Hz was used and the measurements with the
oscillation frequency of 1.4 Hz. A similar trend was observed for the 0.5-1 s period.

3.3. MACD_dS, MACD_dT, and MACD_dV

The next stage of the analysis involved the computation of the following values:
MACD_dS, MACD_dT, and MACD_dV. The medians of these three values are presented
in the diagrams below (Figure 6A-C).
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Figure 6. (A-C). Values based on the MACD algorithm. (A) MACD_dV; (B) MACD_dS;
(C) MACD_dT.
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Analyzing the MACD_dS values (Figure 6B), one can notice a significantly increase
in the obtained values in the VR tests in comparison with the measurements taken in
the real-life environment—both in the median values and the interquartile distribution of
the data. No statistically significant differences were found when comparing the OE and
CE tests. For the real-life environment and VR results, statistically significant differences
were observed between the OE tests and all measurements in the virtual environment as
well as between the CE tests and the 0.7_1, 0.7_2,1.4_1, 0.7_before, 0.7_after, and 1.4_after
measurements. When comparing the measurements obtained using VR between individual
tests, no statistically significant differences were found.

In the case of the analysis of the MACD_dT values (Figure 6C), significantly higher
values were obtained for the measurements conducted at a frequency of 0.7 Hz. Statistically
significant differences were noted while comparing the measurements in the real-life
environment (OE and CE) and the 0.7_after, 1.4_before, and 1.4_after measurements.

Figure 6A presents the diagram of the median MACD_dV values for individual
measurements. Importantly, the closure of eyes increased the MACD_dV values. A similar
trend took place in the case of the introduction of VR; the MACD_dV values were higher in
the measurements with the oscillating scenery. Also, an increase in the data distribution
was observed in the 0.7_after and 1.4_after tests in relation to measurements 0.7_before and
1.4_before. The analysis of the MACD_dV values did not reveal any statistically significant
differences in the OE and CE tests. When comparing the values obtained in the real-life
environment and the virtual environment, statistically significant differences were observed
between OFE and all measurements using the virtual scenery, as well as between CE and the
14.1,0.7_1,0.7_2, and 1.4_after measurements. No statistically significant differences were
found when comparing the measurements in VR.

4. Discussion
4.1. Data Analysis in the Time Domain

The analysis of stabilographic values, such as the COP velocity and the COP movement
range, constitutes the basis for evaluating a human being’s ability to keep balance [1,5,16].
The introduction of oscillation into the virtual scenery in the AP direction led to a statistically
significant increase in values in both the cases of the COP velocity and the COP movement
range in the AP direction in relation to the measurements with OE (Figure 4A,B). Similar
conclusions were drawn in previous research conducted by the authors [1]. The increase in
these values results from the balance of the body following the oscillating scenery, which
was confirmed by the authors’ preceding investigations, where FFT analysis proved the
presence of an additional harmonic at a frequency equal to the frequency of the scenery
movement. The investigations also demonstrated the presence of additional harmonic
at other frequencies, which may indicate a change in the balance-keeping strategy or
destabilization of the tested person [20,21].

In the measurements with the change in frequency (0.7/1.4 and 1.4/07), one could
observe a greater interquartile distribution for the data obtained after the frequency change
(0.7_after and 1.4_after) in the case of the COP velocity values in the AP direction in
comparison with the data obtained before the frequency change (0.7_before and 1.4_before)
(Figure 4A,B). This result may mean that the change from one frequency to another exerts a
destabilizing impact and somehow forces the tested participant to search for a new strategy
to maintain balance.

Analyses in the time domain and additional analyses in the frequency domain make
it possible to determine if and how virtual disturbances influence changes in the balance-
keeping strategy [21] and body-balancing strategy during movement [22]. However, the
frequency analysis is limited to the discovery of movement components of a cyclic char-
acter. In addition, such an analysis is burdened with noise related to spectral leakage
and incomplete signal periods in the measurement window. The application of computa-
tional methods drawn from stock exchange analyses makes it possible to supplement the
performed analyses with signal components that do not have a cyclic character [13,14].
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4.2. Trend Change Index (TCI)

An increase in the mean value of the COP velocity or movement range may indicate
problems with maintaining balance. There is evidence, based on the analyses of COP
movement in the frequency domain, that the lines appearing in FFT diagrams may be used
for the assessment of the balance-keeping strategy. For instance, the movement of the body
following the cyclically oscillating virtual scenery, which may be observed in the FFT or
short-time Fourier transform (STFT) diagrams in the form of lines, can be used for this
purpose [1]. Studies performed by Bizid R. et al. [23] and Micarelli A. et al. [24] indicate
that there might be a connection between the frequency of COP oscillation and the strategy
of maintaining balance. They claim that low frequencies (0-0.5 Hz) mostly account for
visual-vestibular regulation, medium frequencies (0.5-2 Hz) for cerebellar regulation, and
high frequencies (>2 Hz) for proprioceptive regulation.

However, the above-described frequency analyses enable only the detection of the
signals of a cyclic character, whereas the real COP movement may include both cyclic
and non-cyclic components [16]. The developed TClI, calculated using the detection of
trend changes based on stock exchange analysis methods, makes it possible to extend the
analyses and supplement them with a non-cyclic component of the signal [19,25]. The TCI
value shows how often the COP was subjected to trend changes during the movement
performed during the whole measurement (Figure 4A,B).

The conducted investigations demonstrated that in most cases, the value of the TCI,
which was calculated for the whole interval from 0 to 1 s, did not change significantly,
irrespective of the measurement conditions (Table 1). Such constancy, independent of the
measurement conditions, may signify that to maintain a stable body posture, even in a
situation of visual stimulation, a certain number of trend changes is required, which enables
the correct functioning of the proprioceptive and visual-vestibular systems [13,16]. An
important exception occurs in the case of the measurement of the scenery oscillating at a
frequency of 0.7 Hz, which took place after preceding oscillations at a frequency of 1.4 Hz.
There was a clear decrease in the TCI values in relation to other measurements, i.e., the
number of discovered changes in the trend, which may indicate a calmer movement at a
frequency of 0.7 Hz when it occurs after a frequency of 1.4 Hz. Additional interpretation
of this fact is supported by the TCI values determined individually for three time periods
equal to the time between subsequent trend changes. The diagrams showed a significant
decrease in the TCI values in the 0.2-0.5 s period and an increase in the interval of 0.5-1 s
(Figure 5A-D), denoting considerable calming of COP movement. There appeared to be
fewer ‘leaps’ of the COP lasting shorter than 0.5 s in favor of a greater number of leaps
lasting longer than 0.5 s. This interval included COP movements performed at a frequency
of 0.7 Hz. Therefore, from a statistical perspective, the tested individuals were more prone
to disturbances at a frequency of 0.7 Hz if they had been previously exposed to disturbances
at a higher frequency. Notably, such differences were undetectable based on the analysis
of the COP mean velocity or the COP movement range, where a statistically significant
difference appeared only between the OE and 0.7_after tests but did not occur in other
cases (Figure 4A,B).

The analysis of measurements conducted at a frequency of 1.4 Hz revealed a significant
increase in the TCI values in relation to other measurements in the 0.2-0.5 s period and
a decrease in the 0.5-1 s period. The increase in the 0.2-0.5 s period was related to the
fact that the body follows the moving scenery. This interval includes the 1.4 Hz frequency,
which is also visible in the analyses in the frequency domain. This difference was noticeable,
particularly in relation to the OE and CE measurements. In the remaining two time periods,
0-0.2 s and 0.5-1 s, at a frequency of 1.4 Hz, there was a decrease in the TCI values in
relation to the measurements with OE and CE.

COP movement is connected not only to the constant loss of balance and the return to
the balance-keeping position but also with the fact that it constitutes a source of information
for the balance-keeping systems on what is happening with the body. The lack of significant
changes in the total TCI value in individual measurements (Figure 4A), i.e., the number of
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trend changes in COP movement, leads to at least two interpretation possibilities. First,
the lack of a considerable increase in the number of trend changes in COP movement by a
given person, i.e., an increase in the number of trend changes in the interval corresponding
to 1.4 Hz, which occurs at such disturbances of the scenery, forces an increase in these
changes in other time periods. The second interpretation may be that a healthy person does
not need to maintain a constant number of trend changes in each of the indicated three
time periods. What is essential in the case of these individuals is the total number of such
changes. Both hypotheses may be particularly important in the case of testing participants
with balance-keeping deficits. However, in the case of such individuals, further studies
and investigations regarding these hypotheses are required to be scientifically useful.

4.3. MACD_dS, MACD_dT, and MACD_dV

The determined MACD_dS, MACD_dT, and MACD_dV values (Figure 6A-C) make it
possible to further extend the analyses performed based on the trend change detection using
the methods of stock exchange analysis [21]. The obtained values of the MACD_dV strongly
correlate with the values of the COP mean velocity, which seems obvious. However, the
knowledge of the time between trend changes and the distance covered by the COP at that
time enables the collection of additional information on COP movement to be obtained [18].
Information on the changes in the MACD_dT and MACD_dS values may indicate if the
resulting changes in the velocity values, or their lack thereof, result from the change in the
length of individual leaps of the COP, the time in which such a leap takes place, or from
both of these values simultaneously.

Statistically significant differences between the OE and CE measurements and all other
measurements occurred only in the case of the MACD_dS, where an increase in the median
value was observed (only measurements between OE and 1.4_2 lacked significance). At
the same time, most cases displayed a lack of statistically significant differences at the
MACD_dT time. This showed that, in these cases, the observed increase in the velocity
values occurred because of an increase in the mean distance between the subsequent COP
locations in which the trend change took place, whereas the mean time between those
leaps remained constant. An exception was the measurement performed for 0.7_after,
where statistically significant differences were noted in the OE and CE measurements. A
simultaneous increase in the MACD_dS and MACD_dT values caused a lack of change in
the velocity between 0.7_after and CE, which could be seen both in the case of MACD_dV
and the COP mean velocity.

What is worth mentioning is the fact that no case showed a statistically significant
decrease in the MACD_dT value. A MACD_dT value that does not significantly decrease
is essential from the perspective of the ability to maintain balance by the tested individuals.
A simultaneous increase in MACD_dS and a decrease in MACD_dT might indicate much
longer leaps of the COP performed at a shorter time. Such a case might potentially lead to
destabilization and a subsequent fall of the tested person [25,26].

5. Conclusions

The use of stock exchange indices to assess human body stability complements stan-
dard analyses in both the time and frequency domains. Analyzing TCI, MACD_dV,
MACD_dT, and MACD_dS values provides additional insight into factors affecting stan-
dard parameters like path length, mean velocity, and movement range. By integrating
trend change analysis with stabilographic parameter analysis, we can glean information
on posture correction frequency, intervals between corrections, and COP movement speed.
Unlike FFT analysis, our time domain-based algorithm ensures the results are unaffected
by noise. Decomposing the TCI analysis into intervals reveals shifts in COP movement
patterns, indicating changes in balance strategy.

TCI, MACD_dT, and MACD_dS analyses could prove valuable in testing patients with
balance disorders. Elevated MACD_dS values coupled with shortened MACD_dT may
signify increased fall risk. Deviations in total TCI value and intervals compared to healthy



Appl. Sci. 2024, 14, 4953 14 of 15

individuals may indicate balance-related dysfunctions, necessitating further investigation
in specific patient groups.

However, our algorithm’s sensitivity is limited to rapid postural corrections due
to short time windows and MACD parameter values. Future plans involve consulting
neurologists to refine the methodology and application, particularly in diagnosing neuro-
logical diseases.
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Abstract

Postural adjustments (PA) occur to counteract predictable perturbations and can be
impaired as a result of musculoskeletal and neurological dysfunctions. The most common
way to detect PA is through electromyography measurements or center of pressure (COP)
position measurements, where analysis in time domain and frequency domain are the most
common. Aim of the research was to determine whether a new method of analyzing stabilo-
graphic measurements—the COP trend change analysis (TCI) of temporary posture correc-
tions- can expand understanding of changes in balance strategy connected with PA. The
study group involved 38 individuals (27women, 11men) aged 23+2.6 years. Measurements
were performed using a stabilographic platform placed on a perturbation platform. The tests
involved three measurements with forward and backward momentary movements of the
platform. Participants were tested in three conditions—knowing the nature, time and direction
of perturbation (Tr3), knowing only the nature of perturbation (Tr2) and without any informa-
tion about the perturbation (Tr1). Statistically significant differences were revealed in the last
second of Tr3 for the mean velocity of COP (p<0.05) and for two TCl parameters—TCI_dV
(p<0.05) and TCI_dS (p<0.01). The increase in TCI_dV was related to the increase in the
mean distance between trend changes (TCI_dS) and constant value of the mean time
between trend changes (TCI_dT). The increase of the mean value of TCI_dS was the result
of smaller number of posture corrections with the distance 0—2 mm and lager number with
the distance 4-6 mm. Obtained results proved that the TCI analysis is a method enabling an
extended analysis of PA, indicating the nature of changes occurring in posture corrections—
longer momentary jumps of COP-related to a change in the strategy of maintaining balance
before a known disorder, which has not been analyzed in this type of research so far.
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Abbreviations: Tr1, test no. 1 where the test
participant did not know the nature, starting time,
or direction of perturbation; Tr2, test no. 2, where
the test participant knew the nature of perturbation
but did not know its starting time and direction;
Tr3, test no. 3, where the test participant was
informed (using a countdown display) about the
starting time and direction of perturbation; -6 s
.....=1s, period of time preceding perturbation: -
6th second preceding perturbation (-6 s represents
the time between the 6th and the 5th second before
perturbation) to the moment of perturbation (-1 s
represents the time between the 1 second
preceding perturbation and the perturbation itself);
AP, anterior-posterior; ML, mediolateral; FFT, fast
Fourier transform; COP, center of foot pressure;
COM, center of mass; APA, anticipatory postural
adjustment(s); EPA, early postural adjustment(s);
Fpass, filter pass frequency; Fstop, filter cut-off
frequency; TCI, total number of trend changes
during the entire test; TCI_dT, mean value of time
between successive trend changes; TCI_dS, mean
value of displacement between successive trend
changes; TCl_dV, mean value of the COP
displacement velocity between successive trend
changes; Vcop, resultant COP displacement
velocity; IMU, inertial measurement unit; EMG,
electromyography.

Introduction

Posture is not just about the simple, static positioning of body parts. It is a dynamic process
that involves constant modifications to ensure balance while carrying out different activities.
Postural adjustment (PA) and compensation are natural reactions of the body to destabilizing
stimuli [1-3]. PAs can be early (EPAs) or anticipatory (APAs). Research conducted by Xie

et al. [4,5], revealed that PAs may result from the internal initiation of movement (preparation
to perform a certain activity). Similarly, Cleworth et al. [1] and Sibley and Etnier [6] indicated
that a destabilizing stimulus may come from the environment. This conclusion was confirmed
by Mohapatra and Krishnan [3], who also indicated correlations between the intensity of the
APA and EPA and the intensity of the environmental stimulus effects. The tests performed by
Ritzmann et al. [7] demonstrated the possibility of training PA resulting in faster post-pertur-
bation balance recovery. Previous authors’ research [8] demonstrated the correlation between
the intensity of the PA and the post-perturbation shift of the COP, which indicated that the PA
mattered in the process of balance recovery.

PA can be observed by measuring changes in muscle activity, what is the most common
method, but measurements of changes in the center of mass (COM) or the center of pressure
(COP) displacements can also be used. In the case of COP measurements, PA is visible in the
increase in COP velocity [9,10]. Other research revealed that the ranges of the COP and COM
displacements during PA and compensation are directly correlated with the likelihood of fall-
ing [4,11,12].

Research conducted by Vuillerme and Nafati [13] revealed a change in the median of the
main frequency of the COP movement during the concentration and preparation for an
induced voice stimulus. The frequency of the COP movements can be analyzed when
searching for cyclic changes using fast Fourier transform (FFT)-based algorithms [13-15],
and wavelet analyses [16,17]. A new advancement in postural analysis is the application of
trend change analysis (TCA). This method can identify rapid adjustments and an elonga-
tion in the displacement between consecutive postural adjustments [18,19]. Borrowed from
strategies initially used in stock market analyses, TCA aids in measuring postural adjust-
ments in both the front-to-back (A/P) and side-to-side (M/L) directions. Furthermore, it
enables the computation of the count of adaptations and the time gap between successive
posture adjustments, offering insights into how the body reacts to postural difficulties [20-
22]. Such analysis may explain the origin of changes observed in other quantities, such as
velocity as well as take into account non periodic postural correlations, which are not
included in frequency analysis.

Taking the above into account, we hypothesize that the observed increase in velocity of
COP is connected with the change of balance strategy, what should be visible in the changes in
trend changes parameters in the COP signal, such as number of posture corrections as well as
time and distance between following posture corrections. The aim of the study was to check if
different conditions of PA examination would result in differences in values of trend changes
parameters. Positive verification of the hypothesis may allow the formulation of a new method
supporting assessment of PA. The reliability and validity of trend changes parameters was con-
firmed in previous research [18,19].

The tests presented in this article are the continuation of the research aimed at detecting
the PA and accompanying phenomena related to COP movements, when preparing for pos-
tural perturbations connected with the abrupt movement of the ground [8]. These measure-
ments made it possible to assess muscle activation in EPA and APA time intervals before
movement of the basis.
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Materials and methods

Study group

The study group consisted of 38 persons (27 women, 11 men) aged 23 + 2.6 years, height

172 £ 9.6 cm and weight of 70 + 17 kg. Excluding factors: past injuries of lower limbs and bal-
ance problems—both confirmed by physiotherapists and declared by potential participants.
Each of the study participants gave written informed consent to participate in the study. This
study had been previously approved by the Ethics in Research Committee of the Academy of
Physical Education in Katowice (protocol number 5/2020).

Experimental procedure

The measurement stand was composed of a platform for the COP distribution measurements
(WinFDM-S, Zebris, 100 Hz data acquisition frequency, 2560 tensiometer sensors, 34 cm x 54
cm sensors area) fixed to the central part of the perturbation platform in the form of the tread-
mill for the training and prevention of postural perturbations (BalanceTutor, MediTouch) (Fig
1). Pre-test preparations involved the attachment of the EMG electrodes (Ultium EMG, Nor-
axon, 2000 Hz data acquisition frequency) and inertial measurement unit (IMU) sensors
(Ultium Motion, Noraxon, 200 Hz data acquisition frequency) [8]. Electrodes were attached to
musculus tibialis anterior, musculus rectus femoris, musculus gastrocnemius medialis and
musculus gastrocnemius lateralis—muscles actively involved in the process of maintaining bal-
ance in AP direction (a detailed description of the procedure for analyzing the recorded EMG
signals along with the results can be found in the supplementary materials: S5 File). One IMU
sensor was attached to the treadmill belt enabling the detection of platform motion initiation
and synchronization of all devices.

A participant stood barefoot on a stabilographic platform protected against falling. Each
study participant was protected against falling using a special harness attached above the bal-
ance platform (Fig 1). This device neither restricted movements nor affected their freedom.
The participant’s task was quiet standing with arms along the sides during each of the mea-
surements (Tr1,Tr2 and Tr3).

During individual measurements:

o Trl —participant did not know the nature, starting time, or direction of perturbations,

o Tr2 —participant knew the nature of perturbation but did not know its starting time and
direction—participant was informed that the perturbation would be of the same nature as in
the Tr1 trial,

o Tr3 —participant was informed (using a display) about the starting time and the direction of
perturbation. The countdown was auditory and was also displayed 5 s before perturbation.
The countdown intervals amounted to 1 s.

The same participants were involved in the three measurements (Tr1,Tr2 and Tr3). Each
measurement lasted 30 seconds and consisted of two movements of the perturbation platform:
the first one—forward-that took place 10 s after the initiation of measurements and the second
one-backward- 20 s after the initiation of measurements. Both movements were identical,
with a length of 9,5 cm and a duration of 0.5 s. The test was repeated three times. In case of bal-
ance loss the measurement was repeated.

Processing of results

After taking the measurements the results were processed as follows:
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Fig 1. Measurement stand and a test participant.

https://doi.org/10.1371/journal.pone.0301227.9001
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i. determination of perturbation platform movement initiation using the sensor attached to
the treadmill belt—detection of the beginning of movement based on the detection of accel-
eration increase,

ii. determination of the COP displacements in the AP and ML directions—COP waveform
exported from the measurement platform,

iii. signal filtration using a low-pass Butterworth IIR filter (Fpass = 10 Hz, Fstop = 12 Hz,
Astop =-60 dB),

iv. division into sections lasting 1 s each, counting from the 6™ second preceding perturbation
to the moment of platform perturbation.

For each 1-second section, the average velocity of the COP displacement was calculated
(Vcop), and an analysis of trend changes was performed.

Trend changes index calculation

The method of trend change analysis comes from technical analysis of signals, which is based
on moving averages with exponential weights. To begin with, the algorithm employs the
MACD (Moving Average Convergence Divergence) indicator calculation process in its initial
phase [18,19]. This algorithm assesses relationships linked to the convergence and divergence
of moving averages of a measured signal—in the study it is COP signal. In the initial calcula-
tion, it was determined the MACD line for the COP signal, by computing the difference
between two Exponential Moving Averages (EMAs) with lengths of 12 and 26 samples, as per
Eqs I and 2.

MACD = EMA 1, — EMApp - Eql

where:
EMACOP,12—faster exponential moving average for COP signal,
EMACOP,26—slower exponential moving average for COP signal.

N

2
EMA:p0+(1_“)p1+(1_“)§72+"'+(1_“1\)]PN_ Eq2
1+1-a)+(1—-0) 4+ +(1—a)

where:

pO —ultimate value,

p1 —penultimate value,

px—Value preceding N periods,

N = number of periods,

o = a smoothing coefficient equal to 2/(N+ 1).

Moving on to the subsequent phase, the signal line is calculated as an EMA with a length of
9 samples from the MACD line signal in accordance with Eq 3.

Signal line = EMA,,, o, line,9* Eq3

The points where the MACD line intersects with the Signal line are pivotal in identifying
shifts in the trend of the COP signal (Fig 2). These intersections, in terms of quantity, deter-
mine what it refers to as the Trend Changes Index (TCI).
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Fig 2. Graphical interpretation of determined parameters and places of trend changes calculated on basis of

MACD algorithm. The blue line shows the signal course, the red circles mark the places of trend changes detected by
the algorithm. The Signal line is marked in green and the MACD line is marked in red.

https://doi.org/10.1371/journal.pone.0301227.9002

Basic trend changes analyses

Moving forward, it was proceeded to calculate the time sections between successive trend
change points in the COP signal (Fig 2). This process led to the creation of the MACD_dT
table (table contains of detected MACD_dT values), whose average value for the entire ana-
lyzed course is denoted as TCI_dT. Consequently, we calculated the displacements between
consecutive trend change points, resulting in the MACD_dS table. The average value of this
table corresponds to TCI_dS. Lastly, the MACD_dV table is established by dividing the values
in the MACD_dS table by their corresponding MACD_dT table. The TCI_dV indicator is
then determined as the average value of the MACD_dV table.

The following quantities were determined separately for AP and ML directions:

o TCI-total number of trend changes during the entire test,

o TCI_dT-mean value of time between successive trend changes,

o TCI_dS-mean value of displacement between successive trend changes,

« TCI_dV-mean velocity of the COP displacement between successive trend changes.
Resultant values were calculated as follows:

o for TCI, results obtained for both directions were summed together,

« for other quantities, resultant value determined on the basis of the AP and ML components
as the square root of the sum of squares of the values calculated in each direction.

The forward and backward displacements of the platform are analyzed as one group
because the movement of the COP before the displacement is analyzed. Changes of feature of
the COP signals are important in these analyzes and they can be manifested in the number of
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Table 1. TCI values in successive moments before perturbation in tests Tr1, Tr2, and Tr3. The results concern the measurements from the 6™ second preceding per-
turbation (-6 s represents the time between the 6™ and the 5™ second before perturbation) to the moment of perturbation (-1 s represents the time between the 1 second
preceding perturbation and the perturbation itself).

Test Trl Tr2 Tr3
Time| -6s -5s -4s -3s -2s -1s -6s -5s -4s -3s -2s -1s -6s -5s -4s -3s -2s -1s
Median 7 8 8 8 8 8 8 8 8 8 8 8 7 7 8 8 8 7
Quartile 1 (25%) 5 6 6 6 6 6 5.8 6 6 6 6 6 5 6 6 6 6 6
Quartile 3 (75%) 9 10 10 10 10 10 10 10 10 10 10 10 9 9 10 9 10 9
Mean | 7.53 | 8.13 804 | 806 | 860 | 832 | 8.03 826 | 816 | 833 | 8.3I 857 | 736 | 7.50 | 8.08 | 792 | 805 | 7.77
SD| 3.12 | 3.05 | 2.71 319 | 310 | 282 | 3.17 | 298 | 3.09 | 293 | 3.04 | 294 | 274 | 274 | 255 | 296 | 322 | 2.65

https://doi.org/10.1371/journal.pone.0301227.t001
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Fig 3. Values of Vcop and TCI_dV in relation to moments preceding perturbation in tests Tr1, Tr2, and Tr3. The
chart presents the medians and the interquartile range for measurements between the 6™ second before perturbation
(-6 s represents the time between the 6™ and the 5™ second preceding perturbation) to the moment of perturbation (-1
s represents the time between the 1 second before perturbation and the moment of perturbation). Statistically
significant values differences (p < 0.05) are designated using “*”.

https://doi.org/10.1371/journal.pone.0301227.9003
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trend changes of the COP signals—these changes are related to the number of posture correc-
tions, regardless of the direction in which this correction occurs.

Histogram analysis

The more precise indication how increase in TCI_dS in the last second before the disturbance
in the Tr3 test was corelated with changes in MACD_dS values required division into smaller
displacement intervals of this quantity. This division was presented on histograms containing
the number of individual MACD_dS’s (expressed as a percentage) in each displacement inter-
val divided into subsequent time sections before the disturbance. The interval discretization
step in the TCI_dS displacement histogram charts amounted to 2 mm, whereas results were
presented up to a maximum displacement of 30 mm. The tests did not reveal TCI_dS values
exceeding 30 mm. For each subject and each test, the TCI_dS histogram chart was calculated
before perturbation. The diagrams present the median values obtained for the group of test
participants. The values of changes (i.e., number of displacements) per each displacement
interval are expressed as a percentage. The sum of all of the displacements in relation to each
displacement interval subjected to analysis was adopted as 100%.

Statistical analysis

The Shapiro-Wilk test did not reveal the presence of normal distributions in relation to all
parameters, therefore, median values were used in all analyses. The Friedman test, followed by
the Pairwise Wilcoxon with a post-hoc Holm correction test, were used to compare the param-
eters between the Tr1, Tr2, and Tr3 tests. In addition, the size of the effect was calculated using
the methodology proposed by Rea and Parker [23]. The difference between the medians was
reported as statistically significant as long as the effect was high (0.8 and more) or at least
medium (0.5-0.8). Small effects were not reported.

Results

Analyzes of the EMG signals obtained for the described tests, which were presented in detail in
the article [9], showed differences in the activation of the lower limb muscles between trials
Trl, Tr2 and trial Tr3. The information that was used from the analysis was mainly: the pres-
ence of PA (in the form of APA and EPA) was objectively confirmed in the Tr3 trial and the
time at which PA occurred in the EMG signal was determined, which, as it turned out, did not
exceed one second before the disturbance. It was shown that in the Tr3 trial, EPA and then
APA appear during the one second preceding the disturbance (S2 and S4 Files). This made it
possible to indicate the time intervals of both these reactions—EPA and APA. It was assumed,
that different muscle activations bring about different characteristics of COP signals in the
detected time intervals, what should be visible in different values of analyzed quantities. Taking
into account this assumption, analyzes of the COP movement were carried out for 6 seconds
preceding the introduced perturbation assuming that PAs may be detected in the last seconds.

Results from the -6 to the -1% second (Table 1, S1 File) are identical (the TCI median is
always an integer for an odd number of measurements). The TCI medians do not differ signifi-
cantly between successive time sections in the Tr1, Tr2, and Tr3 tests.

In the case of TCI_dT, there were no statistically significant differences in the values
between successive moments in all of the tests. However, in the case of TCI_dS (similar to
TCI_dV and Vcop), it was possible to notice a significant increase in the distance (p < 0.05) in
the Tr3 test at -1 s in relation to the measurements between -6 s and -2 s. A graphical presenta-
tions of the Vcop and TCI_dV values are presented in Fig 3, while the TCI_dt and TCI_ds val-
ues are presented in Fig 4.
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Fig 4. Values of TCI_dT and TCI_dS in relation to successive moments preceding perturbation in tests Tr1, Tr2,
and Tr3. The chart presents the medians and the interquartile range for the measurements between the 6th second
before perturbation (-6 s represents the time between the 6th and the 5th second preceding perturbation) to the
moment of perturbation (-1 s represents the time between the 1 second before perturbation and the moment of
perturbation). Statistically significant differences (p < 0.05) are designated using “*”.

https://doi.org/10.1371/journal.pone.0301227.9004

An increase in the TCI_dS values in the Tr3 test at -1 s significantly affected the change in
TCI_dV. At the same time, an increase in the TCI_dS values also indicated a change in the bal-
ance-maintaining strategy at the aforesaid second of the movement. To further investigate the
change of the strategy (in accordance with the methodology), histogram charts of TCI_dS at
successive time sections preceding perturbation were plotted (Fig 5).

The number of displacements expressed as a percentage (median values, Fig 5) was sub-
jected to the comparative analysis for each displacement interval. In all comparisons the
ANOVA test was used to compare the medians of 15 groups of displacement interval in rela-
tion to all time sections and in accordance with the direction of the arrow “a” (Fig 5 Tr3 b)
from the range of 0-2 mm to 28-30 mm (S3 and S6 Files). In each of the subgroups (where
each subgroup contains values of number of displacements for all time intervals), it was possi-
ble to obtain several post-hoc comparisons. Statistically significant differences (o = 0.05) were
obtained between 0-2 mm and 4-6 mm sections, indicated in Fig 5 Tr3 A) as arrow “I” and
arrow “II”. The number of displacements in the displacement section 0-2 mm at -1 s time
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expressed as a percentage. The sum of all of the displacements in relation to each displacement interval subjected to
analysis was adopted as 100%. Tr3 A) Histogram charts of TCI_dS in relation to Tr3 at successive time sections
preceding perturbation. The arrows I and II represent places of statistically significant changes in values between the
time -1s and earlier time sections. Tr3 B) Top view of the TCI_dS histogram chart where the boxed-in areas designate
the tests in relation to which the analysis involving the use of statistical methods was performed. The arrow (a) presents
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https://doi.org/10.1371/journal.pone.0301227.9005

section (arrow I) in relation to the previous time periods (-6 s to -2 s) decreased (p<0.01).
Conversely, the number of displacements in the displacement section 4-6 mm at -1 s (arrow
IT) in relation to previous time periods increased (p<0.01).

Discussion

Muscle activity analysis is the basic method used to detect and analyze PA phenomena [8,22].
COP observation is used much more seldomly. Research conducted by Slijper et al. [24] and
Krishnan et al. [25] are two examples that used COP analysis in PA detection. Both authors
noticed an increase in the support path length in tests with suspected PA phenomenon. Bouis-
set [10] and Chander et al. [9] in their research indicated an increase in Vcop in relation to the
baseline measurements. They also discovered that Vcop may be a better index to assess the PA
phenomenon than COP displacements in AP and ML directions. All these observations were
confirmed in described research.

Previous analyses [8] of the EMG signals obtained for these measurements proved the pres-
ence of EPA and APA in the Tr3 trial during the last second preceding the disturbance.
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That was confirmed in current analyses of COP movement, where a statistically significant
increase in Vcop was noticed in the last second preceding perturbation in Tr3 (Fig 3) which
was not observed in tests Trl and Tr2. The similar increase can be observed in TCI_dV calcu-
lated from TCI_dT and TCI_dS what can confirm correctness of the assumptions of the devel-
oped method of trend changes analysis.

A surprising fact was the impossibility to observe changes in TCI numbers in subsequent
time sections, particularly in test Tr3 (i.e., where the test participant knew when the moment
of unbalance would take place). It would seem that increased Vcop and TCI_dV values should
result in a different TCI number as a reaction of the nervous system aimed to coordinate the
activity of individual muscles [26-29]. Additional analysis of TCI_dS and TCI_dT revealed
that the observed increase in both velocities was primarily due to the extension of the path of
momentary leaps of COP (TCI_dS) while maintaining constant times between leaps (T'CI_dT)
and consequently the same number of TCI.

What interesting opposite changes in balance strategy were observed in research comparing
results obtained for people with Parkinson Disease and healthy participants during normal
standing [18]. Measurements revealed higher values of Vcop and TCI_dV, just like in mea-
surements described in this article, but smaller values of TCI_dT in PD group with no statisti-
cally significant differences in TCI_dS. This may indicate that there are at least two different
mechanisms of adjusting the balance to destabilizing factors, possible to detect by means of
trend change analysis—a physical disorder and, in mentioned research, Parkinson Disease.

Taking into account the fact that COP is a reaction to COM movement, registered, in this
article, changes in TCI_dS could result from the change in the COM movement. However, tak-
ing into consideration the fact that the COP movements are identified as a resultant force act-
ing the ground [30,31], it could also indicate the changed patterns of the work of muscles
preparing for oncoming disruption, which is often observed in such types of tests [8,24,32,33].
However, the statement requires additional research.It should be noted that the lack of change
in the number of trend changes could also result from the very short measurement time pre-
cluding the detection of slight differences.

The balance-maintaining strategy based on the TCI_dS charts

Temporary posture corrections are one of the crucial elements related to the balance strategy.
The developed TCI coefficient allows for a clear indication of the number of posture correc-
tions. It can be expected that this number should be correlated with the average COP velocity,
which, how it was mentioned above, was not observed in the conducted research. Despite the
increase in Vcop in the last second before the perturbation in trial Tr3, the number of TCI in
this interval remained unchanged. Observed differences in TCI_dS and lack of such changes
in TCI_dT may affect the change in COP velocity, without the need to change the total number
of trend changes (TCI). The research proved however that despite the constant value of total
TCI, there are changes in number of COP displacements, but associated with a specific
MACD_dS distance. It is presented on histograms for individual displacement intervals (Fig 5
-Tr3 A) where one can see a decrease of COP displacements in the firs displacement interval
(0-2 mm interval at -1 second—Fig 5 Tr3, arrow I) and increase in the third interval (4-6 mm
interval at -1 second—Fig 5 Tr3, arrow II). The observed differences indicate how participants
tried to prepare for the upcoming move of the platform.

Taking into account previous analyses of authors and results available in other publications
concerning the work of muscles [2,8,34], it can be assumed that the increase in muscle activity
one second before the disturbance, resulting in an increase in the values of forces acting on the
entire system, leads to an increase in the acceleration of COP movement and, consequently, an
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increase in the length of individual TCI_dS displacements without changes in TCI_dT. Possi-
ble correlation of the COP movement with the beginning of the platform movement—the
direction of the COP movement consistent with the direction of the platform movement—
could help maintain balance. The previous authors’ research [6] proved however that greater
COP movements after disturbance were noted in trials when the subject knew the time and
type of the introduced disturbance. This may indicate that the subject was more destabilized in
those trials with known parameters of the disorder compared to trials when the time and type
of the disorder were not known.

It can be assumed that awareness of the approaching movement of the platform and the
resulting loss of balance leads to an increase in muscle tension, which only results in stiffening
of the entire body. Such stiffening can be useful when one have to counteract the impact of an
incoming object but does not help in the maintaining the balance on moving basis [35,36].
These results may support everyday observations that lack of awareness of an upcoming event
results in fewer injuries in events such as falls or traffic accidents. Nevertheless, the above-pre-
sented conclusions require confirmation in further research.

Conclusions

The article presents the possibilities of using the newly developed method of determining
trend changes in COP movements in the study of PA phenomena as a complementary method
to other COP analyses as well as EMG-based measurements. Determination of TCI parameters
can show changes in the number of posture correcting movements. TCI_dS and TCI_dT as
kinematic parameters can be used to explain other changes observed during such measure-
ment, like increase in COP velocity, showing mechanism of the strategy of maintaining
balance.

A significant novelty resulting from the use of the proposed method of analysis is informa-
tion about the cause of changes in COP, which may result from a change in the number of pos-
ture corrections in time or from a change in the displacement between these posture
corrections. Observation of changes in displacements in histograms not only allows for the
detection of PA, it can also be a useful tool for measuring readiness in response to a stimulus,
e.g. in sports training.

Limitations

The proposed algorithm in the current version is not sensitive to very slow postural correc-
tions. This is the result of a very short (on the order of single seconds in this study) time win-
dow and values of parameters in stock market algorithms used to calculate TCI values. The
obtained results also require a thorough medical analysis, which could indicate links to the
neurological aspect related to the strategies of maintaining balance.
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Abstract

Background Maintaining static balance is relevant and common in everyday life and it depends on a correct
intersegmental coordination. A change or reduction in postural capacity has been linked to increased risk of falls.
People with Parkinson’s disease (pwPD) experience motor symptoms affecting the maintenance of a stable posture.
The aim of the study is to understand the intersegmental changes in postural sway and to apply a trend change
analysis to uncover different movement strategies between pwPD and healthy adults.

Methods In total, 61 healthy participants, 40 young (YO), 21 old participants (OP), and 29 pwPD (13 during
medication off, PDoff; 23 during medication on, PDon) were included. Participants stood quietly for 10 s as part of the
Short Physical Performance Battery. Inertial measurement units (IMU) at the head, sternum, and lumbar region were
used to extract postural parameters and a trend change analysis (TCA) was performed to compare between groups.

Objective This study aims to explore the potential application of TCA for the assessment of postural stability using
IMUs, and secondly, to employ this analysis within the context of neurological diseases, specifically Parkinson's disease.

Results Comparison of sensors locations revealed significant differences between head, sternum and pelvis for
almost all parameters and cohorts. When comparing PDon and PDoff, the TCA revealed differences that were not
seen by any other parameter.

Conclusions While all parameters could differentiate between sensor locations, no group differences could be
uncovered except for the TCA that allowed to distinguish between the PD on/off. The potential of the TCA to assess
disease progression, response to treatment or even the prodromal PD phase should be explored in future studies.

Trial registration The research procedure was approved by the ethical committee of the Medical Faculty of Kiel
University (D438/18). The studly is registered in the German Clinical Trials Register (DRKS00022998).
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Introduction

Maintaining an upright posture, or static balance, is a
fundamental aspect of human life that underscores the
intricate interconnections of the vestibular, visual, and
somatosensory systems within the central nervous sys-
tem [1]. Posture is more than the mere static alignment
of body segments; it represents a dynamic process char-
acterized by continuous adjustments to maintain stability
while performing various tasks. Maintaining upright pos-
ture becomes increasingly critical with aging and neuro-
logical disorders due to the gradual decline in postural
control, predisposing individuals to an elevated risk of
falls and associated injuries. This decline is influenced by
a multitude of factors, encompassing alterations in sen-
sory input, muscle strength, joint flexibility, and neural
processing [2]. As an example pwPD present profound
challenges to postural control [3] which is based on the
neurodegenerative character of the disease characterized
by the loss of dopaminergic neurons. The difficulties with
balance are linked to the loss of dopaminergic neurons
affecting the basal ganglia which are essential to control
upright posture.

A particularly intriguing aspect of postural control
is the necessity for specific body segments to remain
stable while others adapt to accommodate external
demands. For instance, the head must remain stable to
preserve visual focus and spatial orientation [4], while
the pelvis may need to make adjustments to accommo-
date changes in terrain or task requirements [5]. Uncon-
sciously, humans stabilize their visual focus or gaze and
maintain awareness of their body position [6] but also
stabilize their head to ensure balance [7]. For example
Wallard et al. [8] found that children with cerebral palsy
exhibit greater head angle variability, suggesting a com-
pensatory strategy and Pozzo et al. [5] observed signifi-
cant head stabilization during various locomotor tasks,
with the head compensating for translation and rota-
tion. People with mild traumatic brain injury revealed
increased sway of the center of mass and less head stabi-
lization compared with healthy controls [9]. In addition
Israeli-Korn et al. [10] showed that intersegmental coor-
dination patterns differ e.g. between Parkinson’s disease
and cerebellar ataxia. Honegger et al. [11] investigated
the coordination of the head with respect to the trunk,
pelvis, and lower leg during quiet stance after vestibular
loss. They argue that such simplification, as proposed by
Fitzpatrick et al. [12] and Pinter et al. [13], may not fully
capture the complexity of postural control in these popu-
lations. Contrary to expectations, their findings reveal
synchronous movements of the head and trunk among
healthy controls, suggesting that the presence of an intact
vestibular system does not necessarily confer greater sta-
bility to the head in space. Instead, the pelvis emerges as
a key stabilizing factor, as supported by earlier studies
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[13, 14] and the present investigation. These studies col-
lectively highlight the role of aligning of body segments
in postural control, particularly in individuals with motor
impairments introducing another layer of complexity to
our understanding of static balance. This raises the ques-
tion of how the body segments sway and are controlled
within the realm of quiet stance in different pathologies.

Inertial measurement units (IMUs) are small body-
mounted sensors containing accelerometers, gyroscopes
and magnetometers that can track 3D human movement
on a very granular level e.g. to measure balance [15, 16]
based on center of mass movements [17, 18]. Their reli-
ability and validity have been extensively examined [19,
20] and provide a tool to be used in combination with a
trend change analysis (TCA) [21]. TCA can detect the
small number of quick corrections, an increased fre-
quency of longer-duration corrections, and an elongation
in the displacement between successive postural correc-
tions. Adapted from techniques originally employed in
stock exchange analyses, the TCA facilitates the quanti-
fication of postural corrections in both the anteroposte-
rior (A/P) and mediolateral (M/L) directions. Moreover,
it allows for the calculation of the number of adaptations,
the time interval between successive posture corrections
[21] providing insights about the body’s responses to pos-
tural challenges [22].

The research presented herein aims to delve into the
intricate relationship between maintaining an upright
posture, PD, aging, and the dynamic adjustments involv-
ing intersegmental control. The objectives of this study
are twofold: Firstly, to explore the potential application of
TCA for the assessment of postural stability using IMUs,
and secondly, to employ this analysis within the context
of neurological diseases, specifically PD. We hypothe-
sized that the TCA could differentiate between persons
with PD (pwPD) and healthy adults and also distinguish,
in pwPD, between dopaminergic on (PDon) and dopami-
nergic off phases (PDoff).

Methods

Participants

The experimental groups consisted of 61 healthy par-
ticipants, 40 young (YO), 21 old (OP) and 29 pwPD. The
demographic characteristics of the study participants are
presented in Table 1.

All participants were either inpatients at the neuroge-
riatric ward of the Neurology Center at the University
Hospital Schleswig-Holstein, Campus Kiel, or spouses of
the patients or members of the professional team. pwPD
were diagnosed according to the Movement Disorder
Society clinical diagnostic criteria for Parkinson’s disease
[23, 24]. Thirteen pwPD participated as PDoff (UPDRS
III score 24+10), 23 as PDon (UPDRS III score 30%20),
and 7 as both PDon (UPDRS III score 26+10) and PDoff
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Table 1 Characteristics of study participants (YO: young, OP: old,
pwPD: persons with PD, w: women, m: men)

YO oP pwPD

N (w/m) 40 (20/20) 21(11/10) 29 (18/11)

Age(w/m) [year] 295+85/275+7.1 72559/ 632+11.7/
709+6.0 68.0+7.3

Weight (w/m) [kg]  79.5+115/663+85 839+£133/ 885%153
689+125 /693+144

Height (w/m) [m] ~ 1.85+£0.08/1.73+£0.05 1.81+008/ 1.78+0.07
1.66+0.06 /1.67+0.06

(UPDRS III score 27+10). The sample size for this study
was predetermined based on prior research and the cur-
rent analysis is a secondary analysis of the previously
published data set [25-27].

The study was conducted according to the guidelines
of the Declaration of Helsinki and approved by the Eth-
ics Committee of Kiel University (D438/18) and all par-
ticipants provided written informed consent before
participation. Participants were excluded when their fall
risk was determined to be too high (>2 falls in the pre-
vious week), corrected visual acuity was below 60%, they
scored <15 points in the Montreal Cognitive Assessment
(MoCA) test [24, 28], had current or past chronic sub-
stance abuse (except nicotine), and were not able to per-
form at least one of the walking tasks [25].

Protocol

Data from the IMU sensors were recorded using a
motion capture system (Noraxon USA Inc., myoMO-
TION 3.16, Scottsdale, AZ, USA) [25, 26]. The partici-
pants were asked to stand in an upright position with
their feet together, side-by-side and fix their gaze on a
point on a white wall for 10 s as part of the Short Physical
Performance Battery [25].

Three IMUs were attached to the body (pelvic, ster-
num and head) using elastic bands with a special hous-
ing for the IMU to clip into (see Fig. 1). The research
procedure was approved by the ethical committee of
the Medical Faculty of Kiel University (D438/18). The
study is registered in the German Clinical Trials Register
(DRKS00022998).

Sensor data processing
The IMU data was processed by custom written scripts
using MATLAB (MathWorks, Nantick, MA) based
on methodology described by Mancini et al. [29]. The
parameters provided information about the sway jerki-
ness (JERK) (cm?/s®), the sway area (SURFACE) (cm?),
path (PATH) (cm), mean velocity (MV) (cm/s), range of
acceleration (RANGE) (cm/s?) and root mean square of
the acceleration (RMS) (cm/s?).

In addition, the TCA was applied. Acceleration signals
were filtered with a low-pass filter (7 Hz low-pass Butter-
worth filter). The method is based on a Moving Average
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Convergence Divergence (MACD) indicator calculation
algorithm and evaluates the relationships of exponential
moving averages (EMAs) for the recorded signal [21].
Calculations can be performed for any time-varying sig-
nal. In the case of the tests used, recorded acceleration
signals were used, the S signal is the acceleration signal.

In the first step of calculations, for the signal S, the
MACD line was determined as the difference between
two EMAs (Eq. 2) with lengths of 12 and 26 samples
according to Eq. 1.

MACD = E]\/[Asylg — E]VIASQG (Eq 1)

Where EMAg,,, - faster exponential moving average for
signal S,

EMAg 4 - slower exponential moving average for signal
S

q_Pt l—a)pi+ 0 —a)lp+-+(1—a)py

EM 2 N
I+4l-a)+(1-a)+---+(1—-a) (Eq.2)

Where, p, — ultimate value, p; — penultimate value, py —
value preceding N periods, N=number of periods, a=a
smoothing coefficient equal to 2/(N+1).

In the next step, the signal line is calculated as an EMA
with a length of 9 samples from the MACD line signal in
accordance with Eq. 3.

SZ(]TL(IZ line = E]\/[A]WACDHWG,Q (Eq. 3)
The intersection of the MACD line and the Signal line
determines the trend change points in the S signal. The
number of intersections determines the TCI (trend
changes index).

In the next step, the time intervals between successive
points of trend changes in the S signal were calculated. In
this way, the MACD_dT array was determined, the aver-
age value of which is the value of the TCI_dT. As a con-
sequence, the displacement between subsequent trend
change points were calculated and the results constitute
the MACD_dS array. The average value of the array is
the value of the TCI_dS (Fig. 2). Finally, the correspond-
ing elements of the MACD_dS array were divided by
MACD_dT to obtain the MACD_dV array. The aver-
age value of the array is the value of the TCI_dV. In this
study, the displacement of the signal is the difference
in the acceleration values between successive points of
trend change on the acceleration signal.

To summarize, TCI determines the number of trend
changes in the assumed research period, TCI_dT defines
the average time between detected trend changes, and
TCI_dS determines the average value of the acceleration
change between subsequent trend changes. Indices were
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Fig. 1 Placement of the inertial measurement units on the head, sternum and pelvis

determined for each of the three directions of measure-
ment, and then the resultant values were determined
i.e. for TCI as the sum of the number of trend changes
detected in each direction of the measured accelerations
(in the X, Y and Z axes), and for TCI_dT, TCI_dS, TCI_
dV as the square root of the sum of squares of the values
calculated in each direction.

Statistical analysis
The analyses were performed using Matlab R2022a and
JASP (Version 0.16.1 JASP Team (2022)) for all statistical
analyses.

The analysis aimed to investigate differences between
sensor positions and cohorts within the dataset.

Shapiro-Wilk tests revealed significant deviations from
normality (p<0.05) across multiple groups and sensor
positions, thus prompting the utilization of non-para-
metric tests. Subsequently, a Kruskal-Wallis H Test were
employed to evaluate variations between cohorts and
sensor positions. In case of statistically significant differ-
ences (p<0.05) post-hoc analyses, utilizing Dunn’s test
with Bonferroni correction, were conducted to ascertain
specific group disparities.

Results

When comparing the individual parameters for each sen-
sor and each cohort (Table 2), no differences could be
found between the cohorts but significant differences
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Fig. 2 Graphical explanation of the Trend Change Index (TCl), the delta time between successive TCls (MACD_dT) as well as the delta space between
successive TCls (MACD_dS) in an acceleration signal from a sensor on the pelvis with an observation phase of about 3 s. Seven trend changes (indicated
by the seven red dots) are shown. All determined MACD_dTs were used to calculate TCI_dT and all MACD_dSs to calculate TCI_dS according to the

procedure described in the text

were uncovered between the sensor positions (Additional
file 1).

The sensor position differed for all cohorts and all
parameters except TCI and TCI_dT for PDon (Table 3).

When comparing the PDon and PDoff cohort (Table 4)
only TCI & TCI_dT differed between the PDon and
PDoff cohort. Significant differences were found between
the three sensor locations (Table 5).

Discussion

This study investigated postural stability of healthy
young, old controls and persons with PD in a static bal-
ance task using three different sensor locations. The aim
of the study was to analyze the upright posture and inter-
segmental adjustments, to evaluate whether the param-
eters could uncover distinct postural sway behavior
between the different cohorts. Our results confirmed that
both, the postural parameters and TCA, could uncover
sway differences between the segments but only the TCA
could differentiate between PDon and PDoft.

The results of the current study show no group differ-
ences between the healthy adults and pwPD, confirming
results from a previous study investigating static sway
with increasing task difficulty [27]. This is of interest as
PD is known for its altered postural reflexes with a dis-
ruption of the precisely coordinated execution of agonist
and antagonist muscles (associated with bradykinesia
and rigidity), which results in difficulty to maintain static
postural stability [30-32] due to a reduced margin of sta-
bility [33].

While pwPD have shown larger values for sway accel-
eration, jerk and sway velocity during postural balance
compared to age-matched healthy controls [29, 34] they
also show an increased jerkiness during the performance
of cognitive task [35], suggesting an interaction of cogni-
tive functions, including multisensory integration, with
static balance mechanisms. Our results highlight larger
motions from the head compared to the sternum and the
pelvis. The results convey with previous findings [14] bas-
ing their findings upon the biomechanical principal of a
double-inverted pendulum. The double-inverted pendu-
lum allows to be controlled by the ankles, the hip or both,
while assuming a rigid head-on-trunk coupling. Almost
all parameters were able to distinguish between sensor
position indicating the complex relationship between
the dynamic intersegmental adjustments and upright
posture. The results suggest that for a relative simple
and short balance tasks pwPD can perform control-like,
which could be related to the location of the pathology
within the central nervous system and its extensive com-
pensation possibilities [36] and by using alternative path-
ways or even networks [37].

There is some evidence that dopaminergic medication
can improve static sway [38, 39]. However, there are not
many IMU-based studies available that can show these
differences. One reason may be that the parameters cur-
rently assessed for this performance are not covering dis-
ease-relevant changes. Here we introduced TCA in the
analysis of static sway in PDon and PDoff, and could in
fact detect significant differences only with this approach
(but not with the conventional parameters). We found
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Table 3 Sensor parameters to differentiate between groups and sensor positions in controls and PDon. The H-statistics of the Kruskall-
Wallis test as well as the degree of freedom and significance levels are reported within the tables

Parameters Group level Sensor YO post hoc OP post hoc PDon post hoc
position p<0.05 p<0.05 p<0.05

JERK n.s. H(2)=60.29, head vs. sternum and pelvis head vs. sternum and pelvis head vs. sternum and pelvis
p<0.001

MV n.s. H(2)=70.87, head vs. sternum and pelvis head vs. sternum and pelvis head vs. sternum and pelvis
p<0.001

PATH ns. H(2)=70.87, head vs. sternum and pelvis head vs. sternum and pelvis head vs. sternum and pelvis
p<0.001

RMS ns. H(2)=73.18, head vs. sternum and pelvis head vs. sternum and pelvis head vs. sternum and pelvis
p<0.001

SURFACE ns. H(2)=69.59, head vs. sternum and pelvis head vs. pelvis head vs. sternum and pelvis
p<0.001

RANGE n.s. H(2)=54.82, head vs. sternum and pelvis head vs. pelvis head vs. sternum and pelvis
p<0.001

TCl ns. H(2)=44.27, head vs. sternum and pelvis head vs. sternum and pelvis
p<0.001

TCI_dT n.s. H(2)=57.37, head vs. sternum and pelvis head vs. sternum and pelvis
p<0.001

TCl_dS n.s. H(2)=79,63, head vs. sternum and pelvis head vs. sternum and pelvis head vs. sternum and pelvis
p<0.001

TCl_dV ns. H(2)=58.94, head vs. sternum and pelvis head vs. sternum and pelvis head vs. sternum and pelvis
p<0.001

Table 4 Values of parameter for 7 pwPD tested "on” and “off” (M - median, QR/2 - the half of coefficient quartile of variation)

Head Pelvis Sternum
PD off PD on PD off PD on PD off PDon

JERK [cm2/s5] M 34.71 4454 13.08 8.07 887 1026

QR/2 [%] 67 27 79 6 267 39
MV M 3282 29.79 18.66 1439 16.57 16.80
[cm/s] QR/2 [%] 17 15 28 6 59 10
PATH M 32820 297.90 186.62 14392 165.71 168.02
[cm] QR/2 [%] 17 15 28 6 59 10
RMS [cm/s2] M 327 367 123 153 1.84 169

QR/2 [%] 21 51 11 21 28 16
SURFACE [cm2/s4] M 77.93 11399 11.33 12.86 27.54 24.67

QR/2 [%] 55 81 31 21 44 35
RANGE M 13.87 1017 335 427 5.20 575
[cm/s2] QR/2 [%] 40 83 15 33 21 14
Tl M 308 275 316 279 310 277
[no] QR/2 [%] 3 3 4 6 2 3
TC_dT M 0.17 0.19 0.16 0.19 0.17 0.19
[s] QR/2 [%] 4 3 5 5 2 3
TCI_dS [cm] M 185 271 1.1 1.05 1.10 127

QR/2 [%] 21 26 26 18 26 23
TC_dv M 2048 17.68 11.55 9.77 1068 11.18
[cm/s] QR/2 [%] 15 27 32 8 27 19

a higher number of TCIs and smaller TCI_dT values in
PDoff compared to PDon. This is coherent with previ-
ous results obtained for COP measurements showing an
increase in TCIs and reduction of TCI_dT in pwPD com-
pared to healthy individuals [40]. In our view, this per-
spective also aligns with a pathomechanistic standpoint.
Previous research, as indicated by Bizid et al. [41], sug-
gests that low frequencies are predominantly associated

with visuo-vestibular regulation, while high frequencies
are associated with proprioceptive regulation. Addi-
tionally, it is well-established that visual perception
and integration are strongly dopamine-dependent [42].
Therefore, we hypothesize that the results observed
through TCA most likely reflect visual deficits resulting
from a dopaminergic deficit. This is particularly evident,
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Table 5 Sensor parameters to differentiate between groups
and sensor positions in PDon and PDoff. The H-statistics of
the Kruskall-Wallis test as well as the degree of freedom and
significance levels are reported within the tables

Parameters Group level Sensor position
JERK n.s. H(2)=12.63,p=0.002
MV ns. H(2)=11.11,p=0.004
PATH ns. H(2)=11.11,p=0.004
RMS n.s. H(2)=13.09, p=0.001
SURFACE ns. H(2)=17.12,p<0.001
RANGE ns. H(2)=11.59,p=0.003
TCl H(2)=13.40, p<0.001 ns.

TCI_dT H(2)=13.21,p<0.001 ns.

TCI_dS ns. H(2)=9.13,p=0.01
TCl_adv ns. H(2)=7.59,p=0.022

given that lower leg proprioceptive performance does not
appear to be influenced by dopaminergic treatment [43].

Limitations

It would be worthwhile to mention limitations of the cur-
rent study. First, the number of pwPD measured in both
medication states was relatively low, potentially limiting
the generalizability of findings and the ability to cap-
ture the full spectrum of balance-related issues in PD.
Another constraint lies in the brief 10-second measure-
ment duration, which may not provide a comprehensive
representation of individuals’ balance control capabili-
ties, particularly in dynamic real-world scenarios. Addi-
tionally, the use of a side-by-side stance as a measure may
cause limitations as it may not be challenging enough
to detect subtle differences between cohorts or uncover
changes in postural control based on intersegmental
coordination. These limitations emphasize the need for
cautious interpretation of results and highlight areas for
future research to address these constraints and provide
a more nuanced understanding of balance control in Par-
kinson’s disease and other relevant populations. Never-
theless, considering these limitations, it is all the more
remarkable given that the TCA parameters were effective
in distinguishing between PD on and PD off.

Clinical implication

This study investigated static sway in healthy individuals
and pwPD using three sensor locations. Results show that
postural parameters effectively distinguish between seg-
ments. However, and even more relevant, the introduc-
tion of TCA proves instrumental in detecting significant
differences between PDon and off medication, showcas-
ing its potential in assessing disease-relevant changes not
captured by conventional parameters.
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Zyciorys Autorki

Mgr inz. 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
Slagskiej, 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 zdolnos¢ utrzymywania

réwnowagi i zmiennos$¢ chodu”, uzyskujgc wynik bardzo dobry.

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

bodZce prowadzace do wytrgcenia z réwnowagi”.

Doktorantka jest wspotautorkg 8 artykutow naukowych opublikowanych
w czasopismach, wtym 7 z listy JCR. Jest réwniez wspétautorkg 15 rozdziatow z monografii.
Wozieta udziat w 14 konferencjach naukowych, krajowych oraz miedzynarodowych.
Pozyskata grant projakosciowy na rozpoczecie dziatalnosci naukowej w nowej tematyce
badawczej, w ramach programu Inicjatywa Doskonatosci — Uczelnia Badawcza oraz
subwencje na utrzymanie i rozwdj potencjatu badawczego Mtodych Naukowcow. W trakcie
trwania studiéw 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 edyc;ji 2023.

Doktorantka podczas studidw czynnie angazowata sie w dziatalnos¢ promocyjng

uczelni bedac od pazdziernika 2020 roku czynnym cztonkiem Zespotu ds. Promocji
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i Popularyzacji Nauki na Wydziale Inzynierii Biomedycznej. Byta takze cztonkiem komitetéw
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 Innowatoréw, dziatajgcej przy Towarzystwie Innowacyjnych
Technologii dla Zdrowia. Brata takze udziat w akcjach organizowanych przez Centrum
Popularyzacji Nauki Politechniki Slqskiej, takich jak Noc Naukowcéw czy Dni Otwarte

Politechniki Slaskie;j.
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