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Summary i

Summary

Motor fatigue is one of the most common and disabling symptom in patients
with multiple sclerosis. Despite the high incidence of this symptom and its seri-
ous consequences for the patients, no instruments or methods that could detect
the motor fatigue objectively have been developed. The present work concen-
trates on the development and testing of a method for objective measurement
of motor fatigue among patients with multiple sclerosis and after stroke. This

dissertation is a cumulative work consisting of three empirical studies.

The first study develops and tests a new method to quantify changes in gait pat-
terns among healthy volunteers. The properties of the limit cycle attractor were
used in this study. This method identifies changes in movement patterns, that
IS, changes in gait characteristic and gait variability, in individuals both at the

group and at the individual level.

In the second study, the newly developed method was used to quantify motor
fatigue among patients with multiple sclerosis. More specifically, in this context,
the Fatigue index Kliniken Schmieder was developed for an objective detection
of motor fatigue. Using this index, for the first time, changes in gait patterns due
to the acute motor fatigue could be detected in patients with multiple sclerosis.
In addition, the limits which allowed a clear diagnosis of motor fatigue were cali-
brated. Furthermore, it was demonstrated that motor fatigue is not related to

muscle fatigue.

In the third study, the Fatigue index Kliniken Schmieder was successfully used
to measure motor fatigue among stroke patients. This allowed for a unique
comparison of motor fatigue between stroke patients and patients with multiple
sclerosis on the basis of empirical data. Our results show that stroke patients
display similar degrees of motor fatigue as patients with multiple sclerosis. The
Fatigue index Kliniken Schmieder proved to be robust with respect to chronic

walking impairments.
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Zusammenfassung

Motorische Fatigue ist eines der haufigsten und belastendsten Symptome bei
Patienten mit Multipler Sklerose. Trotz des haufigen Auftretens dieses Symp-
toms und seiner teilweise schwerwiegenden Folgen fir die Betroffenen existier-
ten bisher keine Messinstrumente und -verfahren, welche motorische Fatigue
objektiv erfassen konnen. Die vorliegende Arbeit beschéftigt sich mit der Ent-
wicklung und Testung eines Verfahrens zur objektiven Messung von motori-
scher Fatigue bei Patienten mit Multipler Sklerose und nach einem Schlaganfall.
Das vorliegende Dissertationsvorhaben ist eine kumulative Arbeit aus drei em-
pirischen Untersuchungen.

In der ersten Studie wurde das neue Verfahren zur Quantifizierung von Veran-
derungen im Gangmuster entwickelt und erfolgreich an gesunden Probanden
getestet. Hierbei wurden die Eigenschaften des Grenzzyklus-Attraktors heran-
gezogen. Diese Methode ermdglicht die Identifizierung von Veranderungen im
Bewegungsmuster bei Personen sowohl auf der Gruppen- als auch auf der In-
dividualebene, indem die Veranderungen in der Gangcharakteristik und in der

Gangvariabilitat erfasst werden.

In der zweiten Studie wurde das neu entwickelte Verfahren zur Quantifizierung
von motorischer Fatigue bei Patienten mit Multipler Sklerose herangezogen. In
diesem Zusammenhang wurde auch der Fatigue Index Kliniken Schmieder zur
objektiven Erfassung von motorischer Fatigue entwickelt. Mit Hilfe des Fatigue
Index Kliniken Schmieder konnten zum ersten Mal Veranderungen im Gang-
muster auf Grund von akut auftretender motorischer Fatigue bei Patienten mit
Multipler Sklerose erfasst werden. Zudem konnten verlassliche Grenzwerte, die
eine klare Diagnose von motorischer Fatigue ermdglichten, bestimmt werden.
Weiterhin konnte demonstriert werden, dass motorische Fatigue keinen Zu-

sammenhang mit der muskularen Fatigue aufweist.

In der dritten Studie wurde der Fatigue Index Kliniken Schmieder zur Messung
von motorischer Fatigue bei Patienten nach einem Schlaganfall erfolgreich ein-
gesetzt. Dies ermoglichte erstmalig einen Vergleich der motorischen Fatigue
anhand der empirischen Daten zwischen den Schlaganfall-Patienten und Pati-
enten mit Multipler Sklerose. Die Schlaganfall-Patienten zeigten ein &hnliches
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Ausmald an motorischer Fatigue wie die Patienten mit Multipler Sklerose. Der
Fatigue Index Kliniken Schmieder erwies sich als robust gegenuber bereits be-

stehenden chronischen Gangbeeintrachtigungen.
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1 Allgemeine Einleitung

In der Neurologie ist Fatigue eines der haufigsten Symptome (Kluger, Krupp, &
Enoka, 2013). Fatigue beeinflusst die Lebensqualitat der Patienten negativ und
wird oft bei Patienten mit Multipler Sklerose (MS), nach einem Schlaganfall oder
nach einem Schadelhirntrauma sowie bei Patienten mit Morbus Parkinson,
Post-Polio-Syndrom, Myasthenia gravis und Amyotrophe Lateralsklerose be-
richtet (Braley, Chervin, & Segal, 2012; Chaudhuri & Behan, 2004; Kluger et al.,
2013). Die vorliegende Arbeit beschaftigt sich mit Fatigue bei Patienten mit MS
und nach einem Schlaganfall. Insbesondere bei MS gilt Fatigue als groldte Be-
eintrachtigung im alltaglichen Leben und ist einer der Hauptgrinde fur Erwerbs-
unfahigkeit, was zu einer hohen wirtschaftlichen Belastung fuhrt (Andersen,
Christensen, Kirkevold, & Johnsen, 2012; Chaudhuri & Behan, 2004; Simmons,
Tribe, & McDonald, 2010). Trotz weltweit intensiver Forschung auf diesem Ge-
biet gibt es derzeit noch viele ungeklarte Fragestellungen. Dazu gehdren unter
anderem das Fehlen einer allgemein anerkannten Definition, objektiver Diagno-
severfahren sowie des ausreichenden Wissens Uber die Pathophysiologie der

Fatigue.

Trotz der fehlenden allgemein anerkannten Definition fir Fatigue (Kluger et al.,
2013) ist man sich in der Literatur einig, dass dieses Symptom ein multidimen-
sionales Phanomen darstellt (Acciarresi, Bogousslavsky, & Paciaroni, 2014;
Chaudhuri & Behan, 2004; Kos, Kerckhofs, Nagels, D'Hooghe M, & llsbroukx,
2008). Allerdings gibt es noch keinen Konsens uber die verschiedenen Dimen-
sionen der Fatigue (Kos et al., 2008). Es herrscht jedoch Einigkeit in Bezug auf
die klare Trennung zwischen der kognitiven und der motorischen Dimension der
Fatigue (Kluger et al., 2013; Penner et al., 2009).

Dabei besteht das entscheidende Problem darin, dass derzeit keine standardi-
sierten Messinstrumente und -verfahren existieren, die Fatigue objektiv erfas-
sen kénnen (Kluger et al., 2013). Hierbei gestaltet sich gerade durch die ver-
schiedenen Dimensionen der Fatigue die Messung dieses Symptoms als
schwierig. Auch die Tatsache, dass die Pathophysiologie der Fatigue bis heute
nicht vollstandig geklart ist (Acciarresi et al., 2014; Chaudhuri & Behan, 2004;
Kluger et al., 2013; Kos et al., 2008), erschwert ihre objektive Beurteilung. Die-
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se Vermutung wird bestatigt durch die grof3e Anzahl von generischen und
krankheitsspezifischen Fragebogen, die derzeit zur ein- oder mehrdimensiona-
len Messung von Fatigue zur Verfigung stehen (Acciarresi et al., 2014; Elbers
et al.,, 2012; Penner et al., 2009). Insbesondere bei MS-Patienten sind solche
Befragungsinstrumente zum Goldstandard fur die Erfassung von Fatigue ge-
worden (Penner et al., 2009). Der Hauptnachteil dieser Methode liegt in ihrer
Subjektivitat und der damit verbundenen Problematik bei der Bewertung der Er-

gebnisse.

Bisherige Versuche, das Fatigue-Symptom objektiv zu erfassen, brachten keine
zufriedenstellenden Ergebnisse (Hu, Tong, & Hung, 2006; Iriarte & de Castro,
1998; Knorr, lvanova, Doherty, Campbell, & Garland, 2011; Schwid et al., 1999;
Sehle et al., 2011; Severijns, Lamers, Kerkhofs, & Feys, 2014; Surakka et al.,
2004; Svantesson, Sunnerhagen, Carlsson, & Grimby, 1999). Der Beitrag vor-
heriger Untersuchungen besteht darin, dass die Aussagen hinsichtlich Fatigue
auf der Gruppenebene getroffen werden konnten. Fiir Arzte, Therapeuten sowie
betroffene Patienten ist es jedoch notwendig, Aussagen uber das Vorliegen von

Fatigue individuell treffen zu kénnen.

Das vorliegende Dissertationsvorhaben zielt auf die empirische Untersuchung
der motorischen Fatigue und auf die Entwicklung eines geeigneten Verfahrens
fur eine moglichst objektive Diagnose dieses Symptoms sowohl auf der Indivi-
dual- als auch auf der Gruppenebene ab. Im Rahmen dieser Arbeit wurde zu-
nachst eine neue Methode zur Quantifizierung von Unterschieden im Gangmus-
ter mit Hilfe des Grenzzyklus-Attraktors entwickelt. Diese Methode verfolgt das
Ziel, motorische Fatigue bei Patienten mit MS und nach einem Schlaganfall ob-
jektiv zu erfassen. Zuerst wurde das neue Verfahren an gesunden Personen in
verschiedenen dynamischen Situationen getestet. Danach wurde angenom-
men, dass den Gangmusterunterschieden die Anderungen neurologischer Na-
tur zugeordnet werden konnen, z.B. bei Auftreten der motorischen Fatigue.
Deshalb wurde diese Methode an den gewonnenen Daten von weiteren gesun-
den Personen, Patienten mit MS und nach einem Schlaganfall zur Quantifizie-
rung von motorischer Fatigue eingesetzt und getestet. Hierfur wurde ein Index
entwickelt, der als Fatigue Index Kliniken Schmieder (FKS) bezeichnet wird. Mit
Hilfe des FKS sollten die Veranderungen im Gangmuster (in der Gangcharakte-

ristik und in der Gangvariabilitat) berechnet werden, die durch den Wechsel
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vom korperlich erholten Zustand in den Zustand nach korperlicher Belastung
beziehungsweise in den erschopften Zustand entstehen. Der FKS soll die Er-
fassung der motorischen Fatigue fur einzelne Patienten sowie flr aggregierte

Daten erméglichen.

Die Erkenntnisse der vorgelegten Arbeit sollten eine schnelle, objektive und zu-
verlassige Beurteilung der Betroffenheit von Patienten durch motorische Fati-
gue erlauben. Eine auf diese Weise erreichte zuverlassige und frihzeitige Di-
agnose der motorischen Fatigue ist sowohl fur die Patienten als auch fir die
behandelnden Arzte von besonderer Relevanz. Die Betroffenen kénnten somit
eine rechtzeitige und bestmdgliche Behandlung bekommen und ihre Alltagsge-
staltung entsprechend dem Befund anpassen. Weiterhin kdnnten durch das
neue Verfahren langjéahrige sozialmedizinische Untersuchungen, z.B. im Rah-
men von Rentenverfahren, vermieden werden. Nicht zuletzt kann eine objektive
Erfassung der motorischen Fatigue zu einem besseren Verstandnis und zur Ak-
zeptanz dieses Symptoms seitens der Angehorigen und der Gesellschaft fih-

ren.

1.1 Neuer Ansatz zur Quantifizierung von Gangmuster-
Unterschieden mit Hilfe von Attraktoreigenschaften zur Er-

fassung der motorischen Fatigue

Wie bereits in der vorangehenden Einleitung beschrieben wurde, besteht das
Ziel der vorliegenden Arbeit in der empirischen Untersuchung der motorischen
Fatigue und in der Entwicklung eines Verfahrens fir eine objektive Diagnose
dieses Symptoms. Im klinischen Alltag kann h&ufig beobachtet werden, dass
sich die Bewegungsmuster bei Patienten mit motorischer Fatigue nach kérperli-
cher Belastung verdndern. Dabei zeigen Patienten mit motorischer Fatigue an-
fangs fast unauffallige Gangmuster. Mit zunehmender kérperlicher Beanspru-
chung werden die Veradnderungen immer deutlicher. In unserer Pilot-Studie
konnten solche Verdnderungen im Gangmuster bei Patienten mit MS auf der
Gruppenebene erfasst und analysiert werden (Sehle et al., 2011). Allerdings
konnten keine Aussagen fir einzelne Patienten getroffen werden. Bisher exis-
tierende Methoden, z.B. die konventionelle kinematische Bewegungsanalyse
oder eine nicht-lineare Zeitreihenanalyse, lie3en keine prazisen Aussagen uber

die Veranderungen im Bewegungsmuster der Probanden auf der individuellen
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Ebene zu (Schablowski-Trautmann & Gerner, 2006; van Schooten, Rispens,
Pijnappels, Daffertshofer, & van Dieén, 2013). Inshesondere fur die klinische
Forschung und im klinischen Alltag sind jedoch die auf die individuelle Patien-
tensituation bezogenen Aussagen von grol3er Bedeutung, unabhangig davon,
ob es um Diagnose, Auswahl der Behandlung oder Evaluation des Krankheits-

verlaufes geht.

Deshalb wurde im Rahmen dieser Arbeit eine neue Methode zur Quantifizie-
rung von Veranderungen im Gangmuster mit einem zugrunde liegenden Grenz-
zyklus-Attraktor entwickelt. Sie zielt darauf ab, die Gangmusterverdnderungen
auf Individual- sowie Gruppenebene zu identifizieren und zu klassifizieren. Bei
dieser Methode werden die Bewegungsdaten — Beschleunigung der Fiil3e — in
verschiedenen Situationen aufgenommen. Danach erfolgt die Approximation
des Grenzzyklus-Attraktors fir jede Untersuchungseinheit. Nachfolgend werden
die Differenz zwischen zweie Attraktoren (ein Mal fur die Abweichung von zwei
Bewegungen beziehungsweise die Anderung in der Bewegungscharakteristik,
OM) und die Bewegungsvariation um die zugehoérigen Attraktoren (ein Mal3 fir
die Anderungen in der Bewegungsvariation beziehungsweise die Anderung in
der Bewegungsvariabilitdt, D) berechnet. Anschlielend wurde &F aus den Pa-
rametern M und 6D berechnet. &F ist ein repréasentativer Index der Bewe-

gungsanderung.

Das neu entwickelte Verfahren wurde zunachst an gesunden Probanden beim
Gehen auf dem Laufband in drei unterschiedlichen Situationen und an jeweils
zwei verschiedenen Tagen getestet. Die drei unterschiedlichen Situationen be-
inhalteten: 1. das Gehen auf dem Laufband mit einer fur die Probanden ange-
nehmen Geschwindigkeit ohne Zusatzaufgaben; 2. das Gehen auf dem Lauf-
band mit einer zusatzlichen kognitiven Aufgabe; 3. das Gehen auf dem Lauf-
band mit zuséatzlichen Gewichten an den FilRen. Die Gehgeschwindigkeit blieb
unabhéngig von den unterschiedlichen Aufgaben und an den verschiedenen
Tagen konstant. Die Grundannahme bestand darin, dass sich die Bewegungs-
muster zwischen diesen drei unterschiedlichen Gangsituationen verandern
werden. Des Weiteren wurde angenommen, dass die erhobenen Daten repro-

duzierbar sind.
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In einem weiteren Schritt wurde die im Rahmen dieser Arbeit entwickelte Me-
thode an Patienten mit MS und an Schlaganfall-Patienten sowie an einer Kon-
trollgruppe in einem Erschépfungsexperiment getestet. Es wurde angenommen,
dass beim Einsetzen der motorischen Fatigue wahrend des Gehens auf dem
Laufband Veranderungen im Bewegungsmuster entstehen und diese mit Hilfe
des neuen Verfahrens erfasst werden kénnen. Der Einfluss anderer Ursachen
wurde durch einen Uber die Untersuchungszeit unveranderten und standardi-
sierten Testablauf sowie durch die Messung der Laktatkonzentration im Blut
und der Herzfrequenz kontrolliert und ausgeschlossen. Die Veranderungen in
der Gangcharakteristik und in der Gangvariabilitat wurden im FKS zusammen-
gefasst. Weiterhin wurde angenommen, dass fur den FKS empirische Grenz-
werte kalibriert werden kénnen, die eine klare Klassifizierung in Gruppen mit
und ohne motorische Fatigue erlauben. Das neue Verfahren sollte die erstmali-
ge Quantifizierung der motorischen Fatigue auf der Individual- und auf der
Gruppenebene ermoéglichen (Dippel, Maurer, Schinzel, Miller-Bohn, & Larisch,
2015).

1.2 Multiple Sklerose und motorische Fatigue

Es existieren zahlreiche Erkrankungen, die bisher nicht heilbar sind und zu ei-
ner deutlichen und unter Umstanden progredienten Behinderung der Patienten
fuhren. Ein Beispiel hierfur ist die Multiple Sklerose. MS ist eine Autoimmun-
erkrankung des zentralen Nervensystems, welche die Zerstérung des Myelins
und axonale Schaden im Gehirn und Riuckenmark verursacht (Braley et al.,
2012). MS stellt die haufigste nicht-traumatische neurologische Erkrankung bei
jungen Erwachsenen dar (Braley et al., 2012). Dabei erkranken Frauen nahezu
doppelt so haufig an MS wie Manner (Maida, 2005). Schatzungen zufolge wur-
de die Pravalenz der MS in Deutschland bisher mit etwa 120 000 bis 140 000
angegeben (Flachenecker et al., 2008). Entsprechend neuesten Datenbanken
der Kostentrager wird die Pravalenz mit etwa 200 000 fast doppelt so hoch ein-

geschatzt.

Bei MS existieren drei verschiedene Verlaufsformen: schubférmiger Verlauf,
primar chronisch-progredienter Verlauf und sekundar chronisch-progredienter
Verlauf (Maida, 2005). Bei rund 70% der Féalle verlauft die MS zu Beginn der
Erkrankung schubférmig, gekennzeichnet durch klar definierte Episoden mit
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neurologischen Funktionsstérungen, die als Schiibe bezeichnet werden (Maida,
2005). Bei solchen Funktionsstorungen treten Seh-, Empfindungs-, Gleichge-
wichts-, Bewegungs- und Koordinationsstérungen sowie vegetative Symptome
auf (Maida, 2005). Nach den Schiben kommt es zur Besserung von neurologi-
schen Beschwerden, der Remission (Braley & Chervin, 2010; Maida, 2005),
wobei sich die Ausfélle anfangs noch vollstandig zurtickbilden kénnen (Maida,
2005). Mit der ansteigenden Anzahl der Schiibe wird die Riickbildung der Aus-
falle unvollstandiger, was im Laufe der Erkrankung zu einer zunehmenden Be-
hinderung fuhrt (Maida, 2005). In der Mehrzahl der unbehandelten Félle geht
die schubformige Verlaufsform der Erkrankung in einen sekundér chronisch-
progredienten Verlauf Uber (Braley & Chervin, 2010). Bei dieser Verlaufsform
erfahren die Patienten eine allmahliche, schleichende Verschlechterung, haufig
in Form von Paraparese, Halbseitenlahmung, Ataxie, Blasenstérungen oder
kognitiven Stérungen (Braley & Chervin, 2010). Ein primar chronisch-
progredienter Verlauf tritt bereits ab Beginn der Erkrankung bei einem relativ
kleineren Prozentsatz der Patienten auf (etwa 10% bis 15%), gekennzeichnet
durch eine langsame Verschlechterung der neurologischen Funktionen ohne
deutliche Schiube (Braley & Chervin, 2010).

Die MS ist mit einer Vielzahl von neurologischen Symptomen assoziiert. Dazu
zéhlen unter anderem Symptome wie Paresen, Ataxie, Spastik, Empfindungs-
storungen, Blasenstorungen, Sprechveranderungen und kognitive sowie akute
psychische Stérungen (Maida, 2005). Vor allem jedoch gehoért eine stark aus-
gepragte korperliche sowie kognitive Erschopfung, die in der Medizin als Fati-
gue bezeichnet wird, zu den bei MS-Betroffenen am haufigsten auftretenden

Symptomen (Guidelines, 1998).

Zwischen 38% und 83% der MS-Betroffenen leiden unter Fatigue, und bei etwa
50% bis 60% dieser Patienten steht Fatigue im Vordergrund der Beschwerden
(Comi, Leocani, Rossi, & Colombo, 2001; Fisk, Pontefract, Ritvo, Archibald, &
Murray, 1994; Freal, Kraft, & Coryell, 1984; Kluger et al., 2013). Es gibt zahlrei-
che Definitionen flr Fatigue. Eine davon stammt vom Multiple Sclerosis Council
for Clinical Practice Guidelines und findet breite Anwendung. Das Fatigue-
Symptom wird demnach als “a subjective lack of physical and/or mental energy
that is perceived by the individual or caregiver to interfere with usual and de-

sired activities” definiert (Guidelines, 1998). Diese Definition verdeutlicht, dass
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Fatigue als eine subjektive Wahrnehmung betrachtet wird, unabhéngig davon,
ob es sich um einen physischen oder einen mentalen Prozess handelt.

Wie bereits oben in der Einleitung zu diesem Kapitel erwéhnt, werden im Klini-
schen Alltag und in der klinischen Forschung haufig subjektive Messinstrumen-
te in Form von Fragebogen fur die Erfassung von Fatigue eingesetzt. Der Ein-
satz von Fragebdgen ermdglicht den Arzten und Forschern die Erstellung von
Datenbanken lber Prozesse, die nicht direkt beobachtbar sind (Penner et al.,
2009). Zudem sind solche Methoden schnell und kostengunstig. Allerdings sind
die Ergebnisse der Befragungen rein subjektiv, und ihr Hauptnachteil liegt in der
vollstandigen Abhangigkeit von der Versuchsperson (Penner et al., 2009). Ge-
rade die Subjektivitat stellt ein grof3es Problem sowohl fir die Diagnostik als
auch fur die Evaluation des Krankheitsverlaufs dar. Dabei spielen Einwilligung
(Compliance), Selbstbeobachtung, Selbstbewusstsein, Aufmerksamkeit und die
Bereitschaft, die Fragen offen zu beantworten, eine gro3e Rolle (Penner et al.,
2009). Auf Grund der Subjektivitat konnen die Ergebnisse der Fragebdgen in
manchen Féllen erschwert oder gar nicht interpretiert werden. Deshalb sind sol-
che Befragungsdaten, z.B. bei sozialmedizinischen Fragestellungen im Rahmen
von Rentenverfahren, nur eingeschréankt brauchbar. Eine zuverlassige Ent-
scheidung, ob ein Patient von Fatigue betroffen ist oder nicht, sollte auf der Ba-

sis eines objektiven Messinstruments getroffen werden.

Der objektiven Erfassung von Fatigue wurden zahlreiche Arbeiten gewidmet.
Manche Untersuchungen konzentrierten sich vorrangig auf die kognitive Di-
mension (Claros-Salinas et al.,, 2010; Morrow, Rosehart, & Johnson, 2015),
wahrend andere Studien die motorische Dimension der Fatigue in den Fokus
rackten (Schwid et al., 1999; Severijns et al., 2014; Surakka et al., 2004). Das
Hauptaugenmerk der vorliegenden Arbeit liegt auf der motorischen Dimension
der Fatigue. Dementsprechend wurde das Gehen auf dem Laufband als Belas-
tungstest gewahlt. In diesem Test gingen alle Teilnehmer mit einer fir sie kom-
fortablen Geschwindigkeit plus 10% auf dem Laufband entweder bis zur subjek-
tiven korperlichen Erschopfung (Wert 17 auf der Borg-Skala (Borg, 1982)) oder
maximal 60 Minuten. Dabei wurden die kinematischen Daten und Videoauf-
nahmen von Patientenbewegungsablaufen jeweils am Anfang und am Ende
des Belastungstests aufgezeichnet. Zudem wurden die Laktatkonzentration im

Blut, die Herzfrequenz und der Anstrengungsgrad auf der Borg-Skala erfasst.
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Es wurde vermutet, dass alle Probanden wéahrend des Erschopfungsexperi-
ments im aeroben Bereich bleiben und somit die muskulare Fatigue als Ursa-
che fur motorische Fatigue ausgeschlossen werden kann. Die zurlckgelegte
Gehstrecke und die Gehgeschwindigkeit wahrend des Belastungsexperiments
wurden ebenso protokolliert. Das eingesetzte Testdesign hat den entscheiden-
den Vorteil, dass die gro3en Muskelgruppen und viele Freiheitsgrade in die
Bewegung integriert sind. Aul3erdem stellt das Gehen eine alltagsrelevante Be-
wegung dar, die gerade bei Patienten mit motorischer Fatigue wesentlich beein-

trachtigt sein kann.

Im Gegensatz dazu untersuchten bisherige Studien die motorische Fatigue in
dynamischen und statischen Kontraktionstests der unteren oder oberen Extre-
mitaten mit Hilfe eines Dynamometers (Greim, Benecke, & Zettl, 2007; Iriarte &
de Castro, 1998; Schwid et al., 1999; Severijns et al., 2014; Surakka et al.,
2004). Somit wurde die motorische Fatigue oft in isolierten Bewegungen ge-
messen, was den Alltag der Patienten nicht korrekt widerspiegeln konnte. Wei-
terhin konnten friihere Untersuchungen keine klare Einteilung der MS-Patienten
in Gruppen mit und ohne motorische Fatigue vornehmen (Greim et al., 2007;
Iriarte & de Castro, 1998; Schwid et al., 1999; Severijns et al., 2014; Surakka et
al., 2004). Mit Hilfe des hier entwickelten FKS sollte eine objektive und prazise
Einteilung der MS-Patienten erreicht werden.

In den vorherigen Studien wurden die Daten von MS-Betroffenen ausschlief3lich
auf der Gruppenebene analysiert und interpretiert (Greim et al., 2007; Iriarte &
de Castro, 1998; Schwid et al., 1999; Severijns et al., 2014; Surakka et al.,
2004). Fur Arzte, Therapeuten und Patienten sind Aussagen auf der individuel-
len Ebene jedoch von groéRerer Bedeutung. Auch dieses Ziel sollte durch den

Einsatz des FKS erreicht werden.

AulRerdem wurden die persénlichen Daten aller Teilnehmer sowie der Krank-
heitsverlauf und die Expanded Disability Status Scale (EDSS) (Kurtzke, 1983)
der MS-Patienten protokolliert. An einem anderen Tag absolvierten alle Unter-
suchungsteilnehmer einen 6-Minuten-Gehtest (6MGT) (Laboratories, 2002).
Dieser Test wird oft in der klinischen Praxis eingesetzt und liefert Informationen
Uber die korperliche Beeintrachtigung der Probanden (Paul & Enright, 2003). Es

wurde bei allen Teilnehmern anhand des Beck-Depressions-Inventars Il (BDI-
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II) das Ausmald der subklinischen Depression erfasst (Hautzinger, Keller, &
Kihner, 2008; Kuhner, Burger, Keller, & Hautzinger, 2007). Zudem wurden alle
MS-Patienten gebeten, die Fatigue Skala fir Motorik und Kognition (FSMC)
auszufillen (Penner et al., 2009). Mit Hilfe der FSMC kdnnen die subjektive mo-
torische, kognitive und gesamte Dimension der Fatigue erfasst werden (Penner
et al., 2009).

Alle zusatzlich zum FKS erfassten Parameter sollten wichtige Informationen
Uber die Teilnehmer und ihren momentanen korperlichen sowie psychischen
Zustand liefern. Die erhobenen Messgrofien erlauben einen Zwischengruppen-
vergleich und eine Analyse des Zusammenhangs zwischen dem FKS und den
Ergebnissen der FSMC sowie der EDSS.

1.3 Schlaganfall und motorische Fatigue

Der Schlaganfall ist ein Krankheitsbild, bei dem klinische Zeichen einer fokalen
oder globalen Stérung zerebraler Funktionen plétzlich auftreten, mindestens 24
Stunden anhalten oder zum Tode fuihren und offensichtlich nicht auf andere als
vaskulare Ursachen zurtickzufihren sind (WHO, 1989). In dieser Definition sind
die meisten Falle von ischdmischen Schlaganféllen, nicht traumatischen Hirn-
blutungen und Subarachnoidalblutungen eingeschlossen und gleichzeitig die
transienten ischamischen Attacken sowie subdurale Blutungen ausgeschlossen
(Méaurer & Diener, 1996). Etwa 80% bis 83% der Schlaganfélle sind Ischamien,
10% bis 12% sind intrazerebrale Blutungen, und 7% bis 8% sind Subarachnoi-
dalblutungen (Mattle & Mumenthaler, 2012). Dabei sind M&nner ofter davon be-
troffen als Frauen (Mattle & Mumenthaler, 2012).

Den epidemiologischen Daten zufolge ereignen sich in Deutschland jahrlich cir-
ca 196 000 erstmalige und 66 000 wiederholte Schlaganfélle (Heuschmann et
al., 2010). Mit circa 63 000 Todesféllen pro Jahr ist der Schlaganfall die dritt-
haufigste Todesursache in Deutschland (Heuschmann et al., 2010). In den
meisten Industrienationen ist der Schlaganfall eine der Hauptursachen fir
Langzeitbehinderungen und Pflegebedirftigkeit; die Prognosen gehen von einer
konstanten Entwicklung aus (Mehrholz, 2011). In Abhangigkeit von der Lokali-
sation der vaskularen Schaden sind Funktionen, Aktivitaten und die Teilnahme
am gesellschaftlichen Leben eingeschrankt beziehungsweise zwischenzeitlich
oder dauerhaft beeintrachtigt (Mehrholz, 2011; WHO, 1989). Die Uberlebenden
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haben in vielen Féllen mit bleibenden koérperlichen, psychischen und sozialen
Folgen der Erkrankung zu kdmpfen (M&urer & Diener, 1996). Eine davon ist das

Fatigue-Symptom.

Fatigue ist bei Schlaganfall-Patienten ein haufiges Symptom, das jedoch erst im
letzten Jahrzehnt zunehmende Beachtung erfahren hat (Staub &
Bogousslavsky, 2001a; van der Werf, van den Broek, Anten, & Bleijenberg,
2001). Aktuell wird von einer Pravalenz zwischen 36% und 77% ausgegangen
(Kluger et al., 2013). Trotzdem ist nur wenig Uber die Entstehung von Fatigue
nach einem Schlaganfall, ihre Entwicklung Uber die Zeit sowie ihren Zusam-
menhang mit anderen klinischen Faktoren bekannt (Lerdal, Lee, Bakken,
Finset, & Kim, 2012). Lerdal et al. (2012) konnten den Zusammenhang zwi-
schen dem Verlauf von Fatigue nach einem Schlaganfall und den bereits be-
stehenden Vorerfahrungen mit der Fatigue sowie korperlicher Leistungsfahig-

keit in der Akutphase nachweisen (Lerdal et al., 2012).

Im Gegensatz zur MS-Forschung ist die Erforschung der Fatigue bei Schlagan-
fallpatienten ein relativ junger Forschungszweig (Staub & Bogousslavsky,
2001b). Allerdings konnte man in den letzten Jahren wachsendes Interesse an
diesem Forschungsgebiet beobachten (Lerdal et al., 2009; Naess, Lunde, &
Brogger, 2012). Fatigue bei Schlaganfallpatienten kann als “a feeling of lack of
energy, weariness, and aversion to effort” definiert werden (Mead et al., 2007).
Analog zur Fatigue bei MS-Patienten basiert auch diese Definition vorrangig auf
subjektiven Empfindungen. Deshalb werden auch hier verschiedene Fragebo-
gen zur Messung von Fatigue eingesetzt, was die objektive Erfassung er-
schwert. Eine objektive Messung von Fatigue wére bei Patienten nach einem

Schlaganfall daher ebenso von grof3er Bedeutung wie bei Patienten mit MS.

Aus diesem Grund wird in der vorliegenden Arbeit auch die objektive Messung
und Untersuchung von motorischer Fatigue bei Patienten nach einem Schlag-
anfall angestrebt. Daftr wurde mit allen Schlaganfall-Patienten ein identischer
Belastungstest mit denselben Messinstrumenten wie bei den MS-Patienten
durchgefiihrt. Somit konnte zunachst Uberprtft werden, ob der FKS fir eine ob-
jektive und prazise Erfassung von motorischer Fatigue auch bei Patienten nach
einem Schlaganfall eingesetzt werden kann. Daruber hinaus konnte das Aus-
mald von motorischer Fatigue zwischen den beiden Patientengruppen (MS und
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Schlaganfall) verglichen werden. Fur Forscher, Arzte und Therapeuten ware es
von grol3em Interesse zu wissen, ob Patienten mit MS und nach einem Schlag-
anfall im gleichen Ausmal3 von motorischer Fatigue betroffen sind. Diese Infor-
mation kann bei der Entscheidung tber den Behandlungsansatz sehr hilfreich

sein.

In vorangegangenen Studien wurde die motorische Fatigue mit Hilfe der Trans-
kraniellen Magnetstimulation (TMS), des Dynamometers sowie der Elektromyo-
grafie an den unteren und oberen Extremitaten untersucht (Hu et al., 2006;
Knorr et al., 2011; Svantesson et al., 1999). Bisherige Untersuchungen weisen
dieselben Probleme auf wie bei der MS-Forschung. Auch bei diesen Patienten
erfolgte die Erfassung der motorischen Fatigue oft in isolierten Bewegungen. Es
Schlaganfall in Gruppen mit und ohne motorische Fatigue vornehmen konnte,
und dazu wurden alle erhobenen Daten ausschlie3lich auf der Gruppenebene
analysiert. Diese Probleme sollten mit dem gewahlten Belastungstest auf dem

Laufband und dem Einsatz des FKS gel6st werden.

Weiterhin sollte Gberprift werden, ob chronische Gangbeeintrachtigungen (in
Form von Paresen) bei Patienten nach einem Schlaganfall den FKS beeinflus-
sen kénnen. Somit sollte die Unabhangigkeit des neuen Index von bereits be-
stehenden chronischen Gangbeeintrachtigungen bestatigt werden. Dies ist ins-
besondere deswegen wichtig, da viele Schlaganfallpatienten diverse Stérungen
des Gangbildes aufweisen, was die Erfassung von motorischer Fatigue mit tra-

ditionellen Messinstrumenten wesentlich erschwert.

Zusatzlich wurde bei allen Patienten die Wahrnehmung des allgemeinen Ge-
sundheitszustandes (PF-10) und der Vitalitat (Fatigue) mit Hilfe von Short-Form
36 (SF-36) erfasst und mit den Daten von MS-Patienten verglichen (Bullinger et
al., 2003; Mead et al., 2011). Dadurch sollte kontrolliert werden, wie die ver-
schiedenen Gruppen ihren allgemeinen Gesundheitszustand und die Fatigue
einschétzen beziehungsweise ob MS- und Schlaganfall-Patienten ahnlich stark

beeintrachtigt sind.

1.4 Fragestellungen und Hypothesen

Das Hauptziel der vorliegenden Arbeit ist die Entwicklung eines neuen Verfah-

rens, das eine objektive Erfassung der motorischen Fatigue bei Patienten mit
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MS und nach einem Schlaganfall ermoglicht. Daflir wurden insgesamt drei em-
pirische Studien durchgefihrt.

In der ersten Studie wurde eine neuartige Methode zur Berechnung und Inter-
pretation von Verédnderungen im Gangmuster mit Hilfe von Attraktoreigen-
schaften entwickelt und anhand der erhobenen Daten Uberprift. Es wurde an-
genommen, dass sich das Gangmuster in verschiedenen dynamischen Situati-
onen verandert. Diese Veranderungen sind mittels der neu entwickelten Metho-
de quantifizierbar. Das neue Verfahren soll die Erfassung von Verdnderungen
sowohl in der Gangcharakteristik als auch in der Gangvariabilitéat in zwei ver-
schiedenen Situationen ermoglichen. Der Index, der anhand dieser Messgréi3e
gebildet wird, soll zur Quantifizierung von Veranderungen im Gangmuster auf
Gruppen- und auf Individualebene einsetzbar sein. Zudem wurde fir die neue

Methode eine hohe Reliabilitdt angestrebt.

Im Testdesign der ersten Studie wurden alle gesunden Probanden drei unter-
schiedlichen Gang-Situationen an jeweils zwei verschiedenen Tagen ausge-
setzt: 1. Gehen auf dem Laufband ohne Zusatzaufgaben, 2. Gehen auf dem
Laufband mit zusatzlichen kognitiven Aufgaben (dual task), 3. Gehen auf dem
Laufband mit zuséatzlichen Gewichten an den FiR3en. Tabelle 1 fasst die zentra-

len Fragestellungen und Hypothesen fir diese Studie zusammen.

Tabelle 1 Zentrale Fragestellungen und Hypothesen der Studie Nr. 1.

Fragestellungen

Hypothesen

F1: Kann das neue Verfahren die Ver-
anderungen des Gangmusters von
gesunden Personen beim Gehen auf
dem Laufband in verschiedenen dy-

namischen Situationen erfassen?

H1: Die Veradnderungen im Gangmus-
ter auf Grund von veradnderten Situati-
onen kénnen mit Hilfe des neuen Ver-

fahrens erfasst werden.

F2: Erlaubt die neue Methode Daten-
analysen sowohl auf der Individual- als

auch auf der Gruppenebene?

H2: Die neu entwickelte Methode er-
laubt Datenanalysen sowohl auf der
Individual- als auch auf der Gruppen-
ebene.

F3: Ist das neue Verfahren reliabel?

H3: Das neue Verfahren ist reliabel.
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In der zweiten Studie wurde das neue Messverfahren in einem Erschépfungs-
experiment auf dem Laufband an MS-Patienten sowie gesunden Probanden ge-
testet. In Rahmen dieser Untersuchung gingen alle Teilnehmer auf dem Lauf-
band bei einer fur sie angenehmen Gehgeschwindigkeit plus 10% entweder bis
zur subjektiven korperlichen Erschopfung oder maximal 60 Minuten. Das Ziel
dieser Studie war es, motorische Fatigue bei MS-Patienten objektiv zu erfas-
sen. Ein Zustand, der sich Uber eine bestimmte Zeit nicht verandert, wird als
stabile Situation bezeichnet und ist durch unveranderte Gangcharakteristik und
-variabilitat gekennzeichnet. In dieser Studie wurde angenommen, dass die ge-
sunden Probanden und MS-Patienten ohne motorische Fatigue ein solches
stabiles System darstellen sollten, d. h. keine Veranderungen im Gangmuster
wahrend des Erschopfungsexperimentes aufweisen werden. Bei MS-Patienten
mit motorischer Fatigue sollte es dagegen wahrend des Belastungstest zu Ver-
anderungen im Gangmuster kommen, welche mit Hilfe des FKS objektiv erfasst
werden kénnen. Der FKS wurde anschlie3end hinsichtlich seiner Spezifitat und
Sensitivitat Gberpruft. Dartber hinaus wurde untersucht, ob motorische Fatigue
einen Zusammenhang mit muskularer Fatigue aufweist. Hierfur wurden die
Laktatkonzentration im Blut und die Herzfrequenz am Anfang sowie am Ende
des Erschdpfungsexperimentes bei allen Studienteilnehmern kontrolliert. Tabel-
le 2 fasst die zentralen Fragestellungen und Hypothesen dieser Studie zusam-

men.

Tabelle 2 Zentrale Fragestellungen und Hypothesen der Studie Nr. 2.

Fragestellungen Hypothesen

F4: Wie hoch ist die Spezifitat und | H4: Der FKS weist eine hohe Spezifi-
Sensitivitat des FKS? tat und Sensitivitat auf.

F5: Gibt es einen Zusammenhang | H5: Motorische Fatigue steht in kei-

zwischen der motorischen und musku- | nem Zusammenhang mit der muskula-

laren Fatigue? ren Fatigue.

Basierend auf den Erkenntnissen der vorherigen Studien, die unter anderem
gezeigt haben, dass eine Quantifizierung der motorischen Fatigue mit Hilfe des
FKS maoglich ist, wurde in der dritten Studie ermittelt, ob der FKS auch bei Pati-
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enten nach einem Schlaganfall erfolgreich angewendet werden kann. Weiterhin
sollte Gberpruft werden, ob sich das Ausmald der motorischen Fatigue bei Pati-
enten nach einem Schlaganfall und MS-Patienten unterscheidet. Dafir wurde
mit Schlaganfall-Patienten dasselbe Erschépfungsexperiment auf dem Lauf-
band durchgefihrt wie bei den MS-Patienten. Letztlich war zu tberprufen, ob
der FKS durch die bereits bestehenden chronischen Gangbeeintrachtigungen

beeinflusst werden kann. Tabelle 3 stellt die zentralen Fragestellungen und

Hypothesen der dritten Studie dar.

Tabelle 3 Zentrale Fragestellungen und Hypothesen der Studie Nr. 3.

Fragestellungen

Hypothesen

F6:

Schlaganfall fur die objektive Messung

Ist der FKS bei Patienten nach

von motorischer Fatigue anwendbar?

H6: Der FKS eignet sich flr die objek-
tive Messung von motorischer Fatigue
bei Patienten nach einem Schlagan-
fall.

F7: Unterscheidet sich das Ausmal
der motorischen Fatigue zwischen den

beiden Patientengruppen?

H7: Das Ausmall der motorischen
Fatigue unterscheidet sich nicht zwi-
schen den beiden Patientengruppen.

F8: Lasst sich das Erschopfungsexpe-
bei
Schlaganfall gut durchfiihren?

riment Patienten nach einem

H8: Das Erschdpfungsexperiment ist
bei Patienten nach einem Schlaganfall
gut durchfthrbar.

F9: Beeinflussen chronische Gang-

beeintrachtigungen den FKS negativ?

H9: Die bereits bestehenden chroni-
schen Gangbeeintrachtigungen haben
keinen Einfluss auf die Validitdt des
FKS.
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2 STUDIE 1: A novel approach to quantify time series

differences of gait data using attractor attributes

PLOS ONE, 2013; 8(8):e71824. doi: 10.1371/journal.pone.0071824

Manfred M. Vieten,! Aida Sehle,! and Randall L. Jensen'?

2.1 Abstract

In this paper we introduce a new method to expressly use live/corporeal data in
quantifying differences of time series data with an underlying limit cycle attrac-
tor; and apply it using an example of gait data. Our intention is to identify gait
pattern differences between diverse situations and classify them on group and
individual subject levels. First we approximated the limit cycle attractors, from
which three measures were calculated: M amounts to the difference between
two attractors (a measure for the differences of two movements), 6D computes
the difference between the two associated deviations of the state vector away
from the attractor (a measure for the change in movement variation), and oF, a
combination of the previous two, is an index of the change. As an application
we quantified these measures for walking on a treadmill under three different
conditions: normal walking, dual task walking, and walking with additional
weights at the ankle. The new method was able to successfully differentiate be-
tween the three walking conditions. Day to day repeatability, studied with re-
peated trials approximately one week apart, indicated excellent reliability
for OM (ICC,,>0.73 with no differences across days; p>0.05) and good reliabil-
ity for dD (ICC4e=0.414 to 0.610 with no differences across days; p>0.05).
Based on the ability to detect differences in varying gait conditions and the good
repeatability of the measures across days, the new method is recommended as
an alternative to expensive and time consuming techniques of gait classification
assessment. In particular, the new method is an easy to use diagnostic tool to

guantify clinical changes in neurological patients.
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2.2 Introduction

Typically, conventional kinematic analysis of human gait derives a characteristic
pattern for an individual from a few single stride cycles (Harris & Smith, 1996;
Schablowski-Trautmann & Gerner, 2006). These approaches are very common
in clinical trials and in clinical practice; however, a major disadvantage of this
method is the neglect of essential information that may be included in the dy-
namical sequences of multiple strides during continuous locomo-
tion (Schablowski-Trautmann & Gerner, 2006). Hence, some researchers have
used other methods to analyze gait data, e.g. methods of non-linear time se-
ries (Kantz & Schreiber, 2004). Especially common is an approach using a non-
linear time series analysis where Taken’s (Takens, 1981) embedding theorem
enables the reconstruction of the phase state and the calculation and analysis
of the maximal Lyapunov exponent (Kantz, 1994; Rosenstein, Collins, & De
Luca, 1993) is performed. The estimation of local dynamic stability can then be
estimated though the largest Lyapunov exponent (Bruijn, Meijer, Beek, & van
Dieén, 2010; Buzzi, Stergiou, Kurz, Hageman, & Heidel, 2003; Dingwell &
Cusumano, 2000; Dingwell, Cusumano, Cavanagh, & Sternad, 2001; Dingwell,
Cusumano, Sternad, & Cavanagh, 2000; Dingwell & Marin, 2006). Perc (Perc,
2005) has built on these techniques in his study of human gait.

Non-linear time series approaches seem to have an advantage over conven-
tional ones. However, while results are significant at the group level; a rating for
an individual does not seem possible. van Schooten et al. (van Schooten et al.,
2013) confirmed that depending on the state space reconstruction, local dynam-
ic stability can be detected reliably enough to assess differences on the group
level. However, on the individual level, they concluded that local dynamic stabil-
ity only measures substantial changes, “which might not be realistic”. Looking at
the theory behind this type of analysis, it seems understandable where prob-
lems might arise. The Lyapunov exponent as a measure for stable or unstable
attractors was developed to examine deterministic chaos, i.e. describing (math-
ematical) systems without random elements involved. Time series, and gait da-
ta specifically, do contain random elements, which make the calculation of the
Lyapunov exponent a tricky endeavor. A straight forward calculation of the Lya-

punov exponent (Williams, 1997) as in the case of classical deterministic chaos
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is not possible; instead, estimation procedures must be applied. Two popular
algorithms are those of Wolf et al. (Wolf, Swift, Swinney, & Vastano, 1985) and
Rosenstein et al. (Rosenstein et al., 1993). However, these algorithms also
have shortcomings (Bruijn, Bregman, Meijer, Beek, & van Dieén, 2012; Cignetti,
Decker, & Stergiou, 2012), which lead to the discussed problems of stability es-
timates for individuals. Floquet theory (Klausmeier, 2008) is advocated for “...
the study of the stability of linear periodic systems in continuous time.” In this
case as well, theory works best when applying it to classical deterministic sys-

tems.

Our original task was to find a diagnostic tool that allows quantification of
changing conditions in neurological patients, namely quantifying fatigue in the
Multiple Sclerosis (MS) patient. The rationale is that movement patterns of gait
show changes, when fatigue sets in. Ensuring that fatigue is the only possible
reason for a pattern change in combination with a change in local variability
would make it possible for the first time to quantify fatigue. The problem is that
walking quality/stability of MS patients is very diverse. Consequently, the stabil-
ity of the gait does not tell anything about fatigue, but its change would. Unfor-
tunately, to the best of our knowledge, there is no method available allowing
quantification of the changes in the movement pattern that are precise enough
to rate the severity of fatigue on an individual level. Our new approach seeks to
fill this gap and present a way to measure and document changes within the re-

sponses of an individual subject, as well as between subjects.

A dynamic system can be described by its state vector (Liu, 2001), and its un-
disturbed movement characterized by its attractor. Attractors represent equilib-
rium regions in the geometric space that are formed by the relevant variables
describing the undisturbed movement dynamics (Newell, Van Emmerik, Lee, &
Sprague, 1993). Attractors can differ greatly in complexity. They can be as sim-
ple as a fixed point attractor, manifest as a limit cycle attractor, quasi-periodic,
or be a chaotic attractor (Newell et al., 1993). An example of a fixed point attrac-
tor in 3D coordinate space is the lowest point of a half-sphere shaped bowl at
which a rolling marble will eventually stop moving. More complicated systems,
such as humans walking, do not settle towards a point, but rather towards a
track, which can be multi-dimensional and e.g. in the case of treadmill walking,

is a closed loop, or limit cycle (Perc, 2005). The problem with real world sys-
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tems is their complexity. Building a model from first principles could mean the
state space dimension could be very large (Alligood, Sauer, & Yorke, 1997). In
such a case, writing the full state vector seems impossible. We were looking for
an approach, which would be sensitive enough to judge the differences of
movement on an individual level. This requires a practical approach for such a
task; one which need not include the complete state vector and therefore, is not
overly demanding in terms of measurement and analysis. A part of the state
vector and the respective attractor should characterize the walking movement
sufficiently without being too complex, yet without the lack of essential infor-
mation. Any vector coordinate of a point on the human body can serve as part
of the state vector, which can be compared to the respective parts of its attrac-
tor. Points at each ankle can establish a good option, since from the supporting
leg to the swinging leg we have a long kinematic chain with a high degree of
freedom. Hence the possible movement variability is very large and can be
used to express substantial parts of the walking characteristics. For a further
description of our method and its use, it will not be necessary to decipher the
actual walking characteristics; it is sufficient to simply calculate the attractor in
different situations and quantify its change.

In this work, we describe a novel method for calculating and interpreting attrac-
tor variations and the differences between the attractor and state vector when
comparing two time series, with underlying limit cycle attractors. As an example
we analyzed data from a treadmill study examining the influence a dual task
(mental assignment) or an additional physical load has in causing changes in
normal walking. It was hypothesized that the changes in gait pattern due to the
dual task and/or the additional load can be captured using the changes in the
attractor and the change of the attractor/state vector’'s standard deviations,
which are each calculated from the distance between the attractor and the state
vector. While the purpose of the current study was not to directly examine gait,
the index formed from these two variables can be used to detect the changes in
gait pattern both at the individual level and at the group level. Finally, we tested

the reliability of our new method.
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2.3 Methods

A time series is a sequence of data points, which can contain almost any kind of
time sequenced data. When dealing with gait, coordinate positions, velocity,
and acceleration data constitute meaningful choices. An effective description of
the attractor can be given e.g. in coordinate, velocity or acceleration
space (Alligood et al., 1997; Sekine et al., 2000), which are connected

. dxX(t) dv(t .
via dtg )= di ):é(t). For reasons that will become clear later, we have

used the acceleration space.

The following method is valid for movements with an underlying limit cycle at-
tractor. The time series data are treated according to the following simple model

of the actual movement parameter: after transient oscillations have stabilized,

the acceleration &(t) is governed by the attractor value A(z) plus a fluctuating

contribution B(t) that varies around the attractor; this value “b(t)” is normally

distributed with a zero mean.

d(t=i-7)=A(r)+b(t=i-z) irefers to the cycle 1)

We measured two such parameters, the 3D acceleration (& (t),d (t)) of the
right and left ankles to allow detection of asymmetries in gait. The attrac-

tors’ A(r)ﬁ\ (r)are approximated as the acceleration at time 1 (ordering pa-

rameter of a complete cycle) averaged over all loops. D,(7),D () are the

standard deviations describing the irregularities from the actual acceleration at-

tractor. The start and the end of a loop are defined as the passing

of d (t),é| (t) through a well-defined area A, as shown in Figure 1.
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az [m/s?)

Figure 1 Three dimensional view of the acceleration data in mes2 illustrating
the path of the state vector and cutting point to determine the start and end of a
loop. Depicted is the side view of the area A (in blue) defining the start and the
end of a cycle. All traces of the state vector must pass through and be perpen-

dicular to the rectangle.

With n being the number of measured cycles, the two expressions have the fol-

lowing form:
- n n__ 2
Ae(r) =22 de(ivn) 4+ D bo(t=i7,) . @
1 A - with L@OHZb(i-rj):o
zﬁgé‘ic(lrl) i=L
" (3)

D,c(z;)= ﬁ;[&c(ﬁ)—ic(i 7 )]2 a=rorland C=Bor E

For the actual calculation of the attractors (equation (2)), the number of data
points in cycles varies slightly. We term a data point of an attractor as valid, if
the number of elements a, . is at least 20% the number of elements of the first
attractor point. This procedure is carried out via the software StatFree Version
7.0.3.1 (VietenDynamics, University of Konstanz, Germany; freely available on
the Internet). Now the gait data can be compared at two different time intervals

— index B: = begin, E: = end (e.g. one minute measuring at the beginning and
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at the end of treadmill walking). We define three parameters, wherein m =
min(m,. 5, m, 5, m; 5, m ) denotes the number of data points within the attractor

with the fewest data points, v the walking speed and (...) denotes average of

the included expression:

5M:\/m1v Z[(A (71)-A (TJ))2+(AYB(TJ')_;"E(T"))z} ?
2 (Ao A (e AT
- : 2 )
50~ [E5(00le)0.e)] (ot -0
N CRRIRCRR
OF =6M -6D ©

OM is the velocity normalized (see explanation below) square root of the
squared average distance between two attractors, which can account for the
change in the movement pattern of a person walking. D identifies the fluctua-
tion change of the state vectors around the two attractors, which quantifies a
change in movement precision. The third definition (6F) is the product of the first
two, which is an index being of interest in the event the changes affect the
movement style and the movement quality simultaneously. 6M, 6D, and OF are
invariant under rotation which easily can be shown. Let 8M’ be calculated in

terms of a rotated coordinate system X'. Any term of the form

( As (Ti )_ A (Tj ))2 ")

is invariant under rotation. Here the rotation matrix iR(a,ﬁ,}/) represents an ar-

bitrary rotation and R’ (a,,7)=R"(a, B,7) the transposed inverse matrix re-
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spectively. Both matrices can be functions of 7;as well. All three expressions

are combinations of those kinds of terms and therefore, are rotationally invari-

ant.

Measurements can be done with a digitizing system giving the coordinates of a
track, which permits approximating the attractor in coordinate space. However,
using a kinematic tracking system requires a large degree of experimental effort
and expense. A cheaper, simpler, and less work intensive system is an ace-
lerometer. Mounted onto the human body, without using a gyroscope, it will not
give acceleration data in the well-defined laboratory coordinate system, but
since our three parameters are rotationally invariant this is not a hindrance. Fur-
thermore, an additional argument for choosing acceleration over coordinate da-
ta is that the position on the treadmill results in some ambiguity; e.g. the sub-
ject’s position could be at the front of the treadmill throughout the first meas-
urement and at the rear during the second measurement. This automatically
would result in a huge M even without being caused by a change in the walk-
ing style. This difference in measurement may be of interest if coordinate posi-
tion is relevant in a study. Otherwise this variation can be removed by using the
velocity instead of coordinate data as shown in the following equation.

o dX_d(R+%) _dt ®)

B S A A v
dt dt dt

(no difference if walking at the front or rear; X, constant)

By taking the acceleration data instead of the velocity data, one is not even re-

stricted to constant speed treadmill walking (see equation (9)).

dv' d(V+7) dv )

(independent of the choice of the inertia system; V, constant)

To differentiate coordinate data twice causes a substantial ratio of high frequen-
cy noise in the signal (Freal et al., 1984). Therefore, a low pass filter must be
applied when using data from a digitizing system. Temporary accelerometers

are not free of such noise problems either and thus a low pass filter is required
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here as well. From these statements it is clear that the described method ana-
lyzes the low frequency information of our example time series. However, this is
not a principal feature of our method. If data with a low noise ratio is available
the full information content, with the high frequency part included, can be ac-

cessed.

A few remarks on normalization: &M as well as 6D contains a factor s which

accounts for the different time intervals and sampling frequencies of different

measuring situations, equipment, and subjects. The factor % within 6M is in-

cluded to make results from measuring subjects at different walking speeds
comparable. This can be understood in the following way:

The subject is walking at a speed V. While a foot is on the ground/treadmill it
has the relative velocity of zero. The foot in a swing phase must accelerate to
make up for the time during stance. Hence, the average walking speed of one

cycle is equal to the average velocity of the foot.

v= [ a(t)d (10)

full cycle

To compensate for different walking velocities we normalize to the walk-

ing/treadmill speed.

Q|

TGN @
\'

full cycle

For a normalized walking speed the parameter A must be substituted by % .

As a last step the average velocity V is moved to the front of the equation. Thus
it might be possible to use our method in the case of a non-constant walking

speed, making the measuring situation once again simpler. If possible, V can

be substituted by V; the average velocity of a cycle and the velocity would still

be under the summation sign. However, we did not test this even more general
procedure within the current study. In any case, 6M and 6D are abstract ex-
pressions and the dimensions are not of particular importance since they are

not used for further calculations. However, we have used Sl units to make sure



Studie 1 24

the numbers can be compared; M is given in s~ while 6D has the dimension

mes™2.

Adaptation to a specific measuring situation and calibration

OM, 6D and OF represent relative results, which means a first measurement
sets a baseline and the deviation between the base and the second measure-
ment is calculated. This is a major difference compared with the calculation of
the Lyapunov exponent that gives a kind of stability measure, an absolute quan-
tity (Bruijn et al., 2010; Buzzi et al., 2003; Dingwell & Cusumano, 2000; Dingwell
et al., 2001; Dingwell et al., 2000; Dingwell & Marin, 2006; England & Granata,
2007). However, for practical use the outcome still must be interpreted for both
cases. For our method an interpretation schema can be established in two
ways. If no known or appropriate classification is available, a given spectrum
can be divided into subsections with increasing numbers denoting more crucial
changes. If groups are definable, using well-known conventional
methods (Harris & Smith, 1996; Schablowski-Trautmann & Gerner, 2006), me-
dians of 6M, D, or 6F are calculated for each group. While conventional meth-
ods are not sensitive enough to judge individuals, they do produce adequate
group results. Also, by calculating the median, not the mean, we avoid the sub-
stantial influence of outliers. The group intervals are obtained by calculating the
upper a-quantile of the group with the smaller median and the lower a-quantile
of the group with the bigger median as consecutive non-overlapping areas. For
the next two consecutive groups we calculate upper B-quantile and lower -
quantile connected with the next set of medians and so on for all adjacent

groups (see Figure 2).
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5M

Median 3
Category 3 Lower B-Quantile of Group 3

Upper B-Quantile of Group 2
Median 2
Category 2 Lower a-Quantile of Group 2
Median 1 Upper a-Quantile of Group 1
Category 1

Figure 2 lllustration of example categories used to allow the creation of Quan-

tiles from the medians of different groups.

These resultant numbers — e.g. M + Jpeer/ravantte . garye as a calibration

Group Median — lower a—quantile
for our method. Once this procedure is done, individuals can be sorted into cat-

egories by calculating the appropriate 6M, D or 6F.

Method inherent aberration

As with all measurements, the outcome depends on the sensitivity and accura-
cy of the measuring equipment. In addition the method can cause extra devia-
tions. This method’s inherent deviations from an exact numerical value are ex-
tremely small. However, there are two reasons for errors: 1) The first data point

within a cycle is defined as the first measurement after passing the area A (Fig-

ure 1). These can be located within a volume A{O%%} not directly on the

area A. For this reason we do have a subtle dependence of the outcome on the
definition of the cycle’s start, which can be decreased by raising the sampling
frequency fs. 2) The attractor’s standard errors along the attractor path are de-
pendent on the number of cycles analyzed. For each data point on the attractor

- 1S . .
path we have the real attractor A, (z;)=lim=Y 4(i-z,) located (one sigma
n—>oon =

probability) within an interval defined by A(z;)+5,(r;) with §,(z;) being the

standard error. This induces the error margins for 6M, which we calculate using

the error propagation of independent variables.


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3737194/figure/pone-0071824-g002/
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The complete expression consists of 6 terms (right and left side with three com-

ponents each). The deviation of 6D appears to depend via D(1;) on the standard

error §A(rj) as well, but it does not. Formally the deviation is

(oo | o(sD) | (13)
S50 :\/’Z;{LMJ Sp,, (TJ)JFHJL[@D.,E (T,)} -Sp, (71)}

with

(14)

and a=r or |l and C=B or E.

First we calculate the derivative of D(T)) in regard to one component of Aa,c (rj)

(15)

aZ[Z(xT(JT)J ) i 8Aa,ci () \/” 1—1.2::['&“ (7)) -auc(i-7) )T

B NA ., (Tj)_iZ;:aavC,x (i 'Ti)
- (n-1)D(r;)

=0

As a consequence Sgp Is identically zero
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S;p =0 (16)

since all derivatives have the same result. This might look strange, but it is a
consequence of the definition of D, in which attractor inaccuracies cancel each
other. 6F’s deviation is simply

17
8(5F) Sz =0D Sy, )

Experimental procedures

Thirty healthy subjects (11 female, age: 31+11 years, height: 1.70+0.07 m,
mass: 60+9 kg; 19 male, age: 29+11 years, height: 1.82+0.05 m, mass: 82+12
kg) participated in the study. The study protocol and informed consent process
were approved by the local ethics committee of the University of Konstanz,
Germany and was conducted in accordance with the Declaration of Helsinki. All

subjects gave written informed consent according to this approval.

The participants performed a walking test on a treadmill under three different
conditions: 1) five minutes walking without any load (N); 2) five minutes walking
with an additional mental task (M); and 3) five minutes walking with a two kilo-
gram weight on each ankle (W). Each of the combinations NM, NW and MW
were done using equations (4) and (5) with B and E equal to N, M or W respec-
tively. The treadmill speed was set to 1.39 mes™" and kept constant throughout
the test. Thus one minute of walking was equivalent to about 60 cycles. Gait da-
ta were recorded while walking on the treadmill for one minute, for each subject,
after each of the five minute conditions. This test was performed on two differ-

ent days to check the repeatability.

Data were recorded using the RehaWatch 4.1.9.0 (HASOMED GmbH, Magde-
burg, Germany). The equipment includes two inertial sensors, which were
mounted on the lateral aspect of each ankle, and a data logger. Output data
were internally corrected for data shift. The inertial sensors contain tri-axial ac-
celerometers for measuring acceleration and tri-axial gyroscopes for measuring

the angular velocity; the data of the latter were not used in this study.
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Data analysis

Analyses were limited to the acceleration data of the two foot sensors which
were taken at a sampling rate of 500 Hz. We filtered the data with a 4.5 Hz low-
pass filter (Vieten, 2004) after performing a residual analysis (Winter, 2009) to
find the optimal cutoff frequency. All statistical tests and numerical calculations
were performed using StatFree, SPSS v19.0 (IBM, Armonk, NY, USA), and Mi-
crosoft Excel 2010 (Microsoft Office Professional Plus 2010). All group parame-
ters were tested for normal distribution. Reliability estimates for &M and 6D for
each of the three conditions were performed by determining the day to day In-
traclass Correlation Coefficient (ICC; 3, k) and differences between days via a
paired t-test. Differences in normally distributed parameters between N and M,
between N and W, as well as between M and W, were detected using a one-
way Repeated Measures ANOVA. Bonferroni adjustment was applied to ac-
count for multiple comparisons, and the significance level for all statistical tests

was set a priori to a=0.005.

2.4 Results

The numerical values of all measurements of OM were between 0 and 7.1 5'1,
while the variation of 6D was between 0 and 2.5 mes™2 (Figure 3). This graph

shows the clustering of the data for each of the three conditions.
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Figure 3 Scatterplot of 6M and oD for the attractors in the three conditions.

Note the clustering of data for each of the three conditions.

Figures 4 and 5 illustrate the individuals’ data points for 6M and oD for all three

conditions on both days.
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Figure 4 Individual subject values of &M for normal-mental, normal-weighted

and mental-weighted walking on days 1 and 2.
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Figure 5 Individual subject values of dD for normal-mental, normal-weighted

and mental-weighted walking on days 1 and 2.

The comparison of all three situations normal to mental, normal to weight, and

mental to weight walking show significant differences (see Figure 6).
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Figure 6 Means and Standard Error of M for the three conditions across the
two days. Significant differences occurred between all three tasks (p<0.001),

but not within conditions.

The ANOVA revealed a significant main (p<0.001) effect for 6M; with post hoc
analyses showing that 6M differed between all three tasks (p<0.001). Compari-
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son of 6D revealed a significant difference (p<0.001) between the three condi-
tions. Post hoc analysis indicated that the fluctuation around the differences of
normal to mental walking was less than either condition that included walking
with weights on the ankles, i.e. normal to weighted and mental to weighted

walking (see Figure 7).

BD - Fluctuation Difference
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NM - Day 1 NM - Day 2 NW - Day 1 NW - Day 2 MW - Day 1 MW - Day 2

Figure 7 lllustration of the Means and Standard Error of D for the three condi-
tions across the two days. Significant differences occurred between all three

tasks (p<0.001), but not within conditions.

Reliability estimates revealed that OM displayed excellent day to day reliability
as indicated by the ICC and lack of differences (p>0.05) between days (Table
1 and Figure 6). Day to day reliability of 6D expressed via ICC was moderate to

good and not different between days (p>0.05) (Table 1 and Figure 7).


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3737194/figure/pone-0071824-g007/
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Table 1 Intraclass Correlation Coefficient (ICC) and the probability of a differ-
ence across days for &M and 6D of normal walking without any load (N), walk-
ing with an additional mental task (M), and walking with two kilogram weights on
each foot (W).

Measurements ICC,. Probability of Difference

OMNvs. M 0.732 p=0.47
OMN vs. W 0.752 p=0.38
OMMvs. W 0.881 p=0.74
6D Nvs. M 0.610 p=0.13
OD N vs. W 0.414 p =0.06

0D Mvs. W 0.502 p=0.36

The impact of different cutting conditions, defining the cycle’s start, were found
to be smaller than 5% of the value of each parameter. We also calculated the
error (equation (12)) caused by the attractor's standard error and found
Ssm <0.05 6M.

2.5 Discussion

The purpose of this new method is to allow the easy quantification of differ-
ences between dynamic situations on the group and on the individual level. In
the case of our example, differences between gait patterns under different con-
straints were determined. The constraints included normal walking, walking
while performing a mental task (counting backwards by threes), and walking
with weights added to the ankles. In the current study the gait pattern differed in
all three conditions, i.e normal walking was different from mental and weighted
walking, which also differed from each other. Previous studies have shown
changes in gait patterns as a response to a cognitive or motor task while walk-
ing (Baetens et al., 2013; Camicioli, Howieson, Lehman, & Kaye, 1997;
Hollman, Kovash, Kubik, & Linbo, 2007; O'Shea, Morris, & lansek, 2002;
Yogev-Seligmann, Giladi, Gruendlinger, & Hausdorff, 2013).


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3737194/table/pone-0071824-t001/

Studie 1 33

The estimation of reliability for the proposed methodology indicated
that &M and éD are reliable and the results of one day can be replicated on a
second day occurring approximately a week later. This is in agreement with the
results of other studies. In a study with acceleration-based gait tests Senden et
al. (Senden, Grimm, Heyligers, Savelberg, & Meijer, 2009) found high repeata-
bility in basic gait parameters such as step length, cadence, speed, and step
time. Henriksen and coworkers (Henriksen, Lund, Moe-Nilssen, Bliddal, &
Danneskiod-Samsge, 2004) established the test—retest reliability of a trunk ac-
celerometric gait test in healthy subjects. Gait parameters of step length, stride
length, cadence and the mean acceleration were found to be stable. Kadaba et
al. (Kadaba et al., 1989) investigated repeatability of gait data in normal adults
at three times on three different days. They showed the gait parameters “are
quite repeatable”; with good repeatability within a test day, but less so for
measurements on different days. Recently, van Schooten et al. (van Schooten
et al.,, 2013) also found reliability of local dynamic stability within a day was

good, but was only moderate to poor between days.

While, D displayed lower repeatability, the ICC,e was still moderate to good
ranging from 0.414 to 0.610, with no differences across days (p>0.05). This is in
agreement with Senden and colleagues (Senden et al., 2009) who also found
less repeatability in the irregularity and asymmetry of gait measures.

An interesting point to note from the current study was the ability of the method
to identify outlying values from one of the subjects who had different experienc-
es between days. Subject 22 performed the mental task in a non-native lan-
guage and commented afterwards that, “I| was more nervous about getting the
answers correct on the first day than the second day”. This subject displayed a
much larger &M for the normal to mental walking on day 1 than on day 2
(see Figure 4). This instance, while anecdotal, suggests that when an individual
displays characteristics that differ from the group, he/she will be classified into a
different group by their 8M and éD. Thus the sensitivity of &M and oD appears
to allow the sorting of individuals into the various categories as explained in the

methods section.

The described new method relies on thousands of data points for each subject

and measurement. This makes for a strong statistical outcome. The attractor
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change oM and the fluctuation change 6D for two different time intervals can
then be reliably quantified at a high degree of accuracy. In our example study
the error margins of 6M and &D are in the range of 5%. Therefore, individuals
can be rated precisely and categorization on a personal level is possible. The
method is easy to apply, simple to use in the case of gait data acquisition, the
analysis is uncomplicated, and results are sensitive and stable. Thus it appears
that the new method could be useful in many situations, but may be most help-
ful in clinical settings where the low cost of accelerometers and minimal amount

of data processing required would be desired.

A comparison between the well-established non-linear methods calculating the
Lyapunov exponent or the Floquet multiplier shows big differences compared to
our method. Lyapunov exponent and the Floquet multiplier were developed for
the analysis of classical deterministic systems. Those methods allow deep in-
sight into the mathematical working of dynamical systems, an ability that our
method lacks completely. The application of established non-linear methods to
data obtained from experiments is not without problems. To be able to handle
more or less noisy data, algorithms have been developed (for a comprehensive
overview see (Williams, 1997)), but the liability of these algorithms is still not
completely assured (Bruijn et al., 2012). On the other hand our method is de-
veloped to handle real live data of processes with an underlying limit cycle at-
tractor only. The two main parameters in our method calculate the velocity nor-
malized mean distance between limit cycle attractors (6M) and the change of
the variation, which is the deviation of actual movement compared to the attrac-
tor (6D). The simplicity of our method and its stability allows quantification of
factors responsible for changing movement pattern and movement variation as

in the clinical example mentioned above.

In a clinical setting a central object is to diagnose functional problems which are
reflected as walking abnormalities or changes in gait patterns between two dif-
ferent conditions. For example, fatigue is a common and frequently disabling
symptom of Multiple Sclerosis with negative effects on normal activities of daily
life (Thickbroom, Sacco, Faulkner, Kermode, & Mastaglia, 2008). Despite the
high incidence of fatigue, there are no objective measures for assessing motor
fatigue in Multiple Sclerosis. With our new method we can quantify the changes

in gait patterns between two conditions: at the beginning and at the end (under
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full exertion) of the treadmill walking for each individual. If the change in a pa-
tient exceeds the threshold value — which we can define using the results of a
control group — then the individual can be classified as a patient with fatigue
symptom. In addition it could be used in other neurological conditions, such as
Parkinson’s Disease, stroke, trauma, etc. Thus, the proposed method does not
judge the quality of the movement, but allows quantification of the changes in
gait pattern between two different conditions and hence gauges the acuteness
of a neurological detraction. We therefore recommend this novel method as a

tool to use in clinical studies and in the clinical practice.
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3.1 Abstract

Fatigue is a common and frequently disabling symptom of multiple sclerosis
(MS). The aim of this study was to develop the Fatigue index Kliniken Schmie-
der (FKS) for detecting motor fatigue in patients with MS using kinematic gait
analysis. The FKS relies on the chaos theoretical term “attractor”, which, if un-
changed, is a necessary and sufficient indicator of a stable dynamical system.
We measured the acceleration of the feet at the beginning of and shortly before
stopping a treadmill walking task in 20 healthy subjects and 40 patients with
multiple sclerosis. The attractor and movement variability were calculated. In
the absence of muscular exhaustion a significant difference in the attractor and
movement variability between the two time points demonstrates altered motor
control indicating fatigue. Subjects were classified using the FKS. All healthy
subjects had normal FKS and thus no fatigue. 29 patients with MS were classi-

fied into a fatigue group and 11 patients into a non-fatigue group. This classifi-
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cation agreed with the physician’s observation and video analyses in up to 97%
of cases. The FKS did not correlate significantly with the overall and motor di-
mensions of the fatigue questionnaire scores in patients with MS and motor fa-
tigue. The common concept of fatigue as overall subjective sensation of ex-
haustion can be affected by conditions including depression, sleep disorder and
others. FKS constitutes a robust and objective measure of changes in motor
performance. Therefore, the FKS allows correct identification of motor fatigue

even in cases where common comorbidities mask motor fatigue.

3.2 Introduction

Fatigue is a common and frequently disabling symptom of Multiple Sclerosis
(MS) with profound negative effects on normal activities of daily life and sub-
stantially reduces quality of life (Thickbroom et al., 2008). Fatigue is associated
with a subjective feeling of weakness, lack of energy and lethargy (Romani et
al., 2004). Between 38% and 83% of patients with MS suffer from fatigue
(Kluger et al., 2013), and many patients report fatigue to be their most debilitat-
ing symptom (Romani et al., 2004). However, despite the high incidence of fa-
tigue, its pathophysiology is still poorly understood. Many factors have been
proposed to play a role in the development of fatigue in MS (Liepert, Mingers,
Heesen, Baumer, & Weiller, 2005). Two distinct types of fatigue in MS — mental
and motor fatigue — can occur in isolation or in combination. Psychological
and/or physical condition might be compromised by factors such as depression,
sleep disorder and deconditioning, which may influence the symptoms of fatigue
(Romani et al., 2004). Further, fatigue may be caused by a failure of the neuro-
muscular system to generate force (Bigland-Ritchie, Rice, Garland, & Walsh,
1995). Patients with MS show significantly prolonged central motor conduction
times and lower motor evoked potential amplitudes following fatiguing exercise
(Petajan & White, 2000). Fatigue may be caused by an intermittent central use-
dependent conduction block (McDonald et al., 2001), and metabolic abnormali-
ties in the frontal cortex und basal ganglia have been observed via positron

emission tomography in MS patients with fatigue (Roelcke et al., 1997).

In the current study, we focused on the motor dimension of fatigue. Presently,
there is no “gold standard” for detecting motor fatigue. Commonly, fatigue is as-
sessed by several questionnaires including the Fatigue Severity Scale (FSS)
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(Krupp, LaRocca, Muir-Nash, & Steinberg, 1989), the Fatigue Assessment In-
strument (FAI) (J. E. Schwartz, Jandorf, & Krupp, 1993), the Fatigue Impact
Scale (FIS) (Fisk et al., 1994), the Modified Fatigue Impact Scale (MFIS)
(Guidelines, 1998) and, in Germany, the Fatigue Scale for Motor and Cognitive
Functions (FSMC) (Penner et al., 2009) and the Wirzburg Fatigue Inventory in
Multiple Sclerosis (WEIMuS) (Flachenecker et al., 2006). These standardized
questionnaires are based on patients’ self-assessments and capture their gen-
eral condition during a particular time course. However, because these ques-
tionnaires are based on the patients’ subjective feelings, they may be distorted
(overestimation or underestimation) due to an inaccurate self-perception. In
some patients with MS, deciding whether motor fatigue is present or whether
other factors cause similar symptoms can be very difficult. Hence, an objective
tool for assessing motor fatigue in MS is crucial for a more precise diagnosis of
fatigue and for the design and evaluation of treatment and rehabilitation pro-

grams.

Recently, we have introduced an unbiased instrument for assessing motor fa-
tigue (Sehle et al., 2011). Specific gait parameters including step length, width
and height, bilateral leg circumduction, bilateral knee flexion angle and medio-
lateral trunk sway changed during a walking test. The step cycle was more ir-
regular at the end compared with the beginning of the test. These changes in
gait patterns were found to be symptomatic for MS patients with motor fatigue.
Such traditional kinematic analyses of human gait captures the characteristic
pattern for an individual based on a few single gait cycles (Harris & Smith, 1996;
Schablowski-Trautmann & Gerner, 2006) but neglect essential information of
the dynamics of continuous locomotion (Schablowski-Trautmann & Gerner,
2006). Non-linear methods use gait data in a time series format to calculate and
interpret the Lyapunov exponent as an estimator for dynamic stability (Kantz,
1994; Rosenstein et al., 1993). Although this method may have its advantages,
the results can be well presented only at the group level and not at the individu-
al patient level (van Schooten et al., 2013). This must be considered in clinical

trials and for decision-making in clinical practice.

We have recently presented a new method for quantifying differences in time
series of gait data using attractor attributes with an underlying limit cycle attrac-

tor (Vieten, Sehle, & Jensen, 2013). Using this method, we were able to identify
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subtle gait pattern differences between different situations and classify these on
group and subject levels. A stable situation is characterized by an unchanged
attractor and unchanged movement variability. Thus, changes of these two pa-
rameters indicate an alteration of the gait mechanism, which, by ruling out other

reasons, we identify as acute motor fatigue.

To the best of our knowledge, an objective method for classifying fatigue in pa-
tients with MS is lacking. Therefore, the purpose of this study was to establish
the “Fatigue index Kliniken Schmieder (FKS)” as an objective numerical indica-
tor for assessing motor fatigue using kinematic gait analysis and to test its sen-
sitivity and specificity. We hypothesized that the FKS allows precise identifica-
tion of subjects with motor fatigue and that motor fatigue in MS is not related to

muscle fatigue.
3.3 Materials and methods

Subjects

Twenty healthy subjects and forty patients with definite MS according to the
McDonald criteria (McDonald et al., 2001) participated in this study (Table 1).
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Table 1 Mean (1 standard deviation) subject characteristics.

Parameters Patients with MS Healthy subjects P value
Sex (female/male) 27/13 11/9 n.s.
Age (years) 45.9 (7.0) 43.1 (8.6) n.s.
Height (cm) 171.3 (10.7) 173.4 (8.4) n.s.
Mass (kg) 74.1 (15.6) 80.4 (21.3) n.s.

Disease course (n)

RR 30 Not applicable

PP 3 Not applicable

SP 7 Not applicable
EDSS 3.4 (1.3) Not applicable
BDI-II>8 (n with depres- 26 3 0.001
sion)

MS multiple sclerosis, RR relapsing-remitting, PP primary progressive, SP sec-
ondary progressive, EDSS Expanded Disability Status Scale, BDI-Il Beck De-
pression-Inventory, n number of subjects, P value probability value, n.s. not sta-

tistically significant.

Patients and controls were all between 18 and 65 years old and recruited be-
tween October 2011 and July 2012. All patients were admitted to the inpatient
rehabilitation clinic specializing in MS; and had to be able to walk on a treadmill
without aids or assistance. There were no limitations of disease course and dis-
ability levels. Patients were in a stable condition and those with relapses within
the past three months were excluded. Subjects were also excluded from the
study if they received the drug Fampyra® (Fampridin; Biogen Idec Inc., 225
Binney Street, Cambridge, MA 02142). Participants were consecutively enrolled
upon their willingness to partake in this study. Control subjects were recruited
from the local population and from clinic staff. The healthy subjects were includ-
ed in the study by volunteering and if they had no neurological or orthopedic

disorders.
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Exercise task

All participants completed a walking test on a treadmill: they walked either until
they experienced complete exhaustion (17, very hard on the Borg scale (Borg,
1982)) or for a maximum of 60 minutes. Based on our previous results (Sehle et
al., 2011), we expected that the MS patients with fatigue will be exhausted with-
in substantially less than 60 minutes. All subjects wore a harness during the
walking test to prevent falling. The treadmill speed was set to 10% above a sub-
ject-specific comfortable walking speed or to a maximum of 5 km/h and kept
constant throughout the test. During the test, participants were repeatedly
asked to rate their exhaustion on a Borg scale from 6 (absolutely no effort) to 20
(maximum effort). The test was stopped one minute after the patient reached 17

on the Borg scale (“very hard”) or after 60-minutes walking.

Gait data were recorded for 1 minute at the beginning (t;) and for 1 minute at
the end of the test (t;) using the motion analysis device AS200 (LUKOtronic,
Lutz Mechatronic Technology e.U., Innsbruck, Austria; sampling rate 80 Hz).
Markers were placed bilaterally on the heel counter of the shoes; bilaterally with
a rod on the distal portion of the Achilles tendon at the level of the ankle; bilat-
erally on the posterior aspect of the knee; bilaterally on the belt at the highest
point of the iliac crest; and bilaterally centered on the margo medialis. Accelera-
tions of the markers were computed as the second derivatives of the position
traces after filtering with an F3-filter at 4.5 Hz cutoff (Vieten, 2004).

Blood samples were taken prior to t; and immediately after t,. Blood lactate lev-
els were measured using a lactate analyzer and lactate strips with a precision of
3% coefficient of variation (Arkray Lactate Pro LT-17810, Kyoto, Japan). Heart
rate was measured prior to t; and at t, using a chest strap and a heart rate mon-

itor (Garmin Forerunner 305, Garmin Ltd., Kansas City, Kansas, U.S.A.).

Diagnostic criteria

Theoretical background

Human walking in the absence of disturbances is characterized by a stable
movement pattern and consistent movement control. Because we kept the
walking situation unchanged and muscular exhaustion was excluded (lactate

assessment), pattern and variability changes during the walking test were
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deemed to have been caused by fatigue. We applied a new method (Vieten et
al., 2013) for quantifying movement pattern changes and changes of movement
variability using attractor attributes of the acceleration of the feet. The limit cycle
attractors were approximated and three measures were calculated: M is a
measure of the difference between two attractors quantifying the differences be-
tween two movement patterns; 6D is the difference between the two associated
deviations of the state vector away from the attractor representing the change in
movement variation; and oF is the product of &M and 8D and represents an in-
dex of the change which we termed the Fatigue index Kliniken Schmieder
(FKS).

oF =6M-6D (1)
Three-dimensional acceleration measurements (3, (t),a(t)) of two markers (I -
left foot; r - right foot) were used. The start and the end of a loop were defined

as the passing of a, (t)respectively a, (t)through a well-defined 2D area (Fig-

ures 1a,b, 2a,b).
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a) Acceleration left foot -- beginning of walking test
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Figure 1 Two-dimensional graph of the acceleration data of a subject’s left foot
for 1 minute a at the beginning and b at the end of the walking task for one
healthy subject. The vertical black line indicates the plane that was used to de-

fine the beginning and end of each gait cycle.
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a) Acceleration left foot -- beginning of walking test
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b) Acceleration left foot -- end of walking test
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Figure 2 Two-dimensional graph of the acceleration data of a subject’s left foot
for one minute a at the beginning and b at the end of the walking task for one
MS patient with fatigue. The vertical black line indicates the plane that was used

to define the beginning and end of each gait cycle.

The attractor parameters ;1,(7 ),A,(T ) were approximated as the acceleration at

time 1 (ordering parameter of a complete cycle) averaged over n loops.
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Zc‘za’c(i-rj)+% belt=i7)) (2

with

m%éé(i.rj):o

n—oo

and a = right or left and C = beginning or end.
D,(T),DI(T) are the standard deviations describing differences of the actual ac-

celeration and the attractor.

n

DasC(T./)z\/nl_12[%@(7,)_52{@(%1])}2 (3)

i=1

Differences in gait parameters between the beginning (B) and the end (E) of the

walking test were calculated as

=2 3T (A=A ) (e A @

i=1

The change in the standard deviation of attractor and acceleration measure-

ments was defined as

50= (0.5 -0.))+((D -0 ) ©)

where (...} is the average of the included expression.

Deriving the Fatigue index Kliniken Schmieder (FKS)

The FKS is based on the two attractors calculated from the 3-dimensional ac-
celeration data of the feet of a walking person. Non-changing attractors define a
stable system. The FKS allows for capturing altered movement patterns and
variability on an individual level representing fatigability. To calibrate the FKS,
we used the method described in (Vieten et al., 2013) requiring data of two
groups of subjects as selected by a conventional method. Central to this meth-
od is the median of the two groups, which are not significantly influenced by out-
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liers. Conventional methods allow clear identification of the most typical group
members; e.g. when looking for fatiguing MS patients it is easy to identify heavi-
ly fatigued subjects. Those individuals with mild symptoms might be wrongly
classified as not fatiguing. Similarly non-fatiguing persons with walking con-
straints have a high probability of wrongly being included into the fatigue group.
As long as a group does not contain more than 25% wrongly sorted subjects
and both groups have about the same ratio of wrong members, it would not
substantially influence the FKS-medians of the groups. The next step in the cal-
ibration process is to calculate the lower a-quantile of the fatigue group and the
upper a-quantile of the non-fatigue group. We increased the a until the maximal

non-overlapping quantiles were identified (Figure 3) (Vieten et al., 2013).

oM

Median 3
OtEge Lower B-quantile group 3
: Upper B-quantile group 2
Median 2 ;
1 Lower a-quantile group 2
Category 2 1
i Upper a-quantile group 1
Median 1 i
1
Category 1 :
1

Figure 3 “lllustration of example categories used to allow the creation of Quan-

tiles from the medians of different groups” (Vieten et al., 2013).

The nearest integer within the interval defined by the smallest FKS-value in the
lower a-quantile (fatigue group) and the largest FKS-value in the upper a-
quantile (non-fatigue group) established the limit between fatigue and non-

fatigue.

Next, the FKS of healthy individuals was used as a benchmark test; and follow-

ing, all subjects were classified according to the FKS values into the fatigue and
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the non-fatigue groups. All further analyses were performed for three groups:
patients with fatigue symptom (MS-F), patients without fatigue symptom (MS-
NF) and healthy persons (Non-MS). The results of a “conventional” instrument
(physician's judgment, physiotherapists’ rating, fatigue questionnaire) were
compared to those of the new instrument (FKS). Also, the effect of disease
course or Expanded Disability Status Scale (EDSS) scores (Kurtzke, 1983) on
FKS was investigated. Finally, we detected the differences between groups’

movement patterns as well as in their physical performance.

Assessment by the neurologist

The objective measure of motor fatigue was calibrated using a neurologist’s
judgment of fatigue presence. As explained above the calibration is based on
the most obvious fatiguing subjects being classified into the fatigue group and
the clearly non-fatiguing members in the non-fatigue group. The judgment of the
“critical cases”, those which are not clearly classifiable, cannot uniquely be rat-

ed by experts; FKS, however, gives definite results.

The neurologist sorted MS patients into two groups: patients with fatigue symp-
tom and patients without fatigue symptom. Motor fatigue was assumed if the pa-
tient reported an abnormal rapid physical exhaustion in daily living and if a se-
vere reduction in maximum gait distance could not be explained by the degree
of paresis, spasticity or ataxia. The neurologist (C.D.) was not aware of the re-
sults of the walking test, which was used to establish the numerical base of the
FKS calculation. The researcher (A.S.) performing the walking test did not have

any knowledge of the neurologist’s assessment.

Video recordings

Videos of the subjects while walking were recorded and shown to experienced
physiotherapists. The physiotherapists were given simultaneously recorded side
and back views of the subjects. Two raters (employees of the rehabilitation clin-
ic) who were unaware of the FKS analysis and the neurologist’'s assessment
rated the video recordings of the subjects while walking on the treadmill. For
each patrticipant, videos of the beginning and the end of the test were shown to
the raters in random sequence. Raters were asked to assign the videos of each

subject to the beginning or the end of the walking test.
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Questionnaires

All patients completed questionnaires for assessing dimensions of subjective
cognitive, motor and total fatigue (FSMC: the Fatigue Scale for Motor and Cog-
nitive Functions (Penner et al., 2009)) and for measuring the degree of subclini-
cal depression according to the Beck Depression Inventory 1l (BDI-II)
(Hautzinger et al., 2008; Kuhner et al., 2007). The healthy volunteers only com-
pleted the BDI-II.

Conventional gait analysis

Spatial parameters were calculated for each gait parameter and time interval for
each subject using the three-dimensional coordinates of the infrared markers.
The following gait parameters were assessed and compared between groups:
step length, step width, step height, maximum circumduction with the right and
left leg, maximum knee flexion angle of the right and left leg, and medio-lateral
sway of the upper body.

Functional tests

Walking distance, walking velocity, lactate level, and heart rate as well as the
degree of exertion on the Borg scale during the walking test were recorded. All
subjects completed a 6-minute walk test (6MWT) (Laboratories, 2002). The
6MWT is safe, easy to administer, well-tolerated, and reflects the ability to per-
form activities of daily living (Paul & Enright, 2003). A reduced distance during
the 6MWT indicates impairment and is often used in clinical practice (Paul &
Enright, 2003).

Statistical methods

All statistical tests were performed using StatFree Version 7.0.2.3 (VietenDy-
namics, University of Konstanz, Germany) and Stata Version 11.0 (StatCorp
LP, College Station, Texas, USA). The null hypothesis for each analysis was re-
jected at p<0.05. Differences in parameters between groups and between time
points were detected using analysis of variance (ANOVA). Bonferroni post hoc
tests were used to detect significant differences between groups. Differences in
FKS values between the three groups were identified using Student’s t-tests for
independent samples. Variations in non-normally distributed parameters be-

tween groups were detected using Kruskal-Wallis test with Mann-Whitney U test


http://dict.leo.org/ende?lp=ende&p=ziiQA&search=spatial&trestr=0x8004

Studie 2 49

as post hoc tests. For binary variables, we used the Cohen’s Kappa test to
measure agreement between raters. For categorical variables we used the x2-
test. Pearson correlation coefficients were used to detect significant associa-
tions between the components of the FKS, the dimensions of fatigue question-
naires and the EDSS. Multiple regression analysis was used to detect the effect
of disease course and EDSS scores on the FKS.

3.4 Results

Calibrating of the FKS

With the conventional method (neurologist rating) eleven patients with MS were
categorized as not having fatigue. They together with the healthy subjects dis-
played an FKS-median of 0.9. The fatigue group, as identified conventionally,
consisted of 29 MS patients having an FKS-median of 9.5. The largest non-
overlapping quantiles were 46%, where the largest FKS value of the upper
quantile (non-fatigue group) was 3.9 and the smallest value of the lower quan-
tile (fatigue group) was 4.2. The nearest integer “4” was established as the

boundary between non-fatigue and fatigue (Table 2).

Table 2 Classification of subjects into groups.

FKS Classification ~ MS-F (n) MS-NF (n) Non-MS (n)
<4 No fatigue 11 20
>4 Fatigue 29

FKS the Fatigue index Kliniken Schmieder, MS-F patients with multiple sclerosis
and fatigue symptom, MS-NF patients with multiple sclerosis and without fatigue
symptom, Non-MS healthy persons, n number of subjects.

The FKS between 0 and 4 points represented the "normal range". Quantiles of
50% would have meant identical selections by the traditional method and by us-
ing FKS. Quantiles of 46% indicate wrong allocations, two cases as we found
out. However, as detailed in the methodology, the boundary “4” between the
non-fatigue and the fatigue group is not substantially influenced by up to 25%
wrongly sorted subjects (mildly fatiguing subjects within the non-fatigue group

and persons with walking constraints within the fatigue group). To test this we



Studie 2 50

deliberately shifted the four subjects with the highest FKS from the non-fatigue
group into to fatigue group and four with the lowest FKS from the fatigue into
the non-fatigue group. By using the same calculation procedure we obtained
medians 0.9 and 8.8 respectively. Here the maximal non-overlapping quantiles
were found at 35% with 3.9 as the largest FKS value in the non-fatigue selec-
tion and the smallest value of the lower quantile (fatigue group) as 4.2. This is
the same result as before with exactly the same “nearest integer” as the bound-
ary value between non-fatigue and fatigue in spite of the bigger number of

wrongly sequenced subjects.

Benchmark test

All healthy subjects’ FKS were below the threshold of “4”, which discriminates
between subjects without and with fatigue. The median FKS in healthy subjects
was 0.7 (range, 0.3 to 3.9), 6M ranged from 0.6 to 4.3 and éD from 0.3 to 1.5.
All healthy subjects walked for 60 minutes and had maximum scores below 17

on the Borg scale.

Rearranging the MS patients using the FKS results

The MS-F group had a FKS range from 4.2 to 125, 6M between 2.8 and 30.4,
and 6D between 0.9 and 4.1. The MS-NF group had a range of FKS from 0.5 to
3.4, OM between 1 and 3.6, and 6D between 0.4 and 1.0. The FKS differed sig-
nificantly between the MS-F and the MS-NF and Non-MS groups (p<0.001) as
expected based on the definition of fatigue, but not between the MS-NF group
and the Non-MS group (p=0.69). Patients with fatigue showed greater changes
in movement pattern and variability during the test than patients without fatigue

and healthy subjects (Figure 4).
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Figure 4 6M versus 6D for all subjects. MS patients with fatigue, MS patients
without fatigue and healthy subjects are clearly separated. A logarithmic scale
was used for the dM-axis to account for the large differences in M between

and within groups.

Age, gender distribution, body height and weight did not differ between the MS-
F and the MS-NF groups (p>0.51) (Table 3).
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Table 3 Mean (1 standard deviation) characteristics of MS patients with fatigue
(MS-F) and MS patients without fatigue (MS-NF).

Parameters MS-F MS-NF P value
Sex (female/male) 19/10 8/3 n.s.
Age (years) 45.3 (7.0) 46.6 (7.6) n.s.
Height (cm) 170.6 (10.3) 173.3(11.9) n.s.
Mass (kg) 72.5(13.9) 78.0(19.6) n.s.
Disease duration (years) 12.3 (7.3) 6.7 (5.4) 0.03
EDSS 3.8 (1.2) 2.4 (1.1) 0.004
Disease course (n) n.s.

RR 20 10

PP 2 1

SP 7 0

FSMC motor dimension  38.6 (8.1) 27.4 (10.0) 0.002

score

BDI-II (% of depression) 65.5 63.4 n.s.

MS multiple sclerosis, EDSS Expanded Disability Status Scale, n number of
subjects, RR relapsing-remitting, PP primary progressive, SP secondary pro-
gressive, FSMC Fatigue Scale for Motor and Cognitive Functions, BDI-Il Beck

Depression-Inventory, P value probability value, n.s. not statistically significant.

Moreover, patients in both groups were similarly affected by depression and
there was no significant difference in the course of the disease (p>0.51). How-
ever, the MS-F group had significantly longer disease duration and greater
EDSS and FSMC scores than the MS-NF group (p<0.03).

Comparison of FKS results, assessment by the physician, and video anal-

ysis through physiotherapists

Classification of fatigue using the FKS and the neurologist's assessment was
consistent for 97% (false positive of 3%) for the fatigue group; and 91% (false

negative of 9%) for non-fatigue. One patient was classified into the fatigue
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group by the neurologist but did have a FKS of 2.1, a clear indication of no fa-
tigue. Another patient had a FKS of 11 — massively fatiguing — but was classi-

fied into the no fatigue group by the neurologist.

Both physiotherapists correctly classified 56 of 58 (97%) videos in the MS-F
group. After the test, they reported that they could not see any difference in the
two misclassified videos. For the non-fatiguing and healthy subjects the video-
classification would simply show random results — having a 50% chance for cor-
rect classification. One physiotherapist classified 12 of 22 videos and the other
physiotherapist 8 of 22 videos correctly for the MS-NF group. In the group of
healthy subjects the physiotherapists correctly classified 26 of 40 and 34 of 40
videos, respectively.

We compared the results of the subjective assessment by physician and phys-
iotherapists to the results of the objective measure FKS and found overall good
agreement but faulty classifications as well. The accordance between the phy-
sician’s assessment and FKS were good (Cohen’s Kappa: k=0.88), between
physiotherapists’ assessment and FKS (Cohen’s Kappa: k from 0.32 to 0.49)

fair to moderate agreement.

FKS, EDSS and questionnaires

In the MS-F group, the FKS and oM did not correlate significantly with any di-
mensions of the FSMC or EDSS (range r, -0.05 to 0.20; p>0.13). 6D correlated
negatively with all dimensions of the FSMC (range r, -0.39 to -0.28; p<0.03) and
positively with the EDSS (r=0.28; p<0.03). In the MS-NF group, the FKS and 6M
correlated negatively with all dimensions of the FSMC (range r, -0.67 to -0.57,
p<0.006). oD correlated with the overall and motor dimensions of the FSMC
(r=0.42; p<0.04) but not with the cognitive score of the FSMC (r=-0.39; p>0.07).
None of the components of the FKS correlated with the EDSS (range r, -0.35 to
0.31; p>0.11).

Multiple linear regression analysis did not reveal significant relationships be-
tween disease course (p=0.40) and EDSS scores (p=0.11) and FKS (model: ad-
justed R?=0.03, p=0.25). Correlations between EDSS and FKS for each disease
group revealed an interaction effect: while there is a small correlation between

the two measures in the group with relapsing-remitting disease course (r=0.33;



Studie 2 54

p<0.01), the correlation in the group with secondary progressive disease course

is nearly zero (r=0.05; p=0.86).

Gait analysis

The MS-F group proved to be significantly different from the MS-NF and healthy
groups in all gait parameters including step length, width and height, bilateral
leg circumduction, bilateral knee flexion angle and medio-lateral trunk sway at t;
and t; (p<0.001). Patients in the MS-F group had smaller step length, step
height and maximum knee flexion angle on the right and left side and greater
step width, circumduction with the right and left leg and sway than patients in
the MS-NF group and healthy subjects.

Physical performance

The MS-NF and healthy subject groups walked significantly faster (p<0.001)
and a longer distance (p<0.001) than the MS-F group (Table 4).
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Table 4 Mean (1 standard deviation) gait and physiological parameters of the

treadmill walking test for MS patients with fatigue (MS-F), MS patients without
fatigue (MS-NF) and healthy subjects (Non-MS).

Parameters MS-F MS-NF Non-MS P  value P value
Kruskal- Post hoc
Wallis test test
Walking distance 1.8 4.4 5.3 0.001 0.001*
(km) (1.2) (1.2) (0.3) 0.001+
0.012%
Walking speed 0.81 4.7 5.0 0.001 0.001*
(km/h) (0.36) (0.5) (0.0) 0.0014
0.001%
6MWT (km) 0.49 0.56 0.68 0.001 0.008*
(0.09) (0.12) (0.10) 0.001%
0.011%
Lactate (mmol/l)
ts 1.2 0.9 0.8 n.s.
(0.5) (0.6) (0.6)
to 0.7 0.4 0.6 n.s.
(0.5) (0.5) (0.6)
Heart rate (bpm)
ty 80.0 77.0 79.4 n.s.
(11.3) (10.4) (20.7)
t 103.7 107.5 108.8 n.s.
(18.2) (12.8) (20.8)
Borg scale 16.9 13.5 10.0 0.001 0.001*
(0.4) (4.0) (2.5) 0.001F

0.007%
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6MWT 6-minute walk test, n.s. not statistically significant, * significantly different
between MS-F and MS-NF, t significantly different between MS-F and Non-MS,
T significantly different between MS-NF and Non-MS, P-value probability value.

The 6MWT differed significantly between the MS-F and the other groups
(p<0.008). All participants used aerobic energy production during the walking
test, and the lactate level decreased during the walking test in most cases. The

heart rate remained well below age predicted maximal heart rate.

3.5 Discussion

We introduced the objective measure FKS for assessing motor fatigue in pa-
tients with MS. Healthy subjects typically do not display symptoms of fatigue
during limited submaximal walking. Their walking pattern is stable and hence
the attractor of the movement and its variability do not change substantially. We
first calibrated our new method by taking the “medians” of the classically select-
ed fatigue and non-fatigue groups and established the threshold value for dis-
criminating fatigue from non-fatigue patients. Next we checked the results of our
healthy subjects finding nobody classified wrongly. Finally, FKS was applied to
establish fatigue and non-fatigue groups. There were moderate differences be-
tween the classification of fatigue using the FKS and the classification by the
neurologist and two physiotherapists. We found FKS to be a more sensitive and
reliable measure for motor fatigue in patients with MS compared to traditional
methods. FKS is firmly based on the definition of “system stability”. For calibra-
tion it uses the “medians” of classically defined subject groups, a parameter
largely insensitive to incorrect subject selection. Lactate levels below the lactate
threshold in all patients and subjects suggest that motor fatigue is not related to

muscle fatigue.

The classification into fatigue and non-fatigue groups using the FKS versus the
classification by the neurologist disagreed for two patients. In one patient, the
diagnosis of MS was very recent (primary progressive course of disease). She
complained of paraesthesia in her right leg, reported that she got tired more
easily than previously and described her walking distance as reduced. In the
neurological exam, she had difficulty jumping on her right leg and a tendency to

pronate her left arm during arm holding. In addition her motor FSMC was 27
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(moderate motor fatigue). The treadmill test clearly showed that she had no mo-
tor fatigue (4.4 km in 60 minutes). Hence, this patient was likely misclassified by
the traditional classification system suggesting FKS was superior to traditional

assessment.

Another patient classified as not having fatigue by the neurologist showed a
high FKS. This patient suffered from severe depression with apathy and sleep
disorder making the additional clinical diagnosis of motor fatigue difficult. The
pathological FKS, however, clearly demonstrated increased variability while

walking indicating motor fatigue.

A recent study (Braley et al., 2012) has shown that reduced sleep efficiency on
nocturnal polysomnographic findings correlate with fatigue, tiredness, and lack
of energy in patients with MS. Labuz-Roszak et al. (Labuz-Roszak, Kubicka-
Baczyk, Pierzchala, Machowska-Majchrzak, & Skrzypek, 2012) observed an
association between fatigue and sleep disorders and between fatigue and either
depression or anxiety, and stated that the treatable causes of fatigue in MS
such as sleep and mood disturbances should be identified and treated. The re-
sults of our study clearly indicate the presence of additional motor fatigue be-
sides the presence of sleep disorder and depression, which cannot be identified
with certainty on clinical grounds without an objective measure of fatigue. These
observations further confirm the importance of an objective measure for as-

sessing motor fatigue in patients with MS.

None of the patients in our study reported absence of motor fatigue and were
tested positive on the FKS. We would consider such cases rather rare. None-
theless, we believe that a patient without subjective complaints of motor fatigue

should not be treated for motor fatigue.

The results of the FKS largely agreed with the results of the video analysis.
Both physiotherapists assigned videos of the beginning and end correctly for
97% of patients with fatigue. Such classification was almost impossible for
healthy subjects or patients without fatigue. Even if this evaluation was very
successful for these cases, this analysis is subjective and depends on many
factors and in particular on the therapists’ experience. These results further em-
phasize the value and the effectiveness of an objective measure of motor fa-

tigue using FKS.
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We consider the FKS superior compared to traditional methods because of its
unambiguous approach and objectivity. Overall, the diagnosis of fatigue con-
ducted by physicians or physiotherapists may be faster, but also more likely to
give false results. Practical experience demonstrates that a precise diagnosis of
fatigue and non-fatigue depends on the experience of the therapist and physi-
cian. It is possible that experienced neurologists and physiotherapists may be
correct in their classification in most MS patients. However, some neurologists
with no or little experience with MS patients may doubt the existence of fatigue
and its organic cause; and thus may argue that fatigue just reflects the difficulty
of the patient to cope with MS. In some cases, identifying motor fatigue may be
very difficult even for an expert; especially if depression, sleep disturbances, ad-
iposity and lack of exercise and endurance are also prevalent. In these cases,
identifying different components of the patients’ symptoms is very helpful for the
therapist, neurologist and patient and is important for the “therapeutic alliance”

or “therapeutic contract” between patient and therapist.

Our observations of differences in conventional gait patterns in the MS-F group
compared to the MS-NF and healthy group are in agreement with literature.
Previous studies (Kelleher, Spence, Solomonidis, & Apatsidis, 2010; Morris,
Cantwell, Vowels, & Dodd, 2002; Remelius et al., 2012; Sosnoff, Sandroff, &
Motl, 2012; Spain et al.,, 2012) have reported reduced gait speed, reduced
stride length, step width and maximum knee extension as well as greater trunk
angle range of motion in patients with MS compared with healthy subjects.
However, the authors of these studies did not distinguish between patients with
fatigue and those without fatigue, and there is no previous data on changes in
gait patterns dependent on fatigue. In comparison, our novel classification
method can attribute changes in gait patterns to the presence or absence of fa-

tigue.

The overall and motor dimensions of self-rated fatigue questionnaires did not
correlate with the FKS in the MS-F group. These findings are in agreement
with earlier reports of no relation between changes in walking patterns and self-
assessed fatigue (Morris et al., 2002). Morris et al. (Morris et al., 2002) sug-
gested that mechanisms controlling locomotion differ from those regulating per-
ceived fatigue. Perceived fatigue may not be associated with performance in

conventional neuropsychological tests or motor function tasks (Geisler et al.,
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1996; Krupp, 2003; C. E. Schwartz, Coulthard-Morris, & Zeng, 1996). Kluger et
al. (Kluger et al., 2013) emphasized the importance of distinguishing between
subjective sensation and objective changes of performance representing fatiga-
bility. In this context, the scientists used the term "fatigability" rather than “fa-
tigue syndrome”. This is also in line with the current concept that fatigue has a
state and trait component (Genova et al., 2013). Genova et al. (Genova et al.,
2013) defined “state fatigue” as a transient condition that can fluctuate based on
both external and internal factors and "trait fatigue” as a more stable condition in
an individual. According to this definition, the FSMC and other questionnaires
might capture the trait component of fatigue; while the FKS represents the state
component of fatigue after physical exertion. Our parameters allow statements
regarding the changes in movement pattern and changes in movement variabil-
ity after exhausting or prolonged walking. Hence, these values measure a pa-
tient’s current state of fatigue in contrast to the FSMC questionnaire, which pre-
sumably captures a patient’s general physical and mental condition. This indi-
cates that the fatigue questionnaire and the FKS record two different features of

fatigue.

We found no evidence of an effect of disease course or EDSS scores on FKS.
The overall model fit was very low, indicating that FKS measures fatigue differ-

ently than other existing measures.

All participants in our study remained below the anaerobic threshold throughout
the walking test and had only slight changes in heart rate between t; and t, sug-
gesting that motor fatigue in MS is not related to muscle fatigue. In contrast,
Sharma et al. (Sharma, Kent-Braun, Mynhier, Weiner, & Miller, 1995) reported
that during exercise phosphocreatine and intracellular pH was greater in pa-
tients with MS than in controls. Simultaneously, during the exercise inorganic
phosphate and monovalent inorganic phosphate increased more in patients with
MS than in healthy persons. They suggested that metabolism plays a role in
abnormal muscle fatigue in MS. The discrepancy between our results and those
reported by Sharma et al. may be related to differences in EDSS scores in both
cohorts (Sharma et al.: 5.1 (range, 2-8), 20 of 28 patients walked with a cane,
walker or were wheelchair-bound; our study: 3.4 (range, 1-6.5), no walking aids)

and to the use of intermittent tetanic stimulation of the peroneal nerve versus
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walking exercise. The walking test in our study may better resemble daily activi-
ties while being standardized and reproducible.

In summary, we have developed an objective method for assessing motor fa-
tigue on an individual basis using kinematic gait analysis — the FKS. It correctly
classified patients with MS into fatigue and non-fatigue groups. This method
represents a quick, cost-effective, and efficient method for objectively assessing
motor fatigue. The FKS did not correlate with the results of the fatigue question-
naire and was not related to muscle fatigue. Perceived fatigue assessed using
qguestionnaires and changes in performance, measured using gait analysis, ap-
pear to capture two different features of fatigue in multiple sclerosis. In most pa-
tients, neurologists can detect the obvious fatigue syndrome in patients with MS
using “classic” instruments. However, in some patients, the diagnosis of the fa-
tigue syndrome is less definite, requiring a more comprehensive analysis. The
FKS may be particularly useful for diagnosing fatigue in MS patients with
comorbidity such as depression, sleep disturbances, low cardiovascular fitness,

and for evaluating intervention programs.

3.6 Study Limitations

The main limiting factor in this study was that only one neurologist performed
the classical fatigue assessment. Future studies should consider simultaneous
assessments by many specialists. The physiotherapists should be given a
slightly different task. Instead of rating the sequence in which the walking tests
were performed, they should answer the question: “In which subject do you spot
motor fatigue and in which do you not”. In our study, we focused on patients
with an EDSS between 1 and 6.5 (3 indicating the border between light and
moderate disability) who were able to walk on a treadmill. Hence, the applicabil-
ity and validity of our method using the FKS in other groups of MS patients is
unknown, particularly for those with a more severely compromised walking dis-
tance. For instance, we did not assess the quality of sleep using the Epworth
Sleepiness Scale, which might be relevant for assessing fatigue in patients with
MS.
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4.1 Abstract

Fatigue is often reported in stroke patients. However, it is still unclear if fatigue
in stroke patients is more prominent, more frequent or more “typical” than in pa-
tients with multiple sclerosis (MS) and if the pathophysiology differs between
these two populations. The purpose of this study was to compare motor fatigue
and fatigue-induced changes in kinematic gait parameters between stroke pa-
tients, MS patients, and healthy persons. Gait parameters at the beginning and
end of a treadmill walking test were assessed in 10 stroke patients, 40 MS pa-
tients, and 20 healthy subjects. The recently developed Fatigue index Kliniken
Schmieder (FKS) based on change of the movement’s attractor and its variabil-
ity was used to measure motor fatigue. Six stroke patients had a pathological
FKS. The FKS (indicating the level of motor fatigue) in stroke patients was simi-
lar compared to MS patients. Stroke patients had smaller step length, step
height and greater step width, circumduction with the right and left leg, and
greater sway compared to the other groups at the beginning and at the end of
test. A severe walking impairment in stroke patients does not necessarily cause

a pathological FKS indicating motor fatigue. Moreover, the FKS can be used as
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a measure of motor fatigue in stroke and MS and may also be applicable to
other diseases.

4.2 Introduction

Fatigue is a frequent symptom in many neurologic diseases (Kluger et al., 2013)
and especially common and disabling in patients with multiple sclerosis (MS)
(Fisk et al., 1994; Romani et al., 2004). Moreover, fatigue is often the reason for
early retirement and hence represents a high economic burden (Simmons et al.,
2010). Despite the high prevalence of fatigue in MS of up to 83% (Kluger et al.,
2013), its pathophysiology is largely unknown (Kos et al., 2008; Mills & Young,
2008). Nonetheless, several pathophysiological pathways have been proposed:
demyelinisation and axonal injury may cause “electric failure” (Bakshi, 2003);
immunological and inflammatory factors such as cytokines may hamper neu-
ronal processing (Heesen et al., 2006); hormonal dysregulation may be caused
by failed cortico-hypothalamic loops (Téllez et al., 2008); and reorganization
and compensation might add to the ineffectiveness of cerebral control and
cause fatigue (Liepert et al., 2005). Moreover, fatigue may be secondary to
conditions including depression, sleep disorders, physical deconditioning, ane-
mia, or side effects of medication (Braley et al., 2012; Labuz-Roszak et al.,
2012; Romani et al., 2004).

In the last decade, reports of fatigue in neurological conditions other than MS,
such as for instance stroke, have become more frequent (Lerdal et al., 2009;
Naess et al., 2012), and the prevalence of fatigue in patients after stroke ranges
from 36 to 77% (Kluger et al., 2013). Fatigue is a common and debilitating
symptom even in patients with good recovery after stroke (Zedlitz, van Eijk,
Kessels, Geurts, & Fasotti, 2012). Patients’ level of fatigue does not change
over time (Lerdal et al., 2012) and baseline fatigue immediately after a stroke
predicts fatigue outcome (Snaphaan, van der Werf, & de Leeuw, 2011). Staub
and Bogousslavsky (Staub & Bogousslavsky, 2001b) suspected that primary
poststroke fatigue may be caused by minor attentional deficits due to the inter-
ruption of neural networks, such as the reticular activating system. Patients use
different strategies and coping styles to deal with poststroke fatigue (Kirkevold,

Christensen, Andersen, Johansen, & Harder, 2012). In addition, poststroke fa-
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tigue appears to be an independent determinant of not being able to resume
paid work following stroke (Andersen et al., 2012).

Currently, there are no widely accepted standard definitions or accepted stand-
ardized methods and instruments for assessing fatigue (Kluger et al., 2013).
Moreover, fatigue is understood as a multidimensional phenomenon with differ-
ent aspects including a complex interplay between the underlying disease pro-
cess, peripheral, and central control systems, as well as environmental factors
(Chaudhuri & Behan, 2004). Its multidimensionality complicates the assessment
of fatigue in neurological disorders. Kluger et al. (Kluger et al., 2013) proposed
a new taxonomy for fatigue in neurologic diseases and suggested differentiating
between fatigue as subjective sensation and fatigability as an objective change
in performances. Here, we distinguish between cognitive and motor compo-
nents, which can occur in isolation or in combination. Commonly, the subjective
perception of fatigue is assessed using questionnaires (Braley & Chervin,
2010), and the measurement properties of fatigue questionnaires in MS have
previously been evaluated (Elbers et al., 2012). The most frequently used in-
struments for measuring fatigue in MS patients are the Fatigue Severity Scale
(FSS) (Krupp et al., 1989), the Fatigue Assessment Instrument (FAI) (J. E.
Schwartz et al., 1993), the Fatigue Impact Scale (FIS) (Fisk et al., 1994), the
Modified Fatigue Impact Scale (MFIS) (Guidelines, 1998), the Fatigue Scale for
Motor and Cognitive Functions (FSMC) (Penner et al., 2009), and the Wirzburg
Fatigue Inventory in Multiple Sclerosis (WEIMuS) (Flachenecker et al., 2006).
Despite the reported prevalence of fatigue in MS and stroke, few studies used
the same tools for assessing fatigue in these two conditions (compare also Lu-
koschek et al., in this special issue) (Elbers et al., 2012). Moreover, in contrast
to MS, there are no fatigue questionnaires that have been developed specifical-
ly for measuring fatigue after stroke (Acciarresi et al., 2014). Often, the following
instruments are used: the FSS (Krupp et al., 1989), the Short-form 36/12 vitality
guestions (Fink et al., 2010), the Fatigue Assessment Scale (FAS) (Michielsen,
De Vries, & Van Heck, 2003), and the Multidimensional Fatigue Symptom In-
ventory (MFSI) (Lerdal et al., 2009; Smets, Garssen, Bonke, & De Haes, 1995).
Overall, fatigue may be assessed quickly using fatigue questionnaires. How-
ever, these questionnaires are based on patients’ self-assessments and may be

distorted (overestimation or underestimation) due to an inaccurate self-
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perception (Sehle, Vieten, Sailer, Mundermann, & Dettmers, 2014). Moreover,
fatigue questionnaires capture patients’ general condition during a particular
time period (Sehle et al., 2014) and fatigue may also be quickly clinically as-
sessed by physicians or physiotherapists. However, clinical experience sug-
gests that an accurate identification of fatigue and non-fatigue depends on the
experience of the therapists and physicians, and in some cases a clear diagno-
sis of fatigue is difficult. Especially, comorbidities (depression, sleep disorders,
physical deconditioning, anemia, or side effects of medication) may cause simi-
lar symptoms (Sehle et al., 2014). In these cases, the objective instrument can
be extremely helpful for measuring fatigue. A correct diagnosis of fatigue is not
only important to define optimal treatment but also when it is used as criterion

for early retirement.

In the current study, we focused on the motor dimension of fatigability (here, we
used the term motor fatigue as a synonym) in stroke and MS patients. The mo-
tor dimension of fatigability has previously been assessed in lower limbs using
dynamometry in isometric contractions, sustained maximal contractions, repeti-
tive maximal contractions, and walking as far as 500 m (Schwid et al., 1999;
Surakka et al., 2004) and in upper limbs using static and dynamic contraction
tests (Greim et al., 2007; Iriarte & de Castro, 1998; Severijns et al., 2014) in MS
patients. Hence, overall maximal force appeared to decrease either during re-
peated maximal contraction or during sustained contraction in MS patients. Fur-
thermore, Severijns et al. (Severijns et al., 2014) observed differences in sus-
tained maximal hand grip contraction but not in dynamic contraction between
healthy subjects and MS patients with high EDSS (=6) (Severijns et al., 2014).
Schwid et al. (Schwid et al., 1999) proposed that motor fatigue can be meas-
ured as a decline in strength during sustained muscle contractions (Schwid et
al., 1999). Similarly, Greim et al. (Greim et al., 2007) proposed that decreases
in strength of maximal repetitive muscle contraction and/or decrease of walking
speed can be used to measure motor fatigue objectively (Greim et al., 2007).
Poststroke motor fatigue has previously been assessed in a few studies in up-
per and lower limbs using transcranial magnetic stimulation, dynamometry,
and/or electromyography during the maximal voluntary contraction (MVC), sus-
tained isometric contraction, submaximal contraction, and repetitive eccentric—

concentric contraction (Hu et al.,, 2006; Knorr et al., 2011; Svantesson et al.,
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1999). Knorr et al. (Knorr et al., 2011) showed that during fatigue the silent peri-
od duration increased significantly in both upper limbs, whereas the motor
evoked potential amplitude significantly increased only in the non-paretic limb
(Knorr et al., 2011). After fatigue, the reductions in the M wave, twitch peak
torque, and MVC peak torque were observed in both limbs. Furthermore, the
reduction in voluntary activation was greater in the paretic than in the non-
paretic limb (Knorr et al., 2011). Another study concluded that a reduction in
work in high-intensity dynamic muscle activity may not be associated with a re-
duction in mean power frequency (Svantesson et al., 1999). Hu et al. (Hu et al.,
2006) suggested that for identifying fatigue associated with neuromuscular
transmission failure, the motor unit firing parameters firing rate, minimum inter-
pulse interval, and maximum oscillation were more sensitive than the mean

power frequency (Hu et al., 2006).

We recently developed the Fatigue index Kliniken Schmieder (FKS) as an ob-
jective tool for assessing motor fatigue in MS based on gait changes in a walk-
ing test on the treadmill (Sehle et al., 2014). In this study, the subjects walked
on a treadmill under different conditions: in a normal rested state and in an ex-
hausted state or after 60-min walking. We measured the changes in accelera-
tion patterns and acceleration variability of the feet during the walking test at the
beginning and at the end of the walking test in MS patients and healthy sub-
jects. Furthermore, in this study, we developed the FKS that is composed of
these two components and which makes the distinction between fatigue and
non-fatigue. The FKS described the changes in acceleration patterns and ac-
celeration variability during the walking test on the individual level. The ad-
vantage of a walking test is that the entire musculature, especially the major
muscle groups are required. This task is daily task-oriented and represents a
complex movement with many degrees of freedom. In contrast to fatigue ques-

tionnaires, this test captures the current state of motor fatigue.

To date, it is still unclear if fatigue is specific to MS or at least to inflammatory
disease or if it is an unspecific reaction of the brain after any kind of brain injury
(Kluger et al., 2013). The inflammatory etiology is supported by the fact that
other inflammatory diseases such as sarcoidosis or cerebral vasculitis can be
accompanied by serious fatigue. In stroke, fatigue may be related to reorganiza-

tion or inefficient/suboptimal fiber tract connections or compensatory effort. Alt-
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hough we were not able to investigate different pathophysiological mechanisms
directly by surrogate markers such as cytokines or tumor necrosis factor alpha
or by different cerebral activation patterns, the intention of our study was to
compare motor fatigue in patients with stroke and MS. This should facilitate bet-
ter understanding limitations and needs of patients and more accurately define
their goals for instance in rehabilitation. Therefore, the aim of our study was to
investigate if the amount of change of the gait pattern during an exhausting
physical task differs between stroke and MS patients. After propagating the test
for identifying motor fatigue in MS (Sehle et al., 2014), this investigation also
should clarify if this test and the FKS are feasible for stroke patients and that a
severe walking impairment in stroke patients does not necessarily cause a
pathological FKS. Data of patients after stroke were collected and compared
with previously published data (Sehle et al., 2014) on 40 patients with MS and
20 healthy subjects.

4.3 Materials and methods

Subjects

Ten patients who were admitted to a neurological rehabilitation clinic after
stroke, met the inclusion criteria, and volunteered to participate between March
and October 2012 were included in this study. Inclusion criteria were central
hemiparesis affecting the leg, reduced walking capacity, and the ability to walk
on a treadmill without aids or assistance. All stroke patients were chronic (time
since the onset of stroke > 12 months). Hemiparesis was left sided in four pa-
tients and right sided in six patients. Eight patients had a proportional hemi-
paresis affecting arm and leg, and two patients were more affected in their legs.
Three patients had a haemorrhagic infarction and seven patients an ischemic
infarction. One infarct was located in the brainstem, one in the anterior cerebral
artery (ACA), and eight in the middle cerebral artery (MCA). Two MCA infarcts

showed additional involvement of the ACA.

Data from our previous study (Sehle et al., 2014) involving 20 healthy subjects
and 40 patients with definite MS according to the McDonald criteria (McDonald
et al., 2001) were used in this study. MS patients and control subjects were re-
cruited between October 2011 and July 2012. The MS patients were admitted to

a neurological rehabilitation clinic. Inclusion criterion for MS patients was the
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ability to walk on a treadmill without aids or assistance. There were no limita-
tions regarding the disease course and disability levels. Subjects were excluded
from the study if they had relapses within the preceding three months or re-
ceived Fampyra® (Fampridin; Biogen Idec Inc., 225 Binney Street, Cambridge,
MA 02142). Healthy subjects were recruited from the local population and from
clinic staff. Healthy subjects were excluded if they had any neurological or or-
thopedic disorders. In the previous study, the MS patients were classified into
two groups based on the FKS: patients with a FKS >4 were categorized as hav-
ing motor fatigue (MS-F), and patients with a FKS <4 were categorized as hav-
ing no motor fatigue (MS-NF). According to these criteria, 29 MS patients were

in the fatigue group and 11 MS patients in the non-fatigue group.

All participants provided informed written consent prior to participation. The
study protocol was approved by the University Ethics Committee and conducted

in accordance with the Declaration of Helsinki.

Questionnaires

At admission to the study, all subjects answered the Beck Depression Inventory
Il (BDI-Il) to assess the level of subclinical depression (Kuhner et al., 2007).
Self-reported physical function was assessed by patients using the physical
functioning 10 subscale of the Short-form 36 (PF-10; SF-36) and four vitality
questions of the SF-36 (Bullinger et al., 2003; Mead et al., 2011). Vitality ques-
tions from the SF-36 have previously been suggested as measures of fatigue
(Fennessy et al., 2010). These two assessments allowed for comparison of

physical impairments and complaints about fatigue between groups.

Experimental procedure

An exercise task and a functional test were carried out on two different days for
each stroke patient. The exercise task included a walking test on a treadmill:
patients walked either until they felt physically exhausted [17 — very hard, on the
Borg scale (Borg, 1982)]; or for up to 60 min at 10% above their preferred speed
or a maximum speed of 5km/h on a level treadmill. The preferred walking
speed was determined at an initial exam where each subject walked on the
treadmill to familiarize them with the set-up. An important criterion was that the

subjects were able to walk on a treadmill without aids or assistance. The walk-
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ing speed was limited to a maximum of 5 km/h so that subjects stayed within a
comfortable walking speed (Bohannon, 1997). The treadmill speed was kept
constant throughout the test. The participants were repeatedly asked to rate
their exhaustion on a Borg scale. The walking test was stopped 1 min after the
patient reached 17 on the Borg scale or after 60-min walking on the treadmill.
Kinematic gait data were measured for 1 min at the beginning of the walking
test (t1) and for 1 min after reaching 17 on the Borg scale or for the final minute
of 60 min (tp).

The functional test consisted of a 6-min walk test (6MWT) (Laboratories, 2002).
The 6MWT is often used in clinical practice and has been frequently used for
measuring the response to therapeutic interventions in various diseases. Heart
rate was measured prior to and at the end of the walking test, and lactate con-
centration was measured prior to and immediately after walking. We used the
4 mmol/L lactate threshold originally described by Mader et al. (Mader et al.,
1976).

Technical equipment

The AS200 system (80 Hz; LUKOtronic, Lutz Mechatronic Technology e.U.,
Innsbruck, Austria) was used to record the gait data. This system consists of a
three line-scanning camera system and 10 active markers attached bilaterally to
the subjects’ body: centered on the margo medialis; the highest point of the ili-
um; the posterior aspect of the knee; on the shoes on top of the calcaneus and
on the rod attached at the level of the ankle.

Videos were recorded with a HD digital camera synchronized with the motion
analysis system (Exilim EX-F1, digital camera, Casio Computer Co. Ltd., Tokyo,
Japan). Heart rate was captured using a chest strap and a gage (Garmin Fore-
runner 305, Garmin Ltd., KS, USA). Lactate levels in the blood were detected
using a lactate analyzer and lactate strips (Arkray Lactate Pro LT-17810, Kyoto,
Japan).

Calculation of the Fatigue index Kliniken Schmieder

For each stroke patient, the change in the movement pattern described by the
attractor (6M) and change in movement variability (6D) of the acceleration of the

feet between t; and t, were calculated (Figures 1 and 2A,B).
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Figure 1 Two-dimensional graph of the acceleration data of a subject’s left foot

for one minute (A) at the beginning and (B) at the end of the walking test for one

stroke patient with fatigue.
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Figure 2 Two-dimensional graph of the acceleration data of a subject’s left foot
for one minute (A) at the beginning and (B) at the end of the walking test for one

stroke patient without fatigue.

This new method has recently been described in detail by Vieten et al. (Vieten
et al., 2013) and used to detect motor fatigue in patients with MS (Sehle et al.,
2014). The changes in movement acceleration patterns and variability were

used as indicators of motor fatigue. It is well known that human walking in the
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absence of disturbances is characterized by a stable movement pattern and
consistent movement control. We kept the walking situation unchanged
throughout the walking test, and hence changes in attractor and movement var-
iability indicated an alteration of the gait mechanism, which by ruling out other
reasons, we identified as acute motor fatigue. The calculation of FKS was
based on both feet. The FKS was defined as the changes in
OM and 6D between the beginning and the end of walking (Vieten et al., 2013)

and represented as
OoF =6M-6D Q)

The FKS was calculated for each stroke patient. These patients were then clas-
sified according to the FKS in a fatigue and non-fatigue group. This method al-
lows analyzing fatigue on the individual patient level and on the group level.
Based on FKS, stroke patients with FKS <4 were identified as having no motor
fatigue (stroke-NF) and stroke patients with FKS >4 were identified as having
motor fatigue (stroke-F). The FKS cut-off of 4 was calculated in our previous
study in the following order: first, using the group medians calculated using tra-
ditional methods (neurologist rating) to find the threshold between normal and
fatigue (Sehle et al., 2014). Second, the FKS of healthy individuals was used as
a benchmark test. Third, all subjects were classified according to the FKS val-
ues into the fatigue and the non-fatigue groups.

Conventional gait analysis

Spatial parameters were calculated: step length, step width, step height, maxi-
mum circumduction of the right and left leg, and medio-lateral sway of the upper
body were calculated using three-dimensional co-ordinates of the active mark-
ers. This analysis allowed comparisons between different groups on the group

level.

Evaluation of the video recordings

The subjects’ movement patterns were recorded on videos captured dur-
ing t; and t, from the side and from the back. Videos were evaluated by two ex-
perienced physiotherapists from the rehabilitation clinic. The order of the videos
was randomized, and thus the physiotherapists did not know which video had

been captured at the beginning and which at the end of walking test when at-
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tempting to correctly assign the videos to the corresponding time period. The
physiotherapists did not evaluate the details regarding the modality of move-

ment.

Statistical analysis

Data of stroke patients were compared to those of MS patients and healthy con-
trol subjects (Sehle et al., 2014). All statistical tests were performed using Stat-
Free Version 8.0.0.9 (VietenDynamics, University of Konstanz, Germany) and
Stata Version 11.0 (StatCorp LP, College Station, TX, USA). Differences in non-
normally distributed parameters between groups were detected using Kruskal—
Wallis test with Mann—-Whitney U test as post hoc tests. For categorical varia-
bles, we used the x>-test. Pearson correlation coefficients were used to detect
significant associations between the changes in the movement pattern and
changes in movement variability as well as between FKS and the results of BDI-

II. The significance level for all statistical tests was set a priori to .05.
4.4 Results

Differences between stroke patients, MS patients, and healthy subjects

Table 1 presents descriptive characteristics for stroke patients, MS, and healthy

subjects.
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Table 1 Mean (1 standard deviation) characteristics of participants.

Characteristic Stroke MS Healthy p-value
subjects

Sex male/female 713 13/27 9/11 0.03?

Age 51.6 (8.3) 45.9 (7.0) 43.1(8.6) 0.03°

0.01°

Height (cm) 1772 (7.7) 1714 (10.7) 173.4(8.4) 0.04°

Mass (kg) 84.5(16.5) 74.1(15.6) 80.4 (21.3) 0.04°

SF-36, PF-10 16.3 (4.8) 21.0 (4.3) Not col- 0.042
lected

SF-36, vitality 15.8 (2.2) 11.1 (3.5) Not col- 0.02°
lected

BDI-Il (% of patients 20.0 65 15.0 0.022

with depression)

EDSS Not appli- 3.4 (1.3) Not appli-
cable cable

Disease duration 8.3 (7.9) 10.8 (7.2) not appli-

(years) cable

MS, MS patients; SF-36, PF-10, ten items of the physical functioning (ranging
from 10 to 30, where low values indicate strong impairment, high values low im-
pairment); SF-36, vitality scale, four items each ranging from 1 (low vitality/high
fatigue) and to six (high vitality/low fatigue); BDI-II, Beck Depression Inventory
II; EDSS, Extended Disability Status Scale ranging from 0 (no symptoms) to 10
(death through MS).

asignificantly different between stroke and MS.

bsignificantly different between stroke and healthy subjects. Only the significant

differences are indicated.

Significant differences between stroke and MS patients were found for sex, age,
height, and mass. Furthermore, the PF-10 and vitality score of the SF-36 dif-
fered significantly between the stroke and MS groups with a higher physical im-
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pairment and higher vitality level in stroke patients (p<0.04 and p<0.02, respec-
tively). In contrast, no significant differences were detected between stroke pa-

tients and healthy subjects with the exception of age.

Based on the BDI-II questionnaire, one patient was affected by minimal depres-
sion and one patient was affected by slight depression in the stroke group. All
other patients with stroke were not affected by depression. Moreover, 65% of

MS patients and 15% of healthy subjects were affected by depression.

Physical performance in stroke patients compared with MS patients and

healthy subjects

Table 2 shows the physical performance in three groups.
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Table 2 Mean (1 standard deviation) gait and physiological parameters of the

walking test.
Parameters  Stroke MS Healthy sub- p-value p-value
jects Kruskal-  Post
Wallis hoc test
test
Walking dis- 1.9 (0.9) 2.5(1.6) 5.3 (0.3) .001 .001°
tance (km)
Walking 2.2 (0.8) 3.4(1.4) 5.0 (0.0) .001 012
speed (km/h) 001°
6MWT (km)  0.30(0.11) 0.51(0.10) 0.68 (0.10) .001 .001?
.001°
Lactate (mmol/L)
t1 0.7 (0.6) 1.1 (0.6) 0.8 (0.6) .04 .022
to 0.2 (0.4) 0.6 (0.5) 0.6 (0.6)
Heart rate (bpm)
t1 70.0 (10.8) 79.2 (11.0) 79.4(20.7)
t 99.9 (13.2) 104.8 (16.8) 108.8 (20.8)
Borg scale 14.0 (1.7) 16.0 (2.6) 10.0 (2.5) .001 .001?
.001°

Stroke, stroke patients; MS, MS patients; 6MWT, 6-minute walk test
3significantly different between stroke and MS, Psignificantly different between

stroke and healthy subjects.

The stroke patients walked significantly slower than the healthy subjects
(p<0.001) and a shorter distance than MS patients and healthy persons
(p<0.01) in the walking test on the treadmill. Walking distance ranged from 1.0
to 3.4 km and walking speed ranged from 1.0 to 3.3 km/h in stroke patients. In
MS patients, walking distance ranged from 0.2 to 5.6 km and walking speed

ranged from 0.9 to 5.0 km/h. In healthy subjects, walking distance ranged from
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5.0 to 6.0 km and walking speed was 5 km/h. The stated speed refers to the
speed with which subjects walked on the treadmill after the familiarization phase
and in which all data were collected. Some subjects walked slower in the famil-
iarization phase and then they increased their speed. The important criterion
was that the subjects do not walk over 60 min in the test. In the 6MWT, stroke

patients walked a significantly shorter distance than the other groups (p<0.001).

All subjects remained below the aerobic-anaerobic threshold (lactate concentra-
tion below 4 mmol/L) during the walking test and had a heart rate below the
maximal heart rate. At the end of the test, the level of exertion on the Borg scale
was significantly lower in stroke patients than in MS patients (p<0.001). In con-
trast, stroke patients had greater levels of exertion than healthy subjects
(p<0.001).

Conventional gait analysis in stroke patients compared with MS patients

and healthy subjects

Significant group differences in gait parameters were observed att; and
at t; (p<0.001). The results of the post hoc tests revealed that stroke patients
had shorter step lengths and greater step widths than the other groups both
at t; and t; (p<0.001). Furthermore, the stroke patients had lower step height
than the MS patients and healthy persons at t; and t; (p<0.001). Circumduction
with the right and left legs as well as the sway were significantly greater in the

stroke group than in the other groups at t; and t, (p<0.009).

Video analysis

One physiotherapist correctly classified 6 of 20 (30%) and the other physio-
therapist 8 of 20 (40%) videos of stroke patients indicating that they were cor-
rect just by chance and did not recognize increasing gait abnormality at the end
compared to the beginning of the walking test. In contrast, the physiotherapists
classified most of the videos correctly in the MS group 68 of 80 (85%) and 64 of
80 (80%), respectively. In healthy subjects, the physiotherapists properly classi-
fied 26 of 40 (65%) and 34 of 40 (85%) videos, respectively.
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Fatigue index Kliniken Schmieder comparison between groups

Based on the FKS scores, six stroke patients were classified into the fatigue
group (stroke-F) and four patients into the non-fatigue group (stroke-NF). The
FKS in the stroke-F group ranged from 5.3 to 15.3 (6M: 4.1-9.3; 6D: 1.1-1.9)
and in the stroke-NF group from 2.2 to 3.2 (6M: 1.8-3.6; 6D: 0.6-1.4). The FKS
in the MS-F group ranged from 4.2 to 125 (6M: 2.8-30.4; 6D: 0.9-4.1) and in
the MS-NF group from 0.5 to 3.4 (6M: 1.0-3.6; 6D: 0.4-1.0). The FKS in the
healthy subjects ranged from 0.3 to 3.9 (6M: 0.6—4.3; éD: 0.3-1.5) (Figure 3).
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Figure 3 Boxplot for FKS values in all groups.

The FKS differed significantly between stroke patients and healthy persons
(p<0.001) but not between stroke and MS patients (p=0.44). In the subgroups,
the FKS differed significantly between the stroke-F and the stroke-NF, MS-NF,
and healthy groups (p<0.01). Mean FKS in the stroke-F group was smaller than
that in the MS-F group, but this difference did not reach statistical significance

(8.7 versus 17.5;p=0.18). In all groups, subjects with greater changes in move-
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ment patterns also showed greater changes in movement variability
(r=0.66, p<0.001) (Figure 4).
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Figure 4 Scatterplot between changes in movement pattern and movement var-

iability.

The differences in changes in movement patterns and changes in movement
variability between groups corresponded to the differences in FKS between
groups. Furthermore, FKS did not correlate significantly with the results of BDI-II
(r=0.27, p<0.09).

4.5 Discussion

The purpose of this study was to compare motor fatigue in stroke and MS pa-
tients by analyzing changes in movement patterns and their variability. In this pi-
lot study, we observed no significant difference in FKS values between stroke
and MS patients as well as in their subgroups: between stroke patients with fa-
tigue symptom and MS patients with fatigue symptom. Hence, fatigue induced

similar changes in the movement patterns and variability in both patient groups.
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Furthermore, the results of our study showed that the FKS can also be used in
stroke patients for objectively measuring motor fatigue.

We intended to verify that severe walking impairment in stroke patients does not
cause a pathological FKS. During the walking test on the treadmill, stroke pa-
tients rated their fatigue on the Borg scale significantly lower than the MS pa-
tients. Interestingly, despite lower perception of fatigue on the Borg scale, the
stroke patients had greater physical impairment. All stroke patients had a hemi-
paresis affecting the leg. A higher level of impairment was observed using kin-
ematic gait analysis, PF-10 of SF-36, and physical performance. Using conven-
tional kinematic gait analysis of a few single stride cycles, we observed very
clear differences in all gait parameters between the stroke patients and the oth-
er groups at t; and t,. Generally, the stroke patients showed smaller step length,
step height and greater step width, circumduction with the right and left leg, and
greater sway compared to MS patients and healthy subjects. These results are
in agreement with other studies (Chen, Patten, Kothari, & Zajac, 2005; Olney &
Richards, 1996). The reduced step length and greater step width in stroke pa-
tients indicate an unsteady gait and the attempt to improve their stability to
avoid falling while walking. The altered gait pattern already present at the be-
ginning of the walking test on the treadmill, compared to the other groups, is
presumably caused by the hemiparesis in this patient group. The reduction of
walking speed and walking distance in stroke patients compared to the other
groups as measured in our study are well established (Olney & Richards, 1996;
Sosnoff et al., 2012).

Although stroke patients had higher physical impairment on PF-10 of SF-36
than MS patients, they showed greater vitality scores on the SF-36 than MS pa-
tients. These results point toward a conceptual and pathophysiological differ-
ence between impairment and fatigue. While it can be disputed whether or not
fatigue should be rated as impairment, the neurological exam or the PF-10 of

SF-36 do not assess fatigue.

The origin of peripheral or muscle fatigue is outside the central nervous system
(CNS). For example, the peripheral fatigue can be caused by an increased
blood lactate accumulation and hydrogen ions, accumulation of ammonia, loss

of water, an accumulation of Pi (inorganic phosphate), and an accumulation of
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H+ ions in the sarcoplasm (Ament & Verkerke, 2009). There are several objec-
tive methods for measuring peripheral fatigue. Among others, muscle fatigue
can be detected using surface electromyography (SEMG) and mechanomyog-
raphy (MMG) (Xie, Zheng, & Jing-Yi, 2009). Previous studies investigated mani-
festations of fatigue in prolonged activities involving repetitive low force work
tasks. In contrast to our study, they used task duration of more than 1 h with an
intensity of 20% maximum voluntary contraction in an isolated movement with
few active muscles (de Looze, Bosch, & van Dieén, 2009). For example, they
measured fatigue using electromyography of a descending part of the trapezius
muscle. In our study, walking is a complex movement with involvement of many
muscle groups and several degrees of freedom. Based on the results of our
previous studies, we expected that patients with fatigue would be exhausted in
less than 60 min (Sehle et al., 2011; Sehle et al., 2014). One of the most popu-
lar cost-efficient and quick measurement of muscle fatigue is the analysis of
blood lactate during exhaustive exercises. We used this method in our study. All
subjects walked on the treadmill without reaching their lactate threshold, which
reflects the rate at which a person can work aerobically without accumulation of
acid substances associated with muscular fatigue (Pariser, Madras, & Weiss,
2006). However, some patients have reached exhaustion as these patients re-
ported 17 (very hard) on the Borg scale and/or the FKS was >4. None of the
healthy persons reached exhaustion in the walking test determined using the
Borg scale and the FKS. Hence, it seems unlikely that motor fatigue was asso-

ciated with muscular fatigue.

A strong relationship between depression and fatigue has been described in
both patient groups (Naess et al., 2012; Staub & Bogousslavsky, 2001b). More-
over, depression is considered one of the most confounding factors associated
with fatigue; it can be hard to disentangle depression and fatigue in a patient. In
the present study, the depression was more common in MS groups than in the
stroke or healthy subjects. Epidemiological studies reported that depression is
common in MS with annual prevalence rates as high as 20% and a lifetime
prevalence of up to 50% (Patten et al., 2003; Patten, Williams, Lavorato, Koch,
& Metz, 2013; Siegert & Abernethy, 2005), which is approximately three times
higher than in healthy people (Patten et al., 2013). Approximately one-third of all
patients with stroke experience depression symptoms and the prevalence only
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slightly decreases within the first 2 years after stroke (Egeto, Fischer, Ismail,
Smith, & Schweizer, 2014; House, 1987). In our study, the FKS did not correlate
with BDI-Il. The FKS is an important tool for detecting motor fatigue objectively

and independent of the presence or absence of depression.

It may be speculative and beyond the scope of the present investigation, but the
motor fatigue in stroke and MS patients probably suggests different underlying
pathophysiological mechanisms. Ischemic lesions occur according to the all-or-
nothing principle: if oligemia causes an ischemic lesion, it results in a complete
lesion of the tissue finally ending up in the chronic stage as a substantial cyst
(simply speaking as a hole in the brain). Fatigue in this case may be related to
compensation or use of alternative, less efficient, or reorganized pathways. In-
flammation in MS might cause demyelination or partial impairment of neural
pathways. Neuronal function may be partially preserved, but under high de-
mand or long or highly repetitive requirements function might slowly decline.
Further or additional compensation does not seem to be possible, and it is un-
clear if this is due to loss of K™ as suggested in the literature explaining the func-
tion of 4-aminopyridine (Sherratt, Bostock, & Sears, 1980). Completely different
pathomechanisms may be related to inflammatory substances such as cyto-
kines or tumor necrosis factor alpha (TNF-a) (Hacken et al., this special issue)
(Heesen et al., 2006). Increased cytokines, however, are not a prominent find-
ing in the liquor of chronic stroke patients, and hence fatigue is expected to
have a different pathomechnism in stroke. Different pathomechanisms of fatigue
would require different treatment options (Flachenecker et al., 2004; Heesen et
al., 2006). For instance, compensation in stroke patients may be enhanced by
training, and electric failure in MS lesions may be ameliorated by substances
such as 4-aminopyridine or inhibitors of TNF-a (Goodman et al.,, 2007;
Goodman & Stone, 2013).

Most standardized fatigue questionnaires are based on patients’ self-
assessments and often used for rating fatigue symptoms. However, because
these questionnaires are based on the patients’ subjective impressions, they
may be distorted because of an inaccurate self-perception. Currently, most of
the fatigue questionnaires are disease specific and have been specifically de-
veloped to assess fatigue in MS (Acciarresi et al., 2014). Elbers et al. (Elbers et

al., 2012) recommended the FSMC for the multidimensional assessment of fa-
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tigue in MS patients (Elbers et al., 2012). In contrast, the FSS is the most com-
monly used instrument to measure fatigue in stroke patients (Lerdal & Gay,
2013), which was also recommended by Elbers et al. (Elbers et al., 2012).
Since most of the motor scores are disease specific, it is not easy to compare
the degree of impairment in stroke and MS patients. For instance, the Motricity
Index (Demeurisse, Demol, & Robaye, 1980), the Fugl-Meyer test (Sanford,
Moreland, Swanson, Stratford, & Gowland, 1993), or Rivermead Motor As-
sessment (Lincoln & Leadbitter, 1979) are evaluated for stroke, whereas the
application of the Expanded Disability Status Scale (Kurtzke, 1983) is restricted
to MS, and there is no common measure for both entities. To overcome this dif-
ficulty, we used the Physical Functioning Scale of the SF-36 to assess daily life
motor activities and their restrictions. This allowed for some rough comparison
of motor impairment and disabilities in daily life. Currently, there is a validated
scale for fatigue in both MS and stroke patients (Mills et al., 2012), which was

not available at the time of data collection.

The estimation error may occur in the clinical assessment of the patient by phy-
sicians and physiotherapists. Some patients are hard to classify into fatigue and
non-fatigue groups based on patient’s survey and traditional clinical tests car-
ried out by physicians and therapists. The results of the FKS largely agreed with
the results of the video analysis in MS patients. The physiotherapists assigned
videos of the beginning and end correctly in 80—-85% of MS patients. Such clas-
sification was difficult for stroke patients and healthy subjects. In general, the
MS patients have almost an unremarkable gait pattern at the beginning of walk-
ing. In the state of fatigue, the gait changed greatly. Thus, it can be clearly seen
in most cases. However, it depends on the experience of the physiotherapist. In
contrast to MS, the stroke patients had an impaired gait pattern at the beginning
of walking test. All stroke patients had a hemiparesis and hence an abnormal
gait pattern at both time points. It is possible that the raters cannot be distin-
guishing between the abnormal gait characteristics caused by the hemiparesis
and those caused by motor fatigue. This could lead to difficulties to assess the
changes in gait pattern. Even if this evaluation was very successful for these
cases, the analysis is subjective and depends on many factors and particularly

on the therapists’ experience. These results emphasize the importance of an



Studie 3 84

objective measure of motor fatigue that is independent of the subjective as-

sessment of a rater.

The FKS is an objective measure. As acknowledged above in many cases, a
neurologist can detect the presence of fatigue in patients with MS using “clas-
sic” instruments. However, in some cases, a physician cannot be sure of the di-
agnosis of the fatigue syndrome, and in these cases, the FKS can be extremely
helpful for objectively measuring motor fatigue. The correct diagnosis of fatigue
is especially important when it is used as criterion for early retirement empha-
sizing the relevance of this test. For example, the most important differential di-
agnosis may be depression. In some instances, it may not be easy to disentan-
gle both phenomena. Treatment may be similar involving antidepressive agents,
increasing regular physical activity, acceptance of limitations, energy conserva-
tion programs, etc. However, the patient will feel more accepted and under-
stood, if the therapist and neurologist are able to discriminate, explain, and treat
different components of his complex symptom. Moreover, the FKS can be used
both for diagnosis and for the evaluation of the course of treatment.

4.6 Conclusion

Using FKS, a new and objective tool for identifying and quantifying motor fa-
tigue, we found that fatigue was similarly pronounced in both patient groups.
We observed that a more severe walking impairment in stroke patients at base-
line is not associated with a pathologically higher FKS. The objective assess-
ment of motor fatigue via the FKS allows the comparison of motor fatigue be-
tween stroke patients, MS patients, and healthy persons.
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5 Allgemeine Diskussion der Ergebnisse

Das Hauptergebnis der vorliegenden Arbeit ist die erfolgreiche Entwicklung und
Testung einer neuen Methode zur Quantifizierung von motorischer Fatigue bei
Patienten mit MS und nach einem Schlaganfall. In diesem Zusammenhang
wurden die Unterschiede im Gangmuster in zwei verschiedenen dynamischen
Situationen genauer untersucht und der FKS entwickelt. Das neue Verfahren
ermdglicht eine objektive, prazise, kostenginstige und schnelle Diagnostik mo-

torischer Fatigue.

In der ersten Studie wurde eine neue Methode entwickelt, die mit Hilfe von At-
traktoreigenschaften eine Quantifizierung von Unterschieden im Bewegungs-
muster in verschiedenen dynamischen Situationen erlaubt. Hierfir wurden die
Daten von gesunden Probanden beim Gehen auf dem Laufband in verschiede-
nen Situationen und an jeweils zwei verschiedenen Tagen erhoben. Mit Hilfe
des neuen Verfahrens konnten in dieser Studie eindeutige Unterschiede im
Gangmuster der Probanden zwischen drei verschiedenen Bedingungen gezeigt
werden. Dabei konnte eine sehr gute Reliabilitat fir die Veranderungen in der
Gangcharakteristik nachgewiesen werden. Die Reliabilitat fur die Veranderun-
gen in der Gangvariabilitat lag zwischen moderat und gut. Bereits in der ersten
Studie konnte die Mdglichkeit von Analysen sowohl auf der Individual- als auch
auf der Gruppenebene prasentiert werden. Dank dieser Eigenschatft ist die neue
Methode insbesondere fir die klinische Forschung und Diagnostik von sehr

grol3er Bedeutung.

In der zweiten Studie wurden das neu entwickelte und an gesunden Probanden
erprobte Verfahren sowie der darauf basierende FKS zur objektiven Messung
der motorischen Fatigue bei Patienten mit MS und gesunden Personen ange-
wandt. Hierfir wurden die Daten von MS-Patienten und gesunden Probanden
beim Gehen auf dem Laufband am Anfang und am Ende des Tests erhoben.
Dabei wurde eine Kalibrierung der neuen Methode durchgefiihrt, so dass exak-
te Grenzwerte zwischen dem stabilen Zustand und pathologischer Erschépfung
festgelegt werden konnten. Der FKS zeigte sich den klassischen Diagnostikme-
thoden in Bezug auf die Spezifitdt und Sensitivitat Gberlegen. So erfolgte mit
Hilfe des FKS eine prazise Diagnostik der motorischen Fatigue bei MS-
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Patienten: alle Patienten mit MS, die wahrend der Untersuchung keine motori-
sche Fatigue angegeben hatten, wurden anhand des FKS korrekt in die nicht
Fatigue-Gruppe eingeteilt. Ferner hatte kein gesunder Proband laut dem FKS
motorische Fatigue. In dieser Studie gab es die ersten Hinweise darauf, dass
der FKS bei Patienten mit Begleiterkrankungen erfolgreich zur Differenzierung
z.B. gegenuber Depressionen und Schlafstdrungen angewendet werden kann.
Es konnte beobachtet werden, dass die motorische Fatigue unabhangig von

den Begleiterkrankungen diagnostiziert werden kann.

In der dritten Studie wurde die Einsatzmdglichkeit des FKS zur objektiven Er-
fassung der motorischen Fatigue bei Patienten nach einem Schlaganfall eruiert.
Mit dieser Pilotstudie konnte gezeigt werden, dass der FKS auch bei diesen Pa-
tienten als Diagnostikinstrument zur Erfassung von motorischer Fatigue einge-
setzt werden kann. Der FKS erfasste die motorische Fatigue gleich gut sowohl
bei MS-Patienten als auch bei Patienten nach einem Schlaganfall und zeigte,
dass in beiden Patientengruppen &hnliche Veranderungen sowohl in der Gang-
charakteristik als auch in der Gangvariabilitat infolge motorischer Fatigue ent-
stehen. Der Belastungstest im Rahmen der Datenerhebung erwies sich flr die
Schlaganfall-Patienten als sehr gut durchfihrbar. Ein weiteres wichtiges Ergeb-
nis der Untersuchung ist, dass der FKS auch bei dieser Patientengruppe in ho-
hem Mal3e sensitiv ist und nicht durch vorhandene Hemiparese beeinflusst

wird.

5.1 Einsatz der neuartigen Methode zur Quantifizierung von
Unterschieden im Gangmuster auf der Individual- und

Gruppenebene

Die hier entwickelte Methode mit dem darauf basierenden FKS konnte, unse-
rem Wissen nach, zum ersten Mal die Unterschiede im Gangmuster in ver-
schiedenen dynamischen Situationen sowohl auf der Individual- als auch auf
der Gruppenebene prazise erfassen. Dabei spielte es keine Rolle, ob es sich
um kranke Personen oder um gesunde Probanden handelte. Bisher wurden in
klinischen Studien und in den Studien zur menschlichen Bewegungsanalyse
andere Analyseverfahren, wie z.B. die konventionelle kinematische Bewe-
gungsanalyse oder nichtlineare Zeitreihenanalysen, verwendet (Kantz &

Schreiber, 2004; Schablowski-Trautmann & Gerner, 2006). Insbesondere in den
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klinischen Studien findet die konventionelle kinematische Bewegungsanalyse
verbreitete Anwendung (Huisinga, Schmid, Filipi, & Stergiou, 2012; Kaipust,
Huisinga, Filipi, & Stergiou, 2012; Kelleher et al., 2010; Sosnoff et al., 2012).

Ein wesentlicher Nachteil bisheriger Studien bestand drin, dass die Daten h&u-
fig auf der Gruppenebene analysiert wurden, unabhangig davon, ob ein konven-
tionelles oder nichtlineares Verfahren zur Analyse von Bewegungsdaten heran-
gezogen wurde. Fir Arzte und Therapeuten ist jedoch die Individualebene von
gréRerer Bedeutung, da im klinischen Alltag die Entscheidungen fiur jeden ein-
zelnen Patienten individuell getroffen werden missen, so z.B. in Bezug auf die
Therapieart sowie die Therapiemenge. Aul3erdem werden bei der konventionel-
len Gangbildanalyse wenige einzelne Schrittzyklen analysiert (Harris & Smith,
1996; Schablowski-Trautmann & Gerner, 2006). Somit liegt der Hauptnachteil
der traditionellen Methoden in der Vernachlassigung der wesentlichen Informa-
tionen, die in den dynamischen Sequenzen mehrerer Schritte wahrend der kon-
tinuierlichen Fortbewegung enthalten sein konnten (Schablowski-Trautmann &
Gerner, 2006). Weiterhin hat ein nichtlineares Verfahren, wie z.B. die Berech-
nung des Lyapunov-Exponenten, den Nachteil, dass er fur ein rauschfreies Sys-
tem entwickelt wurde. Diese Bedingung kénnen die empirischen Daten von Be-
wegungsablaufen der Probanden nicht erfullen (Vieten et al., 2013; Williams,
1997).

Die aufgezeigten Kritikpunkte wurden bei der Entwicklung der neuen Methode
berticksichtigt. Die neue Methode besitzt eine hohe externe Validitat und be-
zieht somit die empirisch erhobenen Daten umfassend ein. Das hier entwickelte
Verfahren erlaubt Bewegungsanalysen sowohl auf der Individual- als auch auf
der Gruppenebene. Weiterhin ermdglicht diese Methode die Analyse der realen
Daten, die ein gewisses Rauschen beinhalten. Das unterscheidet das neue Ver-
fahren von herkdmmlichen Methoden und verleiht ihm fur verschiedene Gebie-

te, wie z.B. fur die Forschung und Medizin, Bedeutung.

5.2 Einsatz des FKS zur Erfassung motorischer Fatigue

Die bisherigen Versuche, motorische Fatigue bei Patienten mit MS oder nach
einem Schlaganfall objektiv zu erfassen, lieferten keine zufriedenstellenden Er-
gebnisse. Zum einen analysierten die vorangegangenen Studien die Daten

ausschlief3lich auf der Gruppenebene, und zum anderen konnten sie keine pra-
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zise Feststellung der motorischen Fatigue vornehmen (Greim et al., 2007; Hu et
al., 2006; Iriarte & de Castro, 1998; Knorr et al., 2011; Schwid et al., 1999;
Severijns et al., 2014; Surakka et al., 2004; Svantesson et al., 1999). Diese Lu-
cken konnten mit der vorliegenden Arbeit geschlossen werden. Mit Hilfe des
FKS konnte motorische Fatigue bei Patienten mit MS und nach einem Schlag-
anfall erfasst und analysiert werden. Der FKS erlaubte eine prézise Einteilung
aller Teilnehmer in Gruppen mit und ohne motorische Fatigue. Die Vorteile des
FKS gegeniuber den anderen Methoden liegen in seiner hohen Reliabilitat, Spe-

zifitit sowie Sensitivitat.

5.3 Der FKS und subjektive Bewertungen durch Arzt und Phy-

siotherapeuten

Bei den Untersuchungen konnte eine zum Teil hohe Ubereinstimmung (bis zu
97%) zwischen dem FKS und der arztlichen sowie physiotherapeutischen Ein-
schatzung beobachtet werden. Tatsachlich liegen die Experten auf diesem Ge-
biet mit ihrer Beurteilung, ob bei einem Patienten eine motorische Fatigue vor-
liegt, in den meisten Fallen richtig. Vor allem bei Patienten, die von einer mode-
raten bis schweren motorischen Fatigue betroffen sind, scheint die Diagnostik
mit Hilfe von klinischen Assessments gut zu funktionieren. Schwierigkeiten kon-
nen dagegen dann entstehen, wenn die Patienten entweder von einer leichten
motorischen Fatigue betroffen sind oder wenn die Begleiterkrankungen ahnliche
Symptome verursachen. In solchen Fallen erweist sich die Identifizierung von
motorischer Fatigue sogar fur Experten als sehr schwierig. Dies gilt besonders
dann, wenn solche Begleiterkrankungen — wie Depression und Schlafstérungen
— diagnostiziert werden, die einen direkten Zusammenhang mit Fatigue aufwei-
sen (Braley et al., 2012; Labuz-Roszak et al., 2012). Bei Patienten mit einer
leichten motorischen Fatigue ist eine frihzeitige Diagnose jedoch von grol3er
Bedeutung flr eine bestmdgliche Behandlung. Weiterhin kann die Alltagsgestal-
tung der Patienten rechtzeitig angepasst und somit die Lebensqualitat der Pati-
enten erheblich verbessert werden. Die Patienten kdnnen lernen, ihren korperli-
chen Zustand besser einzuschétzen, korperlich schwere Arbeit zu vermeiden
sowie rechtzeitig Ruhepausen einzulegen. Darlber hinaus kann eine korrekte
Diagnose von motorischer Fatigue die Akzeptanz seitens der Angehdérigen und

der Gesellschaft steigern und bei damit verbundenen Schwierigkeiten Abhilfe
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schaffen. Wenn umgekehrt keine motorische Fatigue nachweisbar ist, sondern
die Begleiterkrankung (z.B. Depression, Schlafstorungen, Adipositas) Ursache
der verminderten Gehstrecke ist, so muss die Begleiterkrankung oder -ursache
vorrangig behandelt werden. Auch ist es fur die sozialmedizinische Leistungs-
einschatzung im Rahmen der Rehabilitation oder im Rahmen von Gutachten
vorteilhaft, wenn sich die Einschatzung nicht auf die subjektive Beobachtung ei-
nes Physiotherapeuten stitzt, sondern auf objektive und evaluierte Messpara-
meter. Nicht zuletzt spricht fir den Einsatz des FKS die Tatsache, dass nicht al-
le Arzte und Physiotherapeuten Uber geniigend Erfahrungen mit motorischer
Fatigue bei Patienten mit MS und nach Schlaganfall verfugen.

5.4 Der FKS und subjektive Befragungsinstrumente

In den beiden patientenbezogenen Studien (Studie 2 und 3) wurden verschie-
dene Befragungsinstrumente in Form von Selbsteinschatzungsfragebogen zur
Erfassung von Fatigue, Depression sowie des allgemeinen Gesundheitszustan-
des und der Vitalitit der Patienten eingesetzt. Die Analysen der Ergebnisse
dieser Fragebtgen und deren Zusammenhang mit dem FKS lieferten wichtige

zusatzliche Informationen.

In der zweiten Studie wurde zur subjektiven Erfassung von Fatigue bei Patien-
ten mit MS der FSMC-Fragebogen verwendet. Die Korrelationsanalyse ergab
keinen Zusammenhang zwischen dem FKS und der FSMC. Dieses Ergebnis
stimmt Gberein mit den Resultaten der vorherigen Studien, die ebenso keinen
Zusammenhang zwischen einer subjektiv wahrgenommenen Mudigkeit und der
Leistung in konventionellen neuropsychologischen oder motorischen Tests be-
obachteten (Geisler et al., 1996; Krupp, 2003; C. E. Schwartz et al., 1996). Klu-
ger et al. (2013) betonten deshalb die Wichtigkeit der Unterscheidung zwischen
dem subjektiven Empfinden und der objektiven Veranderung in der Leistungs-
fahigkeit infolge von Fatigue (Kluger et al., 2013). Somit handelt es sich dabei
um zwei verschiedene Dimensionen von Fatigue, die auf unterschiedliche Wei-
se zu erfassen sind. Die Korrelationsanalyse bestétigte, dass mit Hilfe des FKS

die objektive Veranderung in der Leistungsfahigkeit erfasst werden kann.

In der dritten Studie wurden die Wahrnehmung der korperlichen Beeintrachti-
gung (PF-10) und die Vitalitat von Patienten mit MS und nach Schlaganfall mit

Hilfe von SF-36 erfasst. Die Vitalitdtssubskala wurde, wie in der Literatur vorge-
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schlagen, zur Messung der subjektiven motorischen Fatigue eingesetzt
(Fennessy et al., 2010). Dieser Befragung zufolge wiesen die Patienten nach
Schlaganfall bessere Vitalitatswerte (weniger Fatigue) bei gleichzeitiger hoherer
korperlicher Beeintrachtigung auf als die Patienten mit MS. Somit scheint eine
hohere korperliche Beeintrachtigung nicht zwangslaufig zur héheren Beein-
trachtigung durch motorische Fatigue zu fuhren (Lukoschek, Sterr, Claros-
Salinas, Gutler, & Dettmers, 2015).

In der zweiten und dritten Studie wurde ein Fragebogen zur Messung des Ni-
veaus der subklinischen Depression (BDI-II) verwendet. Aus friiheren Studien
ist ein starker Zusammenhang zwischen Depression und Fatigue bekannt
(Labuz-Roszak et al., 2012; Romani et al., 2004; Staub & Bogousslavsky,
2001b). Das Vorhandensein einer Depression kann die Identifizierung von mo-
torischer Fatigue sogar fiur Experten sehr schwierig gestalten. Eine Korrelati-
onsanalyse konnte keinen Zusammenhang zwischen dem FKS und dem BDI-II
feststellen. Das deutet darauf hin, dass der FKS ein von der Depression unab-
hangiges Diagnostikinstrument darstellt. Dies ist eine wesentliche Eigenschaft
des FKS. Gerade bei Patienten mit Depressionen und eingeschréankter Geh-
strecke bietet der FKS eine wichtige Mdglichkeit, motorische Fatigue und De-

pressionen zu differenzieren.

5.5 Der FKS und funktionelle Tests sowie konventionelle

Gangbildanalyse

Die Erfassung weiterer Parameter, wie z.B. der Gehstrecke, der Gehgeschwin-
digkeit, der maximalen Gehstrecke wahrend eines 6-Minuten-Gehtests (6MGT)
sowie der Gangparameter mit Hilfe einer konventionellen Gangbildanalyse, er-
laubte es, wichtige Aussagen zum Zusammenhang zwischen diesen Parame-
tern und dem FKS zu treffen. Laut diesen Parametern zeigten die Patienten
nach einem Schlaganfall im Gegensatz zu MS-Patienten und gesunden Perso-
nen groflRere korperliche Beeintrachtigungen. Bereits vorliegende chronische
korperliche Beeintrachtigungen hatten jedoch keinen Einfluss auf den FKS.
Somit zeigte sich der FKS als ein von diesen Parametern unabhangiges Mess-
instrument. Der Grund dafir besteht darin, dass der FKS quantitative Verande-
rungen des Gangmusters zwischen zwei Messzeitpunkten analysiert und keine

Aussagen Uber die Gangqualitat oder das Gangmuster per se bietet. Deshalb
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hat ein Patient mit einer spastischen Halbseitenlahmung und einer Zirkumdukti-
on des spastisch-paretischen Beines (ein sogenanntes Gangbild ,Wernicke-
Mann-Typ“) nicht automatisch einen pathologischen FKS, sondern nur dann,
wenn sich dieses Gangbild im Laufe der Belastung veréndert. Das unterschei-
det das neue Verfahren von den herkdmmlichen Methoden und er6ffnet neue
wissenschaftliche Analysemaoglichkeiten.

5.6 Motorische Fatigue versus muskulare Fatigue

Wahrend des Erschopfungsexperiments auf dem Laufband wurde bei jedem
Studienteilnehmer die Laktatkonzentration im Blut analysiert. Somit wurde eine
kostengunstige und schnelle Methode zur Erfassung der peripheren muskula-
ren Fatigue eingesetzt. Die Analysen der Laktatkonzentration im Blut und der
Herzfrequenz wahrend des Erschopfungsexperiments lieferten eindeutige Er-
gebnisse. Bei allen Untersuchungsteilnehmern blieben die Laktatkonzentration
im Blut deutlich unter der Laktatschwelle von 4 mmol/L und die Herzfrequenz
unter der auf das Alter bezogenen maximalen Herzfrequenz. Daher befanden
sich alle Probanden wahrend des gesamten Experiments im aeroben Bereich.
Diese Ergebnisse bestatigten unsere Vermutung, dass die motorische Fatigue
bei Patienten mit MS und nach einem Schlaganfall keinen Zusammenhang mit
der muskularen Fatigue, die mit der erhéhten Laktatkonzentration im Blut asso-

ziiert ist, aufweist (Pariser et al., 2006).

Andere Methoden zur Messung der muskularen Fatigue sind z.B. die Untersu-
chung weiterer Energiestoffwechselprodukte (unter anderem Phosphokreatin,
anorganisches Phosphat, monovalentes anorganisches Phosphat, intrazellula-
rer pH-Wert), Oberflachen-Elektromyografie oder Mechanomyografie (de Looze
et al., 2009; Sharma et al., 1995; Xie et al., 2009). Im Gegensatz zu bisherigen
Untersuchungen, die sich auf die Vorgdnge entweder in einem Muskel oder in
einem Anteil eines Muskels konzentriert hatten, wurde in unserem Experiment
die muskulére Fatigue wahrend einer komplexen Bewegung mit Beteiligung vie-
ler Muskelgruppen und mehreren Freiheitsgraden untersucht. Aul3erdem stellt

das Gehen eine alltagsrelevante Bewegung dar.
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6 Fazit

In der vorliegenden Arbeit wurden insgesamt drei empirische Studien, die me-

thodisch und inhaltlich aufeinander aufbauen, dargestellit.

In der ersten Studie wurde erfolgreich ein neues Verfahren zur Quantifizierung
von Verénderungen im Gangmuster der Probanden in verschiedenen dynami-
schen Situationen mit Hilfe von Attraktoreigenschaften entwickelt und getestet.
Diese Studie zeigte, dass die neue Methode eine Reihe von vorteilhaften Ei-
genschaften besitzt. Eine davon ist die Mdglichkeit, die Veranderungen im Be-
wegungsmuster zwischen zwei Messzeitpunkten unabhangig von der Bewe-
gungsqualitat zu quantifizieren. Weiterhin ermdglicht das neue Verfahren neben
den herkdmmlichen Gruppenanalysen auch Analysen von Bewegungsdaten auf
der Individualebene. Dabei kénnen empirische Daten vollstandig analysiert
werden. Wir konnten bestétigen, dass Veranderungen im Gangmuster auf
Grund von veranderten Situationen durch Verdnderungen des Attraktors
(Gangcharakteristik) und seiner Standardabweichung (Gangvariabilitdt) sowohl
auf der Individual- als auch auf der Gruppenebene erfasst werden kdnnen. Die

neue Methode zeigte moderate bis sehr gute Reliabilitat.

Basierend auf den Ergebnissen der ersten Studie konnte in der zweiten Studie
das neuartige Verfahren an MS-Patienten und gesunden Personen wahrend ei-
nes Belastungstests erprobt werden. Im Fokus standen dabei der Einsatz des
FKS zur objektiven Messung der motorischen Fatigue und die Berechnung und
Einfihrung von Grenzwerten, die eine prazise Einteilung der Teilnehmer in
Gruppen mit und ohne motorische Fatigue ermdglichen. Der FKS ermdoglichte
eine prazise ldentifikation von MS-Patienten mit und ohne motorische Fatigue.
Zudem wurden alle gesunden Probanden richtig als nicht von motorischer Fati-
gue betroffen identifiziert. Dies bestétigt die hohe Spezifitdt und Sensitivitat die-
ser Methode. Ferner wurde festgestellt, dass die motorische Fatigue in keinem
Zusammenhang mit der muskularen Fatigue steht. Das deutet darauf hin, dass
die Ursache der motorischen Fatigue bei MS-Patienten auf die Vorgange im

Zentralnervensystem zurtickzufiihren ist.
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In der letzten Studie wurde die motorische Fatigue bei Patienten nach einem
Schlaganfall untersucht. Dabei zeigten diese Patienten ein &hnliches Ausmal}
an motorischer Fatigue wéhrend des Belastungstests wie die MS-Patienten. Mit
dieser Studie konnte bestatigt werden, dass der FKS auch bei dieser Patien-
tengruppe zur Erfassung der motorischen Fatigue eingesetzt werden kann. Der
Belastungstest auf dem Laufband zeigte eine gute Durchflhrbarkeit bei Patien-
ten nach einem Schlaganfall. Zuletzt konnte verifiziert werden, dass der FKS

nicht von chronischen Gangbeeintrachtigungen beeinflusst werden kann.
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7 Ausblick

Die in der vorliegenden Arbeit entwickelte neuartige Methode ermdglicht die
Quantifizierung von Veranderungen im Gangmuster. Dabei nutzt diese Methode
die Eigenschaften eines Grenzzyklus-Attraktors. Der auf dieser Methode basie-
rende FKS stellt ein neues Diagnostik-Instrument dar, das akute objektive Ver-
anderungen im Gangmuster infolge motorischer Fatigue erfassen kann. Erstma-
lig kdbnnen Aussagen bezlglich des Fatigue-Symptoms auf der Individualebene
getroffen werden. Im Vergleich zu herkbmmlichen Verfahren kann der FKS auf
Grund seiner Objektivitdt sowie hohen Spezifitdt und Sensitivitat fur die Erfas-
sung von motorischer Fatigue als tberlegen betrachtet werden. Der FKS kann
Uber die Diagnose motorischer Fatigue hinaus zur Evaluation der Krankheits-
verlaufe und Therapieerfolge bei Patienten mit motorischer Fatigue eingesetzt

werden.

Das neue Verfahren erfasst quantitative Veranderungen des Gangmusters und
kann daher keine Aussagen Uber die Gangqualitat per se treffen. Daher kann
diese Methode bei allen Forschungsfragen angewandt werden, bei denen nicht
die Qualitdt des Gehens bewertet wird, sondern die quantitativen Veranderun-

gen des Gangmusters infolge einer Situationsanderung im Fokus stehen.
In weiteren Studien kénnten folgende Forschungspunkte Gberprift werden:

e Es konnte eine Prazisierung angestrebt werden, sodass Grenzwerte fur
die Einteilung der Fatigue nach Betroffenheitsgrad in leichte, moderate

oder schwere motorische Fatigue bestimmt werden kdnnten.

o Der FKS sollte an weiteren neurologischen Krankheitsbildern, die ebenso

von motorischer Fatigue betroffen sind, getestet werden.

e Es ware zu uberpriifen, ob ein bewusstes Vortauschen von motorischer

Fatigue mdglich ist.

o Potentiell vielversprechend ware auch eine Kombination des neuen Ver-
fahrens wahrend des Belastungstests mit elektrophysiologischen Mes-
sungen, wie z.B. mit der Oberflachen-Elektromyografie oder der Trans-

kraniellen Magnetstimulation. So kénnten die pathophysiologischen Me-
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chanismen der Entstehung und Entwicklung der motorischen Fatigue

genauer untersucht werden.

Von den Erkenntnissen der vorliegenden Arbeit kdnnen nicht nur betroffene Pa-
tienten, sondern auch ihre Angehdrigen und das medizinische Personal profitie-
ren. Wie bereits erwahnt, ist die Differenzierung von Schlafstérungen, Depres-
sion und Adipositas wichtig und ermdglicht eine rechtzeitige Diagnose und eine
bestmogliche Behandlung. Weiterhin kénnte die Alltagsgestaltung der Patienten
dementsprechend angepasst und somit ihre Lebensqualitat erheblich verbes-
sert werden. Nicht zu vernachlassigen ist die Akzeptanz dieses Symptoms
durch Angehdrige der Patienten und die Gesellschaft, die durch eine definitive
Diagnose positiv beeinflusst werden kann. Auf3erdem erlaubt diese Arbeit
schnelle, kostengunstige und zuverlassige Analysen im Bereich der sozialmedi-

zinischen Leistungsbeurteilung.
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8 Abgrenzung der eigenen Arbeitsleistung

Bei der vorliegenden Arbeit handelt es sich um eine kumulative Dissertation, in
deren Rahmen insgesamt drei wissenschaftliche empirische Studien durchge-
fuhrt wurden. Aus diesen drei Studien wurden drei Artikel in wissenschaftlichen

Zeitschriften mit Peer-Review-Verfahren publiziert.

STUDIE 1:
A novel approach to quantify time series differences of gait data using at-

tractor attributes.

PLOS ONE, 2013; 8(8):e71824. doi: 10.1371/journal.pone.0071824.

Erst-Autorenschaft Manfred M. Vieten

Co-Autorenschaft Aida Sehle

Randall L. Jensen

Arbeitsleistung Aida Sehle Unter Mitwirkung von

Konzeption der Studie ja Manfred M. Vieten

Randall L. Jensen

Durchfihrung der Expe- | ja

rimente

Datenanalyse ja Manfred M. Vieten
Randall L. Jensen

Interpretation der Ergeb- | ja Manfred M. Vieten

nisse Randall L. Jensen

Anfertigung der Abbil- Manfred M. Vieten

dungen

Uberarbeitung der Publi- | ja Manfred M. Vieten

kation Randall L. Jensen
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STUDIE 2:

Objective assessment of motor fatigue in multiple sclerosis: the Fatigue
index Kliniken Schmieder (FKS).

Journal of Neurology, 2014; 261(9):1752-62. doi: 10.1007/s00415-014-7415-7.

Erst-Autorenschaft

Aida Sehle

Co-Autorenschaft

Manfred Vieten
Simon Sailer
Annegret Mundermann

Christian Dettmers

Arbeitsleistung Aida Sehle Unter Mitwirkung von
Konzeption der Studie ja Manfred Vieten
Christian Dettmers
Durchfihrung der Expe- | ja
rimente
Datenanalyse ja Manfred Vieten
Interpretation der Ergeb- | ja Manfred Vieten
nisse Simon Sailer
Christian Dettmers
Annegret Mindermann
Anfertigung der Abbil- | ja Annegret Mindermann
dungen
Uberarbeitung der Publi- | ja Manfred Vieten

kation

Annegret Mindermann

Christian Dettmers
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STUDIE 3:
Difference in motor fatigue between patients with stroke and patients with

multiple sclerosis: a pilot study.

Frontiers in Neurology, 2014; 5:279. doi: 10.3389/fneur.2014.00279.

Erst-Autorenschaft Aida Sehle

Co-Autorenschaft Manfred Vieten
Annegret Mindermann

Christian Dettmers
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Allgemeine Einleitung

Tabelle 1 Zentrale Fragestellungen und Hypothesen der Studie Nr. 1.
Tabelle 2 Zentrale Fragestellungen und Hypothesen der Studie Nr. 2.
Tabelle 3 Zentrale Fragestellungen und Hypothesen der Studie Nr. 3.

STUDIE 1

Table 1 Intraclass Correlation Coefficient (ICC) and the probability of a differ-
ence across days for &M and &D of normal walking without any load (N), walk-
ing with an additional mental task (M), and walking with two kilogram weights on
each foot (W).

STUDIE 2

Table 1 Mean (1 standard deviation) subject characteristics.

Table 2 Classification of subjects into groups.

Table 3 Mean (1 standard deviation) characteristics of MS patients with fatigue
(MS-F) and MS patients without fatigue (MS-NF).

Table 4 Mean (1 standard deviation) gait and physiological parameters of the
treadmill walking test for MS patients with fatigue (MS-F), MS patients without
fatigue (MS-NF) and healthy subjects (Non-MS).

STUDIE 3

Table 1 Mean (1 standard deviation) characteristics of participants.
Table 2 Mean (1 standard deviation) gait and physiological parameters of the

walking test.
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STUDIE 1

Figure 1 Three dimensional view of the acceleration data in mes2 illustrating
the path of the state vector and cutting point to determine the start and end of a
loop.

Figure 2 lllustration of example categories used to allow the creation of Quan-
tiles from the medians of different groups.

Figure 3 Scatterplot of 6M and dD for the attractors in the three conditions.
Figure 4 Individual subject values of 6M for normal-mental, normal-weighted
and mental-weighted walking on days 1 and 2.

Figure 5 Individual subject values of dD for normal-mental, normal-weighted
and mental-weighted walking on days 1 and 2.

Figure 6 Means and Standard Error of &M for the three conditions across the
two days.

Figure 7 lllustration of the Means and Standard Error of D for the three condi-

tions across the two days.

STUDIE 2

Figure 1 Two-dimensional graph of the acceleration data of a subject’s left foot
for 1 minute a at the beginning and b at the end of the walking task for one
healthy subject.

Figure 2 Two-dimensional graph of the acceleration data of a subject’s left foot
for one minute a at the beginning and b at the end of the walking task for one
MS patient with fatigue.

Figure 3 “lllustration of example categories used to allow the creation of Quan-
tiles from the medians of different groups” (Vieten et al., 2013).

Figure 4 6M versus oD for all subjects. f

STUDIE 3

Figure 1 Two-dimensional graph of the acceleration data of a subject’s left foot
for one minute (A) at the beginning and (B) at the end of the walking test for one

stroke patient with fatigue.
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Figure 2 Two-dimensional graph of the acceleration data of a subject’s left foot
for one minute (A) at the beginning and (B) at the end of the walking test for one
stroke patient without fatigue.

Figure 3 Boxplot for FKS values in all groups.

Figure 4 Scatterplot between changes in movement pattern and movement var-

iability.





