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Anotace

S rostoucim vékem u seniord dochazi ¢as-
téji k padim. Bézné pouzivanou meto-
dou urcovani rizika padu je test Timed
Up & Go (TUG), u kterého je hodno-
cen Cas, za ktery subjekt vstane ze zidle,
ujde rovné 3 metry, otoci se, jde zpét
k zidli a opét na ni usedne. Soucasné s
rychlym rozvojem nositelnych technolo-
gif dochéazi k nartstu jejich vyuzivani pii
analyze pohybu lidi, véetné hodnoceni ri-
zika padu a testu TUG. Cilem disertac¢ni
prace je analyza testu TUG snimaného
inercidlnimi senzory a tlakocitlivym chod-
nikem. Toho bylo docileno segmentaci sig-
nalt testu TUG na jednotlivé kompo-
nenty (sed-do-stoje, chiize pred otdcenim,
otaceni, chize po otéceni, stoj-do-sedu) a
jejich néslednym rozborem. Konkrétné, u
komponenty sed-do-stoje byla provedena
analyza jejiho rozdéleni na pod-faze a roz-
bor vhodnosti jednotlivych signala inerci-
alnich senzorii pro kvantifikaci. U chiizo-
vych komponent byla provedena analyza
opakovatelnosti chtiizovych parametru a
analyza samostatného hodnoceni chiizo-
vych komponent pred a po otaceni. Pro
komponentu otaceni byl proveden rozbor
signdli inercidlnich senzori, a dale byl na-
vrzen novy parametr pro hodnoceni ota-
ceni.

Kli€ova slova: analyza pohybu,
Timed Up & Go, inercidlni senzor,
tlakocitlivy chodnik

Skolitel: doc. Ing. Zoltan Szabd, PhD.
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Annotation

With increasing age, seniors are more
likely to fall. The commonly used method
of determining the risk of falling is the
Timed Up & Go (TUG) test. TUG eval-
uates the time it takes for the subject to
get up from the chair, walk 3 meters, turn
around, go back to the chair and sit on it
again. Simultaneously with the rapid de-
velopment of wearable technologies, there
is an increase in their use in the analysis
of human movement, including the assess-
ment of the risk of falls and the TUG test.
The aim of the dissertation is to analyze
the TUG test sensed by inertial sensors
and a pressure-sensitive walkway. This
was achieved by segmenting the TUG test
signals into individual components (sit-
to-stand, walk before turn, turn, walk
after turn, stand-to-sit) and their subse-
quent analysis. Specifically, the efectiv-
ness of dividing sit-to-stand component
into sub-phases was analyzed. Suitabil-
ity of individual inertial sensor signals for
quantification for furher processing and
analysis. For walking components, an
analysis of the repeatability of gait pa-
rameters and an analyses of a separate
evaluation of walking components before
and after turn were performed. An anal-
ysis of the signals of inertial sensors was
performed for the turn component, and a
new parameter for the evaluation of turn
was proposed.

Keywords: movement analysis, Timed
Up & Go, inertial sensor, pressure
sensitive walkway
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Kapitola 1
Uvod

S rostoucim vékem u seniort dochézi castéji k padam. To je zptisobeno ruz-
nymi faktory, véetné problémil s rovnovahou, Spatnym zrakem ¢i demenci.
Priblizné tietina lidi véku starsich 65 let zijicich doma spadne nejméné jed-
nou ro¢né. Nasledkem nékterych padu jsou fraktury a nutnost lékarského
oSetfeni. Casté byvaji také obavy z padu. Vlivem téchto obav seniofi omezuji
své pohybové aktivity a to muze déale snizit jejich nezavislost a také kvalitu
zivota [Il]. Opakované pady jsou hlavnim duvodem, pro ktery jsou seniofi
pfijati do nemocnice [2, B]. Z vySe zminénych diavodu jsou pady povazovany
za dulezity problém verejného zdravi a je vénovan zesileny zajem nalezeni
zpusobu vcasné identifikace vyssiho rizika padu, jejich prevence a omezeni
jejich negativniho dopadu na jednotlivce i spolecnost jako celek.

Existuje fada metod pro hodnoceni mobility se zamérenim na rovnovahu,
chtizi a pohyby podilejici se na béznych dennich ¢innostech. Prikladem je
STRATIFY (St. Thomas Risk Assessment Tool in Falling elderly inpatients).
Tato metoda obsahuje 5 polozek (historie padu, rozrusenost pacienta, zrakové
postizeni, potfebu ¢astého vyprazdnovani, iroven mobility), z nichz je kazda
bodovana. Riziko padu je pak hodnoceno na zakladé celkového poc¢tu bodu,
kterymi byl pacient skérovan.

Dalsim bézné pouzivanou screeningovou metodou je test Timed Up & Go
(TUG) (obréazek [1.1). Test TUG byl odvozen z testu Get up and Go [4].
Pri provadéni testu TUG je méfen cCas, za ktery pacient vstane ze zidle,
ujde pohodlnym a bezpeénym tempem vzdalenost 3 m, oto¢i se, vrati se
zpét k zidli a usedne. Riziko padu je urceno na zakladé casu, ktery pacient
potfeboval k vykonani testu.

American Geriatric Society and the British Geriatric Society (USA, GB)
doporucuje test TUG jako rutinni screening pro hodnoceni rizika padu [5].
National Institute of Clinical Evidence (UK) se rovnéz zasazuje o pouzivani
testu TUG jako metody pro hodnoceni chlize a rovnovahy pri prevenci padua



1. Uvod

Obrazek 1.1: Schéma testu Timed Up & Go.

u seniort [6].

Kromé standardniho testu TUG existuji i jeho delsi varianty na 7, 10 me-
tri ¢i varianty rozsirujici provadéni testu za soucasného plnéni dalsiho tkolu.
Jedna se o kognitivni test TUG a manualni test TUG. Pti kognitivni vari-
anté plni pacient béhem provadéni testu jesté i kognitivni ilohu. Kognitivni
ulohou byva napriiklad opakované odecitani ¢isla 3 ¢i 7 od pocatecniho cisla
100. Pri vykonavani manualni varianty nese pacient v ruce sklenici s vodou.

Soucasné s vyvojem technologii, prevazné nositelnych technologii, doslo
i k rozsiteni jejich vyuzivani v analyze pohybu. Zamérime-li se pouze na test
TUG, je umisténi inercidlnich méficich jednotek na télo subjektu nejcastéjsi
variantou. Dal§imi pouzivanymi prostfedky jsou kamerové systémy [[, 8]
a smartphones [9]. Test TUG, jehoz hodnoceni je rozsifeno modernimi tech-
nologiemi, byva v literatufe oznaCovan jako pristrojovy (v angl. origindle
instrumented) nebo kvantifikovany (v angl. origindle quantified) test TUG.
Pred rozsirenim a zavedenim pristrojového testu TUG do vyzkumné & kli-
nické praxe je dilezité podrobit jej zkoumani.

Hlavnim zaméfenim této disertacni prace je analyza testu Timed Up & Go,
coz obsahuje rozbor signélli inercidlnich senzori, analyza opakovatelnosti chii-
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1. Uvod

zovych parametri pri opakovaném méreni, a srovnani chlizovych parametri
pred otacenim a po otaceni. Cile prace, které tzce navazuji na poznatky
uvedené v kapitole 2 Soucasny stav TeSené problematiky, jsou definovany
v kapitole 3.

Dizertacni préice je zamérena na pristrojovy test TUG s vyuzitim nositel-
nych senzort a tlakocitlivého chodniku, pricemz uvedené bylo pouzito pro
méfeni pohybu na pudé Neurologické kliniky 1. 1ékariské fakulty Univerzity
Karlovy a VSeobecné fakultni nemocnice v Praze.






Kapitola 2

Soucasny stav reSené problematiky

Kapitola je rozdélena do 3 ¢asti. Prvni ¢dst (podkapitola “Vyuziti pristrojo-
vého testu TUG”) obsahuje reSersi vyuziti pristrojového testu TUG a zpra-
covani namérenych signali (napft. detekované komponenty, pohybové para-
metry popisujici vykonavani testu TUG). Druhd podkapitola je vénovéana
analyze pristrojového testu TUG z pohledu spolehlivosti vypocitanych po-
hybovych parametri. Posledni podkapitola shrnuje dosazené vysledky zpra-
covani a analyzy pohybovych parametriu a nastinuje prilezitosti pro dalsi
vyzkum.

B 2.1 vyuzitipristrojového testu TUG

Mezi pocatecni studie vyuzivajici pristrojovy TUG patii prace Narayanan
a kol. [@, , |, ktefi jej vyuzili pro urceni rizika padu seniort. Na zakladé
dat, konkrétné mediolateralni slozky zrychleni, z jednoho 3-osého akcelerome-
tru umisténého u pasu subjektu automaticky segmentovali TUG a hodnotili
dobu trvani jednotlivych komponent (sed-do-stoje, chize 1, otaceni, chize 2,
otaceni-do-sedu).

Také Higashi a kol. [] patii k pionyrim piistrojového méfeni TUG. Jedna
inercidlni jednotka zaznamendvajici zrychleni a ihlovou rychlost (obrazek 1)
byla umisténa na dorzélni strané v oblasti pasu a druha na lateralni strané
stehna (obrazek @) Komponenty sed-do-stoje, otaceni 1 (otdceni na konci 3
m chtize), otaceni 2 (otdceni pred usednutim na kfeslo), usednuti byly identi-
fikovany na zakladé ihlové rychlosti senzoru umisténého v pase, pro chizi byl
vyuzit stehenni senzor. Nésledné srovnédvali mezi skupinami subjektt dobu tr-
vani jednotlivych komponent, kadenci a RMS (root mean square) vypocitané
ze zrychleni.

Gillain a kol. [] pripevnil 3-osy akcelerometr v dolni oblasti zad (ko-
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2. Soucasny stav resené problematiky
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Obrazek 2.1: Typické thlové rychlosti namérené ve studii autoru Higashi
a kol. [@] (pfevzato z [@])

mercné dostupny systém pro analyzu chize Locometrix®) a pro srovnani
skupin participanti pouzil parametry popisujici komponentu chiize: rychlost
chtize, délku kroku, frekvenci krokt, symetrii amplitudy zrychleni, variabilita
amplitudy zrychleni mezi chtizovymi cykly. Zptsob identifikace komponent
testu TUG systémem Locometrix jsou v ¢lanku pouze referencovany (nikoli
popséany), ale odkazovany web jiz neni dostupny [ke dni 20.2.2019].

Ackoliv Marschollek a kol. [@] ve své praci také akcelerometrem (obrazek
@) méfil subjekty pri vykonavani celého testu TUG, pro klasifikaci padaci
a nepadaci pouzili pouze chlizova data a analyzovali jejich spektralni hustotu.
Pouze chuzi pouzili také v dalsi studii [16], ve které na zékladé chiuzovych
dat vypocitali energeticky vydej, délku a trvani kroku, periodicitu (via smé-
rodatnou odchylku), pocet krokt a kyvani panve pii chuzi. Tyto parametry

6



2.1. Vyuziti pfistrojového testu TUG

UALAL

Obrazek 2.2: Umisténi senzoru. A) gyro- akceleromet umisténé v oblasti pasu
a na stehné [@], B) akcelerometr na sponé pasku [ ]; C) gyro-akcelerometry
na hrudi a bércich [@] D) akcelerometr v oblasti zad na 5. lumbélnim ob-
ratli [L8]; E) akcelerometr v oblasti zad na 3. lumbalnim obratli [@]
Vysvétlivky: zelend - akcelerometr, Cerveno-zelena - gyro-akcelerometr.

uplatnili pti klasifikaci padac¢ti a nepadaci.

Zcela odlisné umisténi akcelerometru zvolil King a kol. [@] Participanti
nosili 3-osy akcelerometr pfipevnény na uchu. Béhem vyhodnocovani byla
kazda komponenta TUG rucné oznacena pro nasledné zpracovani. Ze zis-
kaného signélu akcelerace nésledné vyhodnocovali pocet vrcholi (odpovida
poctu kroki) a ¢as vykonani TUG.

O vétsi rozmach vyuzivani pristrojového testu TUG se zaslouzil prevazneé
Salarian a kol. | @y ]. Umistili na télo subjektu 7 gyro-akcelerometru
(1x 3D akcelerometr a 2D gyroskop na sternu, 2x 2D gyroskop symetricky
na predloktich, 2x 1D gyroskop symetricky na stehnech, 2x 1D gyroskop
symetricky na lytkdch) a automaticky segmentovali TUG na 5 ¢asti (sed-
do-stoje, chuze 1, otdceni, chize 2, otaceni-do-sedu). K detekci komponent
TUG vyuzili signal thlového zrychleni hrudniho senzoru. Schéma algoritmu
detekce je zobrazeno na obrazku 2.3. Zaroven také provedli vypocet a hod-
noceni spolehlivosti 35 parametri u pacientit s PD a referen¢ni skupinou.
Tyto parametry popisuji vsech 5 komponent TUG a zahrnuji ¢asoprostorové
parametry (kadence, doby trvani fazi chizového cyklu, délka kroku, pocet
kroki), popisné parametry thlové rychlosti (prumérna thlova rychlost, ma-
ximdlni thlové rychlost) a parametry odvozenych z tihlové rychlosti (rozsahy
pohybtu trupu, dolnich i hornich konéetin). Prikladem vyuziti tohoto pfi-
stupu k analyze testu TUG z posledni doby jsou préce [ @ @, @, @, @

K jeho rozsireni pomohl i fakt, ze na jeho zakladé vznikl komercné dostupny
systém pro analyzu testu TUG - APDM Mobility Lab System (Opal sensors,
APDM, Portland, OR, USA). Dalsi studie pouzivajici pro analyzu pohybu
pri testu TUG tento pristup ¢i ptimo systém APDM, nejsou v resersi dale po-
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2. Soucasny stav resené problematiky

" Thighs . /" Forearms
L Pl e =% 4
| Waier ) | Whpitchs Wyaw —
" Shanks . v W

Remove steps in

|\ Whitch /;I ; » Detect Steps ——» {UFhE And ransitions » Analyze Gait
“:_.'_-_'_:'_:'_'_:'_'_'_'_:" A $

7 Trunk T
/.;- = i

1\ Wyaw Detect Turns ———» Analyze Turns
M

il . Detect Analyze
K, O g Sit-to-Stand Sit-to-Stand
‘/ - verticals \1{ E T

'\ nonizontal _/ ;

Obrazek 2.3: Algoritmus detekce komponent testu TUG podle Salarian
a kol. [@] (pfevzato z [@] ).

pisovany, nebot aplikuji existujici pristup ke zpracovani dat, ale neprinaseji
nové metody ¢i parametry. Nutno poznamenat, ze prace Salariana a kol. neni
vyuzivana jen pri analyze celého testu TUG. Jejich préace je hojné vyuzivana
i pfi samostatném zpracovani a analyze otaceni, které je soucdasti testu (viz
piiloha [A).

Greene a kol. [, @, ] pouzili 44 parametri odvozenych z thlové rych-
losti méfené pomoci dvou 3-osych gyro-akcelerometri upevnénych symet-
ricky na holenich (obrazek ). Sada parametru obsahovala ¢asoprostorové
parametry chuze (pocet kroku, pocet chuzovych cykli, doba chuze, kadence,
doba trvani riznych fazi chizového cyklu a jejich variabilita), popisné para-
metry hlové rychlosti (minimélni, maximalni a prumérnd rychlost ve vSech
3 osach) a rychlost otaceni. V navazujici praci [@] byly priddny popisné pa-
rametry akcelerace u komponent sed-do-stoje a stoj-do-sedu. Také z tohoto
feseni kvantifikace testu TUG se stal komeréné dostupny produkt - Kinesis
QTUG (Kinesis Health Technologies Ltd., Dublin, Ireland) a je vyuzivan
v mnoha studiich @, @]

Weiss a kol. [@] se zamérili na kvantitativni analyzu komponent sed-do-
stoje and stoj-do-sedu. Detekci komponent zalozili na zrychleni (anterio-
posterior slozky) naméfeného 3-osym akcelerometrem umisténym v dolni
oblasti zad. U obou komponent hodnotili dobu trvani, miru tfesu, rozsah,
median a smérodatnou odchylku zrychleni.. Kolektiv autori pozdéji rozsi-
il hodnoceni na vsechny komponenty testu, tj. sed-do-stoje, chlize, otaceni,
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2.1. Vyuziti pfistrojového testu TUG

stoj-do-sedu [37]. Pro srovnéni ota¢eni a chiize dvou skupin subjektt vyu-
zili pocet kroku a popisné parametry akcelerace a tihlové rychlosti (rozsah

Srovnéni obvyklého testu TUG a testu TUG provadéného ve vodé pomoci
sEMG (surface EMG) provedl Cuesta-Vargas a kol. [39]. Sedm senzoru bylo
rozmisténo na pravé pulce téla subjektu a hodnocenym parametrem byla
maximalni isometrickd kontrakce.

Mariani a kol. [40] provedli analyzu testu TUG u pacientt s Parkinsono-
vou chorobou a referen¢ni skupiny pomoci 3-osého akcelerometru umisténého
na nartu. Ve své préci identifikovali tii komponenty: zapoceti chtize, ukon-
¢eni chuze, plynula chiize. Kromé rozdilnosti ¢asoprostorovych parametru
mezi skupinami analyzovali i jejich spolehlivost.

Data z akcelerometru integrovaného do tricka v oblasti hrudniku byl pouzit
k detekci sed-do-stoje a stoj-do-sedu komponent a nasledné vyhodnotili dobu
jejich trvani mezi skupinami subjektu [41].

Palmerini a kol. detekovali komponenty sed-do-stoje, chiize, chiize-do-sedu
ze signalu zrychleni a otdc¢eni oznadili manudlné [1§]. Umisténi senzoru je
zndzornéno na obrazku 2.2. U kazdé komponenty hodnotili dobu trvani,
RMS a tfes. U chiize navic hodnotili ¢asoprostorové parametry kroku (doba
trvani fazi, smérodatnd odchylka, koeficient variace), koordinaci fazi mezi
kroky a harmonicky pomeér.

Strohrmann a kol. [42] ve své studii pohybu déti po mozkové obrné vyuzili
10 senzoru (3-0sé gyro-akcelerometry). Kroky byly detekovany pomoci akce-
lerace senzori na obou nartech a byly hodnoceny délky trvani kroki je jejich
fazi.

Narozdil od pfedchozich praci Tmaura a kol. [43] rozdélili komponenty sed-
do-stoje a stoj-do-sedu na 2 pod-faze. Tim ziskali 8 komponent testu sit-bend,
bend-stand, chuze 1, otdceni 1, chiize 2, otdceni 2, stand-bend and bend-sit
a hodnotili ¢as potrebny k dokonceni jednotlivych fazi. Automaticka detekce
komponent vyuzivala tthlovou rychlost senzoru (akcelerometry a gyroskopy)
umisténych v dolni ¢asti zad a obou stehnech subjekti. Dale také hodnotili
kadenci, RMS zrychleni i thlové rychlosti a rychlost chuze [44].

SankarPandi a kol. [45] zpracovali 40 parametri, které pocitali pro cely
TUG bez rozdéleni na komponenty. VSech 40 parametri byly popisné pa-
rametry akcelerace naméfené 3-osym akcelerometrem na zépésti (prumérna
intenzita signédli, smérodatna odchylka, kovariance mezi signaly z rtznych
os, plocha pod signély).

Vervoort a kol. [19] navrhli vlastni detektor komponent zalozeny na vin-
kové transformaci a pro komponenty TUG vypocitali 72 parametri. Tyto
parametry Cerpali z predchozich publikaci. Umisténi senzoru je zndzornéno
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2. Soucasny stav resené problematiky

na obrazku R2.2.

Ponti a kol. [46] TUG nerozdélovali na komponenty a ze signdlu zrychleni
(akcelerometr umistény v oblasti pasu) vypocitali pro cely TUG 10 parame-
tru (power spectral entropy, power spectrum peak frequency, power spectrum
peak, weighted power spectrum peak).

Witchel a kol. [47] umistili gyro-akcelerometr na kazdé stehno a treti
do dolni ¢éasti zad. Pro naslednou analyzu sed-do-stoje vyuzili pouze thlo-
vou rychlost (maximum, plocha pod kfivkou, hladkost).

Caroni a kol. 48] rozdélili TUG manudlné na komponenty sed-do-stoje,
chlize 1, otaceni 1, chlize 2, otdceni 2, otaceni-do-sedu. Pro dalsi analyzu
ze signalu gyro-akcelerometru umisténého v dolni ¢asti zad vypocitali doby
trvani komponent, prumérné thlové rychlosti a RMS zrychleni.

V poslednich letech se na trhu objevil dalsi inercidlni systém pro analyzu
pohybu - G-Walk (BTS Bioengineering S.p.A., Italy). Systém obsahuje 1 sen-
zor umistény v dolni oblasti zad, automaticky detekuje komponenty testu
TUG, pocitd dobu trvani jednotlivych komponent, ¢asoprostorové parame-
try chuze a thly flexe/extenze pii sed-do-stoje a otaceni.

Souhrnny prehled analyzovanych komponent a pouzitych parametru je uve-
den v tabulkach 2.1-2.4
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Autori ‘ Sed-do-stoje ‘ Chiize ‘ Otéceni | Otaceni-do-sedu HW Algoritmus detekce komponent
[10, 11, 12] ano ano ano ano 1x 3D akcelerometr NP
[13] ano ano ano ano 2x 3D gyro-akcelerometr na zakladé thlové rychlosti
[14] - ano - - 1x 3D akcelerometr NP
[15] - ano - - 1x 3D akcelerometr NP
[16] - ano - - 1x 3D akcelerometr referencovana diplomova
prace v némciné
[17, B1] - ano ano - 2x 3D gyro-akcelerometr NP
B3] ano ano ano ano 2x 3D gyro-akcelerometr na zakladé akcelerace
[20] - ano - - 1x 3D akcelerometr manuélné
[21] ano ano ano ano 7 gyro-akcelerometri na zakladé thlové rychlosti

[36] ano
B7] ano
[39] -
[40] -
[41] ano
[42] -
[18] ano
[43] ano
(49 :
[19] ano
1q :
[47] ano
(48] ano

ano

ano

ano
ano
ano

ano

ano

ano
ano

ano

ano

ano
ano

ano

ano
ano

ano

ano

(kombinace 3D akcelerometru,
1D a 2D gyroskopti)
1x 3D akcelerometr

1x 3D gyro-akcelerometr
1x sEMG senzor
1x 3D akcelerometr
1x 3D akcelerometr
10x 3D akcelerometr
1x 3D akcelerometr
1x 3D akcelerometr
3x 1D gyroskop
1x 3D akcelerometr
1x 3D gyro-akcelerometr
1x 3D akcelerometr
3x 3D gyro-akcelerometr
1x 3D gyro-akcelerometr

Tabulka 2.1: Piehled analyzovanych komponent, algoritmt jejich detekce a vyuzitého HW.
Vysvétlivky: NP - nepublikovano, BR - bez rozdéleni na komponenty

na zakladé akcelerace
na zakladé thlové rychlosti
BR
na zakladé akcelerace
na zakladé akcelerace
NP
manualné
na zakladé thlové rychlosti

BR
[37]
BR
[37]

manualné
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Autori Celkova doba trvani | Casoprostorové | Popisné parametry | Popisné parametryi | Ostatni
parametry akcelerace thlové rychlosti
11, 1] ano : : : :
[13] ano ano ano -
[14] ano ano ano - -
[15] : : ano : :
16 - ano ano - ano
Im ano ano - ano -
[] ano ano ano ano -
[20] ano ano - - -
[21] ano ano ano ano -
10 : ano : : :
[42] - ano - - -
23] ano : : : :
[37] ano ano ano ano
[19] ano ano ano ano ano
[1g] ano ano ano ano ano
(48] ano - - - ano

Tabulka 2.2: Piehled typa parametra vyuzitych pri analyze chtizové komponenty.
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Autori Celkova doba trvani | Casoprostorové | Popisné parametry | Popisné parametryi | Ostatni
parametry akcelerace thlové rychlosti
[10, 11, 12] ano - - - -
[13] ano - - - -
[21] ano - - ano -
B3] ano - ano ano -
[36] ano - ano - ano
[41] ano - - - -
[43] ano - - - -
[B7] ano - ano ano ano
48] ano - - - -
[47] ano - - ano ano
[19] ano - ano ano ano
18] ano - ano ano ano
Tabulka 2.3: Piehled typt parametri vyuzitych pri analyze komponenty sed-do-stoje.
Autori Celkova doba trvani | Casoprostorové | Popisné parametry | Popisné parametryi | Ostatni
parametry akcelerace thlové rychlosti
[10, 11, 12] ano - - - -
[13] ano ano ano - -
[17, B1] ano - - ano -
[21] ano ano - ano -
[43] ano - - - -
B7] ano ano ano ano -
(48] ano - - ano -
18] ano ano ano ano -
[19] ano ano ano ano ano

Tabulka 2.4: Prehled typt parametri vyuzitych pfi analyze komponenty otaceni.

DNl n1sa) oyanofoaysiid 111znAA L2



2. Soucasny stav resené problematiky

. 2.2 Analyza pristrojového testu TUG

Smith a kol. [@] testovali spolehlivost parametrti chiize a otaceni u starsich
osob. Protoze se test TUG pouziva k vyhodnoceni funkéniho stavu riznych
skupin subjektl, je nutné tyto parametry vyhodnotit pro kazdou skupinu
subjektu. Salarian a kol. [a], sice zkoumali spolehlivost pristrojového testu
TUG smiSené skupiny sestdvajici ze starsich osob a pacient s Parkinsono-
vou chorobou, nehodnotili ale spolehlivost pro kazdou z téchto skupin zvlast.
Craig a kol. [@] porovnali spolehlivost testu u starsich osob a pacientii s roz-
trousenou sklerézou. Zamérili se pouze na komponentu chiize. Tyto studie,
které hodnotily spolehlivost parametri pristrojového testu TUG, zkoumal
udaje shromazdéné béhem nékolika sezeni (inter-session) ze stejného dne [a],
nebo béhem nékolika dnt [@, @] Newman a kol. [29] analyzovali spolehli-
vost testu v rdmci jednoho sezeni (intra-session) u zdravych déti a u déti s
diagnézou traumatického poranéni mozku.

B 2.3 Zsvéryz provedené reserse

7 vyse provedené reserse vyplyva, ze majoritni podil studii vyuzivajici pri-
strojovy test TUG k analyze pohybu vychazi z pfistupu autort Salarian
a kol. [@] a Greene a kol. [17]. Spoleénym rysem obou pfistupt je segmen-
tace signalil na komponenty a néasledny vypocet parametrii popisujici tyto
komponenty. U sed-do-stoje, otaceni a otaceni-do-sedu komponent jde prede-
v§im o popisné charakteristiky thlové rychlosti (napf. primérnd ¢i maximalni
rychlost). U chiizové komponenty to jsou obvyklé ¢aso-prostorové parametry
(napt. délka kroku, doby trvani fizi chizového cyklu).

H 2.3.1 Komponentased-do-stoje

Zameérime-li se na jednotlivé komponenty samostatné, lze u komponenty sed-
do-stoje Tici, Ze zrychleni [37, @? ] i dhlova rychlost 21, 44] slouzi jako
zdrojové signaly pro vypocet parametru. Tyto parametry zahrnuji minimalni
hodnotu [50], maximalni hodnotu [50, |, prumérnou hodnotu [@, @],
medidn [50] a smérodatnou odchylku [37] signali. V rozsahlé resersi praci
zabyvajicich se analyzou prechodi sed-do-stoje Millor a kol. [51] shrnul do-
savadni vysledky a poznamenal, ze na rozdil o zrychleni thlova rychlost
prechodu sed-do-stoje testu TUG zatim neposkytla zddné smysluplné infor-
mace. Ackoli byla spolehlivost nékterych parametri sed-do-stoje jiz analy-
zovana [21, 29], dosud neexistuje zadna studie, ktera by se zabyvala
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2.3. Zavéry z provedené reserse

analyzou spolehlivosti zdrojovych signali komponenty sed-do-stoje,
tj. thlové rychlosti a zrychleni. Navic pro relevantni vysledky analyzy
pohybu a naslednou adekvatni interpretaci je potfeba pouzit vhodné parame-
try. Zékladem pro vybér parametru je znalost vzoru analyzovaného signalu.
ZAdna z predchozich studii se nevénovala vyskytu spoleéného vzoru
v signdalech zrychleni ¢i ihlové rychlosti komponenty sed-do-stoje.

Dale, v nedédvnych studiich byly pouzity dva pristupy k hodnoceni kompo-
nenty sed-do-stoje. Prvni pfistup analyzoval celou komponentu najednou [21,
37, b0]. Druhy piistup, rozdéluje komponentu na dvé faze: sed-predklon
a predklon-stoj a poté hodnoti kazdou fazi samostatné. Ackoli fada studii
pracuje s pristrojovym testem TUG, jen nékolik z nich zahrnovalo hodnoceni
sed-do-stoje [21, B7, b2, b0]. Zadna z piedchozich studii nesrovnala oba
pristupy hodnoceni sed-do-stoje, tj. hodnoceni komponenty sed-do-
stoje jako celku a hodnoceni jednotlivych fazi samostatné.

Il 2.3.2 Komponentachiize

Chtizova komponenta je nejcastéji hodnocenou komponentou testu TUG.
Obecné lze Tici, ze charakteristiky chiize jsou hojné rozsifenym méiitkem
pri hodnoceni patologii, stability, zvyseného rizika padu, i¢inku véku na mo-
bilitu, poklesu kognitivnich funkei, apod. P¥i hodnoceni chtiizové komponenty
pristrojového testu TUG jsou adoptovany parametry ze Siroké skaly parame-
tri pouzivanych v “tradi¢ni” analyze chize. Jde prevazné o Casoprostorové
parametry. Inercidlnich senzory ale dévaji prilezitost k hodnoceni chtizového
cyklu jako celku. Zatimco ¢aso-prostorové parametry poskytuji diskrétni in-
formace, napr. délka kroku, nepopisuji celé krivky, tj. vyvoj v Case. Napri-
klad dva chtizové cykly mohou mit podobné délky, ale riizné krivky. Prestoze
caso-prostorové parametry se ukazaly jako velmi uziteéné, metody zalozené
na hodnoceni kfivek (prubéh signilu v ¢ase) mohou byt vice informativni [53].
Dosud Zzadna ze studii nehodnotila ¢asovy prabéh signalu chiuzové
komponenty.

Chtizova komponenta se sklada ze dvou ¢asti: chuze pred otockou a chuize
po otocce. Hodnoceni komponent testu TUG neni standardizovano a nékteré
studie hodnoti kazdou z éasti zvlast [b4], jiné studie hodnoti obé éasti jako
celek [37], zatimco vétSina studii neuvadi zda je vypocet parametru chize
zaloZzen na obou ¢astech nebo jen nékteré z nich [55, 28, B1, B2, 49]. Ne-
soulad tykajici se moznych rozdilti v chizovych parametrech pred otocenim
a po otaceni muze vést k nesrovnalostem pri porovnani vysledka mezi studi-
emi. Zadna studie se dosud nezbyvala srovnidnim parametrt chiize
pred otocenim a po otoceni.
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2. Soucasny stav resené problematiky

B 2.3.3 Komponenta otaéeni

U komponenty otéceni je stav analyzy a pouzitych parametri obdobny jako
u komponenty sed-do-stoje. Komponenta otaceni je nejcastéji hodnocena po-
¢tem krokii nebo charakteristikami signalu zrychleni ¢i ihlové rychlosti (napf.
prumér). Soucasné s rostoucim zdjmem o analyzu komponenty otaceni (viz
priloha |A))) by mély byt vyvijeny adekvatni parametry pro jejich hodnoceni.
I v pripadé komponenty otaCeni mohou byt metody, které berou v tvahu
cely pribéh signélu, piinosné. Zadna z predchozich studii se p¥i ana-
Iyze komponenty otac¢eni nevénovala vyuziti metody, ktera hodnoti
prubéh signalu v case.

Obdobné jako u komponenty sed-do-stoje ani u komponenty otaceni zatim
nebyla provedena analyza signali, které jsou zakladem pro vypocet dalsich
parametru. Tj. u thlové rychlosti a zrychleni komponenty otaceni
dosud nebyla provedena analyza spolehlivosti signalu ani analyza
vyskytu vzoru spole¢ného pro vsechny subjekty.

B 2.3.4 Komponentaotaceni-do-sedu

4

Posledni vykonavana ¢ast testu TUG je v nékterych studiich rozdélena na 2 ¢asti
(otaceni a stoj-do-sedu), v jinych jde o 1 komponentu (otdc¢eni-do-sedu). Ani
u jednoho z téchto dvou pripadt ale nedoslo k ¢astéjsimu vyuziti pri hodno-
ceni (napf. srovnani ruznych skupin subjekti).

Obdobné jako u komponent sed-do-stoje a otaceni, dosud nebyla u kom-
ponenty otaceni-do-sedu provedena analyza opakovatelnosti a spo-
lecného vzor zdrojovych signala, tj. ihlové rychlosti a zrychleni.
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Kapitola 3
Cile

Cilem disertacni prace je rozbor signdli komponent pristrojového testu Timed
Up & Go vzhledem k analijze pohybu a navrhnout kvantitativni metody jejich
hodnoceni.

Na zakladé provedené reserse a znalosti byly pro dosazeni vyse uvedeného
cile stanoveny tyto dil¢i tkoly:

1. Pro komponentu sed-do-stoje:

® (il 1: Rozbor signalti komponenty sed-do-stoje vzhledem ke kvan-
titativni analyze pohybu.

® Cil 2: Analyza rozdéleni komponenty sed-do-stoje na faze.
2. Pro chiizovou komponentu:

® Cil 3: Analyza opakovatelnosti chizovych parametria pti opakova-
ném meérteni.

® (il 4: Analyza samostatného hodnoceni chiizovych komponent pred
a po otaceni.

3. Pro komponentu otaceni:

® Cil 5: Rozbor signdltt komponenty otaceni vzhledem ke kvantita-
tivni analyze pohybu.

8 (il 6: Navrh pristupu k hodnoceni komponenty otaceni zohlednujici
tvar signalu.

4. Pro komponentu otaceni-do-sedu

® (il 7: Rozbor signalid komponenty otaceni-pfed-sedem vzhledem
ke kvantitativni analyze pohybu.
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Kapitola 4
Metody

Tato kapitola popisuje participanty, protokol méreni a ziskavani dat. Zpuasob
zpracovani namérenych dat je pak popsan v samostatnych kapitolach, z nichz
kazdéa odpovida jednomu cili dizertacni prace. Tyto kapitoly vychézeii z praci
publikovanych v impaktovanych ¢asopisech (kapitola ?Ell, kapitola E, kapi-
tola Ell, kapitola [7.2, kapitola 8.1) a konferenc¢nich piispévku (kapitola @)

Data pouzita v dizertacni praci pochazeji ze dvou nezavislych studii. V obou
pripadech se jednd o studie provadéné na Neurologické klinice 1. LF UK
a VFN v Praze.

B 4.1 Participanti

B 4.1.1 Studie1

Studie se zucastnili participanti s Parkinsonovou chorobou a referencni sku-
pina. Referen¢ni skupina byla slozend ze starsich osob bez diagnostikované
neurodegenerativni choroby. Pacient byl povazovan jako zptisobily, pokud byl
schopen pohybovat se samostatné bez pomiticek pro chiizi ve stavu s medikaci
(ON) i bez medikace (OFF). Podminkou byla délka onemocnéni minimalné
6 let a zfetelnd, prizniva odezva na ddvku medikamentu (levodopa) trvajici
nejméné dvé hodiny. Detailni popis klinického hodnoceni subjektt lze nalézt
v publikaci Hoskovcova a kol. [Lﬁ

B 4.1.2 Studie2

Studie se tcastnily 3 skupiny osob: denovo pacienti s Parkinsonovou choro-
bou, osoby s REM sleep behavior disorder a referenc¢ni skupina starsich osob
bez diagnostikované neurodegenerativni choroby.
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4. Metody

V ramci dizertac¢ni prace byla zpracovana pouze data subjekt s Parkin-
sonovou chorobou a referen¢ni skupiny. Namérena kinematickd data byla
zpracovavand a vysledky publikovany postupné v pribéhu studie, a proto se
pocty subjektti v jednotlivych publikacich lisi.

B 4.2 Protokol méreni

B 4.2.1 Studie1

Vsichni pacienti podstoupili méfeni jak ve stavu bez medikace (OFF) tak
i ve stavu s medikaci (ON). Hodnoceni v obou stavech probéhlo ve stejny
den. Vsichni participanti absolvovali prodlouzeny Timed Up & Go test [22].
Kazdy participant byl sledovan a méfen zatimco vstal z kfesla, Sel 7 metri,
otocil se, Sel zpét a znovu se posadil. Kazdy participant provedl TUG test
dvakrat ve stavu ON i ve stavu OFF. Nejdrive byli hodnoceni ve stavu OFF,
a poté ve stavu ON po podéni 150% jejich bézné ranni davky medikamentt
(levodopa). Participanti z referenéni skupiny provadéli TUG pouze jednou.

B 422 Studie2

Vsichni participanti provadéli prodlouzeny test Timed Up & Go [57]: vstali
z ktesla, 8li 10 metri obvyklou rychlosti chiize, otocili se, vratili se zpét
a posadili se znovu na kfeslo. Tento test byl proveden dvakrét za kazdé ze tii
podminek: (1) TUG, (2) TUG s manuélni tlohou (participant nesl sklenici
vody) a (3) TUG s kognitivni tlohou (postupné odecitani ¢isla 3 od 100).
Testy byly provadény vzdy ve vySe popsaném poradi.

B 4.3 Zziskavanidat

Kinematicka data obou studii byla zaznamenévana pomoci pfenosnych sen-
zoru se zabudovanym akcelerometrem a gyroskopem (Xsens MTx; Enschede,
Netherlands) vzorkovaci frekvenci 100 Hz. P¥i méfeni bylo pouzito 5 inerciél-
nich senzori, které byly rozmistény na téle méreného subjektu takto: symet-
ricky na obou dolnich koncetindch na lateralni strané holené (4 cm nad kot-
nikem), symetricky na obou hornich konc¢etindch na dorzalni strané zapésti,
a na hrudi (2 cm pod sterndlnim vybézkem), viz obrazek 4.1. Pro potieby
této prace byla vyuzita data ze senzori umisténych na dolnich koncetinach
a hrudi.
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4.3. Ziskavani dat

Obrazek 4.1: A) Umisténi inercidlnich senzorii na téle participanta. B) Dis-
pozice méreni v prostorach Neurologické kliniky 1. 1ékatské fakulty Univerzity
Karlovy a Vseobecné Fakultni Nemocnice v Praze.

B 4.3.1 Studie2

Kromé inercialnich méricich jednotek byl pouzit i tlakocitlivy chodnik GAI-
TRite (Platinum model GAITRite®, CIR System Inc., Franklin, USA). Chod-
nik (5.15 m dlouhy, 0.9 m Siroky) byl umistén 2.43 m od zidle, uprostied
drahy, po které participanti chodili (obrazek Ell)
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Kapitola b

Komponenta sed-do-stoje

. 5.1 Cil 1: Rozbor signali komponenty
sed-do-stoje vzhledem ke kvantitativni analyze
pohybu

Prestoze existuje nékolik parametri hodnoticich prechod sed-do-stoje zaloze-
nych na signalech ziskanych pomoci inercidlnich senzori, nebyla publikovana
zéddnd prace analyzujici tyto signaly a jejich vhodnost pro vypocet parametru.
Pro posouzeni vhodnosti byla provedena analyza sdileného vzoru a variability
signald v ramci skupiny subjekti.

B 5.1.1 Zpracovani

Komponenta sed-do-stoje byla detekovana za zakladé tthlové rychlosti pred-
klonu. Zac¢atek komponenty je detekovan jako thlova rychlost presahujici
prahovou hodnotu 10 °/s [@] Konec komponenty byl identifikovan jako hod-
nota nizsi nez 10 °/s.

B Analyza vzoru signalu

Pro analyzu sdileného vzoru signali byla pouzita metoda vnitrotr¥idni kore-
lace (intra-class correlation, ICC), dvoucestné ndhodné efekty, konzistence,
jedno méteni. ICC byla vypoctena pro kazdy bod podél celé kiivky.

B Stanovenipredikéniho pasma

Variabilita signdlti mezi subjekty byla zkoumana pomoci predikénich pasem
[@, @] metodou bootstrap. 95% predikéni pasma byla vypoctena s 1000 bo-
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5. Komponenta sed-do-stoje

otstrap vzorky (podrobnosti v Lenhoff a kol. [58]). Pravdépodobnost pokryti
byla stanovena kiizovou validaci.

B 5.1.2 Vysledky
B Analyza vzoru signélu

Uhlové rychlost predklonu ukézala nejlepsi shodu vzoru signélu mezi subjekty
v obou skupindch (0.50 < p < 0.75). Antero-posteriorni zrychleni u kontrolni
skupiny také vykazovalo mirnou shodu vzoru signdlu mezi subjekty (0.50 <
p < 0.75). Jiné signaly prokézaly slabou shodu vzoru signalu (p < 0.50),
tabulka p.1.

B Stanovenipredikéniho pasma

Predikéni pasma v obou skupinach jsou uvedena na obrazku p.1. Vysledky
kiizové validace viz tabulka b.1. Pro NOR se odhadované skuteéné dosazené
pokryti pohybovalo od 86% do 93% pro kiivky zrychleni a od 72% do 86%
pro thlové rychlosti. U PD byly vysledky zrychleni a tthlové rychlosti mirné
nizsi nez u NOR (pohybovaly se od 80% do 87%, resp. 74% az 77%).

p pravdépodobnost
(95% interval spolehlivosti) pokryti
| NOR | PD | NOR | PD

ay | 0.34% (0.3,0.4) | 0.22% (0.19,0.27) | 0.86 0.80
ayr | 0.07% (0.06,0.1) | 0.01* (0,0.02) | 0.93 0.87
aap | 0.69% (0.65,0.74) | 0.45% (0.41,0.52) | 0.86 0.87
wyaw | -0.01 (-0.01,0) | 0.06* (0.05,0.09) | 0.72 0.77
Wpiteh | 0.67* (0.63,0.72) | 0.62* (0.57,0.67) | 0.86 0.74
wron | 0.01% (0,0.03) | -0.01 (-0.01,0) | 0.79 0.77

Tabulka 5.1: Hodnoceni spolecného vzoru signalti akcelerace a thlovych rych-
losti (koeficient vnitrotiidni korelace (p) a 95% interval spolehlivosti, pravdépo-
dobnost pokryti).

Vysvétlivky: * - statisticky vyznamny rozdil (p<0.05); NOR - kontroln{ skupina; PD -
pacienti s Parkinsonovou chorobou
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. Cil 1: Rozbor signali komponenty sed-do-stoje vzhledem ke kvantitativnianalyze pohybu
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Obrazek 5.1: Kinematicka data téla béhem prechodu sed-to-stoje u kontrolni
skupiny a ve skupiné pacientt s Parkinsonovou chorobou.

Svétle seda oblast - predikéni pasmo kontrolni skupiny, tmavé Sedd oblast - predikéni
pasmo skupiny s Parkinsonovou chorobou, plna svétle sedd ¢ara - stfedni hodnota sig-
nélu kontrolni skupiny, prerusovana tmavé Sedé ¢ara - stfedni hodnota signalu skupiny
s Parkinsonovou chorobou

B 5.1.3 Zavér

Vyse uvedené vysledky ukazuji, ze tthlova rychlost predklonu ma nejsilnéjsi
spole¢ny vzor ze vSech analyzovanych signalti v obou vysetfovanych skupi-
nich, tj. PD a NOR. Uhlova rychlost vyboceni neméla statisticky vyznamny
vysledek v NOR. Na zdkladé téchto zjisténi je mozné povazovat kiivku ithlové
rychlosti predklonu jako nejvhodnéjsi pro analyzu komponenty sed-do-stoje,
a déale doporucit dalsi analyzu kiivky tihlové rychlosti vyboceni.

B 5.1.4 Viastnipublikace

Slavka Netukova, Ondrej Klempir, Radim Krupicka, Petr Dusek, Patrik
Kutilek, Zoltan Szabo, Evzen Ruzicka. The Timed Up & Go test sit-to-stand
transition: which signals measured by inertial sensors are viable route for
continuous analysis?.

(v recenznim Fizeni)

Plny text rukopisu viz priloha .
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5. Komponenta sed-do-stoje

B 5.2 cil 2: Analyza rozdéleni komponenty
sed-do-stoje na faze

Nedavné studie vyuzily dva pristupy k hodnoceni komponenty sed-do-stoje.
Prvni pristup analyzoval celou komponentu najednou [@, @, @] Druhy
pristup upravuje hodnoceni komponenty tak, ze ji rozdéli na dvé faze: sed-
predklon a predklon-stoj [] Navic, Millor a kol. [@] v rozsahlé resersi
uvedli, ze thlova rychlost komponenty sed-do-stoje v testu TUG zatim nepo-
skytla zadné smysluplné informace.

B 5.2.1 Zpracovani

Pro zpracovani komponenty sed-do-stoje byla pouzita thlova rychlost na-
méfend hrudnim inercidlnim senzorem. Prechod sed-do-stoje byl detekovan
prahovym detektorem jako pohyb s thlovou rychlosti predklonu vyssi nez
10 °/s E] Zmaménko thlové rychlosti indikuje smér otaceni: po sméru nebo
proti sméru hodinovych rucicek. Proto byl zacatek sed-do-stoje, tj. zacatek
faze sed-predklon, detekovéan jako thlova rychlost mensi nez -10 °/s. Pru-
chod signélu thlové rychlosti nulou znamena zménu sméru rotace. V pripadé
sed-do-stoje jde o konec faze predklanéni, tj. zacdtek faze predklon-stoj (ob-
razek 5.2). Konec sed-do-stoje, tj. konec faze predklon-stoj, byl identifikovan
jako hodnota nizsi nez 10 °/s.

Pro hodnoceni sed-do-stoje byl pouzit prumeér, maximélni hodnota a roz-
ptyl dhlové rychlosti predklonu a doba trvani. VSechny 4 parametry byly
vypocteny pro obé dil¢i faze (sed-predklon, predklon-stoj) a cely prechod.
Celkem tedy 12 hodnot parametrt pro kazdého participanta.

Pro porovnani skupiny PD s kontrolni skupinou byl pouzit neparamet-
ricky Wilcoxontuv rank sum test. Hladina vyznamnosti byla nastavena na
p<0.05. Hodnoceni spolehlivosti parametri bylo provedeno prostfednictvim
koeficientu vnitrotidni korelace (p), absolutni shoda.

B 5.2.2 Vysledky

V tabulce @ lze vidét, Ze ze vSech 4 testovanych parametr, se ukazala
nizké spolehlivost (p < 0.50) ve vSech t¥ech piipadech (celd komponenta sed-
do-stoje, sed-ptredklon, predklon-stoj ) u 3 parametri v kontrolni skupiné
a u 1 parametru ve skupiné pacienti s PD. Pro kontrolni skupinu to byly
parametry: doba trvani fize, primér a rozptyl tthlové rychlosti. U pacient
s PD to byl pouze parametr doba trvani. Parametr maximalni hodnota thlové
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5.2. Cil 2: Analyza rozdéleni komponenty sed-do-stoje na faze
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Obrazek 5.2: Graf znazornujici thlovou rychlost jednoho subjektu.
Vysvétlivky: tu¢né modre - komponenta sed-do-stoje.

rychlosti v kontrolni skupiné vykazovala vyssi spolehlivost (stfedni, p > 0.50)
ve fazi predklon-stoj nez v ostatnich ptipadech (Spatnd, p < 0.50). Parametry
prumeér a rozptyl v PD mély nizkou spolehlivost ve fazi sed-predklon a stredni
(p > 0.50) v celé komponenté sed-do-stoje a fazi predklon-stoj.

P1i porovnani pacientt s PD s kontrolni skupinou byla maximéalni hodnota
a rozptyl vyznamné odlisné v celé komponenté sed-do-stoje, sed-predklon
a predklon-stoj. Prumérnd hodnota ukézala rozdil mezi skupinami ve fazich
sed-pfedklon a predklon-stoj (obrazek @) Doba trvani neprokazala rozdil
mezi skupinami v zadném z testovanych pripadu.
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Sed-do-stoje

Sed-predklon

Predklon-stoj

PD vs NOR PD vs NOR PD vs NOR
(p-value) (p-value) (p-value)
Parametr | NOR | PD | TUG1 | TUG2 | NOR| PD | TUG1 | TUG2 | NOR | PD | TUG1 | TUG2
trvénf | 0.12 | 040 | 0.06 | 038 | 017 | 048 | 0.6 042 | 009 | 033 | 014 | 0.16
maximum | 0.42 | 0.73%* | <0.01* | <0.01* | 0.43 | 0.74** | <0.01* | <0.01* | 0.53** | 0.74** | <0.01* | 0.09
primér | 0.30 [ 0.72** | 0.80 | 049 | 0.19 | 0.39 | <0.001* | 0.04 | 0.44 | 0.53** | <0.001* | 0.04*
rozptyl | 0.40 | 0.53** | <0.01* | <0.01* | 0.43 | 0.31 | 0.01* | <0.01* | 0.37 |0.70%* | 0.03* | 0.02*

Tabulka 5.2: Vysledky koeficient vnitrotéidni korelace (p) a Wilcoxonova rank sum testu pro obé dvé méfeni testu TUG.
Vysvétlivky: TUG1- prvni méfeni testu TUG, TUG2- druhé méfeni testu TUG, NOR-kontroln{ skupina, PD-pacienti s Parkinsonovou chorobou, *-statisticky

vyznamny rozdil, **-stfedni nebo dobra troven vnitrotiidni korelace

alo)s-op-pas elusuodwo)l '



5.2. Cil 2: Analyza rozdéleni komponenty sed-do-stoje na faze

B 5.2.3 Zavér

Na zakladé prezentovanych vysledki lze pro kvantitativni analyzu doporucit
rozdéleni komponenty sed-do-stoje na pod-faze.

B 5.2.4 Viastnipublikace

Slavka Viteckova, Radim Krupicka, Petr Dusek, Patrik Kutilek, Zoltan
Szabd, Evzen Ruzicka. Can sit-to-walk assessment maximize instrumented
timed up & go test output?. In: Proceedings of the 12th International Joint
Conference on Biomedical Engineering Systems and Technologies (BIOS-
TEC 2019). 12th International Joint Conference on Biomedical Engineering
Systems and Technologies (BIOSTEC 2019), Praha, 2019-02-22/2019-02-24.
Lisboa: SCITEPRESS — Science and Technology Publications, Lda, 2019. s.
209-213. BIOSIGNALS. sv. 4. ISSN 2184-4305. ISBN 978-989-758-353-7.
(konferenc¢ni ptispévek publikovany ve sborniku)

Plny text publikace viz pfiloha @
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5. Komponenta sed-do-stoje
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Obrazek 5.3: Bodovy graf znazornujici prumeér thlové rychlosti rychlosti pa-

cientt s PD a kontroln{ skupiny (NOR) v celé komponenté sed-do-stoje a v
pod-fazich sed-predklon a predklon-stoj.

Vysvétlivky: Horni fada grafi reprezentuje prvni méfeni testu TUG (TUG1), spodni
fada graft reprezentuje druhé méfeni testu TUG (TUG2).
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Kapitola 6

Komponenta chiize

. 6.1 Cil 3: Analyza opakovatelnosti chlizovych
parametru pfFi opakovaném méreni

Spolehlivé vysledky testu jsou zasadni pro interpretaci a nasledné ptijeti testu
do klinické praxe [@] Proto byla provedena analyza opakovatelnosti parame-
tru jednotlivych komponent testu TUG za tfech podminek: (1) prosty TUG
(TUG), (2) TUG s kognitivni duélni dlohou (¢cTUG) a (3) TUG s manuélni
dudlni dlohou (mTUG).

B 6.1.1 Zpracovani

Na zdkladé signala inercidlnich senzort byly automaticky identifikovany [@]
dil¢i komponenty prostého testu TUG i jeho kognitivni a manualni varianty.
Také chizové cykly byly detekovany automaticky [@] Vypocet chuzovych
parametrii byl zaloZen na difve publikovanych algoritmech. Caso-prostorové
parametry chtize byly vypocteny z tihlové rychlosti v sagitdlni roviné senzoru
umisténych na dolnich koncetinach [61, @] Pohyb paze byl kvantifikovan po-
dobné jako v préci Salarian a kol. [21] a Zampieri a kol. [é] Parametry popi-
sujici trup pfi chizi byly také urcéeny v souladu s autory Salarian a kol. [@]
a Zampieri a kol. [22]. Parametry trupu pii otdceni byly vyhodnoceny ve ver-
tikalni ose. Parametry prechodu sed-do-stoje byly odvozeny tihlové rychlosti
predklonu [@, @]

Opakovatelnost parametri testu TUG byla hodnocena pomoci koeficientu
opakovatelnosti (repeatability coefficient, RC) [65]. Pfed hodnocenim opa-
kovatelnosti byl rozdil mezi méfenimi testovan parovym t-testem. Hladina
vyznamnosti byla nastavena na 0.05. Spolu s koeficientem opakovatelnosti
(RC) byl stanoven i jeho 95% interval spolehlivosti. Interval spolehlivosti
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6. Komponenta chiize

95% byl vypocten podle Barnhart a Barborial [66].

Protoze opakovatelnost prostrednictvim koeficientu opakovatelnosti je po-
¢itana ve stejnych jednotkéch jako parametry testu TUG, neni jeho pfimé
porovnéani napii¢ parametry, testy (tj. TUG, cTUG, mTUG) nebo skupinami
subjektt relevantni. Proto byl pro kazdy parametr (P) vypocitan pomér pa-

rametru Rp
Rp— 1CP (6.1)
meanp

kde RCp je koeficient opakovatelnosti parametru a meanp je stredni hodnota
parametru. Lepsi opakovatelnost je indikovana nizsi hodnotou Rp.

Pro porovnani opakovatelnosti parametri za raznych podminek, napt. na-
pri¢ skupinami pacientii nebo naptic testy, byl pouzit thrnny pomeér R(C1, C2),
ktery je pocitan jako
Rpc

P,C2

R(C1,C2) = -1 (6.2)
kde Rpc1 je pomér parametri parametru P za podminky C1, napi. Rp
skupiny PD, a Rpco je pomér parametru P za podminky C2, napi. Rp
skupiny NOR. Pokud se hodnota thrnného poméru rovna 0, indikuje to
rovnost opakovatelnosti pii obou podminkach.

B 6.1.2 Vysledky

Koeficienty opakovatelnosti spolu s 95% intervaly spolehlivosti pro vSechny
parametry TUG jsou uvedeny v tabulce 6.1.

Vétsina chiizovych parametri prostého testu TUG vykazovala v obou
skupinach statisticky vyznamné rozdily mezi prvnim a druhym méfenim
(p<0.05), konkrétné swingmaz, SWiNgronm, cadence, tae, ds, strider, a stridey .
Parametry otac¢eni vykazovaly obdobné chovani pouze ve skupiné NOR (p<0.05).

Ptfi manualnim testu TUG vykazovalo v obou skupinach statisticky vy-
znamny rozdil mezi méfenimi (p<0.05) 8 chiizovych parametri, vsechny
parametry otaceni a vétSina parametri sed-do-stoje (SWingmaz, SWINGRoM,
swinga, cadence, tgc, stridey, turngyg, turmmag, trunkayg, trunkpqes, trunkine).

Pfi analyze kognitivniho testu zadny z parametri neprokézal statisticky
vyznamny rozdil mezi mérenimi.

Na zékladé thrnného poméru méla vétSina parametri u PD (swinga,
cadence, tgc, ds, stridey, stridey, strideT, var, strider yar , trunkrom,
turngg, trunkag, tsrs) lepsi opakovatelnost pii prostém TUG ve srovnani
s kognitivnim testem. Naproti tomu vétsina parametri u NOR (swingmqz,
SWINgRroM, SWiINnga, cadence, ds, stridey,, stridey, trunkgron, turngg, turMmag,
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6.1. Cil 3: Analyza opakovatelnosti chtizovych parametrii pii opakovaném méreni

trunkqyg, trunkpq,) méla lepsi opakovatelnost pfi kognitivnim TUG ve srov-
nani s prostym testem (tabulka @)

Vétsina parametru vykazala v obou skupinach lepsi opakovatelnost pii ma-
nualnim testu nez pri kognitivnim. Pro obé skupiny jsou to tyto parametry:
swinga, cadence, tqe, stridey,, stridey, strider var, trunkrot maz, trunkgon,
trunkqa,g a tsrs. Pouze strider, yar , turngyg a trunk;,, u NOR vykazovaly
obdobné chovani (tabulka )

Porovnani opakovatelnosti mezi prostym a manualnim testem ukéazalo lepsi
opakovatelnost u manualniho testu u 13 parametru ve skupiné NOR (swinga,
cadence, tgco, ds, stridey,, stridey, strider, yar , trunkron, turngyg, turnmaz,
trunkag, tsrs, trunkieq) a u 8 parametri ve skupiné PD (swinga, cadence,
tao, ds, stridey, turnmag, trunkmaes, trunk,q), viz tabulka 6.2.
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TUG

Kognitivni TUG

Manuilni TUG

Parametr NOR | PD NOR PD NOR | PD
tr 3.94 (3.09, 5.44) | 3.61 (2.83,4.98) | 4.56 (3.58, 6.3) | 17.5 (13.7,24.2) | 2.48 (1.95, 3.42) | 2.47 (1.94, 3.42)
SWingmae | 54.4 (42.6, 75.0) | 48.5 (38.1,67.0) | 55.1 (43.2,76.1) | 36.7 (28.7, 50.6) | 39.3 (30.8, 54.3) | 50.9 (39.9, 70.2)
swingrom | 12.4 (9.76, 17.17) | 10.4 (8.15, 14.35) | 12.6 (9.91, 17.4) | 6.31 (4.95,8.71) | 11.3 (8.89, 15.6) | 12.9 (10.1, 17.9)
swinga | 26.3(20.6,36.3) | 23.2 (18.2,32.0) | 22.5 (17.7, 31.1) | 28.4 (22.3,39.3) | 9.88 (7.75, 13.6) | 21.7 (17.0, 30.0)
cadence | 8.47 (6.64, 11.7) | 6.46 (5.06, 8.91) | 7.58 (5.94, 10.4) | 13.0 (10.2, 18.0) | 3.50 (2.74, 4.83) | 4.32 (3.39, 5.96)
tae 0.09 (0.07, 0.13) | 0.06 (0.05, 0.09) | 0.10 (0.08, 0.13) | 0.23 (0.18, 0.31) | 0.04 (0.03, 0.05) | 0.04 (0.04, 0.06)
ds 2.66 (2.08, 3.67) | 5.14 (4.03,7.09) | 1.97 (1.54, 2.72) | 7.80 (6.12, 10.76) | 2.05 (1.61, 2.83) | 4.33 (3.39, 5.97)
strider, | 0.08 (0.06, 0.11) | 0.07 (0.05, 0.10) | 0.07 (0.06, 0.10) | 0.12 (0.10, 0.17) | 0.05 (0.04, 0.07) | 0.07 (0.05, 0.10)
stridey | 15.9 (12.5,22.0) | 13.1 (10.3,18.1) | 11.9 (9.37, 16.4) | 21.4 (16.8, 29.5) | 7.71 (6.05, 10.6) | 9.81 (7.7, 13.5)
strider,ver | 1.57 (1.23,2.17) | 1.31 (1.03, 1.81) | 4.14 (3.25,5.71) | 17.8 (14.0, 24.6) | 1.92 (1.50, 2.64) | 8.76 (6.87, 12.1)
stridepvar | 2.33 (1.83,3.22) | 2.53 (1.98, 3.49) | 3.34 (2.62, 4.61) | 6.43 (5.04, 8.87) | 1.79 (1.40, 2.46) | 6.77 (5.31, 9.34)
trunkrotmae | 15.8 (12.4,21.9) | 12.2 (9.61, 16.9) | 27.6 (21.6, 38.1) | 12.8 (10.1,17.7) | 12.2 (9.63, 16.9) | 9.9 (7.77, 13.6)
trunkpon | 6.77 (5.31,9.34) | 4.10 (3.22, 5.66) | 5.90 (4.63, 8.14) | 8.10 (6.35, 11.1) | 4.05 (3.17, 5.58) | 4.48 (3.51, 6.18)
turng,g | 29.9 (23.4,41.3) | 17.0 (13.3,23.5) | 23.9 (18.8,33.1) | 20.9 (16.4, 28.9) | 16.8 (13.2, 23.2) | 20.7 (16.2, 28.6)
turnmes | 65.4 (51.3,90.3) | 45.7 (35.8,63.1) | 42.8 (33.5, 59.1) | 38.6 (30.2, 53.3) | 35.8 (28.1, 49.5) | 34.4 (27.0, 47.5)
trunkey | 14.8 (11.6,20.4) | 10.6 (8.38,14.7) | 15.4 (12.1,21.3) | 14.2 (11.2,19.7) | 9.58 (7.51, 13.2) | 10.3 (8.1, 14.2)
trunkmaz | 41.0 (32.1, 56.6) | 38.1 (29.9, 52.6) | 41.7 (32.7, 57.6) | 20.3 (15.9, 28.0) | 33.2 (26.0, 45.9) | 25.5 (20.0, 35.2)
tsrs 0.9 (0.71,1.25) | 0.51 (0.40, 0.71) | 1.40 (1.10, 1.94) | 16.3 (12.8, 22.5) | 0.56 (0.44, 0.78) | 0.87 (0.68, 1.20)
trunking | 10.2 (8.05, 14.1) | 9.87 (7.74, 13.6) | 11.4 (8.95, 15.7) | 8.89 (6.97,12.2) | 7.29 (5.72, 10.0) | 7.5 (5.88, 10.3)

Tabulka 6.1: Opakovatelnost parametru za ruznych podminek a odpovidajici intervaly spolehlivosti (uvedené v zavorkach).
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qg

| R(TUG, ¢cTUG) | R(TUGmTUG) | R(cTUG, mTUG) | R(PD, NOR)

Parametr | NOR PD | NOR PD | NOR PD | TUG | ¢TUG | mTUG

tr SORIOBUCH R R GRIN61 =AY GRINIAR R EUCR(NG)F7emat G INEW 5 MUIG RN (7= B RONG v O 0.01
SWiNgmae | 0.09°TUG | 0.24°TUG | _0.097UG | -0.397UCG | _0.16°TUC | 0.51°TUC | 0.10NOF | _0.04 | 0.64NOR
swingrop | 0.11°TUG | 0.61¢TUG | _0.18TVCG | _0.45TUG | 0.26°TUG | _0.66°TUCG | 0.12NOR | _0.22PD | 0.69VOR
swinga | 0.22¢€TUG | 0.10TUG | 7.33mTUG | 0,81mTUG | 585mTUG | 1 01mTUG | _.38PD | _0.16FP | 1.87NOR
cadence QAREEYE | (3 VE | A tUE | g gt | gm0 o) et g grgl#0 | ) e | g g

tao -0.07TUG | _0.73TUG | 1.21™TUG | 0.46™mTUG | 1.38mTUG | 4 35mTUG | _ 32PD | ] 31NOR 0.03
ds QASEYE | Ve | gupgntVE | g EmantdE | g IR | ) et O | 3 g O | g
strider, 0.13°TVUG | _0.44TVG | 0.59mTUG -0.01 0.41™TUG | 0. 77mITUG | 01172 | 0.80YOF | 0.43NOR
stridey 0.28°TUG | _0.43TUG | 1.11™TUG | 0.36™TUG | 0.64mTUG | 1.40mTUG | .0.19PD | 0.84VOR | 0.26VOR
strideryar | -0.487UC | -0.90TUC | _0.177UC | _0.85TUC | 0.59mTUG | 0.41mTUG | _0.43PP | 1.85NOR | 2 1gNOR
strider, par | -0.307VC | -0.617VC | 0.25mTUC | _0.657V¢ | 0.79mTUC | .0.10¢TVC | 0.02 | 0.81NOF | 2.62VOR
trunkyot maz | -0.407YC | -0.05 0.04 0.02 0.74mTUG | 0.07mTUG | _0.13PP | -0.45FP | -0.11PP
trunkgopr | 0.20°TUCG | 0.46TUG | 0.32mTUG | _0.21TUG | 0.10mTUG | 0.44mTUG | _0.28PD | 0.59NOR | 0 21NOR
turngyg | 0.29TVC | -0.217VC | 0.46mTUC | 0.317UC | 0.13mTVUC | 0.14TUC | 0.35PP | 0.05 | 0.37NVOR

turnmee | 0.59TVG | 0.16°TUG | 0.50mTUG | 0.09mTUG -0.05 -0.06¢TUG | _0.25FD 0.03 0.04
trunkapy | 0.06°TYC | -0.267U¢ | 0.13mTUC | 0.20TVC | 0.06mTVC | 0.09mTVC | -0.13PP | 0.25NOR | 0.23NOR
trunkmez | 0.15TUG | 0.77¢TUG | _0.08TUG | 0.15mTUG | _0.20°TUG | .0.35°TUG | 0.09NOF | _0.29PD | -0.13PP
tsrs DSNE | peEtYE | g pamd G g spe | | et | g mattOE g s | g e | gy gy
trunkine -0.04 | 0.10°TYG | 0.22mTUG | 0,15mTUG | @, 97=TUG 0.04 0.02 -0.12FD | 0.08NOR

Tabulka 6.2: Porovnani opakovatelnosti za riznych podminek.
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Vysvétlivky: R(TUG, ¢TUG) - ithrnny pomér parametru pii vykondvan{ testu TUG a kognitivniho testu TUG (¢TUG); R(TUG,mTUG) - thrnny pomér parametru
pii vykonavéani testu TUG a manuélniho testu TUG (mTUG); R(cTUG,mTUG) - dhrnny pomér parametru pfi vykondvani kognitivniho testu TUG a manudlniho
testu TUG (mTUG); R(PD, NOR) - dhrnny pomér parametru vykondvaného pacienty s Parkinsonsonovou chorobou (PD) a kontrolni skupiny (NOR); horni index
oznacCuje podminku s lepsi opakovatelnosti

IusjaWw waueno



6. Komponenta chiize

B 6.1.3 Zavér

Vysledky studii by mély byt interpretovany obezietné s ohledem na pocet
provedenych méreni.

B 6.1.4 Viastnipublikace

Slavka Viteckova, Radim Krupicka, Petr Dusek, Vaclav Cejka, Patrik Kuti-
lek, Jan Novak, Zoltan Szabo, Evzen Ruzicka. The repeatability of the instru-
mented Timed Up&Go test: the performance of older adults and Parkinson’s
disease patients under different conditions, Biocybernetics and Biomedical
Engineering, Volume 40. Issue 1, 2020. Pages 363-377, ISSN: 0208-5216
(ptvodni ¢lanek, IF 2019 — 2.5)

Plny text publikace viz piiloha E

. 6.2 Cil 4: Analyza samostatného hodnoceni
chiizovych komponent pied a po otaceni

Hodnoceni komponent chiize v testu TUG neni standardizovano. Nékteré
studie posuzovaly chuzi pred otdcenim a chizi po otaceni samostatné [54],
jiné studie kombinovaly obé chize [37], zatimco vétSina studii neuvadi, zda
je vypocet parametru chiize zalozen na kombinaci obou chiizi, napf. prameér

obou chuz{ nebo pouze jeden z nich [@, @, @, @, @, ]

B 6.2.1 Zpracovani

Chiize pred otockou a chlize po otocce byly nahraviany samostatné s vyuzi-
tim tlakocitlivého chodniku GAITRIte, tj. pro kazdy TUG byla ziskdna dvé
méreni. Pro kazdé méfeni bylo analyzoviano 17 ¢asoprostorovych parametri.
Vsechna data byla zpracovana zkusenou osobou pomoci softwaru GAITRite
(verze 4.7). Pted statistickym zpracovanim byly vSechny parametry zpramé-
rovany z levé a pravé koncetiny.

Analyzované parametry jsou vystupem tlakocitlivého chodniku a k nému
prislusnému software (tedy v souladu s definicemi vyrobce). Tyto parametry
jsou: rychlost chiize, pocet kroku, kadence, doba trvani kroku, délka kroku,
doba trvani chiizového cyklu, délka dvojkroku, sitka opérné baze, doba trvani
svihové faze, stojné faze, jednooporové a dvouoporové faze, percentualni za-
stoupeni doby trvani svihové faze a opornych fazi v chizovém cyklu, rychlost
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6.2. Cil 4: Analyza samostatného hodnoceni chiizovych komponent pfed a po otaceni

dvojkroku.
Pro statistické porovnani chiize pred a po otocce byl pouzit parovy t-test.

Bl 6.2.2 Vysledky

Pri srovnéni chlize pred a po otocce ukdazaly vysledky parového t-testu,
ze rychlost, délka kroku, délka dvou-kroku a percentudlni zastoupeni faze
dvoji opory vzhledem k trvani chiizového cyklu byly vyrazné odlisné u PD
(p<0.002), ale ne ve skupiné NOR. Konkrétné u PD se rychlost chiize sni-
zila a kroky i dvou-kroky se zkratily po otocce. Mezi chuzi pred otockou

a po otocce u NOR neukazal zaddny parametr statisticky vyznamny rozdil
(tabulka 6.3).
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Chiize pred otdcenim Chtize po otaceni Rozdil mezi chiizi pred Srovnani chiize pred

a po otdceni a po otaceni (p-value)
Parametr | PD | NOR | PD | NOR | PD | NOR | PD | NOR
Rychlost (cm/s) 111.90 (25.52) | 108.90 (14.35) | 104.61 (23.55) | 105.76 (15.50) | 7.29 (6.27) 3.14 (6.07) | <0.001* 0.034
Pocet kroku (steps) 5.62 (0.96) 5.80 (0.63) 6.15 (1.07) 6.10 (0.88) -0.54 (0.66) | -0.30 (0.67) 0.136 0.162
Kadence (steps/min) 109.88 (15.07) | 105.79 (8.82) | 107.89 (14.37) | 106.35 (9.43) 1.99 (4.45) -0.56 (2.37) 0.037 0.465
Trvani kroku (s) 0.56 (0.08) 0.57 (0.05) 0.63 (0.24) 0.57 (0.05) -0.07 (0.22) | <0.01 (0.02) 0.236 0.302
Délka kroku (cm) 60.45 (7.60) 61.5 (4.75) 57.61 (7.33) 59.48 (4.95) 2.84 (1.51) 2.01 (2.40) | <0.001* 0.007
Trvéni cyklu (s) 1.12 (0.16) 1.14 (0.11) 1.19 (0.27) 1.14 (0.10) -0.07 (0.21) | <0.01 (0.04) 0.187 0.258
Délka dvojkroku (cm) 120.92 (15.12) | 123.16 (9.47) | 115.44 (14.83) | 119.58 (9.96) 5.48 (2.93) 3.58 (4.60) | <0.001* 0.007
Sife opory (cm) 9.32 (3.02) 10.25 (2.51) 9.98 (2.65) 9.87 (2.69) -0.66 (1.57) 0.38 (1.03) 0.368 0.112
Svihova faze (% GC) 37.31 (2.43) 37.10 (2.35) 35.27 (3.56) 36.98 (1.91) 2.04 (3.17) 0.12 (1.82) 0.008 0.181
Svihova, faze (s) 0.41 (0.05) 0.42 (0.04) 0.41 (0.04) 0.42 (0.03) 0.01 (0.02) | <0.01 (0.03) 0.071 0.346
Stojné faze (% GC) 62.71 (2.43) 62.92 (2.35) 64.73 (3.56) 63.03 (1.92) -2.02 (3.16) | -0.11 (1.82) 0.007 0.185
Stojna faze (s) 0.70 (0.12) 0.72 (0.08) 0.78 (0.24) 0.72 (0.08) -0.08 (0.21) | <0.01 (0.02) 0.126 0.247
Faze jedné opory (% GC) 37.37 (2.34) 37.26 (2.02) 35.24 (3.62) 36.96 (1.90) 2.13 (3.16) 0.29 (1.35) 0.006 0.172
Faze jedné opory (s) 0.41 (0.05) 0.42 (0.04) 0.41 (0.04) 0.42 (0.03) 0.01 (0.02) | <0.01 (0.03) 0.071 0.346
Faze dvoji opory (% GC) 24.73 (4.51) 26.66 (7.98) 28.88 (5.72) 26.45 (3.93) -4.15 (4.30) 0.21 (7.11) 0.001* 0.306
Faze dvoji opory (s) 0.28 (0.09) 0.30 (0.08) 0.36 (0.17) 0.30 (0.07) -0.08 (0.14) | <0.01 (0.06) 0.033 0.234
Rychlost dvojkroku (cm/s) | 112.12 (25.27) | 108.36 (14.23) | 101.86 (25.46) | 106.35 (15.49) | 10.26 (11.90) | 2.01 (5.59) 0.001* 0.051

Tabulka 6.3: Popisnd statistika analyzovanych parametri (prumér a smérodatnd odchylka) a statistické vyhodnoceni chiize pfed otdéenim a chize po otdceni

(p-value).
Vysvétlivky: tuéné - statisticky vyznamny rozdil (p<0.05), * rozdily signifikantni po Holm-Bonferroniho korekei (pro 17 testii, p<0.002), PD - pacienti s Parkinsonovou chorobou,
NOR - kontroln{ skupina, GC - chtizovy cyklu (gait cycle)
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6.2. Cil 4: Analyza samostatného hodnoceni chiizovych komponent pfed a po otaceni

B 6.2.3 Zavér

Zéavérem lze Tici, ze chiize pred otockou a po otocce se vyznacuji raznymi hod-
notami ¢asoprostorovych parametri, a proto by se mély analyzovat a hodno-
tit oddélené.

B 6.2.4 Vlastnipublikace

Slavka Viteckova, Vaclav Cejka, Petr Dusek, Radim Krupicka, Patrik Kuti-
lek, Zoltan Szabo, Evzen Ruzicka. Extended Timed Up & Go test: Is walking
forward and returning back to the chair equivalent gait?. Journal of Biome-
chanics. 2019, ISSN 0021-9290. DOI 10.1016/j.jbiomech.2019.04.001.
(kratké sdéleni, IF 2019 - 2.3)

Plny text publikace viz pfiloha E
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Kapitola 7

V' 4

Komponenta otaceni

B 7.1 cil5: Rozbor signali komponenty otaceni
vzhledem ke kvantitativni analyze pohybu

Prestoze existuje nékolik parametri hodnoticich otaceni zaloZzenych na signé-
lech inercialnich senzort, neexistuji zadné informace o opakovatelnosti téchto
signala ¢i o existenci sdileného vzoru signali v ramci skupiny subjektu.

B 7.1.1 Zpracovani

Byl proveden rozbor signalu hrudniho inercidlniho senzoru pfi vykonavani
komponenty otaceni, jmenovité:

® analyza opakovatelnosti signalu,
® analyza vzoru signdlu v rdmci skupiny participanta (PD a NOR),
® stanoveni predikéniho padsma v ramci skupiny participantia (PD a NOR).

Analyza opakovatelnosti signdlu téhoz participanta pri opakovaném méreni
byla provedena prostfednictvim intraclass correlation coefficient (ICC) [@]
Lze predpokladat, ze pti opakovaném provadéni stejného pohybu jednim par-
ticipantem bude kinematicka krivka témeér shodna. Protoze

B jde o porovnani dvou krivek téhoz participanta,

® zikladem pro analyzu je jedno méfeni (ne prumér z vice méfeni),

B ocekavame témér shodné krivky,
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7. Komponenta otaceni

byla vyuzita varianta ICC dvoucestné smiSené efekty, absolutni shoda, jedno
méfeni.

Vzoru signalu v ramci skupiny participantid byl analyzovan pomoci ICC.
Na zakladé predpokladu, ze

® méfeni participantt maji podobné charakteristiky,
B krivky participanti maji stejny vzor plus systematickou chybu,
® zikladem pro analyzu je jedno méfeni (ne prumér z vice méfeni),

byla zvolena varianta dvoucestné ndhodné efekty, konzistence, jedno méreni.
ICC bylo pocitano pro kazdy bod kiivky komponenty otaceni.

Predikéni pasma byla stanovena pouzitim dvou metod: bootstrap meto-
dou a Gaussovou metodou bod-po-bodu. Pro pocitani pasem metodou bo-
otstrap bylo pouzito 1000 vzorkt. Vlastni implementace metody bootstrap
je dostupna na |https://github.com/vitecsla—fbmi/predictionBands/|.
Pravdépodobnost skute¢ného pokryti u kazdé ze dvou metod byla stanovena

ki{zovou validaci [] .

B 7.1.2 Vysledky
Bl Analyza opakovatelnosti signélu

ICC thlové rychlosti kolem vertikélni osy se pohybuje od stfedni (0.50 < p <
0.75) po vynikajici (p > 0.90). Ostatni krivky thlové rychlosti ukdzaly v obou
skupinach spolehlivost v rozmezi trovni od slabé (p < 0.50) aZ po dobrou
(0.75 < p < 0.90). Krivky zrychleni podél vertikélni osy vykazuji u NOR plny
rozsah spolehlivosti (od slabych po vynikajici) a mirné nizsi u PD (od slabych
po dobré). U medio-lateralniho a antero-posteriorniho zrychleni bylo v obou
skupinach pozorovano ICC v rozpéti od slabych po dobré. Podrobnosti viz
obrazek @)

B Analyza vzoru signélu v ramci skupiny

Analyza spole¢ného vzoru v signalech zrychleni ukédzala v obou skupinach
slabou ICC (p < 0.50).

U uhlové rychlosti se vysledky pohybuji v rozmezi od slabé (p < 0.50)
po dobrou ICC (0.75 < p < 0.90). Nejlepsi ICC ukézala ihlova rychlost kolem
vertikalni osy: p = 0.79 u PD a p = 0.86 u NOR. Detaily viz tabulka EII
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7.1. Cil 5: Rozbor signalii komponenty otaéeni vzhledem ke kvantitativni analyze pohybu
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Obrazek 7.1: Sloupcové grafy spolehlivosti intraindividualnich signéalt zrychleni
a thlové rychlosti.

Vysvétlivky: zluta - PD, modra - NOR, P-slabé (poor), M-stfedni (moderate), G-dobré
(good), E-vynikajici (excelent).

Il Stanovenipredikéniho pasma

Sitka predikénfho pasma uréend metodou bootstrap byla pro vechny kine-
matické kiivky Sirsi nez sitka urcend Gaussovou metodou bod-po-bodu.

Ki¥izova validace metody bootstrap skupiny NOR u signalu zrychleni uké-
zala pravdépodobnost pokryti v rozmezi od 80% do 94% a v rozmezi od 71%
do 91% u 1hlové rychlosti. U skupiny PD byla pravdépodobnost pokryti
v rozmezi od 80 % do 94 % u zrychleni a od 74 % do 75 % u tihlové rychlosti
(tabulka @)

Kiizova validace predikénich pasem stanovenych metodou bod-po-bodu
dosdhla podstatné nizsi pravdépodobnosti pokryti u vSech analyzovanych
signéld, a to maximalné 40 % (tabulka [7.2).

B 7.1.3 ZzZavér

Vyse uvedené vysledky ukazuji, ze thlova rychlost kolem vertikalni osy ma
nejsilnéjsi spoleény vzor ze vsech analyzovanych signdlti v obou vySetiova-
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7. Komponenta otaceni

‘ ay ‘ aML ‘ aAp ‘ Wyaw ‘ Wpitch ‘ Wroll

NOR 0.20 0.07 0.26 0.86* 0.09 0.21
(0.18-0.24) | (0.05-0.09) | (0.24-0.31) | 0(0.84-0.88) | (0.07-0.11) | (0.19-0.25)

PD 0.10 0.01 0.25 0.79* 0.02 0.16

(0.08-0.12) | (0-0.02) | (0.23-0.3) | (0.77-0.82) | (0.01-0.03) | (0.14-0.2)

Tabulka 7.1: Hodnoceni spole¢ného vzoru signalta akcelerace a spole¢ného vzoru
thlovych rychlosti (koeficient vnitrot¥idn{ korelace (p) a 95% interval spolehli-
vosti).

Vysvétlivky: * - dobrd spolehlivost, NOR - kontrolni skupina; PD - pacienti s Parkin-
sonovou chorobou

‘ ay ‘ aM L ‘ asp ‘ Wyaw ‘ Whitch ‘ Wroll

NOR | Gaussova | 14 | 31 34 22 8 14
Bootstrap | 80 | 94 85 91 71 74

PD Gaussova | 14 22 40 31 11 20
Bootstrap | 80 | 94 88 85 74 85

Tabulka 7.2: Pravdépodobnost pokryti metodou bootstrap a Gaussovou meto-
dou bod-po-bodu (%).

Vysvétlivky: NOR - kontrolni skupina; PD - pacienti s Parkinsonovou chorobou

nych skupinach, tj. PD a NOR. Tento signal doséhl také nejlepsich vysledkt
pti hodnoceni opakovatelnosti dvou po sobé jdoucich mérenich jednoho sub-
jektu. Na zakladé téchto zjisténi je mozné povazovat krivku tthlové rychlosti
kolem vertikalni osy jako nejvhodnéjsi pro analyzu otéaceni.

B 7.1.4 Vlastnipublikace

Slavka Viteckova, Ondrej Klempir, Petr Dusek, Radim Krupicka, Zol-
tan Szabo, Evzen Ruzicka. Statistical analysis of the 180 degree walking
turn: Common patterns, repeatability and prediction bands of turn signals.
Biomedical Signal Processing and Control. 2020, 56 ISSN 1746-8094. DOI
10.1016/j.bspc.2019.101689.

(krétké sdéleni, IF 2019 - 3.1)

Plny text publikace viz priloha [F.
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7.2. Cil 6: Navrh pristupu k hodnoceni komponenty otaceni zohlednujici tvar signalu

35
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Obrazek 7.2: Piiklady thlové rychlosti kolem vertikdlni osy. a) thlovd rych-
lost ti{ subjekt®, b) prumérny signal vSech testovanych subjekt (Cernd cara)
a smérodatnd odchylka (Sedd) plocha.

. 7.2 Cil 6: Navrh pristupu k hodnoceni
komponenty otaceni zohlednujici tvar signalu

Vétsina studii vyuzivajicich inercidlni senzory kvantifikuje otaceni pomoci
hodnot popisné statistiky, napt. primeér nebo maximum signdlu. Spolu s ros-
toucim zdjmem o analyzu otaceni béhem chtiize by mély byt navrzeny nové
parametry.

B 7.2.1 Zpracovani

Pro signal thlové rychlosti hrudniho senzoru byl navrzen novy parametr po-
pisujici tvar signalu - Sikmost signélu. Parametr odrazi zvonovity tvar signalu
tthlové rychlosti kolem vertikdlni osy (obrazek a jeho odvozeni vychazi ze
statistického momentu 3. fadu - Sikmosti.

Sikmost signalu, WS (waveform skewness), je vypoéitana podle nové na-
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7. Komponenta otaceni

vrzeného vzorce | < X
WS = _m im1 ((ti — p)°wi)
[ o (i — )i ]3/2
kde w = (w1, ,wy) je thlova rychlost, n je délka signélu, ¢ je vektor [1, 2, ,n],
a m je pocet prvkl pocitany jako soucet prvka dhlové rychlosti, tj.

m = Zwi, (7.2)
i=1

(7.1)

a [ je pocitano podle vzorce

Z?:l(witi> ) (73)

m

'LL:

Sikmost signalu charakterizuje jeho asymetrii.

Nové navrzeny parametr byl srovndvan s jiz existujicimi parametry, jme-
novité to byly tyto parametry: doba trvani otdceni, maximalni a prumérna
hodnota 1thlové rychlosti. VSechny parametry byly testovany za rtznych okol-
nosti - pri zméné méritka signalu, ¢asového usporadani a ¢asového posunu.
Déle byla analyzovéna linearni zévislost mezi parametry (korelace) a spoleh-
livost parametri (koeficient vnitrot¥idni korelace, ICC).

B 7.2.2 Vysledky

P1i analyze vlivu upravy signdlu na parametr, prumér a maximalni hodnota
vykazovaly vyznamny rozdil ve vysledcich jako reakci na rizna méritka sig-
nalu (p<0.01). Parametry WS, doba trvani a prumér vykazovaly statisticky
vyznamny rozdil pro ruzné ¢asové posuny (p<0.01).

Druhé analyza hodnotila spolehlivost parametria. Tato analyza byla pro-
vedena pro kazdou skupinu subjektii samostatné. Doba trvani, primérna
a maximalni hodnota signalu prokézaly dobrou spolehlivost u PD (p > 0.75)
a stfedni spolehlivost u NOR (p > 0.50). Parametr WS prokézal stfedni
spolehlivost (p > 0.50) u obou skupin.

Treti analyza porovnavala parametry vzajemné, jmenovité jejich korelaci.
I v tomto pripadé byla analyza provedena pro kazdou skupinu subjektt samo-
statné. Parametr WS mél stfedné pozitivni korelaci s primérnou a maximéalni
hodnotou signalu u NOR (r=0.64 a 0.59, respektive), a slabou pozitivni u PD.
Korelace WS a délky trvani byla mirné negativni u NOR (r=-0.57) a nizka
negativni u PD (r=-0.37). Maximalni hodnota méla stfedné pozitivni korelaci
s hodnotou WS u NOR (r = 0.59) a nizkou pro PD (r=0.47).

Parametr WS ukézal statisticky vyznamny rozdil (p<0.001) pfi srovnani
obou skupin subjektii.

46



7.2. Cil 6: Navrh pristupu k hodnoceni komponenty otaceni zohlednujici tvar signalu

B 7.2.3 Zavér

Na zakladé prezentovanych vysledku lze Fici, ze nové navrzeny parametr (WS,
waveform skewness) popisujici tvar signalu otédceni prinasi novy hel pohledu
na hodnoceni otaceni pri vykondvani testu Timed Up & Go a ma potenciél
na Sirsi vyuziti v oblasti analyzy otaceni o 180 stupnii.

B 7.2.4 Viastnipublikace

Slavka Viteckova, Radim Krupicka, Vaclav Cejka, Patrik Kutilek, Zoltan
Szabo, Evzen Ruzicka, Petr Dusek. Waveform skewness: Parameter for timed
Up & Go turn assessment. Biomedical Signal Processing and Control. 2019,
52 347-352. ISSN 1746-8094. DOI 10.1016/j.bspc.2019.04.035.

(puvodni ¢lanek, IF 2019 - 3.1)

Plny text publikace viz priloha @
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Kapitola 8

Komponenta otaceni-do-sedu

B 8.1 cil7: Rozbor signali komponenty
otaceni-pred-sedem vzhledem ke kvantitativni
analyze pohybu

U pacientt s Parkinsonovou chorobou bylo ukdzano prodlouzené vykonavani
prechodtl, napt. otaceni-do-sedu [@, @] Analyza otaceni pred sednutim vsak
neni Siroce pouziva. Dosud neexistuje studie, ktera by se zabyvala primym
porovnavanim signali pohybu otaceni-pred-sedem.

B 8.1.1 Zpracovani

Pro zpracovani pohybu otac¢eni-pred-sedem (pocateéni ¢ast komponenty otdceni-
do-sedu) byla pouzita ihlovéd rychlost naméfend hrudnim inercidlnim senzo-
rem. 7Z kazdého méfeni byla automaticky extrahovana komponenta otaceni-
pred-sedem [@] K dalsimu zpracovani byla pouzita thlova rychlost. Vizuali-
zace variability signalti v rdmci skupiny byla provedena pomoci predikéniho
pasma, konkrétné byla pouzita Gaussova metoda bod-po-bodu. Pro porov-
nani signalit mezi skupinami byla pouzita metoda HANOVA [@] Byl vyhod-
nocen charakteristicky signal analyzovaného pohybu - tthlova rychlost kolem
vertikalni osy.

l 8.1.2 Vysledky

Gaussova metoda bod-po-bodu béhem prvnich 25 % obratu ukdzala Sirsi
predikéni pasmo u NOR nez u PD (obrazek B.1). Poté, circa az do poloviny
otocky, sitka pasma u PD prekrocila sitku pasma u NOR. Na zavér pohybu
byla sitka pasem u obou skupin byla podobna.
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Obrazek 8.1: Uhlova rychlost trupu a predikéni pasma otéceni-pred-sedem a
jejich srovnani.

A: Predikéni pdsmo kontrolni skupiny (svétle Sedd - predikéni pdsmo, tuénd
krivka - stfedni hodnota skupiny, prerusované krivky - signaly jednotlivych sub-
jekt). B: Predikéni pasmo pacientit s Parkinsonovou chorobou (svétle Sed4 -
predikéni pasmo, tucna kiivka - stfedni hodnota skupiny, prerusované krivky -
signdly jednotlivych subjekti). C: Srovnani $itky predikéniho pasma kontrolni
skupiny (zelend) a pacientti s Parkinsonovou chorobou (modré).

Metoda HANOVA odhalila statisticky vyznamny rozdil mezi skupinami
v signalu pohybu otac¢eni-pred-sedem (p=0.004).

B 8.1.3 Zavér

Zavérem lze Tici, ze thlova rychlost komponenty otaceni-pred-sedem je vhodna
pro analyzu pohybu pacienti s Parkinsonovou chorobou.

Il 8.1.4 Vlastnipublikace

Slavka Viteckova, Radim Krupicka, Petr Dusek, Zoltan Szabo, Patrik Ku-
tilek, Evzen Ruzicka. Can a turn before sitting have additional value in par-
kinson disease assessment? Gait & Posture. 2019. Volume 73, Supplement 1,
Pages 282-283, ISSN 0966-6362. DOI 10.1016/j.gaitpost.2018.06.209.
(rozsifeny abstrakt, IF 2019 - 2.3)

Plny text publikace viz piiloha @
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Kapitola 9

Diskuze

V predkladané dizerta¢ni praci byla provedena segmentace signali pristrojo-
vého testu TUG na diléi komponenty testu (sed-do-stoje, chtize pied otéce-
nim, otaceni, chiize po otdceni, stoj-do-sedu) s naslednym rozborem jednot-
livych komponent.

Pri analyze sdileného vzoru signdli komponenty sed-do-stoje byly ve sku-
piné NOR pozorovany mirné silnéjsi korelace (spolehlivost) nez ve skupiné
PD, coz je v souladu s pfedchozi studif inercidlnich signili obou skupin [68].
Daéle analyza spolec¢ného vzoru signdli ukazala, ze tihlova rychlost predklonu
maé nejcharakteristi¢téjsi vzor, coz odpovida intuitivnimu zpracovani tthlové
rychlosti predklonu v predchozich studiich [52, [13]. Protoze thlova rychlost
boc¢ntho tklonu ve skupiné PD neukédzala statisticky vyznamny vysledek
a vzorec signalu ve skupiné NOR byl zanedbatelny, ale statisticky vyznamny,
neocekavame vyrazné silnéjsi vzorec ve skupiné PD nez ve skupiné NOR.
Uhlové rychlost kolem vertikélni osy neméla u NOR statisticky vyznamny
vysledek. Proto by méla byt zvazena dalsi analyza.

Na zdkladé vyse uvedenych pozorovani (1) nedoporuéujeme vyuzivani
jiného signalu zrychleni nez ve sméru anteroposterior, (2) misto
toho doporucujeme pouzit tithlovou rychlost predklonu.

7 analyzy diskrétnich parametr pro celou komponentu sed-do-stoje a pro
tuto komponentu rozdélenou na 2 fize (sed-predklon a predklon-stoj) byla
zjisténa obdobnd spolehlivost v obou pripadech. Z vysledka l1ze také odvodit,
ze doba trvani celé komponenty sed-do-stoje a jeho fazi neni vhodna
pro hodnoceni této komponenty (celku nebo jejich ¢ésti).

Ve skupiné PD vykazovaly nékteré parametry (prumeér, rozptyl) nizsi spo-
lehlivost ve fazi sed-predklon nez v jinych fazich. Na rozdil od maximélni
hodnoty jsou primér a odchylka ovlivnény vice presnosti detekce kompo-
nenty sed-do-stoje. Zejména detekce zacatku komponenty sed-do-stoje je na-
ro¢ny tukol, protoze fazi sed-predklon miize predchazet jemné kyvani dopredu
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9. Diskuze

a dozadu. Proto by bylo vhodné v budouci praci provést porovnani de-
tekénich metod komponenty s ohledem na jejich dopad na pocitané
parametry.

Dale jsme testovali, zda parametry vypocitané z jednotlivych fazi kompo-
nenty dok&zi lépe rozlisit mezi PD pacienty a referen¢ni skupinou lépe para-
metry vypocitané pro celou komponentu. Vysledky této prace jsou v souladu
s predchozimi studiemi - u diskrétnich parametri doby trvani a priameéru
signdlu vypocitané pro celou komponentu nebyly pozorovany zadné rozdily
mezi skupinami PD a NOR [21], 37]. Prameér signalu vSak odhalil rozdil mezi
témito skupinami v obou dil¢ich fazich (sed-predklon a predklon-stoj). Z pro-
vedené analyzy vyplyva, Ze rozdéleni komponenty na faze miize byt
prinosem pro analyzu testu TUG.

Nase zjisténi ukéazala, ze nékteré prostorové a casové parametry se lisSily
mezi chizi vpred a chiizi zpét a ze tyto parametry ovliviiovaly zdravé sub-
jekty a PD pacienty odlisné. Z celkovych 17 parametri zadné parametry
u NOR a 5 parametri u pacienttt s PD neprokazaly statisticky vyznamny
rozdil pri porovnani chiize mezi pred otacenim a chizi po otdceni. Na za-
kladé vysledktu se zda, ze absolutni nacasovani chtizového cyklu je
zachovano, zatimco rozdéleni ¢asu mezi jednotlivé faze v ramci
chiizového cyklu se u PD lisi.

Axidlni rigidita u PD béhem otaceni muze zvysit laterdlni nestabilitu [69].
Proto je jedno z moznych vysvétleni riznych hodnot parametri pri chiizi
po otaceni prave zotaveni ze stability snizené pii otdceni. Dalsim vysvétlenim
miuze byt o¢ekavani prechodu stoj-do-sedu nebo zvysena tnava.

Témeér vsechny vysetrované parametry pri provadéni prostého testu TUG
(bez dudlni tlohy) ukédzaly lepsi opakovatelnost u pacientt s PD nez u NOR.
Naproti tomu v pripadé dudlnich testi byla opakovatelnost u NOR lepsi nez
u PD. Toto chovani lze pri¢ist nizsi pozornosti u NOR pri provadéni jediného
ukolu, zatimco dualni ikoly vyzaduji soustfedéni a néasledné zvysily celkovou
pozornost test. Také Mancini et al. ukédzali podobné trendy, tj. ve srovnani
s PD maji NOR nizsi opakovatelnost [24].

V nékterych pripadech prokazala kontrolni skupina u dudlnich testi horsi
opakovatelnost nez skupina PD, bylo tomu tak zejména v komponenté sed-
do-stoje. To mtize byt ovlivnéno mirné vyssim vékem kontrol. Tento vyssi veék
by mohl souviset se snizenim svalové sily a néasledné se zvysSenou variabilitou
pohybu [70].

Analyza spolehlivosti mezi subjekty ukézala, Ze v obou vySetfovanych sku-
pindch (PD, NOR) mé dhlova rychlost otdceni kolem vertikélni osy nejlépe
opakovatelny pribéh krivek, tj. nejsilnéjsi spole¢ny vzor. Jiné kiivky vykazo-
valy nizkou spolehlivost, coz naznacuje, Zze u nich neexistuje zadna skutecna
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charakteristika krivek, tj. zadny spolec¢ny vzor. Proto se tyto kiivky nezdaji
byt vhodné pro pouziti v analyze k¥ivek. Obecné to vsak neznamena, zZe tyto
krivky nejsou viibec vhodné pro analyzu otaceni. Po peclivém vybéru mohou
tyto krivky slouzit jako zaklad pro vypocet diskrétnich parametri.

Dale, intraindividualni spolehlivost kiivek odkazuje na shodu dvou nebo
vice ktivek od stejného subjektu. Nejvyssi intraindividualni spolehlivost v obou
skupinach subjekti byla prokazana u thlové rychlosti kolem vertikdlni osy.

Pri porovnavani predikénich pasem krivek otaceni pomoci metody boot-
strap a gaussovské metody bod-po-bodu, bylo odhaleno vyrazné nizsi pokryti
pri pouziti gaussovské metody bod-po-bodu, coz je v souladu s predchozimi
studiemi analyzujicimi predikéni pasma thla dolnich konéetin pri chuzi [67],
otaceni [[71] a kinematiky kréni patefe [[72]. Ackoli kfivky zrychleni vyka-
zovaly vysoké pokryti metodou bootstrap, byla pozorovana siroka sitka pa-
sem predikce. Tyto vysledky poukazuji na vysokou variabilitu mezi subjekty
v prubéhu celého otaceni. Navic to odpovida zjisténi, ze u téchto signala
chybi spole¢ny vzor kiivky. Na zdkladé toho mizeme odvodit, Ze tyto kiivky
nejsou vhodnym zakladem pro rozhodovani, zda subjekt patii do urcité sku-
piny nebo ne.

Na zékladé téchto zjisténi je mozné povazovat krivku thlové uhlové
rychlosti kolem vertikalni osy jako nejvhodnéjsi pro analyzu ota-
ceni.

Pri porovnani spolehlivosti nové navrzeného parametru sikmost signdlu
byla spolehlivost u skupiny NOR nizsi nez spolehlivost u skupiny PD. Také
jiné studie [24, 73] ukézaly podobny trend, kdy NOR mély nizsi ICC ve srov-
nani s PD. Mirn4 spolehlivost miiZe naznacovat, ze parametr odrazi priroze-
nou individualitu provadéni otacCeni a slozitost signalu. Analyza tvaru kiivky
vsak muze poskytnout vhled do zmén pohybového vzorce v cCase. Kromé
toho Mortanza [74] dospél k zavéru, ze ¢asoprostorova analyza chiize neni
dostatecna a nemiize fungovat jako spolehlivy prediktor pada u starsich osob.
Analyza tvaru krivky otaceni pri vykonavani testu TUG muize vést
k novym poznatkim, a tim k lepsimu porozuméni riznym patolo-
giim.

Rychly nastup pouzivani inercidlnich senzort, pozorovany v poslednich le-
tech, tézi ze snadné prenosnosti senzort i jejich nizkych potizovacich naklada
(napf. ve srovnani s kamerovymi systémy). Tyto vlastnosti jsou predpokla-
dem pro vyuziti zafizeni pro méreni pohybu v ambulantnich podminkach.
Tim vzrustaji vyhlidky na pouzitelnost pristrojového testu Timed Up & Go
pri urcovani rizika padu i mimo oblast vyzkumu.
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Kapitola 10

PFinos prace v oblasti oboru
Biomedicinska a klinicka technika

Na zakladé vyse uvedeného lze konstatovat, ze vyznamné prinosy predkla-
dané disertac¢ni prace v oblasti oboru Biomedicinska a klinické technika s do-
padem v oblasti analyzy rizika padu prostfednictvim testu Timed Up & Go
jsou néasledujici zjisténi a doporuceni:
® nejvhodnéjsi pro analyzu komponenty sed-do-stoje je kiivka thlové rych-
losti predklonu

B analyza rozdélené komponenty sed-do-stoje na pod-faze je ve srovnani s
analyzou celé komponenty prinosna

® opakovatelnost jednotlivych parametru testu TUG je rozdilnd, a proto
by interpretace vysledkt méla byt provadéna obezietné s ohledem na po-
¢et provedenych méfeni

B chiize pred otockou a po otocce se vyznacuji riznymi hodnotami ca-
soprostorovych parametri, a proto by se mély analyzovat a hodnotit
oddélené

B8 nejvhodnéjsi pro analyzu komponenty otaceni je krivka tihlové rychlosti
kolem vertikalni osy

B nové navrzeny parametr popisujici tvar celého signdlu otaceni prindsi
novy thel pohledu na hodnoceni komponenty otaceni

® krivky thlové rychlosti vyboceni komponenty sed-do-stoje by mély byt
podrobeny detailnéjsi analyze

® {hlova rychlost komponenty otaceni-pred-sedem by mély byt podrobné;ji
analyzovany.
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Kapitola 11
Zaveér

Pro naplnéni cili dizertacni prace byly analyzovany vsSechny komponenty
testu Timed Up & Go: sed-do-stoje, chiize, otdceni, stoj-do-sedu. Byl prove-
den rozbor signald inercidlnich senzorti pro komponenty sed-do-stoje a oté-
¢eni. PTi rozboru byla zkoumana hlavné jejich opakovatelnost a sdileny vzor
signalt. U komponenty sed-do-stoje byla navic posuzovana vyhodnost roz-
déleni komponenty na faze. Pro komponentu otaceni byl navrzen novy para-
meter, ktery uvazuje cely signal a hodnoti jeho tvar. U komponenty chiize
bylo provedeno srovnani opakovatelnosti parametru mezi 3 variantami testu,
jmenovité prostého testu, testu s manualni dudlni ilohou a testu s kognitivni
duélni tlohou. Déle byl statisticky hodnocen rozdil v chuzovych parametrech
pri chuzi pied otac¢enim a chtizi po otdceni. Analyza jednotlivych komponent
testu je klicova pro navrh novych parametri, pro vétsi rozsiteni pristrojového
testu ve vyzkumu i pred naslednym prijetim do klinické praxe.
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Kapitola 12

Seznam vyznamnych publikaci autorky

. 12.1 Publikace pouzité v dizertacni praci

Il 12.1.1 Publikace v E€asopisech s impakt faktorem

Slavka Viteckova, Vaclav Cejka, Petr Dusek, Radim Krupicka, Patrik Kuti-
lek, Zoltan Szabo, Evzen Ruzicka. Extended Timed Up & Go test: Is walking
forward and returning back to the chair equivalent gait?. Journal of Biome-
chanics. 2019, ISSN 0021-9290. DOT 10.1016/j.jbiomech.2019.04.001.
(kratké sdéleni, IF 2019 - 2.3)

Slavka Viteckova, Radim Krupicka, Petr Dusek, Vaclav Cejka, Patrik Kuti-
lek, Jan Novak, Zoltan Szabo, Evzen Ruzicka. The repeatability of the instru-
mented Timed Up&Go test: the performance of older adults and Parkinson’s
disease patients under different conditions, Biocybernetics and Biomedical
Engineering, Volume 40, Issue 1, 2020, Pages 363-377, ISSN: 0208-5216
(puvodni ¢lanek, IF 2019 — 2.5)

Slavka Viteckova, Ondrej Klempir, Petr Dusek, Radim Krupicka, Zol-
tan Szabo, Evzen Ruzicka. Statistical analysis of the 180 degree walking
turn: Common patterns, repeatability and prediction bands of turn signals.
Biomedical Signal Processing and Control. 2020, 56 ISSN 1746-8094. DOI
10.1016/j.bspc.2019.101689.

(krétké sdélen, IF 2019 - 3.1)
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Slavka Viteckova, Radim Krupicka, Vaclav Cejka, Patrik Kutilek, Zoltan
Szabo, Evzen Ruzicka, Petr Dusek. Waveform skewness: Parameter for timed
Up & Go turn assessment. Biomedical Signal Processing and Control. 2019,
52 347-352. ISSN 1746-8094. DOI 10.1016/j.bspc.2019.04.035.

(ptvodni ¢lének, IF 2019 - 3.1)

Slavka Viteckova, Radim Krupicka, Petr Dusek, Zoltan Szabo, Patrik Ku-
tilek, Evzen Rutzicka. Can a turn before sitting have additional value in par-
kinson disease assessment? Gait & Posture. 2019. Volume 73, Supplement 1,
Pages 282-283, ISSN 0966-6362. DOI 10.1016/j.gaitpost.2018.06.209.
(rozsifeny abstrakt, IF 2019 - 2.3)

B 12.1.2 Publikace ve shornicich

Slavka Viteckova, Radim Krupicka, Petr Dusek, Patrik Kutilek, Zoltan
Szabo, Evzen Ruzicka. Can sit-to-walk assessment maximize instrumented
timed up & go test output?. In: Proceedings of the 12th International Joint
Conference on Biomedical Engineering Systems and Technologies (BIOS-
TEC 2019). 12th International Joint Conference on Biomedical Engineering
Systems and Technologies (BIOSTEC 2019), Praha, 2019-02-22/2019-02-24.
Lisboa: SCITEPRESS — Science and Technology Publications, Lda, 2019. s.
209-213. BIOSIGNALS. sv. 4. ISSN 2184-4305. ISBN 978-989-758-353-7.

Il 12.1.3 Publikace v recenznim fizeni

Slavka Netukova, Ondrej Klempir, Radim Krupicka, Petr Dusek, Patrik
Kutilek, Zoltan Szabo, Evzen Ruzicka. The Timed Up & Go test sit-to-stand
transition: which signals measured by inertial sensors are viable route for
continuous analysis?.

(v recenznim rizeni)

. 12.2 Ostatni publikace relevantni k analyze
chiize

Il 12.2.1 Publikace v E€asopisech s impakt faktorem

Slavka Viteckova, Hana Hordkova, Kamila Polakova, Radim Krupicka,
Evzen Ruzicka, Hana Brozova. Agreement between the GAITRite® System
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and the Wearable Sensor BTS G-Walk® for measurement of gait parameters
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Piiloha A

Zpracovani signalii otaceni o 180°

. A.1 Introduction

Turning is an essential part of mobility and has a common occurrence in
everyday locomotion[]. It is a complex task which requires the central ner-
vous system to coordinate body segments reorientation towards a new travel
direction while maintaining dynamic body stability[@].

It has been suggested that the complexity of the turning manoeuvre and
neural systems involved increases vulnerability to impairment during the turn
compared to straight gait [E] Turning manoeuvres are altered by age[@] and
neurological disorders, such as Parkinson’s disease[] or stroke[f]. Turning
has been reported as one of the leading activities performed at the time of
falling[ﬁ] and there is evidence that turning is associated with an increased
risk of falling[8]. Therefore, there is a growing part of locomotion research
that focuses on turn analysis.

As turning accounts for as much as 45% of steps taken within a day[lﬂ],
some research has focused on turning performance assessment in a natu-
ral living environment[g]. The majority of turning studies have relied on
laboratory-based measurements. Most of the instrumented studies involved
spatio-temporal, kinematic and/or kinetic parameters to quantify the turn
task.

With regard to measurement systems, besides the camera-based motion
capture systems, which are widely used in laboratory settings, wearable tech-
nologies, especially inertial body sensors, have become an important tool in
the field of movement analysis. Their advances, such as portability, ease of
use, low cost, and low demand to dedicated space, makes them suitable for
utilization in clinical context and opens a promising future for walking turn
analysis outside research laboratories. Consequently, it increases attention
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to walking turn analysis.

This state-of-the-art review aims at providing researchers with an overview
of recent instrumented, laboratory-based analysis of 180-degree walking turns
and to point out new viable routes for future work. We will examine (1) data
acquisition equipment; (2) source signals; (3) performed protocols; (4) turn
detection methods; and (5)employed parameters.

B A2 Methods

To obtain a collection of publications within our review scope, we performed
a paper search on Scopus, with a set of keywords associated with the topic:
(turn AND gait) OR (turn AND walking). With the above keywords, we
originally obtained 968 papers. It was further possible to exclude some results
after a review of their abstract. In total, we could limit the remaining results
to 51 papers published after 2013 (including). We further traversed through
referenced sources. In the end 29 papers were kept which addressed 180-
degree walking turn analysis.

Only papers focusing on turn analysis which brought knowledge about hu-
man movement or examined the hypothesized link between turn performance
and pathology were considered. Papers which were written without an inten-
tion to elucidate or interpret results towards new insight into performing
a walking turn, e.g. introducing new parameters or demonstrating novelty
algorithms for turn detection, were excluded. Studies dealing with long-term
home monitoring were also excluded. Data were extracted from each study,
including: turning task, data acquisition devices, processed signals, filters,
turn detection method, and turn parameters. The review process is depicted
on Fig. A.1.

. A.3 Results

B A.3.1 Dataacquisition devices and source signals

Regarding 180 degree turn studies, 48 % of the studies used camera motion
capture systems, 44 % used inertial sensors, and 12 % used force plate mea-
surements of which only one study solely used force plates, one study utilized
force plates combined with a video camera, and one study used force plates
coupled with a motion camera capture system.

The selection of equipment greatly affects the utilized signals. As the ca-
mera motion systems and inertial sensors are widely used in 180 degree turn
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968 records found
through Scopus
database search

700 records excluded

10 recards inchxed ————#—» after title and abstract

from other sources reading

W

278 full text assessed
for eligibility

255 records excluded
after reading, reasons:
6 records included - proposal of new parameter
by traversing through ——— - comparison of parameters
referenced sources (without clinical assessment)
- longterm home monitoring
- not 180 degree turn angle

29 studies included
in qualitative synthesis

Obrazek A.1: Review process.

analysis, the majority of studies (96 %) utilized kinematic signals for further
evaluation. Kinetic signals were used for turn parameter computation in 4 %
of the studies. Details are provided in Table A.1.
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Tabulka A.1: 180 degree turns: protocol, parameters, acquisition systems, detection algorithms.
NR - not reported; turning task notation: distance before turn (m) — turn (°) —distance after turn (m); C - camera motion capture system, IMU - inertial sensors, FP - force

plates, * including COM distance, velocity, position, acceleration, and/or trajectory measures (mean, min, max values)

Authors | Turning task Parameters HW Turn
Spatio-temporal Kinematic Kinetic Other detection
[10] TUG duration angular rate (max, range), - number of steps IMU [11]
acceleration (range)
12, 13] TUG duration - - number of steps IMU [14]
step time before the turn
[15] TUG duration, phases duration, lower limbs - - C 4]
step length, cadence joints angles (max) - - C 4]
6] TUG ; COM derived* . ; C ]
[17] TUG duration, step time angular rate (max) - number of steps IMU [14]
18] TUG duration angular rate (mean, max) - C custom
[19] TUG duration angular rate (mean) - number of steps C [1§]
[20] TUG duration - - number of steps FP, NR
video camera
[21] TUG duration, step time foot clearance (max) - number of steps C NR
TUG variability and symmetry
[22] TUG duration angular rate (max) - - IMU custom
23] TUG duration angular rate (max) - - IMU custom
[24] TUG (7 m) duration angular rate and acceleration - number of steps IMU [11]
(mean, standard deviation,
(max, median, range, RMS)
[25] ETUG (10 m) - angular rate (mean, max), - number of steps IMU manual
cranio-caudal kinematic
turn signature [206]
27] ETUG (10 m) duration, step length, inter-segment angle (peak), - number of steps C+FP custom
step width body segments rotation onset,
COM-COP angle (peak)
28]] ETUG (10 m) duration angular rate (min, max) - - smart phone [14]
29] 2 min walk duration, angular rate (peak), - jerkiness IMU [B0]
(7 m, 180°) acceleration (range) -
B1] 3.5-180°-3.5 step length and width, - - turning strategy C NR

Continued on next page
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6.

Tabulka A.1 — Continued from previous page

Authors | Turning task Spatio-temporal Kinematic Kinetic Other HwW Turn
detection
step time variability
B2] 5-180°-5 turning velocity COM derived*, segments - - C custom
rotation angle (max)

B3] 5-180°-5 duration, step width COM derived* - - C B2]
[B4] 9-180°-9 step length, step time segments rotation angle - - C B5]
s(max), turning radius

[B6] 10-180°-10 step length, step width COM derived*, lower limbs - number of steps C custom
joints angles (max, range)
B7] ISAW duration, step time before - - - IMU [14]
the turn

Bg] i-WALK duration, step time angular rate (max) - number of steps IMU [14]

[B9] SQT duration - COG sway - FP NR
[0, 41) 3 m, - COM derived* - - IMU a hand
semicirc. turn switch

M2, U3] 4.65 m, turning distance, step length body rotation angle (max) - turning strategy C [B5]

semicirc. turn

and width, trajectory length,
velocity, onset latency

S1Insay "€V



A. Zpracovani signalii otaéeni o 180°

Bl A.3.2 Protocol

According to measurement protocols, the 180-degree turns can be classified
into three categories: turning as a part of the Timed Up and Go test (TUG),
walking straight followed by a 180 turn, and other protocols.

A functional TUG test, and a modified timed version of the "Get-Up and
Go”Test, involves rising from a chair, walking 3m, turning 180°, walking back,
and sitting down again. Beside the 3 meters of walking in the TUG, there
are also extended variants which usually involves 7 m or 10 m gait. The
TUG measurement is simple, requires no special equipment, and is a part of
routine clinical examinations. Usually, the time it takes to complete a TUG
is assessed. The TUG test is one of the most popular functional assessment
tools. Sprint et al. [44] provided a review for instrumented TUG utilization
in research.

The second class consists of the subject walking in a straight line followed
by a 180 turn and walking back [32, B4, 36, B1, B3]. The length of the straight
pathway varies, and it can’t be said that a certain length is preferred.

The last class includes various specific protocol with a 180 degree turn,
such as the step/quick turn (SQT) test [B9], the instrumented stand and
walk (ISAW) test [37, Bg], i-WALK [38], and a semicircular turn [42, 40, 41].
The SQT test requires taking two steps forward, quickly turning 180° and
returning to the starting point. Semicircular turns [40, #1] involve walking
3 m in a straight line, turning in a semicircular curve with a radius of 0.75
m, and then a return on a 3-m straight path. Conradsson et al.[42] used a
protocol in which participants walked at their comfortable velocity along a
4.65-meter walking lane. The turning position was marked by two poles and
accompanied by an arrow display indicating a semicircular left or right turn
or walking straight. The ISAW requires a person to stand still for 30 seconds,
initiate gait, walk for 7 m, turn 180 degrees, and walk back to the starting
location [45]. The measurement protocol, i-WALK, is an instrumented ver-
sion of the fixed time-based 2-minute-walk [46]. It involves walking back and
forth continuously between two points 25 ft (7.62 m) apart for a period of
two minutes.

In summary, walking in a straight line followed by the turn was exploited
in 95 % of the studies. Specific tests (e.g. Timed Up & Go test) were adopted
in walking turn measurements in 57 % of the studies. The rest of the studies
employed other various protocols.
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Authors Signal / Filter Cut-off frequency [Hz|
[10] NR NR
(12, 13] NR* NR*
[15] markers position / low-pass Butterworth 6
[16] markers position / low-pass Butterworth 6
[17] NR* NR*
18] NR NR
[19] NR NR
[20] NR NR
[21]] NR NR
[22] NR NR
[23] AR / high-pass, ACC / low-pass 0.2
24] NR NR
[25] ACC / high-pass NR
27] NR NR
28] NR NR
[29] AR / low-pass Butterworth 1.5
[31] markers position / low-pass Butterworth 5
[B2] NR NR
33] NR NR
[34] markers position / low-pass Butterworth 7
[36] markers position derivative / low-pass Butterworth 4
B7] NR* NR*
38] NR* NR*
39] NR NR
(4], 1] NR NR
42, U3] markers position / low-pass Butterworth 7

Tabulka A.2: Raw signal filtering in 180 degree turns processing.

NR - not reported, * uses commercially available data acquisition system, processing

details are proprietary and unpublished

B A.3.3 Filtering

The preprocessing main objective is the preparation of the signal for the
following processing step. This first block of operations aims to extract only
relevant data to the analysis from the measured (raw) signals avoiding con-
tamination due to artifacts and noise. Pre-processing is usually a two-step
procedure: the definition of the filter and the turn segment detection.

A measurement noise is an undesirable portion of any kinematic waveform.
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It can be caused by soft tissue artefact, improper attachment of sensors/mar-
kers and electrical interference[d7]. The objective of any filtering technique
is not only to attenuate noise but also to leave the true signal unaffected[48].

In Table A.2 the filters employed in turn analysis are shown, most of the
studies did not report filter and/or filter parameters (XX %). All studies
reporting filtering of camera system data used low-pass Butterworth filters.
Filters reported regarding IMU signals vary (low-pass and high-pass filter
are used).

B A.3.4 Turndetection techniques

The detection of the beginning and the end of the walking turn is a basic
step needed to calculate credible turn parameters. Thigpen and coworkers
[4], using video-taping, defined the turn as the beginning and end of the 180-
degree reversal of direction at the turn line on the floor while walking. This
method was later adopted by researchers using motion camera systems|l5,
16, B2]. Another technique to identify the turn onset employs foot markers
(e.g. heel, toe). The first turning step is delimited as the step exceeding 200
% of the standard deviation in the medio-lateral displacement of walking
straight[35, B4, 42].

Salarian et al.[[14] presented a method using one IMU to obtain turn signals.
This method was based on a signal from a yaw gyroscope on the sternum.
Turning components appear as positive or negative ramps of an angle from
the trunk. Recently this approach was adapted to camera motion systems][L§].
Weiss et al.[11, 10] determined turns from the lower back yaw signal as the
point in which the signal crossed 10 % of the maximum yaw amplitude of the
turn. El-Gohary et al.[30] used IMU placed on the lower back and defined
the start and end of the turn as an angular rate exceeding a threshold of 5
deg/s.

Lastly, some authors used custom detection techniques to obtain the onset
and the end of the 180 degrees walking turn. For instance, Shin et al.[40, 41]
used a hand switch to partition turn movement from walking straight. Yang
et al.[27] defined the turn onset and end of the turn as the earliest onset and
the latest end of the body segments rotation. Uem et al.[22] determined the
start and end of turning using threshold detection in squared angular velocity
around the vertical axis. Vervoort et al. [24] detected a turn via Daubechies
5 mother wavelet. Another custom method based on a gyroscope signal de-
tected the start as a dramatic increase of the angle in the yaw direction and
the end when the signal became stable again [23]. The exact slope threshold
is not presented in the study. Spildooren et al.[32] compared the orientation
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of body markers to external markers which defined the turning place. Serrao
et al.[36] started the turn by an acoustic cue and identified the end when
the body rotation angle fell within a boundary of 180 degree 4+ 300 % of a
standard deviation of the walking straight body rotation angle.

Bl A.3.5 Parameters

In total, 66 different parameters were assessed in the reviewed literature.
These parameters were categorized as spatio-temporal (27 %), kinematic
(42 %), of which 15 % were acceleration-derived and 38 % were orientation-
derived, kinetic (18 %) and other (6 %).

Out of 12 studies utilizing inertial signals (i.e. IMU systems or smart-
phone), 10 studies employed turn duration, 6 studies number of steps, and 9
studies descriptive statistics of the signals (e.g. max, mean). Minority para-
meters are: turn step time (2 studies), step time before the turn (2 studies),
center of mass (COM) derived parameters (2 studies), jerkiness of the turn
(1 study). Turn duration is determined as the duration from the beginning
until the end of the turn [10, 22, 23, 24, 29, 28]. Steps and related parameters
(e.g. number of steps) are derived from the acceleration in the vertical axis
of the sensor located on the lower back [0, 24] or on the feet [25]. Center of
mass derived parameters are estimated from a single sensor located near the
body COM [40, 41]. Six studies used commercially available data acquisition
IMU based systems [12, 13, 17, B7, B8, 29]. Most of them did not report in
detail the procedure of parameter estimation [12, [13, 17, 37, Bg].

Only one motion capture system-based study (out of 12) used no spatio-
temporal parameter for turn assessment (they used only COM derived para-
meter). Other studies employed turn duration (6 studies), step length (6 stu-
dies) and/or width (5 studies), step time-based parameters (3 studies), num-
ber of steps (5 studies), cadence during turning (1 study), turning distance (1
study), turning trajectory length (1 study). Also, COM derived parameters
were calculated (5 studies). Descriptive statistics of body segments or joint
angles (6 studies), and angular rate (2 studies) were also used.

The computation of spatio-temporal parameters during turning initially
proposed by Huxham et al. [49] was employed by [27, B1, B3, B4, B6, 42, 43].
Other studies did not report their approach to calculation of spatio-temporal
parameters [[15, 16, 18, 19, 21]. COM was estimated using centroid of a 12-
segment [[16] and 15-segment [33, 36, B2, 27] model.

Three studies used force plates. Only one of them used a force plate as
a sole acquisition device and determined turn duration and COG trajectory
[B9] . Second study used force place along with a video-camera [20]. They
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calculated turn duration and number of steps but did not report details of
parameters estimation. Yang et al. [27] employed a force plate together with
a 3D camera motion capture system. From a force plate they used to record
the COP during turning (the rest of the parameters were determined from a
camera system).

B A.3.6 Researchareas

Studies focusing on the walking turns of patients with Parkinson disease (PD)
are an important class of walking turn analysis. Yang et al.[27] investigated
the rotation of segments and gait instability during turns in people with
PD. For this purpose, they used the following parameters: turning time, tur-
ning steps, COM-COP inclination angle, and body segments’ angles. Lebel
et al.[25] analysed the cranio-caudal rotational sequence of PD. Four spatio-
temporal parameters were used to examine the effect of clock-turn strategy
in PD[21]. Also, Uem et al.[22] dealt with turn analysis of PD patients via
turn duration and maximal angular rate. Bhatt et al.[31] investigated turning
strategy (step, spin) relating to freezing of gait (FOG) in PD. Spildooren et
al. [32] examined the relationship between impaired head-pelvis rotation du-
ring turning and FOG in PD. Bengewoord et al.[33] differentiated freezers
and non-freezers via spatio-temporal parameters and COM movement. Ber-
toli et al.[29] compared turn parameters derived from inertial measurement
units across PD subjects with and without FOG. To analyse the relationship
between turning performance and falls in PD Cheng et al. [39] used turn
duration and COM velocity. Horak et al.[37] employed spatio-temporal para-
meters to analyse balance and gait in PD. Conradsson et al.[42] studied the
effect of medication in PD to planned and unplanned turns using turning
strategy, spatio-temporal and kinematic parameters.

Age related research is another class of walking turn investigation inclu-
ding balance assessment. Weiss et al.[10] employed kinematic turn parame-
ters to identify subclinical gait impairments in a community dwelling older
adults. To distinguish performance differences across age Vervoort et al.[38]
extracted turn duration and amplitude characteristics of angular rate and
acceleration among 27 TUG variables. Forse et al.[34] evaluated the effect of
walking velocity on axial coordination during turns in healthy older adults.
COM acceleration and energy expenditure were analysed in semicircular
turns in elderly women[40, 41]. The relationship between cognitive doma-
ins, gait and balance was analysed by Pal et al.[33] via spatio-temporal and
angular rate-derived parameters. The additional value of turn assessment for
the association between clinical walking tests and self-reported measures of
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walking and balance was evaluated by Adusumilli et al.[17]. They employed
body worn sensors and extracted four kinematic parameters from measured
signals. The effect of walking speed on medio-lateral stability during turning
was explored in older adults[43].

Beside PD and age, a number of different diseases was studied via turn
analysis. O’Keefe et al.[12, 13] utilized turn duration, step time before the
turn, and the number of steps in the turn to characterize mobility deficits in
fragile X-associated tremor/ataxia syndrome.

Bonnyaud et al.[15] involved the TUG in the analysis of movement in
stroke patients during two conditions: spontaneous and standardized condi-
tion. The turn sub-task performance was represented by the time it took
to turn, the percentage of single support swing phases, and the kinematic
parameters of the joints. Using the same protocol, they compared COM tra-
jectory to reference COM trajectory by Hausdorff distance and dynamic time
warping|[16].

Serrao et al.[36] analysed turn strategies of cerebellar ataxia patients. To
evaluate body behaviour during turning, they calculated body rotation and
COM velocity at the heel strike for each step, step width and length, and
joint angles.

Using a camera system Ansai et al.[l9] compared the performance of the
TUG and all its subtasks (sit-to-stand transition, walking forward, 180 de-
gree turn, walking back, turn-to-sit transition) of prospective fallers and non-
fallers with cognitive impairment and Alzheimer’s disease.

Bovonsunthonchai et al.[20] investigated the effect of the spinal tap test on
the motor abilities of patients with idiopathic normal pressure hydrocephalus.
The study involved three tasks: sit-to-stand, walking, and 180 degree turning.
Objective measures computed for the turning task were turning time and the
number of steps.

A summary of protocols, parameters and measurement systems utilized in
180 degree turn analysis is provided in Table |A.1.

. A.4 Discussion

This article provided an overview of methodologies used in recent research
for the walking turn. We reviewed protocol, signals, parameters, detection
methods, and data acquisition systems employed in walking turn assessment.
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B A.4.1 Protocol

A number of different protocols has been used for walking turn assessment
recently, however, several questions arise. As can be seen from the review,
most of the walking turns are preceded by straight walking for less than 5
meters. Turning is influenced by gait velocity[35]. Thus, it can be assumed
that performing a turn before the end of gait initiation, the transient period
between quiet standing and a steady state of walking, affects turning parame-
ters. Opinions about the number of steps needed to reach a steady gait are
not uniform and vary according subjects’ groups types[50, 51]. It follows that
the distance of straight walking before the turn should be taken into account
when planning protocol, and also when interpreting results. The number of
steps after the turn also varies across the studies. The effect of anticipation
of gait termination and the distance behind the turn has not been analysed
yet. The lack of consensus regarding turn protocol may limit cross-research
and intergroup comparisons.

Most of the protocol consists of a single turn, e.g., TUG. However, some
protocol, e.g, i-WALK, comprised of multiple turns and parameter values are
averaged from all performed turns[45]. Regarding cross-research comparabi-
lity, in multiple turn protocol the training effect on turn kinematic should
be taken into account.

B A.4.2 Signals

A turn-related reliability analysis of different subject groups was performed
for peak angular rate[l14, 2, 53], mean angular rate[53], duration[14, 52|, mid-
point turn time[b2], number of steps[l14, 52], and timing of steps[14]. Based
on evidence, turn derived parameters are less reliable than gait parameters
for straight locomotion[l4, 52]. However, the reliability of turn movement
itself has not been explored yet. Moreover, previous research hasn’t compared
reliability for different subject groups. Similar to gait, the analysis of turn
variability may increase new knowledge relating to specific types of pathology.

It would be beneficial to researchers if a range of “normal” turn kinematics
were defined for continuous turn signals. In this way, new subjects could be
classified as belonging or not belonging to the group[b4].

B A.4.3 Filtering

It is common practice to low-pass filter the kinematic data in order to re-
duce the effects of measurement noise. It is crucial to choose an appropriate
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filtering procedure and decide what cut-off frequency should be chosen in
this procedure. If a high cut-off frequency is used, very little noise will be
removed. On the other hand, a low cut-off frequency will introduce artifacts
into the trajectory [b5]. Based on this review, the reporting of filters used in
the study and their parameters is insufficient.

B A.4.4 Parameters

If we focus on the parameters utilized in walking turn assessment, the most
frequently used are spatio-temporal parameters adopted from gait analysis
(e.g. stride length, stride width, and duration of gait cycles phases). This is
probably because the calculation is simple, interpretation intuitive and there
is evidence that spatio-temporal parameters are related to stability and incre-
ased fall risk for gait and turning which is an important topic in movement
analysis. In addition, it might be related to data acquisition systems currently
used. The most widespread system in turn analysis is the camera motion
capture system and the authors employ algorithms proposed by Huxham[49]
to compute temporal variables for non-linear walking, e.g. turns, based on
camera system data. With an increasing number of researchers utilizing iner-
tial sensors, acceleration and angular rate derived parameters have also been
used. Unfortunately, only basic parameters, e.g. maximum and minimum,
are usually computed as a standard indicator.

Most data acquisition systems provide continuous signals in three dimensi-
ons over the whole turn and these signals can be useful data sources. Thus,
new more complex parameters should be utilized to improve quantitative
turn assessment [56]. New parameters might embody the shape of the turn
curve and should be provided together with its movement related interpre-
tation.

B A.4.5 Dataacquisition

Although instrumented movement analysis has been used for several deca-
des, it has been performed mainly in a laboratory environment. A growing
demand for the utilization of movement analysis in clinical and home settings
together with rapid progress with wearable sensors convey their usage to the
field of walking turn analysis. Prevalent acquisition devices are camera mo-
tion systems and inertial measurement units. Nevertheless, new approaches
to record and process turn data arise, including smart phones[28], tablets[57]
and depth cameras[5§].

The quality and validity of movement analysis are dependent on measuring
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instruments used[59]. However, there is no defined consensus on what parame-
ters should be computed when using different data acquisition systems, e.g.
camera system, inertial units. Movement parameters are influenced by data
processing techniques[60]. Comparisons should be performed across systems
to determine which system is appropriate with respect to specific parameters.
An interpretation of results should be careful to identify how much parame-
ters values are driven by movement and how much is due to the function of
data acquisition and processing techniques.

B A.4.6 Turndetection

Unbiased signal processing requires an automatic detection of the turn and
consequent parameters of evaluation. A large amount of research based on
an automatically detected turn comes from Salarian et al.[14]. Another area
of growing research in the field is based on Greene et al. work[61]. Both
algorithms utilized inertial sensors as data acquisition hardware and proces-
sed trunk angular rate data to detect the TUG turn. Some researchers used
custom designed methods, manual segmentation by examining a graphical
representation of specific marker displacements, adjusted straight walking
length (starting point) so that the turn started by stepping on force plate,
and well as many others approaches (refer to Table A.1). Some studies did
not report an approach for detection of the parts of turn at all. As a proper
detection of the onset and offset of the turn is crucial for turn assessment and
comparison of results, a collation of a detection method should be provided.
Standardized definitions in relation to the walking turn and its sub-phases
could improve consistency in reporting.

Finally, instrumented turn analysis is becoming widely adopted in human
movement research. It has the capability of pointing out functional and/or
cognitive decline[62] as well as revealing higher risk of falls[8]. Thus, it has the
potential to become a part of clinical assessment. To enable turn assessment
to be adopted in clinical practice, we recommend using portable systems with
low requirements on measurement space. Regarding protocols, utilization of
the TUG seems to be a feasible solution. It is recommended by the American
and British Geriatrics Societies as a screening tool for identifying older peo-
ple at a higher risk of falling and if instrumented it can provide additional
and reliable gait data[52]. Based on the above, we recommend using inertial
measurement systems along with the Timed Up & Go test as a viable route
to the adoption of turn analysis in a clinical context.
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. A.5 Conclusion

The aim of this review paper was to provide an overview of turn parameters
together with data acquisition equipment to pose data sources available to
quantify kinematics and dynamics of the turn manoeuvre. A large number of
recent articles were found on 180-degree walking turn analysis. These papers
included original articles employing walking turn analysis; a big portion of
the studied articles described using a camera system or wearable sensors;
and a small number of studies presented analysis via force plates. Finally,
the methodology of turn analysis’ advantages and limitations, and proposals
for further research directions were discussed.
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The Timed Up & Go test sit-to-stand
transition: which signals measured by
inertial sensors are viable route for
continuous analysis?

Introduction

The Timed Up and Go (TUG) test is a well-known clinical test for assessment of mobility and fall
risk. It involves standing from a chair, walking straight, turning, walking back to the chair, and
sitting back in the chair. Several studies have augmented the utility of the TUG by using
instrumentation [1,2], e.g. with inertial measurement units (IMU). The main advantage of IMUs
is that they are wearable and cheaper compared to camera systems; therefore, their usage is
increasing.

It has been shown that IMU which use an accelerometer and gyroscope are capable of analysing
quantitative parameters of the sit-to-stand transition (StS)[3]. Usually, acceleration [1,2,4] and
angular velocity [1,2] serve as source signals for the computation of discrete StS parameters:
minimal[5], maximal[2,5], median[4] or mean[1,5] value, and the standard deviation [4].

In comparison to the analyses of above mentioned discrete parameters, an analysis of the
continuous curve is more informative [6]. For optimal interpretation of the analysis of continuous
curves, the signal pattern must be considered. The pattern of corresponding signals should be
specific for different subject groups, e.g. patients with a particular diagnosis[7]. Besides, when
the pattern is known, the inter-subject variability along this pattern can be informative and useful
[8]. To date, however, it is not clear which signal provided by the IMU is most suitable for TUG
continuous analysis.

The main aim of the paper is to identify which signals obtained by the IMU are suitable for
continuous transition analysis in Parkinson disease patients and older healthy adults. To achieve
this, we addressed the following partial-goals: (1) to ascertain signal patterns shared within the
subject group, and (2) to evaluate the variability of transition signals within a subject group.

Methods

Participants and Data Acquisition

In the analysis we included 29 older adult volunteers (24 males, 5 females), mean age 62.9 (SD
8.4) years free from any neurological or psychiatric disorder as the control groups (CG), and 31
de-novo Parkinson disease (PD) patients (20 males, 11 females), mean age 60.5 (SD 12.6) years
(details provided in Supplementum 1). The study was approved by the Ethics Committee of the



General University Hospital in Prague, Czech Republic. A written, informed consent was obtained
prior to data collection.

All subjects performed an instrumented extended 10m-TUG wearing a gyro-accelerometer (MTx
units, Xsens Technologies B.V., Netherlands) placed on the subject’s chest, 2 cm below the sternal
notch (sample frequency of 100 Hz). The three-dimensional kinematic signals, i.e. angular velocity
about the roll-axis (wron), pitch-axis (wpitch), and yaw-axis (wyaw); and vertical (av), medio-lateral
(amL), and antero-posterior (aap) acceleration, were analysed.

Preprocessing

The StS transition was detected as the movement with a wpich higher than 10 deg/s [9]. As a
negative angular velocity indicates a clockwise rotation, the beginning of the StS was detected
from the wpitch as a value less than -10 deg/s. The end of StS was identified as a value lower than
10 deg/s. All data analysis was carried out in Matlab 2015 (MathWorks Inc., Natick, USA).

Signals analysis

Signal pattern

In the analysis of continuous physiological signals including movement analysis, intra-class
correlation (ICC) has been suggested [10] and adopted for quantification of the curves similarity
[7,11]. Due to natural inter-individual variability, different scaling of signals can be observed
across each subjects’ group. Therefore, we employed the two-way random effects, consistency,
single measurements ICC[12]. The ICC was computed for each point along the entire StS curve[7].

Inter-subjects’ variability

The variability among subjects can be studied via prediction bands [8,13]. Based on recent studies
[11,14,15], the bootstrap method is a suitable application for movement kinematic data. 95%
prediction bands via bootstrap were computed with 1000 bootstrap samples (details in Lenhoff et
al. [8]). The true coverage probability was determined by cross-validation [8]. As the absolute
value of prediction bands’ width is not comparable across different signals, the ratio of prediction
bands’ width to signals mean is stated.

Results

Signal pattern

The wpitch exhibited the best signal match across subjects in both groups (0.50<ICC<0.75). The
aap also showed moderate inter-subjects signal match in the CG (0.50<ICC<0.75). Other signals
demonstrated a poor signal pattern (ICC<0.50), Table 1.

Inter-subjects’ variability



The prediction bands in both groups are shown on Fig. 1. The results of the cross-validation
calculations are shown in Table 1. In the CG, the estimated true achieved coverage ranged from
86 % to 93 % for acceleration curves and from 72 % to 86 % for angular velocities. In PD the
results for acceleration and angular velocity were slightly lower than in the CG (ranged from 80
% to 87 %, 74 % to 77% resp.). The ratio of prediction bands’ width to signals mean is shown in
Fig. 2.

Discussion

Slightly stronger intra-class correlations in the CG than PD were observed in all statistically
significant results. This is consistent with a previous study of walking turn signals in PD and the
CG [7]. An analysis of the common signal pattern indicated that wpich had the most characteristic
patterns for StS, which corresponds with intuitive processing of wpiwch in previous studies [2,9]. As
the wront in PD was not statistically significant and the signal pattern in the CG was negligible but
statistically significant, we do not expect a distinctly stronger pattern in PD then in the CG. The
wyaw did not have a significant result in the CG. Therefore, further analysis should be considered.
There are two possible explanation for group means close to zero. First, the subjects’ signals are
close to zero. Second, the subjects’ signals have an opposite signum. The wyaw, Wroi, and amr
signals approach zero and yield a low ICC value. Together, this indicates a missing shared pattern.
Also, the prediction bands width of wyaw, wron signals are wide. This points to high variability
among subjects. Narrow prediction bands of avr may be caused by a small range of motion in this
direction.

Based on the observations stated above, (1) we discourage the utilization of acceleration signal
other than asp in PD and CG groups, (2) instead, we recommend employing angular velocity about
pitch axis.

There are some limitations that need to be mentioned. A major limitation of this study is that only
two measurements for each subject were taken. On the other hand, when the same test is performed
within the single session a learning curve might play an important role in the results.

Conclusion

This paper tested the suitability of acceleration and angular velocity signals for continuous analysis
of the Timed Up & Go sit-to-stand transition. The intra-group common pattern and intra-group
variability of signals were unveiled. A strong intra-group signal pattern was observed in wpiwch in
both groups and aap in the CG. In conclusion, we indicate that these signals are suitable for sit-to-
stand TUG analysis.

References

[1]  A. Salarian, F.B. Horak, C. Zampieri, P. Carlson-Kuhta, J.G. Nutt, K. Aminian, ITUG, a
sensitive and reliable measure of mobility, IEEE Trans. Neural Syst. Rehabil. Eng. 18



[10]

[11]

[12]

[13]

[14]

[15]

(2010) 303-310. https://doi.org/10.1109/TNSRE.2010.2047606.

N.A. Zakaria, Y. Kuwae, T. Tamura, K. Minato, S. Kanaya, Quantitative analysis of fall
risk using TUG test, Comput. Methods Biomech. Biomed. Engin. (2015).
https://doi.org/10.1080/10255842.2013.805211.

N. Millor, P. Lecumberri, M. Gomez, A. Mart\’\inez-Ramirez, M. Izquierdo, Kinematic
Parameters to Evaluate Functional Performance of Sit-to-Stand and Stand-to-Sit Transitions
Using Motion Sensor Devices: A Systematic Review, IEEE Trans. Neural Syst. Rehabil.
Eng. 22 (2014) 926-936. https://doi.org/10.1109/TNSRE.2014.2331895.

A. Weiss, A. Mirelman, A.S. Buchman, D.A. Bennett, J.M. Hausdorff, Using a Body-Fixed
Sensor to Identify Subclinical Gait Difficulties in Older Adults with IADL Disability:
Maximizing the Output of the Timed Up and Go, PLoS One. 8 (2013).
https://doi.org/10.1371/journal.pone.0068885.

A. Galan-Mercant, A.l. Cuesta-Vargas, Differences in trunk accelerometry between frail
and non-frail elderly persons in functional tasks, BMC Res. Notes. (2014).
https://doi.org/10.1186/1756-0500-7-100.

A. Sant’Anna, N. Wickstrom, A Symbol-Based Approach to Gait Analysis From
Acceleration Signals: Identification and Detection of Gait Events and a New Measure of
Gait Symmetry, IEEE Trans. Inf. Technol. Biomed. 14 (2010) 1180-1187.
https://doi.org/10.1109/TITB.2010.2047402.

S. Viteckova, O. Klempir, P. Dusek, R. Krupicka, Z. Szabo, E. R\r uzicka, Statistical
analysis of the 180 degree walking turn: Common patterns, repeatability and prediction
bands of turn signals, Biomed. Signal Process. Control. 56 (2020).
https://doi.org/10.1016/j.bspc.2019.101689.

M.W. Lenhoff, T.J. Santner, J.C. Otis, M.G.E. Peterson, B.J. Williams, S.I. Backus,
Bootstrap prediction and confidence bands: a superior statistical method for analysis of gait
data, Gait Posture. 9 (1999) 10—-17. https://doi.org/10.1016/S0966-6362(98)00043-5.

Y. Higashi, K. Yamakoshi, T. Fujimoto, M. Sekine, T. Tamura, Quantitative evaluation of
movement using the timed up-and-go test, IEEE Eng. Med. Biol. Mag. 27 (2008) 38-46.
https://doi.org/10.1109/MEMB.2008.919494.

A. Pini, J.L. Markstrom, L. Schelin, Test--retest reliability measures for curve data: an
overview with recommendations and supplementary code, Sport. Biomech. 0 (2019) 1-22.
https://doi.org/10.1080/14763141.2019.1655089.

A. Duhamel, J.L. Bourriez, P. Devos, P. Krystkowiak, A. Destée, P. Derambure, L.
Defebvre, Statistical tools for clinical gait analysis, Gait Posture. 20 (2004) 204-212.
https://doi.org/https://doi.org/10.1016/j.gaitpost.2003.09.010.

T.K. Koo, M.Y. Li, A Guideline of Selecting and Reporting Intraclass Correlation
Coefficients for Reliability Research, J. Chiropr. Med. 15 (2016) 155-163.
https://doi.org/10.1016/j.jcm.2016.02.012.

T. Chau, S. Young, S. Redekop, Managing variability in the summary and comparison of
gait data, J. Neuroeng. Rehabil. 2 (2005) 22. https://doi.org/10.1186/1743-0003-2-22.

W.J. Anderst, Bootstrap prediction bands for cervical spine intervertebral kinematics during
in vivo three-dimensional head movements, J. Biomech. 48 (2015) 1270-1276.
https://doi.org/https://doi.org/10.1016/j.jbiomech.2015.02.054.

P.C. Dixon, J. Stebbins, T. Theologis, A.B. Zavatsky, Spatio-temporal parameters and
lower-limb kinematics of turning gait in typically developing children, Gait Posture. 38
(2013) 870-875. https://doi.org/10.1016/j.gaitpost.2013.04.010.



Tables

ICC (95% confidence true coverage
interval)
CG PD CG PD
ay 0.34* 0.22%* 0.86 | 0.80

(0.3,0.4) (0.19,0.27)

avr | 0.07* 0.01* 093 | 0.87
(0.06,0.1) (0,0.02)

axp | 0.69% 0.45% 0.86 | 0.87
(0.65,0.74) | (0.41,0.52)

-0.01 0.06* 072 |077
yaw 1 .0.01,0) | (0.05,0.09)

| o067 0.62* 0.86 | 0.74
@pite | (0.63,0.72) | (0.57,0.67)
h
0.01* -0.01 079 |0.77
@roll | 0,0.03) (-0.01,0)

Table 1.Within group common pattern and true coverage probability
* - statistically significant difference (p<0.05)
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Figure 1. Kinematic data of the trunk over sit-to-stand transition in the control group and
Parkinson’s disease patients. Light grey area-control group prediction bands, dark grey area-
Parkinson’s disease patients prediction bands, solid light grey line-control group mean signal,
dashed dark grey line-mean signal of Parkinson’s disease patients.
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Daily human activities commonly include standing from a seated position. In research this transition is inves-
tigated, among others, as a part of a functional Timed Up & Go test. Spatio-temporal parameters are widely
used to assess the sit-to-walk transition. Usually, the parameters calculated for the sit-to-walk signal is in
its entirety. Another approach primarily splits the transition into phases and then calculates parameters for
individual phases separately. The objective of this work is to examine whether splitting the Timed Up & Go
test into subphases provides additional value for transition assessment. In order to compare both approaches,
we utilized angular rate parameters (duration, peak value, mean, variance) and analyzed their reliability. The
reliability proved to be dependent on the subject group and transition phase. In addition, we compared tran-
sition parameters from the entire transition and individual phases between the two subject groups. The mean
only differentiated between the subject groups in individual phases, but not is entire transition. To summarize,

splitting the transition into phases turned out to be beneficial for sit-to-walk transition assessment.

1 INTRODUCTION

Standing from a seated position is a commonly per-
formed daily activity. The sit-to-stand movement is a
part of functional tests such as Timed Up & Go test.
The Timed Up & Go (TUG) test is a modified timed
version of the ”Get-Up and Go” Test (Mathias et al.,
1986). TUG involves rising from a chair, walking 3
m, turning 180°, walking back to the chair, and sitting
down again. Usually, a TUG is measured as the total
time it takes to perform the test.

The increasing utilization of inertial measurement
units during the last decade increases the ability to
separate individual TUG subcomponents (Salarian
et al., 2010; Greene et al., 2010; Zakaria et al., 2015;
Smith et al., 2016; Craig et al., 2017; Newman et al.,
2018), i.e. sit-to-walk, walking forward, 180 degree
turn, walking back to the chair and turn-to-sit, and
consequently their individual assessment.

Recent studies employed two approaches to the
sit-to-walk (StW) assessment. The first approach ana-
lyzed the entire StW at once. Salarian et al. (Salarian
et al., 2010) tested four StW parameters (duration,
peak angular velocity, mean angular velocity, and the

range of trunk movement) in Parkinson disease pa-
tients and older adults. They did not reveal any differ-
ence between the tested subject groups. Also, Weiss
et al. (Weiss et al., 2013) did not observe a differ-
ence in the transition measures (duration, accelera-
tion amplitude range, median and standard deviation)
of PD patients and older adult groups. Galén et al.
(Galan-Mercant and Cuesta-Vargas, 2014) showed a
difference in duration and acceleration-based param-
eters (minimal, maximal, and mean value) between
frail and non-frail older adults. The second approach,
Zakaria et al. (Zakaria et al., 2015) modified the StW
assessment so that they divided the transition into two
phases: sit-bend and bend-stand. Then, they assessed
the duration, acceleration and angular rate measures
(peak values, RMS) in elderly subjects with low and
high risk of falls. No differences were observed in the
transition phase measures for both groups. Although
a number of studies utilized the instrumented TUG,
only a few of them included StW assessment (Salarian
et al., 2010; Weiss et al., 2013; Zakaria et al., 2015;
Galan-Mercant and Cuesta-Vargas, 2014). Moreover,
Millor et al. (Millor et al., 2014) noted that the angu-
lar kinematics of StW transitions in the TUG test did



not yield meaningful information. None of the pre-
vious studies assessed or compared both approaches,
i.e. the assessment of the entire StW and individual
phases at the same time.

Reliable outcomes are crucial for the interpreta-
tion of results and the subsequent adoption in clinical
practice (Smith et al., 2016). Salarian et al. (Salarian
et al., 2010) examined a TUG inter-session reliability
including the sit-to-walk transition of elderly subjects
and patients with Parkinson’s disease (PD). Their
work did not provide reliability per subject groups,
rather the analysed reliability of the mixed group. The
results showed the poor reliability of all analysed pa-
rameters (ICC<0.5). Newman et al. (Newman et al.,
2018) also assessed the intra-session reliability of a
TUG including the StW transition among children
with traumatic brain injury and controls. Although
the reliability of the sit-to-walk parameters was as-
sessed previously none of the previous works studied
the reliability of the sit-to-walk transition with a focus
on its phases.

The aim of this study is to analyse the division of
the StW transition into two phases. Specifically, to
examine the additional value of splitting the transi-
tion into subphases when compared to the transition
assessment at once. For this purpose, we compared
parameters computed for an entire StW transition and
its individual phases. Then, we assessed the reliabil-
ity of all computed parameters and compared the dis-
tinctiveness between the two subject groups, namely
older adults and Parkinson disease patients.

2 METHODS

2.1 Participants and Protocol

Two groups of participants were enrolled in this study.
The first group included 35 early untreated Parkinson
disease (PD) patients (24 males, 11 females), mean
age 58.6 (+-13.4). The second group, control group
(CG), included 36 volunteers (32 males, 4 females),
mean age 64.3 (+-9.5). All PD patients and CG were
evaluated twice within one session (TUG{, TUG).
All subjects accomplished an extended Timed Up &
Go Test (ETUG) (Wall et al., 2000). Each subject
was measured while she/he rose from a chair during
the ETUG, walked 10 meters, turned, walked back,
and sat down again. The study was approved by the
Ethics Committee of the General University Hospital
in Prague, Czech Republic, and therefore performed
in accordance with the ethical standards established
in the 1964 Declaration of Helsinki.

sit-to-walk end,
i.e. end of bend-stand

sit-bend end,
i.e. begin of bend-stand

sit-to-walk begin,
i.e. begin of sit-bend

0 1 2 3 4 5
Time [s]

Figure 1: Plot showing pitch angular rate of one subject.
Bold - sit-to-walk phase of TUG.

2.2 Data Acquisition and Processing

Xbus Master (Xsens Technologies B.V.)), a
lightweight (330g) and portable device using MTx
units for orientation and acceleration measurements
of body segments, was used for the measurement of
3-D orientation and 3-D acceleration. Kinematic data
was recorded from 5 gyro-accelerometers with a data
sampling rate of 100 Hz. Units were symmetrically
attached to the lateral shank of each lower leg, 4 cm
above the ankle joint, and the chest, 2 cm below the
sternal notch.

Before further processing, the raw angular rate
signal was low-pass filtered with a zero-phase second-
order Butterworth filter with a 20 Hz corner fre-
quency. In this study, we focused on the sit-to-walk
(StW) transition.

In accordance with previous studies, the chest an-
gular rate sensor was used for further processing and
computation of the StW parameters. It was showed
that the TUG sit-to-walk transition can be detected as
the movement with an pitch angular rate higher than
10 deg/s (Higashi et al., 2008). As a negative angular
rate indicates a clockwise rotation, the beginning of
the StW, i.e. the beginning of the sit-bend phase, was
detected from the pitch angular rate as a value less
than -10 deg/s. As the crossing of the angular rate sig-
nal to zero means a rotation or direction change, the
end of sit-bend phase, i.e. beginning of bend-stand
phase, was detected as the crossing of the angular rate
to the value zero (Figure 1). Finally, the end of StW,
i.e. end of bend-stand phase, was identified as a value
lower than 10 deg/s (Higashi et al., 2008).

To assess the StW we employed the mean, peak
value, duration, and variance of pitch angular rate sig-
nal. All parameters were calculated for both phases
and the entire transition. Thus, we calculated 12 pa-
rameters in total.



2.3 Statistical analysis

Statistical analyses were performed to examine the re-
liability of the StW parameters. The Intra-Class Cor-
relation (ICC) between two measurements was used.
Absolute agreement was reported. According to Mc-
Graw et al. (McGraw and Wong, 1996) reliability
greater than 0.90 is considered as excellent, reliability
greater than 0.75 is considered as good, greater than
0.50 is moderate, and lower than 0.50 is poor.

Next, the hypotheses on whether the StW parame-
ters of both sit-to-walk phases are able to distinguish
a healthy subject from a PD patient was tested. The
Shapiro-Wilk test was used to verify the normality of
parameters in each observed dataset. The assumption
of a normal data distribution in the observed datasets
had been rejected (significance level p=0.05). There-
fore, the nonparametric Wilcoxon rank sum test was
used to compare statistical significance differences
in the sit-to-walk transition between PD patients and
control group data. The significance level was set to
p<0.05. All preprocessing and analyses were carried
out offline using the MatLab (MatLab R2015, Math-
works, Inc., Natick, MA, USA) programming envi-
ronment.

3 RESULTS

From Table 1, it can be seen that out of the four pa-
rameters, three parameters in the control group and
one parameter in PD patients demonstrated poor re-
liability (ICC<0.50) in all three cases (entire StW,
sit-bend, bend-stand). For the control group these
were: duration, mean and variance. For PD pa-
tients this was only for duration. The peak value in
the control group showed a higher reliability (moder-
ate, [CC>0.50) in the bend-stand phase then in other
cases (poor, ICC<0.50). The mean and variance in
PD had poor reliability in the sit-bend phase and mod-
erate (ICC>0.50) in the entire StW and bend-stand.

When comparing PD patients and the control
group, the peak value, and variance were signifi-
cantly different in the entire StW, sit-bend and bend-
stand phases. The mean value showed the difference
between the groups in the sit-bend and bend-stand
phases (Figure 2). The duration did not show a differ-
ence in any of the tested cases. A significant differ-
ence in the entire StW but not sit-bend or bend-stand
phases was not observed for any of utilized parame-
ters.

4 DISCUSSION

In this work, we compared the results of the entire sit-
to-walk transition to a more detailed approach with
transition phases. We evaluated StW transition. Addi-
tionally, we divided the sit-to-walk transition into two
phases, namely sit-bend and bend-stand, and evalu-
ated them separately.

First, we analysed whether the StW measures cal-
culated per phase have similar reliability as measures
calculated for entire StW. The analyses were provided
per subject group. Based of poor reliability results
(Table 1) it can be inferred that the parameter dura-
tion of the entire StW and its phases is not suitable for
StW assessment (the entirety or its parts). The results
showed a higher reliability in PD patients than the CG
for almost for all parameters and tested cases. This
can be elucidated by the reduced concentration of the
CG to perform a StW. In the PD group, some param-
eters (mean, variance) exhibited a lower reliability in
the sit-bend phase than in other phases. In contrast
to the peak parameter, mean and variance are affected
by the accuracy of StW detection. Especially the de-
tection of the StW beginning is a challenging task be-
cause the sit-bend phase may be preceded by gently
bending forward and backward. Thus, a comparison
of detection methods with respect to their impact to
StW parameters is needed to make results more com-
parable across studies.

In addition, the training effect might play impor-
tant role in reliability assessment of two consecutive
trials. To our knowledge, the training effect of TUG
subcomponents has not yet been studied.

Second, we tested whether StW phases can dif-
ferentiate between PD patients and older adults bet-
ter than entire StW. The present study is consistent
with previous works. No differences between PD a
CG were observed for duration and mean parameters
computed for entire StW (Salarian et al., 2010; Weiss
et al., 2013). Unlike duration, the mean parameter re-
vealed a difference between these groups in both indi-
vidual phases (sit-bend, bend-stand). Finally, we sug-
gest that splitting StW into phases can benefit a TUG
StW analysis.

Nevertheless, there are some limitations to this re-
search study. The most important is that the sam-
ple size of the subjects was not high. However, 71
subjects proved to be sufficient for preliminary re-
search which managed to test the basic attributes of
the method proposed for further studies of TUG.



Table 1: Intra-class correlation and Wilcoxon rank sum test outcomes for the two TUG measurements. TUG -first TUG mea-
surement, TUG;-second TUG measurement, Var.-variance, *-statistically significant difference, ®~-moderate or good intraclass
correlation

Entire StW Sit-bend phase Bend-stand phase
ICC PD vs CG ICC PD vs CG ICC PD vs CG
(p-value) (p-value) (p-value)
CG | PD TUG, | TUG, | CG | PD TUG, | TUG, | CG PD TUG, | TUG,
Time | 0.12 | 0.40 | 0.06 0.38 0.17 | 0.48 | 0.06 0.42 0.09 | 033 | 0.14 0.16
Peak | 042 | 0.73° | <0.01- | <0.01¢ | 0.43 | 0.74° | <0.01* | <0.01* | 0.53 | 0.74> | <0.01* | 0.09
Mean | 0.30 | 0.72° | 0.80 0.49 0.19 | 0.39 | <0.01* | 0.04 0.44 | 0.53° | <0.01- | 0.04-
Var. 0.40 | 0.53° | <0.01* | <0.01 | 0.43 | 0.31 | 0.01* <0.01+ | 0.37 | 0.70° | 0.03+ | 0.02-
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Figure 2: Scatter plots showing mean pitch angular rate differences between PD patients and control group (CG) in the entire

StW, sit-bend and bend-stand phases. The top scatter plot represents the first TUG measurement (TUGy) and the bottom
represents the second TUG measurement (TUG,).



5 CONCLUSIONS

This paper tested and compared two approaches to
Timed Up & Go sit-to-walk transition analysis: the
analysis of the entire transition at once and the anal-
ysis per phases. The reliability of sit-to-walk param-
eters was tested as well as the ability to differentiate
between subject groups. We can designate that the
transition splitting into phases can provide new in-
sight into sit-to-walk transition assessment.
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ABSTRACT

The Timed Up & Go (TUG) test is a simple test for gait and balance that requires no special
equipment and can be part of a routine clinical examination. Combined with the development
of motion capture technologies, the possibilities of assessing individual TUG sub-components
(i.e. sit-to-stand, gait, turn, turn-to-sit) are increasing. The clinical evaluation of an instrumen-
ted TUG requires reliable values. We analysed the intra-session repeatability of the iTUG sit-to-
stand, gait and turn parameters in three conditions: (1) single, (2) cognitive dual-tasks, and
(3) manual dual-tasks in older adults and Parkinson's disease (PD) patients. The repeatability
coefficient (RC) was calculated for each of the 18 parameters. The repeatability varied across
subject groups, the performed tasks, and the TUG subcomponent. The gait subcomponent had
6 non-repeatable spatio-temporal parameters and 2 non-repeatable parameters for the arm
swing. The parameters of the turn subcomponent can be considered as non-repeatable in both
groups under the manual dual-task condition and in HC under the single-task condition. When
comparing PD to HC, the repeatability of the majority of the single-task parameters was higher
in PD whereas lower under dual-tasks. In PD, the major part of gait parameters had a higher
repeatability under single-tasks than dual-tasks. In contrast, HC exhibited better repeatability of
dual-tasks than single-tasks. Repeatability can be used to assist researchers and clinicians to

select adequate parameters with respect to the purpose of motion assessment.
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1. Introduction

The Timed Up & Go (TUG) test, a modified timed version of
the "Get-Up and Go" Test [1], is a simple test of gait and balance
that requires no special equipment and can be part of a routine
clinical examination. TUG involves rising from a chair, walking
3 m, turning 180°, walking back, and sitting down again.
Usually, the total time to take a TUG is measured. The TUG has
been commonly used to assess mobility function [2], frailty
risk [3-5], and fall risk [6].

It has been documented that attentional control plays a
role in keeping normal posture and gait [7]. The dual-task
paradigm, which requires these two tasks to be performed
simultaneously, is increasingly used to measure performance
capacity under the conditions where attention has to be
divided between two tasks, in comparison with single-task
conditions. In the TUG cognitive dual-task, participants
complete a cognitive task (e.g., recite the days of the week
in reverse order, serial subtract 3 from 100) while performing
the TUG [8,9]. In the TUG manual dual-task, participants
complete a manual task (e.g., carry a glass of water) [8-10]. In
comparison with the single-task TUG performance, a dual-
task TUG allows for assessment of functional resources
and the evaluation of frailty, level of physical activity, and
cognition in healthy elderly [11] as well as in patients with
various neurological disorders [11,12].

Rapid progress in wearable sensors enables their utilization
for automatic movement analysis in clinical settings. The TUG
test supplemented with accelerometers is referred to as an
instrumented TUG (iTUG), or, alternatively as a quantified TUG
(QTUG). Research relating to the automatic examination of a
TUG was reviewed by Sprint et al. [13]. If the iTUG is to be
adopted in clinical practice it must provide an automatic
detection of the TUG sub-components (i.e. sit-to-stand, gait,
turn, gait, stand-to-sit) and yield reliable outcomes [14].
To obtain clinically usable data, it is necessary to evaluate
TUG sub-components-derived parameters (e.g. gait or turn
parameters).

Smith et al. [14] tested the reliability of gait and turn
parameters in elderly subjects performing single and dual
tasks. As the TUG test is used to evaluate the functional state
of different subject groups, it is necessary to evaluate these
parameters per subject group. Salarian et al. [15]examined
the single task iTUG reliability of a mixed group consisting of
elderly subjects and patients with Parkinson's disease (PD) but
did not provide reliability for each subject group. Craig et al.
[16] compared iTUG reliability of elderly subjects and multiple
sclerosis patients focusing only on the gait sub-component.
These studies which evaluated the reliability of iTUG
parameters have examined data collected from inter-sessions
testing from the same day [15] or over several days [14,16].
Newman et al. [17] analysed the within-session reliability of an
iTUG test among ambulatory children with a diagnosis of
traumatic brain injury compared to controls.

Several motor and cognitive functions deteriorate with
disease progression in PD [18]. As walking depends on similar
higher-level neurological systems and cognitive processes
[19], gaitimpairment in PD is negatively affected by concurrent
cognitive task [19,20].

The complexity of additional task influences the gait param-
eters [21]. When the gait is more compromised the importance of
dual-task type on the severity of dual task interference is
lowered [21]. Therefore, the additional task, cognitive or manual,
increased additional sources of errors. These errors could be
systematic, e.g. a learning effect, as well as random, e.g.
switching prioritisation of gait or dual-tasks during the test.
Previous research has never studied the repeatability of different
tasks (i.e. single and dual) with two different subject groups.

Regarding the additional sources of errors, the first aim of this
work is to quantify compare intra-session repeatability of iTUG
sit-to-stand, gait and turn parameters in the three conditions:
(1) single, (2) cognitive dual-task, and (3) manual dual-task in two
subject groups, namely older adults and PD patients. The second
aim is to compare repeatability of sit-to-stand, gait and turn
parameters across walking conditions and subject groups.

2. Methods
2.1.  Participants and data acquisition

In this observational study we consecutive from a clinic 25
patients with PD (14 M, 11 F) newly diagnosed in accordance
with the MDS clinical diagnostic criteria, mean age 58.6 (SD
13.4), mean PD duration 35.9 (SD 24.5) months and 26 healthy
control (HC) subjects (22 M, 4 F), mean age 64.3(SD 9.5). All PD
patients were treatment-naive and were examined using the
Movement Disorder Society Unified Parkinson's Disease Rating
Scale (MDS-UPDRS), from which the motor subscore (part III)
was calculated (29.6, SD 14.1). Control subjects were recruited
from the general community through advertisements. To be
eligible for the study, controls had to be free of major
neurologic disorders, gait disorders, active oncologic illness,
and abuse of psychoactive substances.

All subjects completed an extended Timed Up & Go Test [22]:
to rise from a chair, walk 10 m at the usual preferred walking
speed, turn, walk back, and sit down again. TUG was performed
twice under each of the three task conditions: (1) single-task
TUG, (2) dual-task manual TUG (mTUG, carrying a glass of water),
and (3) dual-task cognitive TUG (cTUG, serially subtracting 3
from a number 100 while walking, with no task prioritization.
The testing order was fixed as described above (i.e. TUG, manual
TUG, cognitive TUG). The seating position was standardized, the
same armchair was used along all measurements. The
participants were not given any instructions on how to stand up.

The Xbus Master (Xsens Technologies B.V.), a lightweight
(330 g) and portable device using MTx inertial measurement
units, was used for the measurement of segment movements.
Kinematic data was recorded from 5 gyro-accelerometers with
a data sampling rate of 100 Hz. Two Gyro-accelerometer units
were symmetrically attached to the lateral aspect of both
lower extremities, 4 cm above the ankle joints, two units were
symmetrically attached on the dorsum of each wrist, and on
the chest, 2 cm below the sternal notch (Fig. 1).

2.2. Data pre-processing

Before further processing, the raw angular rate signal was low-
pass filtered with a zero-phase second-order Butterworth filter
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Fig. 1 - Sensors placement.

with a 20 Hz cutoff frequency. The TUG subcomponents,
namely sit-to-stand, gait, turn, and turn-to-sit, were automat-
ically identified [15]. The gait cycles of the steady gait
components were determined by an automatic algorithm as
described previously [15]. The computation of gait parameters
was based on previously published algorithms. The gait events
were detected from angular rate of shanks in the sagittal plane
[23]. The spatial parameters were estimated from angular rate
of shanks in the sagittal plane and the knowledge of leg
lengths [24]. Arm motion was quantified similarly to Salarian
etal. [15] and Zampieri et al. [25]. Gait trunk motion parameters
were also determined as previously used by Salarian et al. [15]
and Zampieri et al. [25]. The turn trunk parameters were
evaluated directly after automatic identification of the turn
subcomponent in yaw axis. The sit-to-stand parameters were
derived from the pitch [26,27]. Computed sit-to-stand, gait, and
turn parameters are described in Table 1.

2.3.  Statistical analysis

The intra-session repeatability of the iTUG parameters was
estimated using the repeatability coefficient (RC) as a measure
of absolute reliability [28]. The RC is the difference that exceeds
only 5 % of the pair of measurements on the same subject [29].

We assumed that the difference between the measure-
ments would be distributed around zero. The difference was
tested prior to the repeatability assessment via the repeatabil-
ity coefficient with a paired t-test. The significance level was
set to 0.05. Zero inequality can point to a bias (e.g. learning
effect) in a measurement which we did not expect due to the
nature of the task.

The repeatability coefficient was calculated as

n 2
RC = 1.96x% M
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The repeatability coefficient, RC, and a 95 % confidence
interval of RC was reported. The 95 % confidence interval was
calculated according to Barnhart and Barborial [30]. The
interpretation of RC is that the difference between any two
measurements on the same subject is expected to be from -RC
to RC for 95 % of subjects.

As the repeatability was computed in the same units as the
assessment tool, i.e. TUG parameters, the direct comparison of
RC across parameters, tests, (i.e. TUG, cTUG, mTUG) or subject
groups is not relevant. Therefore, for each parameter the
parameter ratio, Rp, was calculated as

RCP
"™ meanp

where RCp is the repeatability coefficient of the parameter and
the mean;p is the parameter's mean value. Better repeatability
is indicated by a lower Rp value.

To compare the repeatability of parameters under different
conditions, e.g. across subject groups or across tests, we
employed the grand ratio, R(C4,Cy), calculated as

R(C1,Co) = 22! (1)
P,C2

where Rp ¢, is the parameter ratio of parameter P under con-
dition Cq, e.g. Rp of PD, and Rp, is the parameter ratio of
parameter P under condition C,, e.g. Rp of HC. If the value of the
grand ratio equals 0, itindicates an equality of the repeatability
in both conditions. If the value of the grand ratio is lower than
zero, it indicates better parameter repeatability under condi-
tion Cgy; if the value of the grand ratio is higher than zero, it
indicates better parameter repeatability under condition C,.

To set up levels of repeatability, we defined the threshold T
as 0.05 and utilized it in the grand ratio evaluation as follows

R>T......re peatability under condition C2 is better than under condition C1

—T<R<Tui v re peatability does not di f fer under both conditions
R < — T....repeatability under condition C1 is better than under condition C2

To test whether the repeatability results were influenced by
outliers present in data, we removed these outliers. Outliers
were detected as values which differ by three times the
standard deviation or more from the mean. The outliers were
removed per parameter. Meaning that when an outlier was
found in some of the parameter values the corresponding
subject's data was removed from this parameter across all TUG
variants (TUG, cTUG, mTUG). After the removal of outliers
repeatability assessment was performed once more.

All data sets were tested via the Pearson correlation
coefficient for the presence of proportional error. The correla-
tion coefficient was calculated for each parameter under all
conditions as the correlation between the mean of the
parameter values and difference of the parameter values.

The effect sizes for paired samples were calculated as the
ratio of samples means difference divided by the standard
deviation of differences. All statistical analyses were carried out
using MatLab (MatLab R2010b, Mathworks, Inc., Natick, MA, USA).

3. Results

There were no significant differences between the groups in
demographic characteristics of participants (Supplementary
Table 1).

Table 1 - Description of outcome parameters used in the current study.

Parameter Abbr Description

Total Time (s) tr total time taken to accomplish the iTUG

Gait sub-component

Peak Arm Swing Velocity (deg/s) SWiNgmax maximal angular rate of the upper limbs about the vertical and frontal axes

Arm Swing Range of Motion (deg) SWingrom range of rotational motion about the frontal axis

Arm Swing Asymmetry (%) swinga asymmetry of peak arm swing velocity, computed as
A = abs(peak;, - peakg) / max(peak;, peakg)

Cadence (steps/min) cadence number of steps per minute

Gait cycle time (s) tec average duration of gait cycles

Double support (%) ds duration of the double support phase relative to the duration of the gait cycle

Stride length (m) stride;, average length of strides

Stride velocity (m/s) stridey average velocity of strides

Stride Time Variability (%) strider yar variability of gait cycle duration, computed as the ratio of standard deviation to
mean cycle duration

Stride Length Variability (%) strider var variability of stride length, computed as the ratio of standard deviation to mean
stride length

Peak Trunk Rotation Velocity (deg/s)  trunkrotmax maximal angular rate of the trunk about the vertical axis

Trunk Rotation Range of Motion (deg) trunkgom range of rotational motion about the vertical axis

Turn sub-component

Average Turning Velocity (deg/s) turn,yg maximal angular rate of the trunk about the vertical axis

Peak Turning Velocity turnmax turning velocity, computed as
180 degrees / duration of the turn

Sit-to-stand sub-component

Average Trunk Velocity (deg/s) trunk,g average angular rate of the trunk about the frontal axis

Peak Trunk Velocity (deg/s) trunkmax maximal angular rate of the trunk about the frontal axis

Time (s) tsTs
Trunk Incline (deg) trunkina

time taken from the beginning of the iTUG to the beginning of gait
maximal trunk incline
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The mean and standard deviation of the two trials
performed under each of the three task conditions are shown
in Table 2. Repeatability coefficients accompanied by 95 %
confidence intervals for all instrumented TUG parameters are
shown in Table 3 and 4.

Out of 18 parameters, 9 parameters in healthy controls and
5 parameters in PD patients presented no outliers under all
three TUG conditions. For HC these were: tr, SWingmax, SWinga,
stride;, stridey, strider yar, and all turn parameters (turngyg,
tUMpay, trunkaye). For PD patients these were: swingmax,
trunkyot max, tUMmax, trunkmax, and trunk;yq. For details about
the number of outliers, refer to supplementary material.

Most of the gait parameters under the single-task condition
exhibited statistically significant differences between the first
and second trial (p < 0.05) in both groups, namely swingmax,
swingrom, cadence, tgg, ds, stride;, and stridey. Turn param-
eters in the single-task condition also exhibited the same
behaviour in HC (p < 0.05).

Under the manual dual-task condition 8 gait parameters, all
turn parameters, and most of the sit-to-stand parameters
exhibited a statistically significant difference between the trials
(p < 0.05) in both groups (SWingmax, SWingrem, SWinga, cadence,
tec, stridey, tuMayg, tUMmay, trunkayg, trunkpay, trunk;yq).

Under the cognitive dual-task condition none of the
parameters showed a statistically significant difference
between the trials in both groups.

Out of all 3 TUG conditions, no parameter exhibited the
presence of a proportional error (tho>0.70). For details refer to
supplementary material.

Based on grand ratio, most of the parameters (swinga,
cadence, tgc, ds, stride;, stridey, strider yar, stride, yar, trunk-
RoM, tUIMayg, trunKsyg, tsts) had better repeatability under the
single-task condition compared to the cognitive dual-task
condition in PD. In contrast, most of the parameters (SWingmax,
swingrom, SWinga, cadence, ds, stride;, stridey, trunkgem,
tUMayg, tUMmay, trunkaye, trunkm.,) had better repeatability
under cognitive dual-task condition when compared to the
single-task condition in HC.

From Table 5 most of the parameters exhibited better
repeatability under the manual dual-task condition than the
cognitive dual-task condition in both groups. For both groups
these are: swinga, cadence, tgc, stride;, stridey, strideryvar,
trunkyot,max, trunkgoym, trunkayg, and tsrs. Only in HG, did the
strider var, turNayg, and trunk;,q reveal the same behaviour. In
only PD patients was this demonstrated by the sole parameter
(ds).

When comparing the repeatability under the single-task
and the manual dual-task condition, 13 parameters in HC
(swinga, cadence, tgc, ds, stridey, stridey, stridey, yar, trunkgom,
tUMayg, tUMmayx, trunKayg, tsts, trunkinq), and only 8 param-
eters in PD patients (swing,, cadence, tgc, ds, stridey, turnmax,
trunkp,ay, trunk,q) demonstrated better repeatability under
the manual dual-task. The grand ratio between PD patients
and HC suggests that TUG has better repeatability in PD
(swinga, cadence, tgc, stride;, stridey, strider var, trunkyot max,
trunkgom, turnayg, tUrMpay, trunkayg, tsrs,). Under both dual-
tasks conditions, parameters of interest have better repeat-
ability in HC (Table 5).

After outlier removal some results of the grand ratio have
different signum (Table 6, bolded values). When comparing

single-task and cognitive dual task conditions, the grand ratio
newly indicates better repeatability under the cognitive dual-
task condition for trunkgem and trunk,yg in PD and tgc, tsrs in
HC. Better repeatability of 2 parameters (SWingmax, strider, yar)
in PD and 2 parameters (Swinggowm, Strider var) in HC switched to
mTUG condition in comparison to TUG.

Trunk rotation range of motion (trunkgey) switched to
better repeatability from mTUG condition to cTUG condition in
both groups. Also, trunk,yg in PD changed to better repeatabil-
ity from the mTUG condition to the cTUG condition. In
contrast, stride; and turn,,; have improved repeatability
under mTUG condition instead of cTUG.

Significant changes in repeatability after the removal
of outliers can be observed in 3 parameters (strider yar,
stridey yar, trunk,,g) under cTUG condition and 3 parameters
(SWingmax, strider var, tsts) under mTUG condition. These
cases demonstrated improved repeatability in PD patients.
Detailed results of analysis of data after outlier removal are
provided in supplementary materials (Supplementary Table 2
and 3).

Effect sizes of are provided in supplementary materials
(Supplementary Table 4).

The repeatability of parameters under different test
conditions is visualized with Bland-Altman plots (Fig. 2, 3
and 4).

4, Discussion

The current study determined the intra-session repeatability
of a comprehensive set of wireless sensor measures from an
instrumented Timed-Up and Go test.

Recent studies which evaluated the reliability of iTUG-
derived parameters have examined inter-session data from
testing on the same day [15], or from data collected at two
separate time points [14,16].

Using a repeatability coefficient this study provided an
assessment for intra-session repeatability for 18 gait and other
TUG-derived parameters in three conditions: single task,
cognitive dual-task, and manual dual-task. The extension of
the evaluation of RC provides new evidence about variation in
TUG performance computed in the same units as the
assessment tool, i.e. TUG. Additionally, this study provides a
unique comparison of intra-session repeatability for different
subject groups: healthy controls and PD patients.

Based on paired t-test results, most of the gait parameters
under the single-task and manual dual-task conditions
contain systematic errors and are not repeatable as param-
eters differ significantly between the trials. These results are
consistent between subject groups. A similar trend was
exhibited by turn parameters - turn parameters of HC under
TUG and turn parameters of both groups under mTUG were
not repeatable. Non-repeatability of gait and turn parameters
observed under TUG and mTUG whereas mostly absent under
cTUG might be attributed to the learning effect. These results
suggest caution when interpreting the parameters under
single or manual dual-task condition.

Our findings showed that almost all examined parameters
under the single-task condition revealed better repeatability
in PD patients than HC. In contrast, under dual-tasks the



Table 2 - Descriptive sta

cs of all parameters, mean and standard deviation. bolded - stat

Single-task TUG

Cognitive dual-task TUG

ally significant

erences between both tests.

Manual dual-task TUG

HC PD HC PD HC PD

trial 1 trial2  p-value  trial 1 trial 2 p-value trial 1 trial 2 p-value trial 1 trial 2 p-value trial 1 trial 2 p-value  trial 1 trial 2 p-value
it 243 (339) 227 (275) <0.01 23.8(4.80) 223 (4.88) <001 245(3.60) 24.6(3.99) 065 256(595 258(847) 023 243(3.71) 233(369) 016 237 (519) 230 (472) 0.02
Gait sub-component
SWingma.x 171 (47.4) 192 (51.0) <0.01 138 (524) 158 (51.5) <0.01 191 (57.9) 208 (57.4) <0.01 135(50.8) 141 (536) 055 116 (31.9) 123 (345 <0.01 91.0(38.1) 97.7 (40.1) <0.01
swingrow  39.6 (11.2) 440 (132) <0.01 29.4(120) 330 (127) <0.01 46.91(14.8) 477 (134) <0.01 29.6(12.8) 31.1(138) 022 299 (9.20) 326 (9.42) <0.01 213(107) 213(10.2) <0.01
swinga 256 (140) 229 (17.7) 035 332 (22.8) 355(19.1) 034 260 (17.2) 246 (141) 075 39.0(20.7) 369 (194) 039 757 (8.22) 76.0(8.72) <0.01 56.3(25.3) 60.1(22.8) <0.01
cadence 106 (6.97) 109 (6.20) <0.01 110 (115 112 (116) <0.01 104 (7.27) 106 (6.01) 075  105(145) 108 (11.8)  0.04 110 (7.51) 111 (7.64) <0.01 114 (11.5) 114 (115) <0.01
tec 1.13 (0.08) 1.09 (0.06) <0.01 1.10(0.12) 1.08(0.12) <0.01 1.16(0.09) 1.13(0.06) 0.85 1.16(0.19) 1.12(0.12) 006 1.10(0.08) 1.08 (0.08) <0.01 1.06 (0.11) 1.06 (0.11) <0.01
ds 204 (357) 19.4(3.62) <0.01 183 (5.46) 17.2 (475 0.02 213 (348) 21.0(340) 010 203 (7.38) 19.1(569) 006 197 (3.80) 19.4(4.00) 008 174 (462) 17.1(471) 0.5
stride, 135(0.14) 1.38 (0.14) <0.01 1.33(0.11) 1.35(012) <0.01 135(0.14) 1.35(0.14) 093 127 (0.15) 1.30(0.14) 0.02 1.35(0.16) 1.36 (0.16) 043 132 (0.13) 1.33(0.12) 0.85
stridey 120 (15.8) 126 (152) <0.01 122 (185) 127 (19.9) <0.01 117 (159) 119 (143) 076 112 (246) 117 (21.1) <0.01 124 (18.6) 126 (189) <0.01 125(204) 127 (19.7) 0.02
stridery,y 3.03 (1.01) 271(0.77) 0.04 422 (7.64) 4.15(7.92) 058 4.08(156) 3.81(1L74) 0.01 7.24 (11.01) 474 (8.07) 008 294 (1.73) 2.86(145) 050 3.75(6.51) 4.54(6.78) 0.74
stride, vy 133 (3.73) 13.6(3.68) 025 143 (5.28) 144 (467) 071 13.1(319) 13.8(361) 030 147 (7.17) 140 (436) 028 12.8(3.68) 13.1(3.91) 042 13.8(469) 132(2.83) 0.20
trunkeo mex 46.0 (10.0) 47.9 (11.1) 025 414 (109) 422 (117) 053  47.9(120) 499 (117) 0.05 414 (124) 420 (129) 069 37.0(7.86) 38.6(7.93) <0.01 33.9(9.36) 347 (9.74) <0.01
trunkgey  14.6 (3.17) 13.6 (3.08) 0.16  11.9 (3.45 1191 (253) 095 15.0(3.95 14.6(2.84) 092 130 (544) 126(3.53) 019 11.1(235) 11.1(2.19) <0.01 10.1(2.20) 10.3 (2.04) <0.01
Turn sub-component
UMy 852 (133) 915(17.9) 0.03 769 (17.6) 79.1(165) 021  93.0(20.0) 89.8(16.2) 011 754 (20.0) 77.0(17.3) 097 713 (116) 73.3(124) <0.01 65.5 (152) 64.8 (14.2) <0.01
tUM 165 (237) 178 (33.1) 005 161 (343) 158 (333) 060 178(342) 179(33.2) 0.02 154 (34.8) 159 (325 070 139 (19.5) 144 (20.9) <0.01 133 (28.9) 129 (24.5) <0.01
Sit-to-stand sub-component
trunk,, ~ 41.8(838) 405(7.92) 043 329 (856) 349 (106) 008 457 (94)  451(899) 008 3359 (103) 334 (105 080 292 (7.31) 307 (7.56) <0.01 255 (8.90) 27.0(8.17) <0.01
trunkmax 939 (23.0) 97.9 (21.3) 034 78.2(20.7) 854 (322) 006 109 (36.0) 113 (30.5) <0.01 75.1(227) 78.8(24.66) 090 688 (135 74.1(17.1) <0.01 617 (187) 64.0(16.7) <0.01
it 1.83(0.35) 1.89(044) 052 218(0.54) 2.11(048) 0.19 174(0.34) 1.87(0.72) 0.84 215(0.75) 3.80(8.14) 034 208(0.44) 1.95(0.29) 007 238 (0.54) 228(061) 0.25
trunkina 435 (6.80) 42,5 (8.69) 035 402 (840) 41.3(8.29) 029 453 (8.40) 465 (8.48) 006 399 (7.77) 410(7.99) 057 37.1(6.10) 37.2(673) <0.01 35.8(7.93) 354 (7.76) <0.01

S1-1 (OZOZ) OY ONI¥IINIONT TVOIdIWOIgd ANV SOILINYILADOIL
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Table 3 - Repeatability of parameters under different conditions and corresponding confidence intervals. RC-repeatability

coefficient, CI-confidence interval.

TUG Cognitive dual-task TUG Manual dual-task TUG
Param. HC PD HC PD HC PD
RC RC RC RC RC RC
(95 % CI) (95 % CI) (95 % CI) (95 % CI) (95 % CI) (95 % CI)
tr 3.94 3.61 4.56 17.5 248 247
(3.09, 5.44) (2.83, 4.98) (3.58, 6.3) (13.7, 24.2) (1.95, 3.42) (1.94, 3.42)
SWiNgmax 54.4 48.5 55.1 36.7 39.3 50.9
(42.6, 75.0) (38.1, 67.0) (43.2, 76.1) (28.7, 50.6) (30.8, 54.3) (39.9, 70.2)
SWingrom 12.4 10.4 12.6 6.31 11.3 12.9
(9.76, 17.17) (8.15, 14.35) (9.91, 17.4) (4.95, 8.71) (8.89, 15.6) (10.1, 17.9)
swinga 26.3 232 225 284 9.88 21.7
(20.6, 36.3) (18.2, 32.0) (17.7, 31.2) (22.3, 39.3) (7.75, 13.6) (17.0, 30.0)
cadence 8.47 6.46 7.58 13.0 3.50 4.32
(6.64, 11.7) (5.06, 8.91) (5.94, 10.4) (10.2, 18.0) (2.74, 4.83) (3.39, 5.96)
toc 0.09 0.06 0.10 0.23 0.04 0.04
(0.07, 0.13) (0.05, 0.09) (0.08, 0.13) (0.18, 0.31) (0.03, 0.05) (0.04, 0.06)
ds 2.66 5.14 1.97 7.80 2.05 4.33
(2.08, 3.67) (4.03, 7.09) (1.54, 2.72) (6.12, 10.76) (1.61, 2.83) (3.39, 5.97)
stridey, 0.08 0.07 0.07 0.12 0.05 0.07
(0.06, 0.11) (0.05, 0.10) (0.06, 0.10) (0.10, 0.17) (0.04, 0.07) (0.05, 0.10)
stridey 15.9 13.1 11.9 214 7.71 9.81
(12.5, 22.0) (10.3, 18.1) (9.37, 16.4) (16.8, 29.5) (6.05, 10.6) (7.7, 13.5)
strider yar 1.57 1.31 4.14 17.8 1.92 8.76
(1.23, 2.17) (1.03, 1.81) (3.25, 5.71) (14.0, 24.6) (1.50, 2.64) (6.87, 12.1)
strider var 2.33 2.53 3.34 6.43 1.79 6.77
(1.83, 3.22) (1.98, 3.49) (2.62, 4.61) (5.04, 8.87) (1.40, 2.46) (5.31, 9.34)
trunkror max 15.8 12.2 27.6 12.8 122 9.9
(12.4, 21.9) (9.61, 16.9) (21.6, 38.1) (10.1, 17.7) (9.63, 16.9) (7.77, 13.6)
trunkgrom 6.77 4.10 5.90 8.10 4.05 448
(5.31, 9.34) (3.22, 5.66) (4.63, 8.14) (6.35, 11.1) (3.17, 5.58) (3.51, 6.18)
turn,yg 29.9 17.0 239 20.9 16.8 20.7
(23.4, 41.3) (13.3, 23.5) (18.8, 33.1) (16.4, 28.9) (13.2, 23.2) (16.2, 28.6)
tUNmax 65.4 457 238 38.6 35.8 344
(51.3, 90.3) (35.8, 63.1) (33.5, 59.1) (30.2, 53.3) (28.1, 49.5) (27.0, 47.5)
trunkayg 14.8 10.6 154 14.2 9.58 10.3
(11.6, 20.4) (8.38, 14.7) (12.1, 21.3) (11.2, 19.7) (7.51, 13.2) (8.1, 14.2)
trunkopax 41.0 38.1 417 20.3 332 25.5
(32.1, 56.6) (29.9, 52.6) (32.7, 57.6) (15.9, 28.0) (26.0, 45.9) (20.0, 35.2)
ters 0.9 0.51 1.40 16.3 0.56 0.87
(0.71, 1.25) (0.40, 0.71) (1.10, 1.94) (12.8, 22.5) (0.44, 0.78) (0.68, 1.20)
trunkng 10.2 9.87 114 8.89 7.29 7.5
(8.05, 14.1) (7.74, 13.6) (8.95, 15.7) (6.97, 12.2) (5.72, 10.0) (5.88, 10.3)

repeatability in HC was better than in PD. This behaviour may
be attributed to lower attention in HC while performing a
single task whereas dual-tasks require concentration and
consequently increased the overall attention to the task. Also,
Mancini et al. has shown similar trends, with HC having lower
repeatability compared to PD [31].

In some cases, under dual-tasks, HC demonstrated poorer
repeatability than the PD group (even if the opposite can
be expected), especially in the sit-to-stand subtask. This may
be affected by the slightly higher age of controls. This higher
age could relate to a decrease in muscle strength and
consequently to increased movement variability [32].

Lower attention to the single-task may be the reason for
overall better repeatability of single-task compared to dual-
tasks in HC. In PD patients the TUG gait parameters showed
better repeatability than cTUG gait parameters.

Focussing on repeatable parameters (p > 0.05), we can ob-
serve that in the PD group the single-task TUG demonstrated
predominantly better repeatability than the cognitive dual-
task. This is not surprising, as the influence of movement
under a cognitive load in PD has been studied by previous
research [33]. The manual dual-task seems to be more
repeatable in comparison to single-task and cognitive dual-
task in HC. In the PD group, a significantly higher reliability
under the single task than the cognitive dual-task, but not in
the manual dual-task had been observed in our results.

Regarding outlier removal, it should be noted that outlier
removal changed repeatability results in some cases. From an
overall perspective, the results without outliers seem to be
more consistent in the context of the overall results.

Both motor and non-motor symptoms are present from the
earliest phase of the disease [34] and generally get worse over
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Table 4 - Repeatability of parameters under different conditions and corresponding confidence intervals calculated from

data without outliers. RC-repeatability coefficient, CI-confidence interval.

TUG Cognitive dual-task TUG Manual dual-task TUG
Param. HC PD HC PD HC PD
RC RC RC RC RC RC
(95 % CI) (95 % CI) (95 % CI) (95 % CI) (95 % CI) (95 % CI)
tr = 3.68 = 6.56 = 2.52
(2.87, 5.12) (5.12, 9.13) (1.96, 3.5)
SWiNgmax = 49.3 = 37.2 = 26.0
(38.5, 68.7) (29.0, 51.7) (20.3, 36.2)
SWingrom 125 10.5 12.9 6.40 8.45 8.81
(9.81, 17.4) (8.25, 14.6) (10.0, 17.9) (4.99, 8.9) (6.6, 11.7) (6.88, 12.2)
swinga - - - - - -
cadence 7.67 6.46 5.55 8.21 3.57 4.12
(5.99, 10.6) (5.04, 8.98) (4.33,7.72) (6.41, 11.4) (2.78, 4.96) (3.21, 5.73)
tec 0.08 0.06 0.06 0.10 0.04 0.04
(0.06, 0.11) (0.05, 0.09) (0.05, 0.09) (0.08, 0.14) (0.03, 0.05) (0.03, 0.06)
ds 271 2.53 1.42 5.48 2.02 2.08
(2.12, 3.77) (1.98, 3.52) (1.11, 1.98) (4.28, 7.62) (1.58, 2.81) (1.63, 2.90)
stride;, = 0.07 = 0.07 = 0.05
(0.06, 0.10) (0.05, 0.09) (0.04, 0.07)
stridey = 13.2 = 13.6 = 9.77
(10.3, 18.4) (10.6, 18.9) (7.63, 13.5)
strider var 1.49 1.32 418 3.42 1.37 2.49
(1.16, 2.07) (1.03, 1.86) (3.26, 5.81) (2.66, 4.8) (1.07, 1.91) (1.94, 3.49)
stridey yar = 2.20 = 2.48 = 1.50
(1.72, 3.06) (1.94, 3.45) (1.17, 2.09)
trunKyor max 16.2 = 19.7 = 124 =
(12.6, 22.5) (15.4, 27.4) (9.76, 17.3)
trunkgom 6.89 418 3.65 406 410 457
(5.38, 9.58) (3.27, 5.82) (2.85, 5.08) (3.17, 5.65) (3.21, 5.71) (3.57, 6.35)
turngyg - 17.3 - 21.0 - 14.9
(13.5, 24.1) (16.4, 29.3) (11.6, 20.7)
turnmax - - - - - -
trunkyyg = 10.9 = 10.4 = 9.81
(8.51, 15.1) (8.12, 14.4) (7.66, 13.6)
trunKopax 418 = 324 = 33.9 =
(32.6, 58.2) (25.3, 45.2) (26.5, 47.2)
ters 0.69 0.53 0.53 1.05 0.59 0.64
(0.54, 0.97) (0.41, 0.74) (0.41, 0.75) (0.81, 1.47) (0.46, 0.82) (0.50, 0.90)
trunkind 8.58 o 11.6 — 7.36 =
(6.70, 11.9) (9.07, 16.1) (5.75, 10.2)

time. It has been shown that training can improve gait
parameters under dual-tasks conditions [35,36]. The findings
have suggested that people with PD have the potential for
short-term motor skill adaptation [35] and are able to transfer
gait improvement to the performance of untrained tasks [36].
However, previous studies employed exercise lasting from one
20-min session [35] to 4 weeks [36]. It has not been elucidated
yet whether short-term motor skill adaptation and multiple
repetition of similar task can affect intra-session performance
of gait. As the order of tasks was fixed for all participants in our
study, future studies should investigate the effect of task order
to their repeatability.

In summary, when comparing repeatability performance
across tasks, it can be asserted that neither the single task nor
dual tasks exhibited proportional error. Single-task and manual
dual-task gait subcomponent revealed a big portion of non-

repeatable parameters. Next, evidence showed a lowered
repeatability in cognitive dual tasks compared to other tasks
for PD patients. When comparing the inter-group repeatability,
the single task TUG can be deemed as having better
repeatability in the PD group while the cognitive dual-task
seems to be more variable in PD. The manual dual-task can be
considered as being more reliably repeatable in HC than PD.

Some differences from previous studies dealing with
reliability in TUG gait and turn parameters [14-16] may be
substantiated by different walking distance covered in TUG
tests. Walking distances in timed tests influence gait speed
[37] and consequently turn strategy [38] and other parameters
[39].

In contrast with other studies assessing the reliability of
iTUG [14-16], we did not remove sensors between measure-
ments. Removing sensors could produce random errors
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Table 5 - Comparison of repeatability under different conditions.

R(TUG, cTUG) R(TUG,mTUG) R(cTUG, mTUG) R(PD, CG)

Param. HC PD HC PD HC PD TUG cTUG mTUG
tr R ONOERS —Q.77 " OIGIEREE OISR QA™E 5.45mTUG —OE7 2.67H¢ 0.01
SWiNgmayx 0.09°TVG WSS —0.09TY¢ —0.39TV¢ —0.16°TVS —0.51°TU¢ 0.10%¢ —0.04 0.64H¢
SWinggom @qa=ee @EI=E —0.18TU¢ ROISEES —Q2F™E —0.66°TUS OMPES —0.22%P 0.691¢
swinga 0.22°T0¢ -0.10™¢ 7.33mT0G 0.81™mTUe 5.85mTUe 1.01™T0¢ —0.38"P —0.16" 1.87H¢
cadence 0.09¢TUS —0.53T9¢ 1.47™T0G 0.54™m7TUS 1.28™TU¢ 2.24™MTUG —0.26"P 0.70H¢ 0.194¢
e —0.07TY¢ 73" 182 EC 0.46™TUG 1.38™mTUG AGFTIE —0.32FP 1.31H¢ 0.03

ds 0.43¢TUS —0.27™9¢ 0.28™TUS 0.15™TUS —0.11¢TUs 0.57™mTUS 1.16%¢ BOAES 1A%
stride;, 0.13¢°TU6 —0.44TY6 0.59™mTUG —0.01 @aTeE QuT7™me —@A1%® 0.80H¢ 0.43H¢
stridey 0.28¢TUS —0.43T9¢ 1.11™TU¢ 0.36™TUS 0.64™TUS 1.40™TUC —0.19%P 0.84H¢ 0.26¢
strider var —0.48™0¢ —0.90™¢ —0.17™9¢ —0.857U¢ 0.59™TU¢ 0.41™T0¢ —0.43"P 1.85H¢ 2.19M¢
stridey yar —0.30TY¢ —0.61T9¢ ORSEES —0.65TY¢ 0.79™TUG —Q e 0.02 0.81H¢ 2.62H¢
trunKyot max —0.40™9¢ —0.05 0.04 0.02 0.74™T0G 0.07™T0¢ —-0.13"P —0.45"P -0.117P
trunkronm QAT —0.46TY6 Q.EpEe —@21M"e @.IEEE @AprnE —0.28"P 0.59H¢ OIES
tuIm,yg 0.29°T9¢ -0.21™U¢ 0.46™TU¢ -0.31™9¢ 0.13™TUS —0.14°T¢ -0.35°P 0.05 0.37H¢
UM mayx 0.59¢TUG 0.16°TVS 0.50™TUS 0.09™TUG —0.05 —0.06°TUS —0.25%P 0.03 0.04
trunkavg 0.06°TU¢ -0.26T¢ 0.13™TU¢ -0.20TY¢ 0.06™TY¢ 0.09™TUE -0.13%P 0.25H¢ 0.23H¢
trunkoax 0.15¢°TV6 Q77" —0.08TY¢ QIEEE —@A0F"E —0.35°TUG 0.09%¢ —0.29FP @87
Uams —@aEe —0.96TY¢ OWZSEES —0.36TY¢ 1.79mTUG g7 @51 6.08H¢ 0.34H¢
trunking —0.04 OMOSES Qe OSISEIEE @Z7me 0.04 0.02 —@12° 0.08H¢

R(TUG, cTUG) - grand ratio of parameter in TUG and cognitive dual-task TUG (cTUG).
R(TUG,mTUG,) - grand ratio of parameter in TUG and manual dual-task TUG (mTUG).
R(cTUG,mTUG) - grand ratio of parameter in cognitive dual-task TUG and manual dual-task TUG.
R(PD, CG) - grand ratio of parameter of Parkinson's disease (PD) patients and healthy controls (HC).

superscript denotes condition with better repeatability.

associated with imprecise positioning when the sensors are
reattached. In this study (without removing sensors) repeat-
ability is influenced more by subject-related errors than
device-related errors.

Generally, one [40] or more [16,41,42] trials are typically
performed in the measurement of movement data. In
the latter case, movement parameters are derived from one
selected trial [41] or are calculated as a median [16] or average
[42,43] from multiple trials. Taking into consideration that
measured physiologic signals are not constants, rather,
they can fluctuate, even when environmental and external
conditions are fixed [44], the analysis of reliability should be
performed first to get meaningful results.

As Smith et al. [14] pointed out, if the iTUG is to be adopted
in clinical practice it must provide reliable data. On the other
hand, parameters with lower reliability should not be
neglected. With regard to gait research, lower reliability, i.e.
higher variability, could initiate an investigation [45]. This
approach could lead to finding the origin of higher variability
for different subject groups and may serve as prognostic and
diagnostic tool for diseases.

The main limitation was only two TUG repetitions per
condition were acquired. Therefore, in future research we
recommend to determine how many TUG trials leads to
improved repeatability. For these studies it should be kept in
mind, that burden of increased number of tests may be
unequal between subject groups. Second, only untreated PD

patients were included in the study. In future research we
recommend consider the potential confounds of levodopa
treatment and disease severity when measuring repeatability.

In conclusion, this study tested the reliability of 18
kinematic parameters derived from 3 variants of an instru-
mented Timed Up & Go test, namely the single task, the
cognitive dual-task, and the manual dual-task. The parame-
ters described the movement of the upper and lower
extremities, and the chest. Within session repeatability were
assessed for healthy controls and Parkinson disease patients.
A big portion of gait parameters of interest was assessed as
non-repeatable in all iTUG conditions. Therefore, the iTUG
(under single or dual task) results should be interpreted
carefully.
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Fig. 2 - Bland-Altman plots of the agreement between two consecutive measurements of a single task TUG. Blue-healthy
controls, red-PD patients, solid line-mean value, dotted lines-1.96xSD.
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Fig. 3 - Bland-Altman plots of the agreement between two consecutive measurements of cognitive dual-task TUG. Blue-
healthy controls, red-PD patients, solid line-mean value, dotted lines-1.96xSD.
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Fig. 4 - Bland-Altman plots of the agreement between two consecutive measurements of a manual dual-task TUG. Blue-
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Table 6 - Comparison of repeatability under different conditions when outliers are removed.

R(TUG, cTUG) R(TUG,mTUG) R(cTUG, mTUG) R(PD, CG)
Param. HC PD HC PD HC PD TUG cTUG mTUG
tr - —0.39TV¢ - 0.48™TUG _ | oG —0.06"P 0.40%¢ 0.02
SWiNgmayx = @A = 0.20™TUG = —0.04 ONBES —0.01 —0.14"P
SWinggom @EREE 0.61°TV¢ ONIPZEEC —0.197V¢ 0.03 QSO 0.15H¢ —0.23%P 0.59H¢
swinga - - - - - - - - -
cadence 0.35¢TUS —0.24™¢ 1.19™TUC 0.61™TUS 0.63™mTUC 1.12™TU¢ —0.18"P 0.45 0.11H¢
e 0.37°T9¢ —0.38TV¢ 0.95™TUS 0.46™TUS 0.43™TUS 1.33™TUG —0.23"P 0.68H¢ 0.03
ds 1.02¢TY¢ —0.50™¢ 0.30™TUS 0.20™TUS —0.36°TU¢ 1.42™TUC 0.05 3.27H¢ 0.14H¢
stride, = —0.04 = 0.38mTUG = 0.43™TUS —0.12FP 0.04 0.02
stridey - —0.10™¢ -~ 0.38mTUS -~ 0.52™7TUS —0.18"P 0.16"¢ 0.254¢
strider var —-0.51™¢ —0.56"U¢ 0.08™TU¢ —0.52TU¢ 1.20™TUG 0.08™TU¢ —0.417P -0.35P 0.34H¢
stridey yar = —@azmE = 0.42™TUG = 0.62™TUG —0.06"° —0.25FP —0.177P
trunKyot max —-0.16™¢ - 0.05 - 0.24™TUG _ —0.15°P —0.25P -0.12"P
trunkronm 0.92°TUS 0.06°TYE OISEETS —Q2"E —0.31°TU¢ —0.26°TUS 0277 0.32H¢ OVPEC
tUM,yg - —0.20TV¢ - —0.02 - @pFE —0.34%P OI0ZeS —0.01
turmpax = = = = = = = = =
trunkavg - 0.05 - -0.11™¢ - —0.16°TU¢ —0.09%P —0.08°° 0.16"¢
trunkoax 0.49°TUG Q77 —0.09TY¢ OSSR —0.39°TUC —0.35°TUG 0.07H¢ @A™ @137
Uams 0.20°TU¢ —@.50" 0.29™mTUG —@aq"ee Q@7 Qe —0.357P B.55%¢ —0.06"P
trunking —@21"e = 0.01 = Qe = 0.20H¢ —@q 0.04

R(TUG, cTUG) - grand ratio of parameter in TUG and cognitive dual-task TUG (cTUG).
R(TUG,mTUG,) - grand ratio of parameter in TUG and manual dual-task TUG (mTUG).
R(cTUG,mTUG) - grand ratio of parameter in cognitive dual-task TUG and manual dual-task TUG.
R(PD, CG) - grand ratio of parameter of Parkinson's disease (PD) patients and healthy controls (HC).
Superscript denotes condition with better repeatability.
Bolded value indicates different signum in grand ratio of all data (see Table 4) and corresponding grand ratio of data without outliers.
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The Timed Up & Go test (TUG) is functional test and is a part of routine clinical examinations. The instru-
mented Timed Up & Go test enables its segmentation to sub-tasks: sit-to-stand, walking forward, turning,
walking back, stand-to-sit, and consequently the computation of task-specific parameters and sub-tasks
separately. However, there are no data on whether walking forward parameters differ from the walking

K?J/WOTdS-' back parameters. This study tested the differences between walking forward and walking back in the TUG
-ém,“ted Ulp&_co extended to 10 m for 17 spatio-temporal gait parameters. All parameters were obtained from a GAITRite®
a1l analysis

pressure sensitive walkway (CIR Systems, Inc.). The differences were assessed for healthy controls and
Parkinson’s disease (PD) patients. None of investigated parameters exhibited a difference between both
gait subtasks for healthy subjects group. Five parameters of interest, namely velocity, step length, stride
length, stride velocity, and the proportion of the double support phase with respect to gait cycle duration,
showed a statistically significant difference between gait for walking forward and walking back in PD
patients. Therefore, we recommend a separate assessment for walking forward and walking back rather

Instrumented gait

than averaging both gaits together.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The Timed Up & Go test (TUG), a modified timed version of the
functional test “Get-Up and Go” (Mathias et al., 1986), is simple,
requires no special equipment, and is a part of routine clinical
examinations. Usually, the main parameter evaluated in clinical
practice and research is the total time it takes to complete the TUG.

Along with the rapid progress in sensing technologies, the
instrumented TUG and its extended modifications are increasingly
being used in laboratory settings. The results of research related to
the automatic examination of a TUG were extensively reviewed by
Sprint et al. (2015).

The instrumented TUG enables its segmentation to sub-tasks:
sit-to-stand, walking forward, turning, walking back, stand-to-sit,
and consequently computation and assessment of timing and other
task-specific parameters of all TUG sub-tasks separately. Despite
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the growing number of research focused on the sit-to-stand sub-
task (Zakaria et al.,, 2015) and the turning subtask (Bonnyaud
et al.,, 2015; Vervoort et al., 2016; Zakaria et al., 2015), the gait
sub-task still plays an important role in TUG assessment (Ansai
et al., 2018; Craig et al., 2017; Greene et al., 2012; Sheehan et al.,,
2014; Smith et al., 2016; Weiss et al., 2013).

The gait sub-task consists of walking forward and walking back
with a turn sub-task in between. However, the evaluation of gait
sub-tasks in the TUG is not standardized, some studies assessed
walking forward and back separately (Ansai et al., 2018), other
studies combined the walking forward and walking back actions
(Weiss et al., 2013) while, the majority of studies don‘t report
whether the computation of gait parameters is based on both gait
sub-tasks combined, e.g. an average of both sub-tasks, or only one
of them (Adusumilli et al., 2018; Craig et al., 2017; Greene et al.,
2012; Sheehan et al., 2014; Smith et al., 2016; Spain et al., 2012).
Walking forward and walking back may be differentially affected
by several factors: (1) the transition from sit-to-stand to regular
walking, (2) the turn task which requires the central nervous sys-
tem to coordinate with body segments allowing for reorientation
towards a new travel direction while maintaining dynamic body
stability (Patla et al., 1999), (3) preparation for the transition to
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stand-to-sit sub-task, and (4) increasing fatigue. The effects of
these factors may be even more pronounced under pathologic con-
ditions such as neurodegenerative disorders. However, no complex
study has dealt with the comparison of gait parameters before
turning and after turning in a healthy population nor in patients
with neurologic disorders so far. This uncertainty regarding possi-
ble differences in parameters before turning and after turning may
result in inconsistent comparisons of parameter values within clin-
ical and research measurements.

The aim of this work is to examine whether TUG gait exhibits
the same spatio-temporal parameters for forward walking and
walking back in older adults and Parkinson’s disease patients.

2. Methods
2.1. Participants and data acquisition

In this observational study we included 26 treatment-naive
patients with Parkinson’s disease PD) (16 men, 10 women), mean
age 58.9 (+13.2), mean PD duration 30.1 (+15.8) months, and 19
healthy control (HC) subjects (17 men, 2 women), mean age 61.7
(£8.3). PD patients were examined using the Movement Disorder
Society Unified Parkinson’s Disease Rating Scale (MDS-UPDRS),
from which the motor subscore (part III) was calculated
(30.15 £ 12.65). Research protocol was approved by the local
research Ethics Committee of the General University Hospital, Pra-
gue in accordance with the Declaration of Helsinki and an informed
consent was obtained from all participants before entering the
study.

As documented by Zampieri et al. (2010), the traditional TUG is
not a sensitive enough tool to differentiate between untreated PD
and healthy controls. In contrast, individual parameters of gait
cycle measured using an instrumented TUG with an extended
walking distance were shown to be sensitive enough to show gait
abnormalities in early untreated PD and could potentially detect
the progression of PD and their response to symptomatic and
disease-modifying treatments (Zampieri et al., 2010).

Participants were instructed to perform an extended Timed Up
& Go test (Wall et al., 2000) at their preferred, usual-walking speed.
An extended TUG involves rising from a chair, walking 10 m in a
straight line, turning 180°, walking back and sitting down in the
chair. The turning point was designed by the marker on the floor.
Subjects were given no instructions on which side to turn. One
walking trial was performed by each subject. Gait was assessed
using a 5.15 m long and 0.9 m wide instrumented walkway (Plat-
inum model GAITRite®, CIR System Inc., Franklin, USA) placed
2.43 m from chair in the middle of the straight gait walkway.
Pre-turn and post-turn gait were acquired as separate recordings
on the walkway.

Previous studies showed that GAITRite is a valid and reliable
tool for measuring the spatio-temporal parameters of gait
(McDonough et al., 2001; Wong et al., 2014). All data was pro-
cessed by experienced person using the GAITRite application soft-
ware (version 4.7). We processed 17 spatio-temporal gait
characteristics twice for each TUG trial: once when the participant
walked forward and once when they walked back. Then, the pre-
turn and post post-turn gait data was further statistically
evaluated.

Parameters of interest are provided by the GAITRite walkway
(thus in line with manufacturer recommendation and definitions,
refer (CIR Systems Inc., 2013)). These parameters are:

e velocity (cm/s) - mean velocity of walking (distance traveled
per time)
e step count (steps)

cadence (steps/min)

step time (s)

step length (cm)

cycle time (s)

stride length (cm)

base width (cm) - width of support base

swing percentage (%) - a percentage of the gait cycle time

swing time (s) - duration of swing phase

stance percentage (%) - duration of stance phase as a percentage

of the gait cycle duration

stance time (s) - duration of stance phase

e single support percentage (%) - a percentage of the gait cycle
time

e single support time (s) - duration of single support phase

e double support percentage (%) - a percentage of the gait cycle
time

e double support time (s) - duration of double support phase

o stride velocity (cm/s) - ratio of stride length to stride time

All parameters were recorded and averaged for the left and
right limbs.

2.2. Statistical analysis

The paired t-test was used to compare the spatio-temporal
parameters between the left and right lower limbs, and the param-
eters for walking forward and back. A two sample t-test was used
to compare the parameters of PD patients and HC. The significance
level was set to 0.05. A Holm-Bonferroni correction was applied to
address problems with multiple testing. Thus p-values less
than 0.002 are considered significant at the Holm-Bonferroni-
corrected level.

3. Results

The mean total time to complete the extended TUG was slightly
higher in PD (24.56 £ 5.61 s) compared to HC (23.76 £ 3.47 s) but
the difference was not statistically significant (p = 0.94). The com-
parison of spatio-temporal gait parameters between the left and
right lower limbs did not show any significant difference (Table 1).

The mean value and standard deviation of each parameter for
walking forward and back, and their differences are reported in
Table 2; the table also shows the results of the paired t-test. The
velocity, step length, stride length, and double support percentage
were significantly different in the PD (p < 0.002) but not in the HC
group. Namely, the PD group had decreased gait velocity and short-
ened steps and strides in the walking back subtasks in comparison
with their forward gait. There was no significant difference
between both subtasks in parameters values for the HC group.
The Bland-Altman plot was used as a graphical representation of
the differences between the two gaits (Fig. 1).

The results showed that neither forward walking nor walking
back differed between the PD and HC group (Table 3). The compar-
ison of differences between walking forward and walking back also
did not exhibit a distinction between the PD and HC group
(Table 3).

4. Discussion

The current study compared the gait parameters of walking for-
ward to walking back from an extended Timed-Up and Go test and
provided statistical assessment of 17 spatio-temporal parameters
extracted from the pressure sensitive walkway. Additionally, this
study contains a comparison of gait parameters for different sub-
ject groups: healthy subjects and Parkinson’s disease patients.
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Table 1

Comparison of gait parameters between the left and right lower limb (p-values are
reported). bolded - statistically significant difference (p < 0.05), no p-value met Holm-
Bonferroni-corrected level of p (for 17 tests performed, p < 0.002).

Walking forward Walking back (p-

(p-value) value)

PD HC PD HC
Step time 0.568 0.353 0318 0.653
Step Length 0.224 0.007 0.876 0.131
Cycle Time 0.943 0.369 0.335 0.343
Stride Length 0.010 0.547 0.654 0.548
Support Base 0.158 0.644 0.962 0.253
Swing perc. 0.993 0.444 0.977 0.568
Swing time 0.977 0.407 0.103 0.811
Stance perc. 0.987 0.423 0.987 0.558
Stance time 0.978 1.000 0.422 0.369
Single support perc. 1.000 0.387 0.086 0.159
Single support time 0.977 0.407 0.103 0.811
Double supp. perc. 0.517 0.327 0.197 0.280
Double supp. time 0.533 0.364 0.287 0.327
Stride velocity 0.220 0.293 0.416 0.357

Our findings showed that some spatial and temporal parame-
ters differed between walking forward and walking back and that
these parameters affected healthy subjects and PD patients differ-
ently. From Table 2 it can be seen that, out of the total 17 param-
eters, no parameters in healthy subjects and 5 parameters in PD
patients demonstrated a statistically significant difference when
comparing the gait between walking forward and walking back.
The absolute timing of the gait cycle seems to be preserved while
the distribution of time within the gait cycle differed in PD. The
parameters of healthy subjects were generally more stable within
gait subtasks compared to PD patients.

The axial rigidity in PD during turning could increase lateral
instability (Yang et al., 2016b). Thus, one possible explanation of
the altered walking back parameters may be recovering to a stable
steady gait. Another explanation may be the anticipation of the
turn-to-sit transition or increased fatigue.

A number of studies segmented the TUG into subtasks (Craig
et al.,, 2017; Greene et al., 2012; Sheehan et al., 2014; Smith
et al., 2016; Zakaria et al., 2015). It has been shown that turn
parameters are affected by gait velocity (Akram et al., 2010). How-
ever, the effect of the turn to the consequent gait has not yet been
(to the authors’ knowledge) studied. Our results suggest that its

Table 2

influence is not negligible and is different from a healthy and dis-
eased population. Future studies should elucidate a mechanism for
changes in gait parameters relating to the turn task and analyze
the mutual relationship between instrumented TUG sub-tasks.
For example, investigating the effect of the turning side with
respect to lateral dominance or a more affected side of the body
to walking back parameters might bring additional information.
Although some research included assessment of turning strategy
(Yang et al., 2016a) or the turning side (Bovonsunthonchai et al.,
2014), none of the studies focused on the turning side and consec-
utive gait.

Contrary to our results, other recent studies demonstrated dif-
ferences in spatio-temporal gait parameters between de novo, drug
naive Parkinson’s disease patients and a control group (Grajic et al.,
2015; Kwon et al.,, 2017). Both studies averaged gait data from
multiple walk cycles over a pressure sensitive mat (six and 10
walks, respectively). As the current study employed a single trial,
discrepant results may be justified by distinct learning effects on
the gait dynamics of the control group. Moreover, the gait initia-
tion segment before entering the mat in our and other studies
might have also affected the results. Overall, our data suggests that
differences between walking forward and back might be a better
marker of gait abnormalities in early stages of PD than simple
spatio-temporal gait parameters.

Some limitations of this study need to be mentioned. The most
important is that the subjects sample size was relatively small and
may not have been representative enough of larger populations of
different age groups. However, the number of patients and healthy
subjects proved to be sufficient for preliminary research which
managed to test and evaluate the basic attributes of the TUG test.
Another limit of this study is that only one trial was measured per
subject. Further studies should examine repeatability of both parts
of gait, i.e. walking forward and back.

In conclusion, we have documented significant differences in
the parameters of walking forward and walking back subtasks of
the TUG which are more pronounced in patients with Parkinson’s
disease compared to controls. Taking into account that both parts
of gait (forward, back) might be biased by previous and ongoing
sub-tasks, i.e. sit-to-stand transition, turn maneuver, and stand-
to-sit transition the parameter analysis of its entirety instead of
analysing the parts separately could lead to neglection of informa-
tion that might be of high clinical importance. Therefore, the anal-
ysis of both gait parts should be performed separately.

Descriptive statistics of all parameters (mean and standard deviation) and statistical evaluation of walking forward and walking back (p-value). bolded - statistically significant
difference (p < 0.05), * differences significant at the Holm-Bonferroni-corrected level (for 17 tests performed, p < 0.002).

Walking forward

Walking back

t-test of forward
vs back data (p-

Difference between walking
forward and back

value)
PD HC PD HC PD HC PD HC
Velocity (cm/s) 111.90 (25.52) 108.90 (14.35) 104.61 (23.55) 105.76 (15.50) 7.29 (6.27) 3.14 (6.07) <0.001" 0.034
Step count (steps) 5.62 (0.96) 5.80 (0.63) 6.15 (1.07) 6.10 (0.88) —0.54 (0.66) —0.30 (0.67) 0.136 0.162
Cadence (steps/min) 109.88 (15.07) 105.79 (8.82) 107.89 (14.37) 106.35 (9.43) 1.99 (4.45) -0.56 (2.37) 0.037 0.465
Step time (s) 0.56 (0.08) 0.57 (0.05) 0.63 (0.24) 0.57 (0.05) —0.07 (0.22) <0.01 (0.02) 0.236 0.302
Step Length (cm) 60.45 (7.60) 61.5 (4.75) 57.61 (7.33) 59.48 (4.95) 2.84 (1.51) 2.01 (2.40) <0.001" 0.007
Cycle Time (s) 1.12 (0.16) 1.14 (0.11) 1.19 (0.27) 1.14 (0.10) —0.07 (0.21) <0.01 (0.04) 0.187 0.258
Stride Length (cm) 120.92 (15.12) 123.16 (9.47) 115.44 (14.83) 119.58 (9.96) 5.48 (2.93) 3.58 (4.60) <0.001 0.007
Support Base (cm) 9.32 (3.02) 10.25 (2.51) 9.98 (2.65) 9.87 (2.69) —0.66 (1.57) 0.38 (1.03) 0.368 0.112
Swing perc. (%) 37.31(2.43) 37.10 (2.35) 35.27 (3.56) 36.98 (1.91) 2.04 (3.17) 0.12 (1.82) 0.008 0.181
Swing time (s) 0.41 (0.05) 0.42 (0.04) 0.41 (0.04) 0.42 (0.03) 0.01 (0.02) <0.01 (0.03) 0.071 0.346
Stance perc. (%) 62.71 (2.43) 62.92 (2.35) 64.73 (3.56) 63.03 (1.92) —2.02 (3.16) -0.11 (1.82) 0.007 0.185
Stance time (s) 0.70 (0.12) 0.72 (0.08) 0.78 (0.24) 0.72 (0.08) —-0.08 (0.21) <0.01 (0.02) 0.126 0.247
Single support perc.(%) 37.37 (2.34) 37.26 (2.02) 35.24 (3.62) 36.96 (1.90) 2.13 (3.16) 0.29 (1.35) 0.006 0.172
Single support time (s) 0.41 (0.05) 0.42 (0.04) 0.41 (0.04) 0.42 (0.03) 0.01 (0.02) <0.01 (0.03) 0.071 0.346
Double supp. perc. (%) 24.73 (4.51) 26.66 (7.98) 28.88 (5.72) 26.45 (3.93) —4.15 (4.30) 0.21 (7.11) 0.001 0.306
Double supp. time (s) 0.28 (0.09) 0.30 (0.08) 0.36 (0.17) 0.30 (0.07) —0.08 (0.14) <0.01 (0.06) 0.033 0.234
Stride velocity (cm/s) 112.12 (25.27) 108.36 (14.23) 101.86 (25.46) 106.35 (15.49) 10.26 (11.90) 2.01 (5.59) 0.001 0.051
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Fig. 1. Bland-Altman plots showing the differences between walking forward and walking back vs. the mean of the two gait subtasks in PD. The x-axis represents the
parameter mean of walking forward and walking back; y-axis represents the parameter difference between walking forward and walking back (a positive value denotes a
higher value for walking back); solid line: mean difference of all subjects, dotted lines: confidence interval limits for mean difference (+1.96SD).

Table 3

Comparison of PD patients and healthy controls (p-value). bolded - statistically
significant difference (p <0.05), * differences significant at the Holm-Bonferroni-
corrected level (for 17 tests performed, p < 0.002).

Walking Walking Difference between
forward back walking forward
(p-value) (p-value) and back (p-value)

Velocity 0.647 0.853 0.031

Step count 0.469 0.858 0.244

Cadence 0.296 0.685 0.017

Step time 0.579 0.308 0.121

Step Length 0.599 0.341 0.121

Cycle Time 0.641 0.470 0.122

Stride Length 0.571 0.296 0.120

Support Base 0.282 0.888 0.010

Swing perc. 0.770 0.064 0.014

Swing time 0.566 0.161 0.355

Stance perc. 0.779 0.065 0.014

Stance time 0.700 0.289 0.077

Single support perc. 0.860 0.065 0.011

Single support time 0.566 0.161 0.355

Double supp. perc. 0.307 0.117 0.022

Double supp. time 0.421 0.173 0.020

Stride velocity 0.563 0.498 0.003
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Turning is an essential movement and has been shown to be a relevant measure for differentiat-
ing pathologies. Nowadays, turn analyses utilizing inertial measurement units (IMU) have expanded.
Although several IMU-based turn metrics exist, there is no information on the repeatability of turn sig-
nals and on the existence of signal patterns shared across subjects. Also, the variability of IMU signals
within various subject groups has not been estimated yet. This paper presents an analysis of turn angular
velocity and acceleration provided by IMU and tests them for repeatability, patterns, and variability within
groups of healthy and diseased subjects. Intra-class correlation and methods for estimating prediction
Walking turn bands, namely the Gaussian point-by-point and bootstrap method, were employed to analyze turn signals
Inertial measurement units from Parkinson disease patients and a control group. The yaw angular velocity demonstrated the highest
iTUG repeatability in both groups as well as reliability of a shared pattern (p=0.79 and 0.86). The bootstrap
Repeatability method showed wider bands and higher true coverage in comparison to its Gaussian counterpart. From
Pattern the results of the performed analysis, we recommend the bootstrap method for determining prediction

Keywords:
Timed Up&Go
Turn analysis

bands. We also recommend the yaw angular velocity as the signal to be assessed in turn analysis.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Turning is an essential movement which is required in nearly
every daily activity task. Turning is a challenging task and there is
evidence that turns are associated with a higher risk of falling [1].
Previous studies indicate that quantitative parameters of turning
are useful markers that are sensitive to age effects and differ-
ent pathologies. Namely, they were shown to differentiate healthy
elderly from those with a mild cognitive impairment [2] or PD
patients [3], and elderly adults with daily living disabilities [4]. A
need to consider turning manoeuvres in routine clinical practice
has been suggested [5].

Widely used data acquisition devices output continuous curves.
These curves are expressed as a function of the time or percentage
of turn. Usually, a single parameter is computed from the continu-
ous curve, Extracted parameters are typically a minimal, maximal,

* Corresponding author.
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petr.dusek@vfn.cz (P. Dusek), eruzi@If1.cuni.cz (E. RaZicka).
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mean value, or the value at a specific event (e.g. at heel strike). In
comparison to single parameter analysis, analysis of the continuous
curve is more informative [6].

In research and clinical practice, four types of issues related to
curve analysis are encountered. The first issue concerns whether
the curves of subject groups have the same pattern. This is impor-
tant in selecting parameters for quantification of the turning
manoeuvre because the quantification of curves with different pat-
terns may not be adequate. Moreover, when the curves have a
similar pattern then they can be processed to build the mean curve
which serves as a representative curve for a given subject group.

The second issue concerns the repeatability of curves. When a
turn task is performed repeatedly, e.g. within one session or an
inter-session, the recorded curves should be characteristic for the
subject to represent a usable parameter.

The third problem deals with classification of individual curves,
i.e. deciding whether the subject’s curve belongs to specific popula-
tion (e.g. subject groups) or not. Statistical methods used in analysis
of single parameters are not suitable for continuous curves. It has
been shown that prediction bands are an adequate statistical tool
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when applied to continuous curves of gait [7-10], cervical spine
movement[11],and scapulo-humeral coordination [12]. Using pre-
diction bands, the range of likelihood kinematics of subject groups
can be defined. Determination of a “normal” range is necessary
for researchers and clinicians to classify whether assessed curves
belong to the same population as the training curves.

Finally, the fourth problem covers the comparison of subject
groups. The comparison of the mean differences between subject
groups can be useful to designate attractive parts which differen-
tiate between the groups. Such differences might lay a foundation
for further quantitative analysis.

An increasing amount of research involving the 180° walk-
ing turn [13-17] utilizes inertial measurement units to acquire
data about the translational and/or rotational component of move-
ment. However, the suitability, i.e. common pattern, of various
turn signals for continuous analysis have not been explored yet.
Furthermore, the intra-subject repeatability of curves has not
been determined. Regarding the confidence bands of the walk-
ing turn manoeuvre, there was only one study that presented
confidence bands for lower limbs kinematics [18] and Kkinet-
ics [19] in typically developing children. It would be beneficial
to researchers if a range of normal kinematics, namely angu-
lar velocity and acceleration, were established for the 180° turn
manoeuvre.

Based on the highlighted problems, we address the following
aims: (1) to identify which signals are suitable for walking turn
analysis (2) to calculate prediction bands for walking turn signals,
(3) provide reference curves for two subject groups, namely older
adults and Parkinson disease patients, and (4) suggest promising
turn segments for further assessment.

2. Methods
2.1. Participants and data acquisition

In the study we included 27 older healthy volunteers (24 males,
3 females), mean age 64.2 (SD 8.3) years without history of neu-
rological disorder, and 24 mild treatment-naive Parkinson disease
(PD) patients (15 males, 9 females), mean age 59.2 (SD 11.9) years.
The study was approved by the Ethics Committee of the General
University Hospital in Prague, Czech Republic, and therefore per-
formed in accordance with the ethical standards established in
the 1964 Declaration of Helsinki. Written, informed consent was
obtained prior to data collection.

All subjects performed an instrumented extended Timed Up &
Go Test (TUG) twice [20] wearing three gyro-accelerometers (MTx
units, Xsens Technologies B.V.). The participant got up from a chair,
walked 10 m straight, performed a 180° turn at the designated spot,
walked back to the seat and sat in the chair. Gyro-accelerometer
units were mounted on the subject’s segments in compliance with
the study by Salarian et al. [21]: symmetrically attached on the
lateral shank of each lower leg, 4 cm above the ankle joint, and the
chest, 2 cm below the sternal notch.

2.2. Data analysis

2.2.1. Preprocessing

Kinematic data was collected at 120Hz and low-pass filtered
at 20Hz with a zero-phase second-order Butterworth filter. An
automated analysis algorithm identified the turn component of the
TUG [21]. From the automatic analysis, we employed trunk angular
velocity and acceleration signals for further analysis. All continu-
ous turn signals were time-aligned to the same length. The length
equalled 300 samples which is an average length of all the analysed
turn curves. For angular velocity and acceleration, all analyses were

performed in 3 dimensions, namely angular velocity about the roll-
axis (W), pitch-axis (wpiech), and yaw-axis (wyaw); vertical (ay),
medio-lateral (apy ), and antero-posterior (aap) acceleration were
analysed. All data analysis was carried out in Matlab 2015.

2.2.2. Common curve patterns

Assessment of common curve patterns within a subject group
can be switched to an inter-subject reliability task. A widely used
index in reliability analysis is Intraclass Correlation Coefficient
(ICC). It can be assumed that the analysed measurements have sim-
ilar characteristics. Thus, the two-way random effects model was
selected. As we used single measurements as the basis (not mean
of k-measurements) we utilized the “single rater” ICC type. Based
on the assumption that inter-subjects’ curves share the same pat-
tern plus systematic error, we employed consistency relationship
between curves. In summary, the two-way random effects, consis-
tency, single measurements for ICC was used. For details on ICC
selection refer guidelines by Koo and Li [22]. ICC was computed for
each point along the entire turning curve.

2.2.3. Intra-subject repeatability

It can be assumed that the curve representing the turn move-
ment of one subject can be replicated when the subject moves
repeatedly. The extent of replicability is represented by reliability.
As employed by Duhamel et al. [8] to assess intra-subject repeata-
bility of gait curves, we employed ICC to assess the repeatability
of turn curves. As we compared two curves from one subject, the
suitable ICC model is a two-way mixed-effects model. The single
measurement was used as the basis, thus, the “single rater” type
was utilized. We considered absolute agreement between the mea-
surements to be expected. In summary, we employed two-way
mixed effects, absolute agreement, and single measurement for
reliability analysis [22].

2.2.4. Prediction bands

The 95% prediction bands (PB) were estimated using two meth-
ods: the bootstrap method and Gaussian point-by-point method.
The bands via bootstrap were computed with 1000 bootstrap sam-
ples. Details of the bootstrap technique can be found elsewhere
[7], the implementation is available at https://github.com/vitecsla-
fbmi/predictionBands/. The true coverage probability of each tech-
nique was determined by cross-validation [7].

2.2.5. Groups comparison

Data from both subject groups were compared. Effect size was
estimated for each point along the entire turning curve by Cohen’s
d [23]. A graphical representation of the results is provided via the
colour bars, where values less than 0.20, 0.50, 0.80 and 1 represents
very small, small, medium, and large effect size.

3. Results
3.1. Common curve patterns

The inter-subject reliability of all acceleration curves was poor
in both subject groups (0 <0.50). For angular velocity signals the
reliability varies from poor (0 <0.50) to good (0.90 > p >0.75). Yaw
angular velocity of both groups demonstrated good reliability
(p=0.79 for PD, p=0.86 for CG). For details refer to Table 1.

3.2. Intra-subject repeatability

The intra-subject reliability of the yaw angular velocity varies
from moderate (p>0.50) to excellent (p>0.90). Other angular
velocity curves showed reliability ranging from poor to good in
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Table 1

Inter-subject reliability of acceleration and angular velocity signals. The intra-class correlation (p) and 95% confidence interval is reported. * good reliability. Abbreviations:

CG = Control group; PD =Parkinson’s disease patients.

dy amL daaAp Wyaw Wpitch Wroll
CG 0.20 (0.18-0.24) 0.07 (0.05-0.09) 0.26 (0.24-0.31) 0.86* (0.84-0.88) 0.09 (0.07-0.11) 0.21(0.19-0.25)
PD 0.10(0.08-0.12) 0.01 (0-0.02) 0.25(0.23-0.3) 0.79* (0.77-0.82) 0.02 (0.01-0.03) 0.16 (0.14-0.2)
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Fig.1. The bar graphs of intra-subject reliability of turn acceleration and angular velocity signals. Yellow-PD, blue-CG. Abbreviations: P-poor, M-moderate, G-good, E-excellent.

Table 2
The true coverage probability of the bootstrap and Gaussian point-by-point methods
(%). Abbreviations: CG = Control group; PD = Parkinson’s disease patients.

ay amL aap Wyaw Wpitch Wroll
CG Gauss 14 31 34 22 8 14
Bootstrap 80 94 85 91 71 74
PD Gauss 14 22 40 31 11 20
Bootstrap 80 94 88 85 74 85

both groups. Vertical acceleration curves exhibit a full scale of reli-
abilities (from poor to excellent) in CG and slightly lower in PD
(from poor to good). The reliability spreads from poor to good was
observed for medio-lateral and antero-posterior acceleration, in
both groups. For details refer Fig. 1.

3.3. Prediction bands

The width of the bootstrap PBs for all kinematic parameters was
larger than the point-by-point Gaussian PB width (Figs. 2-3).

The results of the cross-validation calculations were as fol-
lows. For bootstrap PB in CG, the estimated true achieved coverage
ranged from 80% to 94% for acceleration curves and from 71% to
91% for angular velocities. In PD, the reached coverage spread from
80% to 94% for acceleration and 74% to 75% for angular velocities
(Table 2).

The estimated true achieved coverage for PB constructed from
point-by-point PB was significantly lower than the coverage from

the bootstrap method in all tested cases (maximum coverage was
40%, Table 2).

3.4. Groups comparison

The Cohen’s d showed short sections with large effect size in
almost all analyzed cases (i.e., Wyaw, ®pitch, av, amL, aap). The wyaw
demonstrated the highest proportion of differences with medium
effect size. The ay and ay revealed the highest proportion of very
small effect size (Fig. 4).

4. Discussion

The current study employed statistical methods to analyse
walking turn curves from an instrumented Timed-Up and Go test.
Using intra-class correlation this study provides assessment of
within-group common patterns and intra-subject repeatability of
turn angular velocity and acceleration. Next, the range of the likeli-
hood of the turn kinematics of the subject group was determined via
prediction bands. Additionally, this study provides a unique com-
parison of turning curves from different subject groups: healthy
subjects and PD patients.

Four fundamental questions have been analysed. First, our find-
ings showed that yaw angular velocity has the most repeatable
curve pattern within both examined subject groups, PD and CG.
Other curves exhibited low reliability for the curve pattern indicat-
ing that no true curve characteristic for the subject groups exists.
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Fig. 2. Kinematic data of the trunk over the entire turning cycle of PD along with estimated prediction bands. Light gray-bootstrap method, dark gray-Gaussian point-by-point,

black line-groups mean.

Therefore, these curves do not seem to be suitable for application
of continuous analysis, e.g., analysis of the curve shape. However, it
does not generally imply that these curves are not suitable for turn
analysis at all. After careful selection, these curves can serve as a
basis for discrete parameters calculation.

Second, the intra-subject reliability refers to the agreement of
two or more curves from the same subject. The highest reliabil-
ity was demonstrated by the yaw angular velocity in both subject
groups.

It was pointed out, that the adoption of movement analysis
in a clinical practice requires reliable data [24]. With regard to
this statement and based on the reliability results presented and
discussed above (intra- and inter- subjects) we consider the yaw
angular velocity curve as the most suitable for turn manoeuvre
analysis and for application in clinical practice. However, the lower
reliability, i.e. higher variability, should be a subject for further
research and investigation [25].

Third, when comparing prediction bands for turning curves
using bootstrap and Gaussian point-by-point methods, this study
revealed a significantly lower coverage when using Gaussian point-
by-point method. This is in line with previous studies analysing
the prediction bands of lower limbs angles of gait [8], turn [18],
and kinematics of the cervical spine [11]. Although the acceleration
curves exhibited high coverage by the bootstrap method, large pre-
diction bands’ width was observed (Figs. 2 and 3) which indicates
the presence of high inter-subjects’ variability along the entire turn
curves. This corresponds to findings that a common curve patternis

missing (see above). Based on this, we can deduce that these curves
are not eligible for deciding whether the subject’s curve belongs to
a specific subject group or not.

Fourth, the inter-group comparison built on the comparison of
the group mean curves indicated that the yaw angular velocity has
a great potential to distinguish between PD and the CG and will be
the subject of ongoing analysis.

There are some potential limitations that need to be mentioned.
A major limitation of this study is that number of participating men
and women were not equal. Although there is evidence for different
gender related trunk roll sway in the gait of age matched older
adults [26], we do not suppose that gender differences would affect
the repeatability of turning manoeuvres.

In conclusion, we can recommend yaw angular velocity signal
as the most appropriate signal for walking turn analyses.
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Turning is an essential part of human movement. Turning manoeuvres are affected by age, neurological
disorders, or frailty. Analyses of the walking turn and its alterations could provide valuable information
about functional independence. Most studies involving wearable sensors quantify the turn by descriptive
statistical values such as the mean or maximum of the signal. Along with growing interest in walking
turn analysis, new parameters should be proposed. From statistics we adapted a parameter, referred to
as waveform skewness, that describes the shape of the 180° turn signal. This parameter is then com-

ﬁ?jgv:;);gi;te pared to established ones and an intraclass-correlation is calculated. The mutual relationship between
Waveform the proposed parameter and established ones is investigated via correlation. In addition, the effect of

Gait analysis different circumstances (temporal alignment, signal scaling and time shift) to the proposed parameter is
iTUG quantified. Waveform skewness showed a moderate intra-class correlation and a high correlation with
Walking turn the signal peak value. The results showed that waveform skewness is not sensitive to the time shift but is
sensitive to signal scaling and temporal alignment. Comparing the waveform skewness between the two
subject groups revealed significant differences between Parkinson disease patients and the control group.
Quantitative assessment of the 180° turn may allow for more objective and sensitive determinations of

movement disorders and pathologies.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Walking, turning, standing from a seated position and sit-
ting down are commonly performed daily activities. Turning is a
challenging and complex task. It requires planning, control and
re-orientation of the effective body segments to safely change the
direction of movement [1].

It has been shown that turn assessment can provide valuable
information for determining safe ambulation and functional inde-
pendence [2,3]. Recently, is has been observed that deficits in
walking turns are exhibited by frail people [4], older adults [5],
people with a higher risk of falling [6,7] or people with neurological
disorders [8]. Age affects turning maneuvers [9] as well as walking
velocity [10].

Although motion capture laboratories are powerful and widely
used in walking turn analysis, these systems are expensive and
require a large dedicated space. Progress in the development of
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E-mail addresses: slavka.viteckova@fbmi.cvut.cz (S. Viteckova),
eruzi@If1.cuni.cz (E. RaZicka), petr.dusek@vfn.cz (P. Dusek).
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1746-8094/© 2019 Elsevier Ltd. All rights reserved.

wearable sensors and its attainability has enabled using an instru-
mented TUG test which involves inertial movement measuring
units that makes quantitative turn assessment more suitable in
a clinical context and has resulted in growing attention to turn
research. Besides complex models [11] used to quantify turning
behavior, raw information obtained by the sensor (i.e., accelera-
tion and/or angular rate) has been widely employed. These studies
have assessed the turn duration [5,12-19], step-based parameters
(e.g., number of steps) [5,12,14,17,18], and statistical properties of
the angular rates or acceleration (e.g. mean, max) [5,12,13,17-20].
However, these parameters are not capable of capturing the com-
plex properties of the turn signal, such as how the signal changes
over time.

The turn is a nonperiodic and nonsymmetrical movement.
Therefore, conventional parameters widely used to evaluate cyclic
and bilateral movements, such as symmetry or variability, are not
appropriate in turn analysis. Further, the turn signal is considerably
short, and is thus not suitable for use in novel analytical methods,
for example, those based on nonlinear analysis.

This paper aims to introduce a coherent and meaningful param-
eter to quantify kinematic data for the 180 ° turn of a Timed Up & Go
(TUG) test and compare its performance with the performance of
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Fig. 1. Examples of angular rate about the yaw axis. a) Angular rate of the three
subjects and b) the average signal of all the tested subjects (black line) and SD (gray
area).

established parameters. The proposed parameter considers signal
changes over the turn time.

2. Waveform skewness

We have developed a parameter termed as waveform skewness
(WS) to provide quantitative metrics to describe and compare turn
patterns. This approach is proposed to be used for evaluating the
shape of the angular-rate time series. As the turn’s angular rate
about the yaw axis is bell shaped (Fig. 1), this technique is based on
bell property assessment. Inspired by higher-order central moment
in statistics; namely the third central moment, skewness; widely
employed for the distribution function for assessing the shape of
the data, we propose WS as a parameter for assessing a signals
shape. The statistical skewness of a random variable X={x1, X2, . . ..
Xpn } is computed as

%Z(X,‘ -y
i1
%Z(Xi -y
i1

and describes the asymmetry in a statistical distribution function,
in which the curve appears distorted/skewed either to the left (pos-
itive number) or to the right (negative number). The proposed WS
uses this characteristic for measuring the signal shape. The charac-
teristics of the turn signal is like the skewed distribution function
(Fig. 1), therefore it is possible to apply the calculation for statisti-
cal skewness to quantify the asymmetry of the turn. The turn signal
can be seen as a virtual distribution function of a random variable.
First, we can infer the random variable from the virtual distribu-
tion function. Then, we can calculate the statistical skewness of the
inferred random variable which describes the shape (asymmetry)
of the virtual distribution function. We refer to the results as the
waveform skewness of the turn signal. The inference of waveform
skewness is depicted on Fig. 2.

The analyzed angular velocity w = (w1, ..., wn), where n is the
signal length, presents for the WS computation a virtual statistical
distribution (Fig. 2).

’

3/2

The total number of elements of the random variable, m, is cal-
culated as the sum of the signal (i.e. virtual distribution) values:

n

nga),‘

i=1

and the mean of random variable is calculated as:

n
g it
=

m

where t is a unit-spaced vector with elements [1, 2, ..., n].
Finally, the WS value of the signal is computed as

n
%Z(fi — 1w
o1
n
%Z(fi - wo;
i=1

WS characterizes the asymmetry of the turn. A positive value
shows that the signal and the angular velocity increases faster at
the beginning of the turn, whereas the negative number shows that
the turn is performed faster at its conclusion.

3/2

3. Materials and methods
3.1. Subjects

The study was performed within the frame of a larger research
protocol. We included 37 Parkinson disease patients (PD) (26 males,
11 females), mean age 58.6 (+—13.4) years and 36 older adult
volunteers as a control group (CG) (33 males, 3 females), mean
age 64.4 (+-9.5) years without any history or signs of balance
problems or any neuropsychiatric disorders. An informed con-
sent was obtained from each subject. The study was approved
by the Ethics Committee of the General University Hospital in
Prague, Czech Republic, and therefore performed in accordance
with the ethical standards established in the 1964 Declaration of
Helsinki.

3.2. Data acquisition

Kinematic data was recorded from three gyro-accelerometers
(MTx units, Xsens Technologies B.V.) with a data sampling rate
of 100 Hz. Gyro-accelerometer units were placed on the subject’s
body segments in compliance with a study done by Salarian et. al.
[21]: two units were symmetrically attached to the lateral shank
of each lower extremity 4cm above the ankle joint, and a third
unit was attached on the chest, 2 cm below the sternal notch. An
extended version of the TUG (10 m walk) was used for the record-
ings. In the test, a participant got up from his/her chair, walked
10m, turned at a designated spot, returned to the seat, and sat
down. To assess intra-session reliability of the measurements, ten
subjects in each group performed an additional three trials of the
TUG.

3.3. Data processing

Before processing, the raw signal was filtered through a low-
pass filter with a zero-phase second-order Butterworth filter with
a cut-off frequency of 20 Hz. The TUG subcomponents, namely sit-
to-stand, gait, turn, and turn-to-sit, were automatically identified.
The identification methods of each TUG subcomponent is described
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Fig. 2. Inference of waveform skewness from measured signal. Left: statistical skewness analogy. Right: waveform skewness inference.

in detail in [12]. Next, the turn angular rate, acquired through the
chest sensor, was further processed. The turn parameters, namely
duration, mean, peak value, and WS were then calculated.

Prior to the WS analysis, left and right turns needed to be dif-
ferentiated. To waive the direction of rotation (left or right), the
direction needed to be unified. A positive angular velocity indi-
cates a clockwise rotation in the direction of the axis of rotation,
while a negative angular velocity indicates a counter-clockwise
rotation. Thus, signals with a negative integral value were inverted.
Two options could be considered for achieving only positive values.
The first was to use absolute values for the signal, thus achiev-
ing angular velocity without the use of direction information.
The second option was to shift the signal w = (w1, ..., wy) by its
minimal value.

w; = wj + abs (min (w)).

To do such, we preserved directional information, i.e., the
threshold abs(min(signal)) differentiates between directions. We
performed further analysis for the second option, i.e., shifted sig-
nals.

3.4. Parameter analysis

All parameters were tested under different circumstances. We
focused on demonstrating the effect of signal scaling (Fig. 3a), tem-
poral alignment (Fig. 3b), and time shifting (Fig. 3c) for the results
of the parameters.

As the normalization of signal values to the same range is widely
used in movement analysis, we investigated the effects of signal
scaling on turn parameters. To demonstrate the effect of signal scal-
ing, we separately multiplied and normalized the original signal.
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The normalization of the signal to range (0,1) was performed as
follows:

_ wj—min(w)

'~ max(w) — min(w)
where w and §2 were the analyzed and normalized angular rates,
respectively.

As the temporal alignment of signals, i.e., signal interpolation to
the same length, is used in movement analysis, we interpolated the
turn signal to 120% and 140% of its original length.

The greatest difficulty in analyzing turns is in identifying the
onset and offset of the turns [21]. Therefore, we simulated inaccu-
rate turn detection with a signal shift. To demonstrate the effect of
the time shift, we shifted the signal by approximately 15% of the
turn duration toward and away from the initial position.

3.5. Statistical analysis

After calculating the parameter values of all subjects under dif-
ferent circumstances, the one-way ANOVA with repeated measures
was used to compare the parameter results. The significance level
was set to 0.05.

Also, the strength of the relationship between the computed
parameters was analyzed. The relationship between parameters
is described via the Pearson correlation coefficient. A correlation
greater than 0.9 (lower than —0.9) was considered as very high, a
correlation greater than 0.7 (less than —0.7) was reported as high, a
correlation greater than 0.5 (less than —0.5) was moderate, a corre-
lation greater than 0.3 (less than —0.3) was designated as low, and a
correlation between 0.3 and -0.3 indicated a negligible relationship
[22].

To evaluate the reliability of turn derived parameters, intraclass
correlation (ICC) was used. Since the same subjects and same device
were used for reliability, an ICC(1,1) was used for all parameters. An
absolute agreement, p, and 95% confidence intervals was reported.
A reliability greater than 0.90 was considered as excellent, a relia-
bility greater than 0.75 was considered as good, greater than 0.50
was moderate, and lower than 0.50 was poor.

Table 1
The effects of various signal adjustments (scaling, temporal alignment, time shift)
to the parameter results.

Scaling Interpolation Time shift
Duration 1.00 1.00 <0.01
Mean <0.01 <0.01 <0.01
Peak <0.01 1.00 1.00
WS 0.95 0.99 <0.01

" Statistically significant differences.

All analysis algorithms, as well as statistical evaluation of the
outcomes were carried out in a MATLAB environment (MatLab
R2015b, Mathworks).

4. Results
4.1. Effect of different circumstances

The mean and peak showed a significant difference in the results
for different signal scaling (p<0.01). The WS parameter, duration
and mean showed a statistically significant difference for differ-
ent time shifts (p<0.01). For details about results under various
circumstances (adjustments) see Table 1.

4.2. Intraclass correlation

The turn duration, signal mean and peak values showed a good
reliability (p>0.75) for PD although moderate (p>0.50) for the
CG. The WS demonstrated a moderate reliability (p > 0.50) for both
tested subject groups. Table 2 summarizes the reliability results.

4.3. Correlation of parameters

A third analysis compared turn parameters to each other. The
WS had a moderately positive correlation (r = 0.64 and 0.59, respec-
tively) to the mean and peak value for the CG although it had a low
positive for PD. The WS correlation to duration was moderate neg-
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Table 2
The reliability of the TUG turn parameters for the angular rate around the yaw axis.
p = intraclass coefficient of correlation, LL =lower limit, UL=upper limit.

CG PD
Parameter
ICC 95% Clbounds ICC 95% CI bounds
p LL UL p LL UL
Duration 0.55 0.38 0.79 0.85 0.74 0.92
Mean Angular Rate 0.60 0.53 0.81 0.83 0.71 0.91
Peak Angular Rate 0.68 0.35 0.86 0.77 0.61 0.87
WS 0.68 0.44 0.86 0.66 0.45 0.81
Table 3
Correlation of TUG-turn parameters for both subject groups.
CG PD
Mean Peak Duration Mean Peak Duration
WS 0.64 0.59 -0.57 0.46 0.47 -0.37
Mean - 0.90 -0.98 - 0.82 -0.90
Peak - - -0.92 - - —0.80
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Fig.4. Scatter plot of waveform skewness parameter for subject groups. CG - control
group, PD - Parkinson disease patients.

ative (r=—0.57) for the CG and low negative (r=—0.37) for PD. The
peak value had a moderate positive correlation to the WS (r=0.59)
for CG and low (r=0.47) for PD. For other relationships, the cor-
relation varied from high to very high. The results of correlation
analysis for all parameters are shown in Table 3.

4.4. Subject group comparisons

The turn assessment via WS parameter revealed a significant
difference between the CG and PD (p <0.001), refer Fig. 4.

5. Discussion

The major contributions of this study are 1) the introduction
of a parameter to quantify the turn component of the TUG, 2) a
comparison of the proposed parameter to established parameters
and clarification of its behaviour in different circumstances.

The proposed parameter, waveform skewness, is adapted from
statistics and fitted to signal shape analysis. When comparing the
reliability of the parameters for the CG to PD, the CG reliabil-
ity was lower. Other studies [23,24] have shown similar trends,
with the CG having lower ICCs when compared to PD. Waveform
skewness reliability performance indicates that this parameter is
sufficiently reliable for turn assessment. The moderate reliability
may indicate that the waveform parameter reflects the natural
individuality of the turn and the complexity of the signal. Nev-
ertheless, waveform analysis may provide circumstantial insight
into the changes of a movement pattern. Moreover, Mortanza [25]
concluded that spatio-temporal analysis of level walking is not suf-
ficient and cannot act as a reliable predictor for falls in elderly
individuals. Waveform analysis of the TUG turn may lead to new
findings and thus to improved insights and understanding of dif-
ferent pathologies.

The interpretation of the waveform skewness parameter is sim-
ilar to its statistical counterpart.

The statistical skewness deals with asymmetry of the distri-
bution of a random variable. In the case of turn angular rate, it
indicates the angular rate distribution regardless the timing of the
turn. In contrast, the proposed waveform skewness considers tim-
ing. Increasingly positive waveform skewness values indicate a
higher angular rate at the beginning of the turn. Conversely, a neg-
ative value indicates a higher angular rate at the end of the turn.
To our knowledge it is the first usage of skewness to signal shape
assessment (not assessment of signal distribution).

When employing a parameter computation in the quantitative
assessment of signal, an influence of specific characteristics of the
signal on the calculation of parameter should be considered (e.g. the
effect of signal normalization). Different parameters reflect various
aspects of turn movement. Therefore, the selection of an appro-
priate parameter for a specified research aim is crucial in turn
quantification.

Waveform skewness is subject to expected and reasonable
responses to signal alteration. The parameter proved to be intact
to signal scaling and signal temporal alignment, whereas it is sen-
sitive to signal time shift (Table 1). Correlation analysis showed
a moderate linear relationship between waveform skewness and
peak value. As waveform skewness is intact to signal scaling, the
peak correlation can be circumvented by signal normalization.

Testing the proposed parameter showed its ability to differen-
tiate between subject groups. However, the ages and gender of the
subject groups do not match perfectly. The age of the CG is higher
than PD. It can be expected that in younger controls the difference
compared to PD would have been even more pronounced. Regard-
ing gender, to our knowledge, there is no evidence that gender
affects turning behaviour.

Based on the presented results, we can gather that waveform
skewness introduces a new point of view on TUG-turn quantifi-
cation and has the potential to be used in this context. Moreover,
this parameter is based on inertial measurement unit data, which
includes a portable and low-cost sensor. As it is a prerequisite for
ambulatory usage, it increases the usability of waveform skewness
ouside this research area.

Since waveform skewness is not closely tied to the TUG turn,
it can potentially be applied in the analysis of 180° turning under
other circumstances. The approach for measuring waveform skew-
ness presented here is only intended for trunk turn angular rate
waveform and would not be appropriate for the assessment of dis-
crete data derived from the turn. In addition, the approach should
be only applied to the angular rate signal around the yaw axis,
its application to other turn signals may not result in meaningful
outcomes.



352 S. Viteckova et al. / Biomedical Signal Processing and Control 52 (2019) 347-352

6. Conclusion

This study elucidated some of the properties of the four param-
eters for TUG turn assessment: three already established in turn
analysis, one new parameter — waveform skewness — adapted from
statistics and only proposed for turn analysis. Quantitative assess-
ment of turning during the TUG may allow for more objective and
sensitive determinations of movement disorders and pathologies.
As the TUG is a widely used test in clinical settings, parameters that
could be computed from its components (e.g. the turn) would be of
enormous research and clinical benefit.
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1. Introduction

Turning before seating from a standing position is a commonly
performed daily activity. The turning before sitting movement is an
included part of functional tests such as the Timed Up&Go test (TUG).
The increased utilization of wearable sensors increases the ability to
separately evaluate individual TUG sub-tasks. A prolonged performance
of transition sub-tasks (e.g. turn-to-sit) has been shown in Parkinson's
disease (PD) patients [1,2]. However, analysis of the turn-before-sitting
is not widely used. To our knowledge, there is no study dealing with a
direct comparison of the source turn-before-sit signals. The main aim of
this paper is to investigate whether an analysis of the turn-before-sit
signals can provide additional value to an instrumented TUG performed
by healthy adults and PD patients. To achieve this, we addressed the
following partial-goals: (1) to visualize within group variability of the
turn-before-sitting signals, and (2) to provide quantitative inter-group
comparison of turn-before-sitting signals.

2. Research Question

Is there a difference in the turn-before-sitting tasks among PD pa-
tients and the control group (healthy adults)?

3. Methods

We included 24 mild treatment-naive Parkinson disease patients (15
males, 9 females), mean age 59.2 (SD 11.9) years in the study. The
control group (CG) included 27 older healthy volunteers (24 males, 3
females), mean age 64.2 (SD 8.3) without a history of neurological
disorders. All subjects performed an instrumented extended TUG
wearing gyroscopes. The turn-before-sitting task was automatically
extracted from each TUG measurement [1]. The angular velocity
measured by the chest sensor was used for further processing. The vi-
sualization of signals within group variability was done via prediction
bands (PB), the gaussian point-by-point method was utilized. The
functional data analytic method HANOVA [3] was employed for inter-

PB width([rad/s]
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group comparison of the turn-before-sitting signals. The distinctive
signal, yaw angular velocity, was evaluated.
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4. Results

The gaussian point-by-point method showed a wider PB for the CG
than for PD during the first 25 % of turn (Fig. 1C). Then the PB width of
PD exceeded the width of the CG until circa half of the turn and finally
the width of both groups were similar.

The HANOVA method revealed a statistically significant difference
(p=0.004) between the groups in the turn-before-sitting subtask.

5. Discussion

Our findings showed a difference in the turn-before-sitting move-
ment between PD and CG. Which is in agreement with studies which
focused on walking turn assessment [1] or the turn-to-sitting transition
[1,2].

The width of the prediction bands indicated a higher movement
variability in the CG in the first quarter of the turn while a higher

Gait & Posture 73 (2019) 282-283

variability in second quarter. The second half of the turn exhibited a
similar variability in both groups.

In conclusion, the turn movement before sitting is suitable for fur-
ther analysis of PD movement.
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