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Abstract: ABSTRACT Stroke often leads to chronic motor disability of the upper limb, which can sig-
nificantly affect a person’s activities of daily living. Recovery of motor function following a stroke is
associated with brain reorganization processes that occur within the surviving areas of the sensorimotor
network. Although still not fully understood, there is increasing evidence that movement therapy can
facilitate recovery of the upper limb by promoting such processes. To develop more efficient rehabilitation
strategies, further work is needed to enhance understanding of therapy- induced recovery and its related
reorganization patterns. Functional magnetic resonance imaging (fMRI), which allows for the investi-
gation of the human brain’s functional organization, is a promising method for studying such patterns
(i.e., assessed as task-related brain activation) and can further help to evaluate the effect of therapies
in stroke patients. Combining fMRI with compatible robots that guide and monitor the execution of
movements during recordings may yield a more reliable evaluation of brain activation patterns over time,
thereby advancing our understanding of ongoing reorganization processes. Furthermore, the application
of robotic devices can contribute to upper limb rehabilitation by providing new therapeutic approaches
that can optimize recovery and help to restore lost functions. The long-term purpose of the current
project was to provide a better understanding of therapy- induced brain reorganisation in stroke patients
who have entered the chronic stage. With this in mind, the present thesis aimed 1) to improve the
assessment of arm movement-related brain activation using fMRI; and 2) to acquire insights into brain
reorganization patterns induced by arm therapy. Of primary interest was investigating whether robot-
assisted therapy can promote brain reorganization in patients with moderate to severe arm hemiparesis.
To develop a robust paradigm that permits the reliable investigation of arm movement-related activa-
tion in patients with motor impairments, MaRIA, an MRI-compatible arm robot for elbow flexion and
extension, was developed and systematically tested. In this context, two studies were performed. Study
1 tested the quality of fMRI recordings while performing motor tasks with MaRIA and the feasibility of
this approach in healthy subjects. Study 2 investigated the brain network, which is activated by active
and passive arm movements performed with the device, and tested the reliability of this activation over
time by applying several statistical approaches. To meet the second aim, an additional study (Study 3)
was performed in which MaRIA was used to investigate therapy-induced brain reorganization in chronic
stroke patients suffering from moderate to severe unilateral hemiparesis of the arm. For this third study,
the patients were divided into two groups. Omne group was trained via robot-assisted therapy using
the arm rehabilitation robot ARMin, while the other group received conventional therapy. The brain
reorganization patterns and improvements in arm function induced by each of these therapy methods
were analysed and compared. The present results indicate that MaRIA can be used in the MRI envi-
ronment without causing artefacts in the fMRI time series or discomfort for the person being assessed.
The brain network activated by active and passive arm movements in healthy subjects was consistent
with the activation patterns reported in previous publications. Reliability analysis demonstrated robust
activation patterns for active movements over time. Brain activation was also quite robust for passive
movements and reliability was further improved by including additional information about force and
range of motion acquired by the device. The investigation of brain reorganization induced by arm ther-
apy demonstrated that reorganization patterns vary depending on the type of intervention, the degree of



impairment, and the task performed. For both interventions, changes in activation observed immediately
after therapy largely persisted at two months of follow-up. Long-term effects were more stable and even
more pronounced in patients with moderate impairments than in those with severe deficits. Therapy
with ARMin was shown to promote brain reorganization and reduce motor impairment as effectively as
conventional therapy, and is, therefore, a promising tool to enhance functional arm recovery, even in pa-
tients who have already reached a chronic stage. This work establishes a new approach to reliably assess
arm movement-related brain activation in longitudinal studies on patients with motor impairments. It
also allows for the evaluation of different therapeutic interventions and brain plasticity following dam-
age to the nervous system. Additionally, the investigation of therapy-induced reorganization provides
important knowledge to help us better understand the effects and potential of robot-assisted therapies
in stroke patients suffering from chronic moderate or severe deficits of the arm. ZUSAMMENFASSUNG
Erleidet eine Person einen Schlaganfall, so fiihrt dies hdufig zu motorische Beeintrichtigungen der oberen
Extremitéten, welche die Betroffenen in der Alltagsbewéltigung deutlich einschrdnken. Forschungsar-
beiten zeigen, dass nach einem Schlaganfall Reorganisationsprozesse in nicht-geschédigten Gebieten des
sensomotorischen Netzwerks in Gang gesetzt werden, welche die Wiederherstellung motorischer Funktio-
nen vorantreiben. Geeignete Bewegungstherapien scheinen diese Reorganisationsprozesse zu erleichtern
und somit das Wiedererlernen der verlorenen Funktionen zu unterstiitzen. Zum Verstédndnis der zugrun-
deliegenden zerebralen Prozesse sind weiterfithrende Studien in diesem Bereich notwendig. Die Erkennt-
nisse dieser Untersuchungen kénnen helfen, neue und effizientere Rehabilitationsstrategien zu entwickeln.
Die funktionelle Magnetresonanztomographie (fMRT), welche es erlaubt die Funktionsweise des men-
schlichen Gehirns zur erforschen, ist besonders geeignet zur Untersuchung solcher Prozesse (erfasst als
Aktivierungsmustern) und kann ausserdem dazu beitragen die Wirkung von Therapien zu evaluieren.
In Kombination mit Magnetresonanz-kompatiblen Robotern, welche die Durchfithrung von Bewegun-
gen wihrend den fMRT-Aufnahmen kontrollieren und {iberwachen, kénnen zuverlidssigere Erhebungen
der Aktivierungsmuster in Langzeituntersuchungen gewéhrleistet werden, die fiir das Verstdndnis der
ablaufenden Reorganisationsprozesse essenziell sind. Des Weiteren kénnen Roboter zur Rehabilitation der
beeintrichtigten Extremitéten eingesetzt werden, um neue Therapieansétze zu ermdoglichen. Das iiberge-
ordnete Ziel der vorliegenden Dissertationsarbeit bestand darin, ein besseres Verstédndnis von Therapie-
induzierten Reorganisationsmustern bei Patienten im chronischen Stadium nach einem Schlaganfall zu
erlangen. In diesem Zusammenhang, beabsichtigte diese Arbeit zum einen die Entwicklung eines zuver-
lassigeren Verfahrens zur Erhebung von Aktivierungsmustern beim Ausfithren von Armbewegungen. Zum
anderen sollten zerebralen Reorganisationsmustern, die durch Armtherapie induziert werden, erforscht
werden. Der Kern der Untersuchung war zu testen, ob eine roboterunterstiitzte Armtherapie Reor-
ganisationsprozesse bei Patienten mit moderaten oder schweren Beeintrachtigungen vorantreiben kann.
Um ein robustes Paradigma fiir die Erhebung von Aktivierungen beim Ausfithren von Armbewegungen
zu erhalten, wurde ein Magnetresonaz (MR) kompatibler Armroboter, genannt MaRIA, entwickelt und
getestet. In diesem Zusammenhang wurden zwei Studien durchgefiihrt. In Studie 1 wurden die Qualitét
der fMRT-Aufzeichnungen sowie die Durchfiihrbarkeit von fMRT-Erhebungen mit MaRIA bei gesunden
Versuchspersonen getestet. Bei der zweiten Studie (Studie 2) wurde die Aktivierung, welche durch ak-
tive und passive Armbewegungen hervorgerufen wurde, untersucht. Zudem wurde die Reliabilitédt dieser
Aktivierungen im Laufe der Zeit mittels verschiedener statistischer Verfahren getestet. In einer weiteren
Studie (Studie 3) wurde MaRIA zur Untersuchung von Therapie-induzierten Reorganisationsmustern bei
Patienten mit moderaten oder schweren motorischen Beeintrichtigungen eingesetzt. Fiir die Studie wur-
den die Patienten in zwei Gruppen eingeteilt. Die eine Gruppe wurde anhand einer roboter-unterstiitzten
Therapie mit Hilfe des Arm- Rehabilitations-Roboters ARMin trainiert. Die andere Gruppe erhielt eine
konventionelle Therapie. Die Reorganisationsmuster und Verbesserungen in der Armfunktion bei beiden
Therapieverfahren wurden analysiert und miteinander verglichen. Die vorliegenden Ergebnisse deuten
darauf hin, dass MaRIA in der Magnetresonanz- Umgebung eingesetzt werden kann, ohne Interferenzen
hervorzurufen. Die Aktivierungen, welche bei der Durchfiihrung aktiver und passiver Armbewegungen
erzeugt wurden, stimmen mit fritheren Untersuchungsergebnissen tiberein. Die Reliabilitdtsanalyse dieser
Aktivierungen zeigte ein robustes Muster fiir aktive Bewegungen auf. Die Gehirnaktivitat war fiir passive
Bewegungen weitgehend robust und die Reliabilitdt wurde durch das Miteinbeziehen zusétzlicher durch
das Geréat erhobenen Informationen weiter verbessert. In der Patientenstudie wurden unterschiedliche
Aktivierungsmuster in Abhéngigkeit des eingesetzten Rehabilitationsverfahrens, des Schweregrad der mo-
torischen Beeintrachtigung und der Art der durchgefiihrten Bewegung beobachtet. Die Aktivierungséin-
derungen unmittelbar nach Therapieschluss konnten auch in der Nachuntersuchung zwei Monate nach
Beendigung der Behandlung gefunden werden, wobei die beobachteten Langzeiteffekte bei Patienten
mit moderaten Defiziten robuster waren als bei solchen mit schweren Beeintrachtigungen. Die Thera-
pie mit ARMin konnte die zerebralen Reorganisation und die Wiederherstellung der Armfunktion gleich
gut vorantreiben wie eine konventionelle Therapie. Demnach ist der Einsatz von ARMin eine vielver-
sprechende Alternative, um die Wiedererlangung der Armfunktion bei Patienten im chronischen Stadium



voranzutreiben. In Rahmen dieser Arbeit konnte eine neue Methode zur zuverlissigen Erfassung der
Gehirnaktivitdt beim Ausfithren von Armbewegungen etabliert werden. Diese Methode kann in zukiin-
ftigen Léngsschnittstudien zur Untersuchung von Reorganisationsprozesse in Patienten mit motorischen
Beeintriachtigungen eingesetzt werden und dazu verhelfen Therapien zu evaluieren. Zudem konnte die
hier durchgefiihrte Patientenstudie zur Untersuchung therapie- induzierter Reorganisationsprozesse neue
Erkenntnisse {iber die Wirkung und das Potential von roboterunterstiitzten Therapieformen bei Patienten
mit moderaten und schweren Defiziten der Armfunktion liefern.
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Abstract

ABSTRACT

Stroke often leads to chronic motor disability lné upper limb, which can significantly affect
a person’s activities of daily living. Recoverymbtor function following a stroke is associated
with brain reorganization processes that occuriwithe surviving areas of the sensorimotor
network. Although still not fully understood, theig increasing evidence that movement
therapy can facilitate recovery of the upper limfppbomoting such processes. To develop more
efficient rehabilitation strategies, further woskneeded to enhance understanding of therapy-

induced recovery and its related reorganizatiotepas.

Functional magnetic resonance imaging (fMRI), whallows for the investigation of the
human brain’s functional organization, is a promgsmethod for studying such patterns (i.e.,
assessed as task-related brain activation) antlidier help to evaluate the effect of therapies
in stroke patients. Combining fMRI with compatiblebots that guide and monitor the
execution of movements during recordings may yeeldhore reliable evaluation of brain
activation patterns over time, thereby advancingunderstanding of ongoing reorganization
processes. Furthermore, the application of robdgwices can contribute to upper limb
rehabilitation by providing new therapeutic apptoegthat can optimize recovery and help to

restore lost functions.

The long-term purpose of the current project wasrtvide a better understanding of therapy-
induced brain reorganisation in stroke patients e entered the chronic stage. With this in
mind, the present thesis aimed 1) to improve tlsesmnent of arm movement-related brain
activation using fMRI; and 2) to acquire insightsoi brain reorganization patterns induced by
arm therapy. Of primary interest was investigatigether robot-assisted therapy can promote
brain reorganization in patients with moderateawese arm hemiparesis. To develop a robust
paradigm that permits the reliable investigatiomiwh movement-related activation in patients

with motor impairments, MaRIA, an MRI-compatiblemarrobot for elbow flexion and



Abstract

extension, was developed and systematically testedthis context, two studies were
performed. Study #1 tested the quality of fMRI neliegs while performing motor tasks with
MaRIA and the feasibility of this approach in heglsubjects. Study #2 investigated the brain
network, which is activated by active and passive movements performed with the device,
and tested the reliability of this activation otiene by applying several statistical approaches.
To meet the second aim, an additional study (St8)ywas performed in which MaRIA was
used to investigate therapy-induced brain reorgdio in chronic stroke patients suffering
from moderate to severe unilateral hemiparesiqefarm. For this third study, the patients
were divided into two groups. One group was tramedobot-assisted therapy using the arm
rehabilitation robot ARMin, while the other groupceived conventional therapy. The brain
reorganization patterns and improvements in arnetfon induced by each of these therapy

methods were analysed and compared.

The present results indicate that MaRIA can be usége MRI environment without causing
artefacts in the fMRI time series or discomforttioe person being assessed. The brain network
activated by active and passive arm movements aftthesubjects was consistent with the
activation patterns reported in previous publicagioReliability analysis demonstrated robust
activation patterns for active movements over tiBrin activation was also quite robust for
passive movements and reliability was further imprbby including additional information
about force and range of motion acquired by theicgevThe investigation of brain
reorganization induced by arm therapy demonstrdted reorganization patterns vary
depending on the type of intervention, the degfadenpairment, and the task performed. For
both interventions, changes in activation obseiwatdediately after therapy largely persisted
at two months of follow-up. Long-term effects wanere stable and even more pronounced in
patients with moderate impairments than in thogl wsevere deficits. Therapy with ARMin

was shown to promote brain reorganization and reduaotor impairment as effectively as

Vi



Abstract

conventional therapy, and is, therefore, a prorgisaol to enhance functional arm recovery,

even in patients who have already reached a chsbtage.

This work establishes a new approach to relialdgssarm movement-related brain activation
in longitudinal studies on patients with motor irmpeents. It also allows for the evaluation of
different therapeutic interventions and brain ptatstfollowing damage to the nervous system.
Additionally, the investigation of therapy-induceckorganization provides important
knowledge to help us better understand the effeutispotential of robot-assisted therapies in

stroke patients suffering from chronic moderatsewere deficits of the arm.

Vi






Zusammenfassung

ZUSAMMENFASSUNG

Erleidet eine Person einen Schlaganfall, so fliles daufig zu motorische Beeintrachtigungen
der oberen Extremitaten, welche die Betroffenen der Alltagsbewaltigung deutlich
einschranken. Forschungsarbeiten  zeigen, dass naemem Schlaganfall
Reorganisationsprozesse in nicht-geschadigten @ebdes sensomotorischen Netzwerks in
Gang gesetzt werden, welche die Wiederherstelluntpmscher Funktionen vorantreiben.
Geeignete Bewegungstherapien scheinen diese Résatiansprozesse zu erleichtern und
somit das Wiedererlernen der verlorenen Funktionemnterstitzen. Zum Verstandnis der
zugrundeliegenden zerebralen Prozesse sind wditerfle Studien in diesem Bereich
notwendig. Die Erkenntnisse dieser Untersuchungamén helfen, neue und effizientere

Rehabilitationsstrategien zu entwickeln.

Die funktionelle Magnetresonanztomographie (fMRWglche es erlaubt die Funktionsweise
des menschlichen Gehirns zur erforschen, ist bessngkeignet zur Untersuchung solcher
Prozesse (erfasst als Aktivierungsmustern) und lkarsserdem dazu beitragen die Wirkung
von Therapien zu evaluieren. In Kombination mit Metyesonanz-kompatiblen Robotern,
welche die Durchfihrung von Bewegungen wahrendfsliEir-Aufnahmen kontrollieren und

Uberwachen, konnen zuverldssigere  Erhebungen dertivi&langsmuster in

Langzeituntersuchungen gewahrleistet werden, dredfis Verstandnis der ablaufenden
Reorganisationsprozesse essenziell sind. Des Weitdmnen Roboter zur Rehabilitation der

beeintrachtigten Extremitéten eingesetzt werdenpaue Therapieansatze zu ermoglichen.

Das Ubergeordnete Ziel der vorliegenden Dissertséibeit bestand darin, ein besseres
Verstandnis von Therapie-induzierten Reorganisatiarstern bei Patienten im chronischen
Stadium nach einem Schlaganfall zu erlangen. IsetieZusammenhang, beabsichtigte diese
Arbeit zum einen die Entwicklung eines zuverlassgeVerfahrens zur Erhebung von

Aktivierungsmustern beim Ausfihren von Armbewegungéum anderen sollten zerebralen



Zusammenfassung

Reorganisationsmustern, die durch Armtherapie irduwerden, erforscht werden. Der Kern
der Untersuchung war zu testen, ob eine robotestiitete Armtherapie
Reorganisationsprozesse bei Patienten mit moderagien schweren Beeintrachtigungen
vorantreiben kann. Um ein robustes Paradigma férkthebung von Aktivierungen beim
Ausfuhren von Armbewegungen zu erhalten, wurdeMagnetresonaz (MR) kompatibler
Armroboter, genannt MaRIA, entwickelt und getedtetliesem Zusammenhang wurden zwei
Studien durchgefihrt. In Studie #1 wurden die Qéagter fMRT-Aufzeichnungen sowie die
Durchfuhrbarkeit von fMRT-Erhebungen mit MaRIA lggisunden Versuchspersonen getestet.
Bei der zweiten Studie (Studie #2) wurde die Aldiung, welche durch aktive und passive
Armbewegungen hervorgerufen wurde, untersucht. Budeurde die Reliabilitat dieser
Aktivierungen im Laufe der Zeit mittels verschiedestatistischer Verfahren getestet. In einer
weiteren Studie (Studie #3) wurde MaRIA zur Untetaing von Therapie-induzierten
Reorganisationsmustern bei Patienten mit moderateter schweren motorischen
Beeintrachtigungen eingesetzt. Fur die Studie wudie Patienten in zwei Gruppen eingeteilt.
Die eine Gruppe wurde anhand einer roboteruntetstiit Therapie mit Hilfe des Arm-
Rehabilitations-Roboters ARMin trainiert. Die aneleGruppe erhielt eine konventionelle
Therapie. Die Reorganisationsmuster und Verbesgeruin der Armfunktion bei beiden

Therapieverfahren wurden analysiert und miteinandeglichen.

Die vorliegenden Ergebnisse deuten darauf hin, dda®IA in der Magnetresonanz-
Umgebung eingesetzt werden kann, ohne Interfereheevorzurufen. Die Aktivierungen,
welche bei der Durchfuihrung aktiver und passivenBewegungen erzeugt wurden, stimmen
mit friheren Untersuchungsergebnissen UbereinRBimbilitatsanalyse dieser Aktivierungen
zeigte ein robustes Muster fur aktive Bewegungedn Bie Gehirnaktivitdt war fur passive
Bewegungen weitgehend robust und die Reliabilitatrde durch das Miteinbeziehen
zusatzlicher durch das Gerat erhobenen Informatiorester verbessert. In der Patientenstudie
wurden unterschiedliche Aktivierungsmuster in  Abyigkeit des eingesetzten

X



Zusammenfassung

Rehabilitationsverfahrens, des Schweregrad dernsolen Beeintrachtigung und der Art der
durchgefuhrten Bewegung beobachtet. Die Aktiviesimglerungen unmittelbar nach
Therapieschluss konnten auch in der Nachuntersgchwei Monate nach Beendigung der
Behandlung gefunden werden, wobei die beobachtetargzeiteffekte bei Patienten mit
moderaten Defiziten robuster waren als bei solaménschweren Beeintrachtigungen. Die
Therapie mit ARMin konnte die zerebralen Reorgaimsaund die Wiederherstellung der
Armfunktion gleich gut vorantreiben wie eine kontienelle Therapie. Demnach ist der
Einsatz von ARMin eine vielversprechende Alternatium die Wiedererlangung der

Armfunktion bei Patienten im chronischen Stadiumawautreiben.

In Rahmen dieser Arbeit konnte eine neue Methode zwerlassigen Erfassung der
Gehirnaktivitat beim Ausfihren von Armbewegungeabéert werden. Diese Methode kann
in zukdnftigen Langsschnittstudien zur Untersuchwmn Reorganisationsprozesse in
Patienten mit motorischen Beeintréachtigungen eigigésverden und dazu verhelfen Therapien
zu evaluieren. Zudem konnte die hier durchgefiibatgentenstudie zur Untersuchung therapie-
induzierter Reorganisationsprozesse neue Erkesetiitser die Wirkung und das Potential von
roboterunterstiitzten Therapieformen bei Patienténmoderaten und schweren Defiziten der

Armfunktion liefern.
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1 Introduction

1INTRODUCTION

The term ‘stroke’ (also called cerebrovascular @eat, CVA) refers to a disturbance of brain
function caused by a disruption in the cerebrabblsupply, which can be caused by either an
cerebral ischemia or hemorrhage (Truelsen et @1 Worldwide, stroke is the second most
common cause of death and the leading cause ohichdesability (Donnan et al. 2008). It
affects more than one million people in Europe egdr (Thorvaldsen et al. 1995; Brainin et
al. 2000; Truelsen et al. 2006). Many brain funtsio— like sensorimotor integration,
movement, walking, language, vision, balance, maod] sensory perception — can be
severely and irreversibly affected (Rossini eRAD3). One of the most frequent and disabling
consequences of a stroke is hemiparesis contralatethe brain lesion, which most often
affects the upper limb (Rossini et al. 2003). Altgb the average survival rate at 28 days is
70% (Thorvaldsen et al. 1995), only 15-18% of strplatients with severe upper limb paresis
regain full function; the remainder continue tofeufrom permanent motor impairment that
can prevent them from completing everyday taskk#&yama et al. 1994b; Hendricks et al.
2002). Both the frequency and dire consequencsegaifes clearly emphasize the importance
of these events, and the necessity to develop trategies to better understand and facilitate

the recovery of function, thereby contributing togproved quality of life in stroke survivors.

After a stroke, standard rehabilitation of the uppmb primarily includes physical and
occupational therapy. The primary goal of theser@gghes is to help patients to adapt to
everyday life despite their impairments (for a esvj see Schaechter 2004). Treatments that
focus on reducing impairments in upper limb functare less well-developed (Dobkin 2004;
Ward 2011). One promising way to improve such theutic approaches is through movement
therapy technigques supported by robotic devicesthBrmore, as recovery of function is
associated with reorganization in the functionglamization of the sensorimotor network (see

Chapter 3; for a review, see Schaechter 2004; Rishet al. 2008) a better understanding of
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how this reorganization takes place and how ittmapromoted is crucial to enhancing recovery

and reducing deficits in stroke survivors.

Functional magnetic resonance imaging (fMRI) off@ssghts into this area of research. This
technique allows for the measurement of brain fonc{(i.e., assessing task-related brain
activation) in a non-invasive manner, and therefdfers the potential for repeat measurements
over time, which is a major requirement when adsngs questions related to brain
reorganization after stroke, and to therapy-inducediroplasticity. In this context, the
development of paradigms that provide reliablevation patterns across multiple fMRI
sessions is critical. In patients with motor disihithis is difficult to achieve because their
motor output can change over time, leading to is@iancies in task performance between
fMRI sessions. Using MRI-compatible robots can hédp overcome this limitation by

monitoring and controlling task performance.

The currently-presented thesis aimed to enhancerstahding of therapy-induced brain
reorganisation in patients with chronic stroketHis context, it had two main goals. First, it
sought to improve the longitudinal assessmentmfraovement-related brain activation using
MaRIA, a newly-developed, MRI-compatible robot. T$erond aim was to investigate brain
reorganization induced by arm therapy, in particatier robot-assisted training. For the
robotic therapy, an arm rehabilitation robot cakéRIMin was used. Functional reorganization
patterns and related improvements in arm functimluced by this approach were compared

against those elicited by conventional therapy.

The following sections overview current findingsdachallenges in the field of recovery and
rehabilitation after stroke. Subsequently, insigate given into brain reorganization after
stroke and influential factors. Additionally, thesassment of brain function and the related
problems of performance consistency and confounidingpaired patients is described. In the

Methods section, the robotic devices used for theiss are described.
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2 RECOVERY AND REHABILITATION AFTER STROKE

2.1 Current state of research

After a stroke, patients may regain at least soeggeak of their lost function. Improvements in
neurological and functional motor deficits are Eygreported within the first two to five
months after a stroke and depend upon the sewdtitye initial deficit (Nakayama et al. 1994b;
Jargensen et al. 1995a; Jgrgensen et al. 1995enkan et al. 1999). During these first few
months, the time course of motor function recoveag been observed to be most rapid over
the first few weeks, slowing during subsequent msnand reaching a plateau at six months
after the stroke (Hendricks et al. 2002; for aeenisee Krakauer 2005). Therefore, six months
post-stroke, the degree of recovered function w&se&ed to remain stable and not
significantly improve. However, although spontarececovery is generally no longer possible
after this period of time, the results of numerstigdies suggest that movement therapy can
still promote recovery in patients up to severargdollowing a stroke (e.g., Luft et al. 2004a,;

Takahashi et al. 2008; for a review, see Page 2084; Richards et al. 2008).

Several studies investigating the association batwecovery of motor function and movement
therapy have shown that stroke patients can atéietter quality of life with specific therapy
(for a review, see Platz 2003; Dobkin 2004). Altbbuhe optimal type of therapy for upper
limb function is still a matter of discussion, tegzrevious studies identified several patterns
that seem to facilitate recovery. For instancerapeutic interventions that allow for the
intensive (Sunderland et al. 1992a; Ottenbacher Jamhell 1993; Kwakkel et al. 1997;
Kwakkel et al. 1999; Carey et al. 2002; Van Pepgtaal. 2004) and repetitive practice of motor
tasks (Butefisch et al. 1995; Feys et al. 1998)aerdf long duration (Sunderland et al. 1992a;
Kwakkel et al. 1999; Kwakkel et al. 2002) appeamptomote recovery more successfully.
Furthermore, task-oriented training, which incluttasing for more complex tasks (e.g., skills

and activities), incorporates multiple systems.(emusculoskeletal and perceptual systems),
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and aims at increasing subject’s participation éechter 2004; Timmermans et al. 2009),
seems to be fundamental to improving daily functieor example, forcing the affected limb
to perform activities of daily living (ADL; e.g.eaching for a cup) yields functional gains that
allow the stroke patient to increase his or heraigbe affected arm in real-life situations (e.g.,
at home) (Miltner et al. 1999; Taub et al. 199%iglat al. 2003; Van Peppen et al. 2004; Bayona

et al. 2005).

However, traditional manually-assisted therapieg. (@hysical or occupational therapy) have
several limitations. For instance, the trainindaisor-intensive and depends on the physical
efforts of the therapist (e.g., duration limited fatigue). It also is time consuming and
expensive. Additionally, health insurance only p&ysa limited number of therapy hours,
which are often less than the time required toe@ahian optimal therapeutic outcome (Van
Peppen et al. 2004). One possible way to offsetesofthese limitations is to apply robot-

assisted therapeutic approaches.

2.2 Robot-assisted rehabilitation

Over the past few years, several robotic devicege haeen developed to support the
rehabilitation of patients suffering from upper inrmpairments (e.g., Takahashi et al. 2008;
for a review, see Riener et al. 2005; Brewer e2@07; Timmermans et al. 2009). Compared
to traditional interventions, robot-assisted araining has certain advantages. First, robotic
devices can help to provide more intense and pgaldrtherapy. For example, the number of
therapist hours can be reduced, since one theraisbversee the therapy of several patients
simultaneously. In addition, the duration and nunddeherapy sessions and tasks repetitions
can be increased. Furthermore, using robotic dswiea help patients to perform therapeutic
tasks that therapists would find impossible oriclifit to do. For instance, they enable repetitive
training and support the training of ADL. By proing passive mobilization (during which the
arm is moved by the device), training in these gaskn be done even with severely-impaired

4
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patients whose training would otherwise requirenificant physical effort from a therapist
facilitating exercises manually. Virtual scenar@as be implemented to facilitate the training
of ADL and motivate patients during therapy. Robatevices also can provide quantitative
measures, which allow biofeedback functions andhep therapists to objectively quantify
patients’ performance. This feature can aid inntleasurement of individual patients’ progress
during therapy and evaluate how effective applidrventions have been (Nef et al. 2007;

Kwakkel et al. 2008 for a review, see Brewer eR@D7).

To date, several investigators have studied thecefdf robot-assisted therapy on motor
recovery. Despite considerable methodological Viana (e.g., in the duration, quantity and
type of training, and patient characteristics) asrhese studies, most have demonstrated some
benefit of this kind of intervention on various mobutcome measures (ADLs, motor function
and strength) (Kwakkel et al. 2008; Mehrholz et28l08; Mehrholz et al. 2012). However, a
major limitation of previous approaches is that trafsthe devices applied so far only used
single degrees of freedom and supported only sijogie movements, thereby restricting the
range of motion of the upper limb (Guidali et @12a). Training exercises that require using
the entire extremity, like those that focus on ADhsy enhance the transference of skills
attained during therapy into daily life (Langhammaed Stanghelle 2000; Riener et al. 2005;
Timmermans et al. 2009). Therefore, more sophigtitdevices with more degrees of freedom
and involving all components of the limb (shouldamn, hand) might be more effective at
promoting the recovery of motor function after ike.

For all these reasons, in the context of this digg8en, the arm rehabilitation robot ARMin,
which supports movements of the shoulder, arm art Hopening and closing) (Nef and
Riener 2005; Nef et al. 2007; Nef et al. 2009a;daliiet al. 2011b; Guidali et al. 2011a), was
used in chronic stroke patients to investigate iretuch a robotic device indeed may facilitate
recovery. Detailed information about the featuréshes device can be found in upcoming

section 5.1.
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3 BRAIN REORGANIZATION AFTER A STROKE

3.1 Current state of research

Numerous neuroimaging studies have demonstratédet@avered motor function following a
stroke is associated with functional reorganizatronon-infarcted areas of the sensorimotor
network, which is responsible for the processingasfsory information and motor output (i.e.,
movement) (Liepert et al. 2000; Nelles et al. 20D4arey et al. 2002; Johansen-Berg et al. 2002;
Lotze et al. 2006; Ward et al. 2007; Mintzopoulbale2008; Takahashi et al. 2008; Rehme et
al. 2010; Riecker et al. 2010; for a review, selba®chter 2004; Richards et al. 2008). In this
context, different reorganization patterns havenb@eserved at different stages of recovery. In
early stages, enlarged activation within areabénipsilesional hemisphere (i.e., the same side
as the lesion) and additional recruitment of cdaesianal (i.e., the opposite side as the lesion)
sensorimotor regions have been observed in respgortiferent motor tasks, associated with
the restoration of motor function. As for later gia, previously-published findings are
inconsistent, as diverse reorganization pattermse baen noted in different studies. Some have
demonstrated a decline in the aforementioned amivaeported in early stages in well-
recovered patients after spontaneous recovery andcute and chronic stroke patients
following motor training (Liepert et al. 2000; Nedl et al. 2001; Carey et al. 2002; Ward 2003;
Ward et al. 2003; Takahashi et al. 2008; Rehmé 2040; Rehme et al. 2011). These patterns
were similar to those observed in healthy subjecid have been found to be positively
associated with better motor recovery. In contrdst, persistence of widespread activation
patterns, particularly in the contralesional herhese, have been correlated with poorer
functional outcomes, suggesting that such patterag reflect less efficient brain plasticity
(Liepert et al. 2000; for reviews, see Rossini Bradl Forno 2004; Pascual-Leone et al. 2005).
Based upon these findings, it was hypothesizedahaturn towards more normal activation
patterns may be predictive of better recovery (erépt al. 2000; Carey et al. 2002; Ward 2003;

Ward et al. 2003). However, contrary to this assimnp other investigators have reported
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enhanced activation in lateral and medial premar@as in both hemispheres and in the
contralesional sensorimotor cortex, related tostiecessful execution of particular movement
tasks (Lotze et al. 2006; Riecker et al. 2010)ngprovements in motor outcomes; e.g., after
movement training (Johansen-Berg et al. 2002; éu#tl. 2004a). These findings indicate that
the involvement of additional brain regions couldoacontribute to the restoration of lost
functions in chronic stages rather than reflecimgfficient reorganization (for reviews, see

Schaechter 2004; Richards et al. 2008).

Although the reason for these contradictory reslteains a matter of debate, one possible
explanation is that the demands of the motor tasg.,(simple versus complex tasks) and
characteristics of the lesion (e.g., damage irs#msorimotor cortex or/and corticospinal tract)

lead to differences in reorganization patterns, (nermalization or additional recruitment).

3.1.1 Theinfluence of task demands

More recent studies have suggested that the re@nttof additional sensorimotor areas like
those in the hemisphere opposite to the lesion ingimote motor performance, optimizing
motor function in chronic stroke patients (Gerletfal. 2006; Lotze et al. 2006; Riecker et al.
2010). For example, in patients who experience nskte recovery, recruitment of the
contralesional premotor cortex and sensorimotortegomvas associated with increased
functional demands (e.g., with increasing movenfesquency of the paretic limb or task
complexity) on the sensorimotor system. The adbwgpatterns observed in these patients with
excellent motor recovery seemed to be efficient emdesemble the widespread, bilateral
activation observed in healthy controls performmegnplex movements, rather than reflecting
maladaptive neuroplasticity (Lotze et al. 2006;dRex et al. 2010). Additionally, in stroke
patients with more extensive corticospinal systemage, enhanced activity in the premotor
cortex of the unaffected hemisphere was linkedotoe modulation, whereas activity in the
ipsilesional primary motor cortex was not. In cast; patients with less extensive corticospinal
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system damage exhibited force-related activatioriha lesion-side primary motor cortex
similar to that observed in healthy controls. The#éerential responses suggest that the
premotor cortex takes over some of the executiopgrties of the primary motor cortex,
indicating that the additional recruitment of cahdsional areas contributes to functional

recovery (Ward et al. 2007).

3.1.2 Theinfluence of lesion characteristics

Lesion characteristics are important determinahthetype and degree of motor impairment
observed in stroke patients and may contributbeovariability in reorganization patterns that
exists between them. Different activation pattdrase been documented in chronic patients
with cortical versus subcortical lesions, despitailar motor impairments (Feydy et al. 2002;
Luft et al. 2004b; Hamzei et al. 2006; Ward et 2007). For example, in patients with
subcortical infarcts, movement-related activatiaswbserved within the same network as in
healthy controls, i.e., in the normal network irtthg the contralateral sensorimotor cortex and
ipsilateral cerebellum. Additional activation wasuhd in contralesional and secondary
sensorimotor areas. Patients with cortical infaintdhe sensorimotor cortex exhibited no
activation in the normal network, due to criticeisue loss. Activation in these patients was
mainly observed in cortical areas adjacent to thiarcted tissue and in contralesional
sensorimotor areas, which suggests that, afterrécalostroke, alternative networks are
recruited. Therefore, the regions and the extewtiigh they are recruited in individual patients
may also depend on the location and distributiotesions (Luft et al. 2004b). Additionally,
the efficacy of the different reorganization patter(i.e., normalization or additional
recruitment) reported across studies, in termsenfegating optimal motor output, probably
depends on the degree of damage in the corticddpaca(Feydy et al. 2002; Ward et al. 2006b;
Hamzei et al. 2006; Ward et al. 2007). A relatiopgtetween the recruitment of additional

sensorimotor areas, e.g. in the contralesional $@mere, and the impaired integrity of the
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corticospinal tract has been identified in sevetatiies (Ward et al. 2006b; Ward et al. 2007,
Schaechter et al. 2008; Rehme et al. 2010). Fumibver, several researchers have identified a
significant correlation between the degree of motgrairment and the extent of white matter

damage within the corticospinal system (e.g., Livimbrg et al. 2010; Radlinska et al. 2010).

3.1.3. Conclusions

Considering the findings of these previous studiremasse, it seems that less-impaired patients
may have less structural damage; and, as suchiviaam of the premorbid network (i.e., more
normal activation patterns) to support task pertomoe might be possible to a greater extent.
Conversely, in patients with poorer function pdsbise, a return to more normal activation
patterns may not be possible due to more seveanetstal damage. Thus, in these patients,
additional areas of the sensorimotor network muestrérruited to generate motor output.
Additionally, task demands may further influence teorganization patterns observed. Tasks
that are perceived to be more difficult by the @atis may lead to widespread activation
patterns; meanwhile, activation in the ‘normal’ garmay be sufficient for the performance of
easier tasks. Finally, how tasks themselves arereeqred depends upon the capabilities of the
individual patients. Consequently, to perform thens task, severely impaired patients may
require more extensive recruitment than those witlderate impairment (for reviews, see

Schaechter 2004; Ward 2011).
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4 ASSESSING BRAIN FUNCTION: PERFORMANCE CONSISTENCY AND
CONFOUNDERS

4.1 Active motor tasks

Researchers commonly use active motor tasks toiagdonain activation patterns in healthy
subjects. However, the application of such taskastess brain function in stroke patients is
both challenging and limiting. For example, brattivaation can only be assessed if patients are
able to perform the active tasks; and this is gudgsible for patients who have recovered a
certain amount of motor function, automatically lexiing patients with severe impairment
from investigation. Additionally, for the investigan of brain reorganization patterns induced
by therapy, longitudinal fMRI assessments are requiln patients with motor disability,
however, motor output can change over time as aemprence of spontaneous recovery or
motor training, which makes it difficult to ensurensistent performance of active motor tasks
between sessions. For example, a patient may apglg or less force during task performance
or may perform more or fewer task repetitions ire dMRI session than another. Such
variability in task performance between sessionsceaise large differences in brain activation,
which can be mistakenly interpreted as indicativie functional recovery. Consistent
performance within fMRI assessments may also biecdlf to ensure in patients with more
severe impairments, relative to those with mildefiaits. This is because they may have more
difficulty performing the tasks required. If similaonsistency in performance does not exist
for all patients with different degrees of impaimhethere is further confounding of
comparisons between patients, which can also eéalde conclusions (for review, see Ward

2004; Baron et al. 2004).

4.2 Passive motor tasks
An alternative approach that has been used frelyuentprior studies investigating brain

reorganization in patients with disability is teeysassive motor tasks. In healthy subjects, these
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kinds of movement have been foundrtduce patterns of activation that are similarose of
active movements (Weiller et al. 1996; Loubinouxaket2001; Kocak et al. 2009). In this
context, it has been hypothesized that this actinas elicited by activating the afferent system
(Weiller et al. 1996; Kocak et al. 2009); consedlyeractivation changes related to passive
movement may reflect the degree of sensory prawggsig., of proprioceptive information)
that is relevant to motor outpiRassive tasks amnedependent of patients’ motor skills and may
not vary between fMRI sessions. Therefore, they beaynore appropriate than active tasks to
assess brain function in patients with severe miatpairment. As such, passive movements
may be particularly suitable to studying therapguiced changes in brain activation in
longitudinal investigations, and to comparing reorngation patterns between patients with

different degrees of impairment.

However, this approach also has disadvantages. uBecactivation related to passive
movement is driven by sensory input, an intacttdeast partially-working afferent network is
indispensable to studying brain activation patteHmvever, this network may be disrupted in
many patients (Ward et al. 2006a; Kocak et al. 2008ich could impede the investigation of
brain activation. Additionally, in most fMRI studi¢he performance of passive movements has
been achieved by the investigator moving the pesidimb passively. Because of the manual
component of this procedure, the accuracy of tasfopmance depends highly on how
consistent the investigator guides these movenatsnay be influenced by his/her skills and
physical fatigue, which in turn can lead to undeslie data variability. Furthermore, as passive
movements activate the sensorimotor network momiraaotly (i.e., through sensory
information), they cannot be entirely substituteddctive tasks, instead adding complementary
information about the network’s function. Finaltiie range of questions that can be addressed
using such tasks is limited. For example, it is possible to investigate brain activation in
response to modulations in movement parameters (erge, frequency) or more complex
movements, as is possible using active té&kgeview, see Ward 2004; Baron et al. 2004)
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4.3 MRI-compatiblerobots

Given the limitations and advantages of both apgres, to obtain a more detailed assessment
of brain activation patterns in stroke patientsngoth active and passive tasks seems to be a
reasonable strategy, thougtiorts should be taken to optimize the applicabbboth kinds of
task to generate more reliable patient assessniarttss context, monitoring and controlling
the performance of motor tasks during fMRI recogdimay be crucial.

One possible approach to counteract at least sdrie @forementioned limitations is to use
MRI-compatible robotic devices to produce the taskfle recording activation signals. Such
devices can guide subjects to perform well-corgtbtind reproducible passive sensorimotor
tasks and ensure standardized conditions for tbeugbon of active movements (Yu et al. 2008;
for a review, see Tsekos et al. 2007). Furthermomjement parameters can be recorded and
quantified by the robotic system during the actgeriment. The collected data can then be
incorporated into fMRI data analysis, yielding m@recise interpretations of the association
between performance and neuroimaging findings ateipially a more accurate evaluation of

the rehabilitation process.
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SMETHODS

The basic principles of fMRI and the data procesgsiteps, including data pre-processing and
statistical analysis, have been described extelysimepreviously-published literature (e.g.,
(Jancke 2005; Penny et al. 2007). Therefore, sig@ction, | will only describe the two robotic

devices that were used for the current studies.

5.1 MaRIA
For all studies reported in this dissertation, M&RIn MRI-compatible robaleveloped by the

Sensory-Motor Systems Lab aETH Zurich (ttp://www.sms.hest.ethz.ch/research/

mr_robotics/setup was used to guide elbow joint extension and dexiduring fMRI

recordings. The technical features of MaRIA arertgnl in detail in Study #1; therefore, here,
I will only focus on some of the advantages thatdevice provides for assessing arm-related

brain activation.

MaRIA facilitates adjustable, well-controlled, pagsand active arm movements. It interacts
with human subjects through a handle, which ischtd to and driven by a hydraulic cylinder
(Figure 1.1). The device is equipped with sensheg allow for the recording of several

movement parameters, like force and range of mo#faiditionally, the sensors permit exact
movement onset and the duration of each task tasBessed. The implementation of this
information can improve fMRI analysis in differemtays. Timing information about the

movement (e.g., onset and duration) allows foretkect modeling of brain activation related
to arm movements. This information can also helmbmitor whether participants performed
the task as instructed. As a result, unsuccessfdisformed trials that could generate
undesirable noise during fMRI analysis can be ifiedt and removed. Furthermore,

information about force and range of motion acqlitey the device can contribute to

controlling the differences in motor performancénsen trials. The robot makes it possible to
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assess maximal voluntary push force (MVPF), andreshold can be set according to this
measurement. This feature is of major importancenndssessing brain activation in response
to active motor tasks, particularly in patients ataring longitudinal studies, because
differences in force capability across subjects aedsions may influence fMRI results

considerably.

The position, height, and orientation of the deviestrict movement of the robot and can be
adjusted to fit the size of each subject. Furtheenbandle orientation can be changed so that
the assessment of both left and right arm movemmsnizossible, which permits one to
investigate brain activation in patients with p#&eaffecting either the left or right arm. To
further standardize the performance of tasks, therpeters used during one session are

recorded for each subject and used in subsequssibaes.

During each scanning session, changes in forceaarge of motion, measured by the sensors
during task performance, are displayed simultarigdasreal time on a monitor outside the
scanner room, so investigators can follow theminaonusly. When assessing brain activation
in patients, this feature can be helpful as oneatmerve whether or not the patient performed
the task as instructed. If this is not the case rétording can be stopped or, if necessary, the

task explained again to the patient.

MaRIA is controlled using MATLAB 7.6 (Mathworks Ind\atick, MA, USA) as its interface
and can be synchronized with other recording so#wdi.e., with Presentation:

http://www.neurobs.coin Therefore, the device is a flexible tool thah ¢c® used to address

several questions related to the investigatiorriof @movement-related activation.

5.2 ARMin
ARMin was developed by the Sensory-Motor Systems Lab EatH Zurich

(http://www.sms.hest.ethz.ch/research/mr_robotiogpserigure 3.1; for detail information
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about this robot, see Nef and Riener 2005; Nef. &097; Nef et al. 2009a; Nef et al. 2009b;
Guidali et al. 2011b; Guidali et al. 2011a). Thisvide is characterized by an exoskeleton
structure and is equipped with seven independegteds of freedom that allow for
tridimensional shoulder rotation, elbow flexionfmsion, pro/supination of the lower arm, and
wrist flexion/extension. The robot provides ergomonshoulder actuation that permits
translational movement of the glenohumeral heathdurm elevation and depression, thereby
reproducing anatomically-correct shoulder movemerRRecently, the robot has been

complemented by a hand module that facilitates logn@ohing and closing.

ARMin enables three therapy modes: passive arm lmmation, active game-supported arm
therapy, and active training for ADLs. All mode® aupported by virtual scenarios that are
presented to the patients on a graphical displayinD passive mobilization, the robot moves
the patient’s arm through a pre-determined trajgctbhis kind of training prevents secondary
complications, increases blood circulation, anduced joint and muscle stiffness (Nef et al.
2009a; Guidali et al. 2011b; Guidali et al. 2011na)the second therapy mode, the patient’s
motor skills are trained while the patient playffedent games (e.g., ping-pong, labyrinth)
against a computer or even another patient. Tine therapy mode focuses on ADLS, such as
eating, cooking, and table setting. During bothvactnodes, ARMin detects how much the
patient him- or herself is contributing to the mment and delivers as much assistance as
needed by the patient to complete the task (NefRiader 2005; Guidali et al. 2011a). It also
controls the position and the interaction forcenssn the robot and patient and can be used to

train both the left and right arm (Nef et al. 2007)
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6 OWN STUDIES

6.1 Study objectives

The present thesis had two main goals. Firstyiedi to improve the longitudinal assessment
of arm movement-related brain activation using fMRhe second aim was to explore brain
reorganization induced by arm training using ro@edisted therapy, and to compare these
observed patterns against those elicited by coromalttherapy. The overall objective of this
work was to gain further insights into therapy-indd reorganization in patients with chronic

stroke.

To achieve the first goal, MaRIA was used to cdnawrad monitor the performance of active
and passive arm movements during fMRI recordings. first phase (Study #1), the feasibility
of this approach in the MRI environment was testg@nalyzing the quality of the recorded
fMRI images and testing for possible device malfiorc To define the brain network that is
activated when interacting with MaRIA and, therefgrovide base information for subsequent
studies, brain activation was assessed in healibjgsts. Activation related to both active and

passive arm movements was studied (Study #1, St2dy

In the second phase (Study #2), systematic rahakahalysis was performed to test the
reproducibility of this activation over time. Inishstudy, quantitative data about movement
performance (movement onset, duration, force ange-@f motion), acquired during the fMRI
recordings with MaRIA, was used to provide precisedeling of movements for fMRI data
analysis. Whether using this information impactee teliability of brain activation patterns

associated with active and passive arm movementas examined.

To achieve the second goal of this thesis, MaRIA wsed to assess arm movement-related
brain activation in stroke patients with either ratate or severe motor impairment of the arm
(Study #3). Therapy-induced brain reorganizatios imaestigated in patients who had already

reached the chronic stage and were not expecteskperience any further spontaneous
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recovery. Participants in this study were trainildeg via robot-assisted therapy using ARMin
or via conventional therapy (i.e., physical or quational therapy). Reorganization patterns and
improvements in motor performance induced by the tmterventional approaches were

assessed and compared.
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6.2 Study #1

fMRI assessment of upper extremity related brain activation

with an MRI-compatible manipulandum$
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Abstract

Longitudinal studies to evaluate the effect of tlitative therapies require an objective,
reproducible and quantitative means for testingfion in vivo. An fMRI assessment tool for
upper extremity related brain activation using arRIMompatible manipulandum was

developed and tested for use in neurorehabilitagsearch.

Fifteen healthy, right-handed subjects participatetivo fMRI sessions, which were three to
four weeks apart. A block design paradigm, compadetiree conditions of subject-passive
movement, subject-active movement and rest, wasoswegb for the fMRI recordings. During

the rest condition, subjects simply held the dési¢endle without applying any force or
movement. The same type of auditory and visuakuctbns were given in all the three
conditions, guiding the subjects to perform the ondiasks interactively with the MRI-

compatible arm manipulandum. The tasks were cdattahcross the fMRI sessions. The
subjects’ brain activation was recorded by fMRIdatmeir behavioral performance was
recorded by the manipulandum. The brain networkaietd by the subjects’ interaction with
the manipulandum was identified, and the reprodiitgiband reliability of the obtained

activation were determined.

All subjects completed the trial protocol. Two sedif were excluded from analysis due to head
motion artifacts. All passive movements were penied well. Four out of the total 780 active
movements were missed by two subjects. Brain aativavas found in the contralateral
sensorimotor cortex, secondary somatosensory cangxon-primary motor cortex as well as
in subcortical areas in the thalamus, basal gamaglththe cerebellum. These activations were

consistent across the two fMRI sessions.

The MRI-compatible manipulandum elicited robust aegroducible brain activations in

healthy subjects during the subject-active andesitigassive upper extremity motor tasks with
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a block design paradigm. This system is promisomgrfany applications in neurorehabilitation

research and may be useful for longitudinal studies

Keywords. Brain activation, fMRI, MRI-compatible manipulandy Neurorehabilitation

Introduction

Functional magnetic resonance imaging (fMRI) iseatablished clinical diagnostic method as
well as an indispensable tool in clinical reseaithllows brain function to be measured in a

non-invasive manner and therefore allows repeatmbarements over time in order to address
questions related to brain reorganization aftertreérand peripheral damage or plasticity

following training. To ensure that the participaptsform a designed motor task in the same
manner, the performance of the task must be adelguantrolled and monitored. Furthermore,

task control and monitoring can be of great impuréafor studying effects of rehabilitative

therapies.

Tasks commonly used to study brain function - feareple wrist flexion-extension, finger
tapping or arm flexion-extension (Pariente et 802, Luft et al. 2004a; Cramer et al. 2005) -
do not allow optimally controlled studies in patendue to the difficulty of ensuring
consistency in the repetition of each task in imgrhisubjects whose motor functions are
changing over time or across subjects (inter- at@isubject variability) (Hidler et al. 2006;
Tsekos et al. 2007). Individual variability acrdsHR| sessions may confound brain activation
changes following a rehabilitative intervention. eféfore, a reduction in the number of
uncontrolled variables is essential for the aceudstermination of functional brain maps in

humans and for the understanding of rehabilitghimtesses in patients.

MRI-compatible robotic devices can overcome thaafentioned limitations by providing
control and monitoring of motor tasks (Diedrichsed Shadmehr 2005; Gassert et al. 2006;

Tsekos et al. 2007; Suminski et al. 2007; Yu eR@0D8). They are able to guide subjects to

21



Study #1: fMRI assessment with an MRI-compatibleipogandum

passively perform well-controlled and reproduciBEnsorimotor tasks tasks (Tsekos et al.
2007; Yu et al. 2008). Besides, they can work haptic interface under closed-loop control
so that subjects can move the robotic device imtnactive manner, i.e., active movements
that depend on effort of the subjects. Furthermitie movement parameters can be measured
and recorded by the robotic system, which will litatie the fMRI data analysis afterward. All
these special features enable MRI-compatible roba$és a great tool to improve
neurorehabilitation by providing a more controlle@thod of gaining insight into the brain
reorganization mechanism after damage to the demtrperipheral nervous systems and to

objectively monitor the effect of therapy at bréewel.

This study utilized an established MRI-compatibten ananipulandum, which is safe to be
placed into the MRI environment, works compatiblitwfMRI and allows extension and
flexion of the elbow joint. The main goals of tlsgidy were to (1) define the brain network
activated by the subjects’ interaction with this M®mpatible arm manipulandum while
performing voluntary (active subject) and guidedasgive subject guided by the
manipulandum) movements, (2) examine the reproditgitand reliability of activation
obtained in healthy subjects by fMRI measuremesiaguthis device, and eventually (3)
determine whether this device is suitable for uskiiure longitudinal studies to evaluate the
effect of various rehabilitative therapies. Thedindinal studies will allow us to correlate
functional recovery with specific brain activatipatterns, which promises important insights

into the ongoing recovery process.

M ethods

Subjects and the MRI setup
The study was approved by the local ethics commif&dteen healthy subjects (seven female,
eight male, age range: 20-31) were recruited to fois study. All participants gave their

written consent for their participation in the sgudNone of the subjects had any history of
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neurological or psychiatric disorder. Accordingtte Edinburgh-handedness inventory, all

subjects showed right-hand dominance.

The study was carried out in the MR-center of Ursitg of Zurich and ETH Zurich, on a
Philips Achieva 1.5 T MR system equipped with anh&nhnel SENSETM head coil. The
functional acquisitions used a T®eighted, single-shot, field echo, EPI sequendb®fvhole
brain (TR =3 s, TE = 50 ms, flip angle = 82°, F&\2220 mm x 220 mm, acquisition matrix =
128 x 128, in-plane resolution = 1.7mm x 1.7mngesthickness = 4 mm, SENSE factor 1.6).
Additionally, anatomical images of the whole braare acquired using a 3D, T1-weighted,
field echo sequence (TR =20 ms, TE = 4.6 msitigle = 20°, in-plane resolution = 0.9 mm

x 0.9 mm, slice thickness = 0.75 mm, 210 slices).

The MRI-compatible manipulandum
The manipulandum (Figure 1.1) is safe to be plaositle the scanner room for magnetic
resonance imaging (MRI) and is able to work togethieh MRI and fMRI procedures (Yu et

al. 2008).

During this investigation, the MRI-compatible mamgndum including the actuator and
sensors was placed inside the MRI scanner roomui@id.l, top). Digital components
including the control unit, electric motors poweritne hydraulic actuator, electric circuit, and
other parts of the system, were placed outsides¢haner room. Control valves and pressure
sensors were placed at the corner of the scanoar, far away from the end-effector which
was located inside the scanner bore. Optical filzakles, and hoses transmitted signals and

fluid power through the shielding wall of the MRiasiner room.

The position, height and orientation of the marapdium can be adjusted to fit the size and
movement preference of subjects (Figure 1.1, bgttohmese parameters constrain the

movement of the manipulandum. The manipulandunraste with human subjects with a
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handle, which is attached to and driven by a hydraylinder. The cylinder was specially
made of bronze and aluminum so that it can be usgde the MRI room. This hydraulic
cylinder enables the handle a linear movement ran@® cm, velocity range of 20 cm/s and
force range of up to 300 N. A self-designed antim@nufactured optical force sensor, which
is adapted from (Fueglistaller 2004), was instalketween the handle and the cylinder,
measuring the push and pull force from the sulgeatm to the cylinder. This force sensor can
measure up to 120 N in both directions. An optcedoder, LIDA 279 by Heidenhain, measures
the position of the handle. A special potential eneMTP-L 22 by Resenso, was used as a
redundant position sensor. For other component§; 8\ PET were carefully selected as the

main construction materials (Yu et al. 2008).

In order to reduce head motion artifacts duringdata acquisition, we used a self-made head
support, which covered the superior and partidiy lateral parts of the subjects head (Figure
1.1, bottom). This limited the range of head matiespecially in the spinal direction.
Furthermore, foam pillows were used to additionakgtrict the motion in the left—right

direction.
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Under position control, the manipulandum can guadsubject to perform linear smooth
movements. Under admittance control, the manipuland able to interact with subjects in
various resistance laws, such as the spring lasis(ece proportional to displacement), the
viscous law (resistance proportional to speed) ipation of the two, or some special-purpose

resistance laws (Yu et al. 2008). Specially, thenim@andum is able to receive external
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commands via an RS232 cable and then switch fiesthyeen the position control mode and

the admittance control mode. Therefore, the maaimum is able to

guide the subject’'s arm to perform pre-defineddimmovements;

- interact with the subject’s arm with various kirafgesistance;

- receive external commands and produce the corrdsppractive or passive
movements;

- record the position information of the movement;

- record pull or push force from the arm to the ayéinduring the movement.

Phantom test with the manipulandum

The manipulandum was able to work safely and pigpeside the MRI scanner room. Before
the functional study with human subjects, a phantesh was performed to examine whether
the manipulandum disturbed the MRI system. The mexm:t covered the following

conditions:

(1) phantom onlyin which the manipulandum was not in the scanoem;

(2) device silentin which the manipulandum was placed at its @esivorking location
in the scanner room, but had no connection goirtgbtlne scanner room;

(3) device powered gnn which the manipulandum was placed at its @esworking
location in the scanner room, with all transmisdioes connected and the whole
system powered on, but not performing any task;

(4) device functioningin which the manipulandum performed the passiogaments at

its desired working location.

The imaged phantom was a bottle of mineral oikdch of these experimental conditions, 20

fMRI scans were acquired for the phantom. The stlosest to the manipulandum would be
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most vulnerable to possible disturbances from tbeicg and therefore was taken as the

benchmark for evaluation of possible image artgfact

Two parameters of interest were inspected: theasignnoise ratio (SNR) and the temporal
signal-to-noise ratio (tSNR). The SNR was calculats:
mean signal in image ROI (1)

SNR =
standard deviation in image ROI

The tSNR was calculated as:

mean of voxel time series (2)
tSNR =

standard deviation of voxel time series

The signal, noise and SNR values were calculatedlfdhe 20 images at the selected slice,

and then averaged. SNR and tSNR are given in dB

fMRI motor tasks and experimental paradigm

For fMRI scans, the participants were asked toi¢ghe MRI bench and the fixation frame was
positioned above the subjects’ thighs. Afterwah@, participants were asked to flex the right
elbow to reach the handle. The position, height anentation of the manipulandum were

adjusted to ensure that subjects reached the handigerformed the functional tasks in a
comfortable way, while the upper arm remained ctogbe body without causing shoulder and
head motion (Figure 1.2). Additionally, the elbowassupported by a cushion for better comfort

and stabilization of the upper arm.

1 Decibel: (number in dB) = 20 log10 (number in ded)ma
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Initial Position

Figure 1.2 The arm extends about 3@hen the handle linearly moves about 20 cm

To investigate the subjects’ motor interactionshviiie MRI-compatible manipulandum, the
experiment consisted of three conditions: restjemtpassive movement and subject-active
movement. In the passive movement condition, stdbjeere required to hold the device’s
handle and follow its movement without applying &once to it. The speed was constantly 7.2
cm/s. In the active movement condition, by contragbjects had to push and pull actively to
produce the movement. The force-velocity profile@teéd for this mode was shown in Figure
1.3. The movement could only be initiated after fitree reached a certain threshold. Above
this threshold, an inverse viscous law was apphdtie sense that the more force the subject
applied, the faster the arm moved. The maximaldpees saturated to 10 cm/s when the force
reached 30 N or beyond. The low speed and smootiements were used for both active and
passive movements in order to avoid head motiosh tlauns, potential artifacts to brain images

(Yu et al. 2008; Yu et al. 2009).
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Figure 1.3 The force-velocity profile employed in the activede of the study

The range of motion for the handle was about 16ei0depending on the postural and
kinematic (movement direction/orientation) prefaesn as well as the size of individual
subjects. For each subject, the range of motionliaedr movement trajectory remained the
same for all passive and active movements. Thedspas smoothly reduced to zero at the two

endpoints.

The force thresholds were normalized to the caploif the subjects, defined as 20% of their
maximal voluntary push force. This force was assdssvith the MRI-compatible
manipulandum for each subject before either fMRInsing. Participants were instructed to
push the fixed handle of the manipulandum threegiwith their maximal voluntary force

without moving head and body, and the mean fort@evaas taken.

A block design (Figure 1.4) with 29 s periods dftralternating with 29 s periods for each
movement condition was used. The two movement ¢tondi were presented in a

pseudorandom order (ABBAAB, A for passive and Bdotive) and repeated ten times. Each
active or passive movement block was composed rekthepetitions of the push and pull

movement with a small pause between the repetitideace, there were a total of 30 active
and passive movements in the whole run, which dasteout 20 min. Passive and active
movements were visually and acoustically guidedetsure the active movements had

approximately the same duration as the passive dimesvisual instruction was displayed on
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a screen and consisted of a green and a red sdieuie square was presented for 4 s and the
green one was presented always first. During thigeacondition, participants were instructed
to push the device when the green square was peelsand to pull it when the red one was
displayed. The auditory instruction for the acto@ndition consisted of the words “stossen”
(German: “to push”) and “ziehen” (German: “to pikfvhich were synchronized with the green
and red squares, respectively. During the restpasdive movement conditions, exactly the
same colored squares were presented and the panticiwere asked to fixate the squares. The
auditory instruction for the passive and rest ctods consisted of the words “stossen lassen”
(German: “to be pushed”) and “ziehen lassen” (Gexnito be pulled”) for the passive

condition and “Pause” (German: “pause”) for the mmndition. The experimental paradigm

was implemented by the program Presentatiip/www.neurobs.cony/ It received trigger
signals from the MRI system, provided the visual anditory instructions to the subjects, and
sent control commands to the manipulandum (FiguBy. With Presentation, the brain

activation data and the behavioral data were symehed.
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The subjects were trained to practice the tasks pwithe scanning procedures outside of the
scanner bore so that the designed tasks were exigaidperly. The fMRI session was repeated
for all subjects three to four weeks after thet fikdR| session to examine the repeatability and

robustness of the brain activation elicited byittterested tasks.

Data analysis

Parameters of interest for assessing the motooimeaince in each block were the number of
movements, the range of motion for each movemeut tiae force in each movement. These
parameters were examined to check whether theifumatttasks were executed in the desired
way and were compared across active and passiitions as well as the two fMRI sessions.
Image processing and analysis were performed uSiRYI8 (Welcome Department of

Cognitive Neurology, Londonhttp://fil.ion.ucl.ac.uk/sp implemented in MATLAB 7.6

(Mathworks Inc., Natick, MA, USA). Data pre-prociegswas carried out for each subject prior
to the computation of the group analysis. Imagegwetion corrected by means of 7th Degree
B-Spline interpolation (6-parameter spatial transfation). The movement parameters
obtained during this procedure were used to detegrtiie extent of movements. The data of
participants that did not exceed a value of abalit &f the voxel size was included in the

analysis. Functional images were normalized intandgard space using the Montreal
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Neurological Institute template (MNI). Spatial sminiag was performed by applying a
Gaussian filter of 6 mm full-width at half-maximuiWHM), to reduce the noise and enhance
the signal. Additionally, a high-pass filter wagphed to remove slow temporal drifts with a

period longer than 256 s.

The statistical analysis was performed at two kevélt the first level, the experimental
conditions were modeled by the general linear m¢@eM) using a canonical hemodynamic
response function. To further correct residual moset artifacts that were not removed by the
previously mentioned motion correction procedune, translation parameters obtained from
this procedure were included in the design matifixthe model. Model estimation was
performed on a subject-by-subject basis for easki@e separately in order to identify the
general networks involved in the subject-active anbject-passive tasks by contrasting the
induced brain activation with that in the rest dtiod. At the second level, group analysis was
performed according to the random effects analysisg the single-subject contrast images
obtained in the first step as input. One-samplestst were generated for each movement
condition versus the rest condition and also ferdbmparison of the two movement conditions,
for each session separately. The significance fevehe resulting statistical maps was set at p
< 0.0001 (extent thresholkl = 10). To assess reproducibility and robustnesghefbrain
activation elicited by the functional tasks, twaorgae t-tests were generated for each contrast
in each session, with a threshold at @.0001 (extent threshokd= 10). Family-wise correction
was not applied to the statistical tests, and threshold was chosen because it is less
conservative. Therefore, it could be more informatand show better activations in the

expected network.
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Results

Phantom test
The SNR and tSNR values of the nearest slice tondn@pulandum were shown in Tables 1.1

and 1.2.

Table 1.1 Phantom test: signal, noise, and signal-to-noite-(8NR)

Condition SNR (dB)  Signal Noise

Phantom only 38 (0.8) 1801 (2.8) 21.6(2.1)
Device silent 38 (0.8) 1775 (4.0) 22.9(2.3)
Device poweredON 38 (0.9) 1769 (4.0) 22.4(2.3)
Device functioning 37 (0.9) 1775 (4.3) 24.8 (2.6)

Values are given as: mean (standard deviation)

Table 1.2 Phantom test: temporal signal, temporal noise temgboral signal-to-noise-ratio (tSNR)

Condition fSNR (dB) Signal Noise

Phantom only 44 (1.7) 1801 (18.7) 11.5(2.2)
Device silent 44 (1.5) 1775 (19.6) 12.7 (2.1)
Device powered ON 42 (1.3) 1769 (18.4) 13.8(2.0)
Device functioning 40 (1.7) 1775 (17.9) 17.9(3.2)

Values are given as: mean (standard deviation)

It could be observed that good signal, high SNR t8/dR were obtained in all phantom
experiments. Neither the introduction of the malapdum into the MRI environment nor its
functioning brought notable spatial or temporatulisances to the fMRI procedures. Besides,
visual inspection did not find significant differees among images obtained in different
conditions. Therefore, it has been demonstratetttieamanipulandum did not interfere with

fMRI procedures.
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Behavioral performance
All the subjects accomplished the two fMRI sessiand no subject reported any discomfort.
Two subjects (one female, one male) were excludench fthe analysis due to significant

movement artifacts.

All passive movements were performed as designédtim fMRI sessions. During the active
movement condition, a total of 390 movements wasghed for all the thirteen subjects in
each fMRI session. All active movements were pentxt in the first f/MRI session, and four
active movements were missed by two subjects irséteend fMRI session. In general, the
behavioral performance in the two fMRI sessions wage similar, and no significant

difference was observed.

The range of motion during passive movements vdraa 16 to 20 cm between subjects
depending on their size which caused some adjustsnoérthe manipulandum. In the active
condition, the range of motion depended on thentaly effort of the subjects and was reduced

compared to the passive condition (Figure 1.6).

range of motion during the active movements
range of motion during the passive movements

male subject
female subject
subject excluded from analysis

mm=

Range of Motion for Active and Passive Movements (cm)
25r

20F

Figurel1.6

Range of motion during active and

iM 2F 3E 4M 5M 6F 7F 8M 9E 10F 11M 12M 13F 14F 15M .
Subjects passive movements
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When comparing the second with the first sessioraétive movements, the average range of
motion increased from 16.5 to 19.0 cm, althoughaetlerage force decreased from 20.1to0 17.1
N. This can be partially explained by the fact thia@ average measured maximal force
decreased from 54.6 to 46.5 N and, therefore dreefthreshold of movements decreased from
10.9 to 9.3 N. The average force during passiveamants increased from 0.2 to 0.6 N in the

second measurement compared to the first measuréreguare 1.7).

force threshold, 20% of maximal force

force average value during the active movements
force average value during the passive movements
male subject

female subject

subject excluded from analysis
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Figurel.7
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Brain activation

When contrasting active movement condition veras m the first fMRI session, brain
activation was detected in the contralateral semsdor cortex (M1/S1), and bilaterally in the
secondary somatosensory cortex (S2), in the sugpitary motor area (SMA), cingulate motor
areas (CMA), the contralateral dorsal premotorecofPMd) and in the insula, (p < 0.0001,

extent threshofdk = 10). Additionally activation was found in the ilpseral cerebellum, and

2 Extent threshold: the minimum cluster threshold.
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bilaterally in the posterior cerebellum (CB), thalamus and basal ganglia. During the second
fMRI session, the same network was significantlwated, except for the posterior CB (Figure

1.8).

When contrasting the passive movement conditionnagaest, activation was found in the
same brain regions during both sessions, but nBMd and insula and only in the ipsilateral
cerebellum (p <0.0001, extent threshiokd 10; Figure 1.9). One-sample t-test analysis sttbw
that activation was stronger in all regions of #fierementioned network during active when
compared to passive movements (p < 0.0001, extesstioldk = 10). In the second session,

the contrast between active and passive movemlemigesl again significantly more activation

during active movements, except in contralateral S2

Figure 1.8 Activation for the contrast active movement versesta) in the first session ang) in the

second session

Figure 1.9 Activation for the contrast passive movement versstr) in the first session ard) in the

second session
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Although activation seemed to be stronger in alhtio@ed brain regions for the three contrasts
during the first session compared to the second tareesample t-test analysis did not reveal
significant differences between the two sessionalirthese contrasts (p 60001, extent

thresholdk = 10).

Additionally, activation was found in primary angcendary visual areas especially in the right
hemisphere, although the same visual instructianskawn in all conditions and consequently
the occipital activation should have been removidds activation was stronger during the
performance of active movements compared to passoxements. A possible explanation for
this activation may be that participants saw pathe manipulandum while they had to move

the handle actively or when the handle was movingsown.

Discussion and Conclusion

The subjects’ interaction with the new MRI-comphimanipulandum elicited activation in a
brain network that included mainly the primary s@imaotor cortex, secondary somatosensory
and medial and lateral premotor areas, as welllasostical regions during the performance of
passive and active movements. These findings amgella consistent with an earlier
investigation on passive and active elbow moveméWisiller et al. 1996). In addition,
activation in these areas was stronger when paati¢s were voluntarily moving the handle
than when they were guided by the manipulanduns $tionger activation may be explained
by the fact that participants were applying volupt@rce during the active condition but not
during the passive one. Several studies alreadyesthdhat increased force leads to stronger

activation in the sensorimotor cortex (Dai et &l02; Cramer et al. 2002; Keisker et al. 2009).

When the two sessions were compared, slight chaimgéise measured parameters were
observed. In the second session, the range of mdtiong active movements was bigger and

the voluntary force during active movements waselow his is probably due to the fact that
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the maximal voluntary force was lower on averagéha second session, leading to a lower
force threshold. The two fMRI sessions showed atistically significant differences in the
brain activation. Previous findings in the litenawn reproducibility of brain activation using
functional imaging techniques are controversialsbme studies, repetition of specific tasks
induced changes in brain activation (McGonigle .€2@00; Loubinoux et al. 2001), while other
studies reported robust activation across sesg@aey et al. 2000; Alkadhi et al. 2002). A
lack of reproducibility can be accounted by mutipactors such as familiarity to the MRI
experiment and environment. Less attention, siiladsmemory effects may also reduce brain
activation when participants become familiar wtike procedure. For instance, Loubinoux and
colleagues (Loubinoux et al. 2001) suggested tHahg-term memory representation of the
sensorimotor task can be implemented into the megstem along the sessions, leading to
differences in cortical activation. Further, difeces in task performance may influence the
recorded brain activation and lead to inter-sessiariances. While some confounding
variables, such as familiarity, cannot be contwlbeecisely, differences in task performance
can be monitored by MRI-compatible devices, whiah belp to interpret differences in brain
activation between sessions. Furthermore, MRI-cdileadevices allow well-controlled and
reproducible tasks and thus allow comparable sessRrevious studies that used standardized
movements reported high consistency of brain attinasuggesting that the performance of
controlled movements can improve the reproducibdit brain activation (Carey et al. 2000;
Alkadhi et al. 2002). In our investigation, we usedovel MRI-compatible manipulandum that
allows adjustable, well-controlled and reproducipéessive movements across fMRI sessions
and subjects, interactive movements with varionsikiof resistance, free switch between the
active and passive movements under external contirad recording of the behavioral
information such as position and force. The stromgrolled settings enabled the re-occurrence
of the same active and passive movements seveedswadter, without inducing significant

changes in brain activation.
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Our study is promising for long-term studies imidal settings with the application of MRI-
compatible devices in the MRI environment to perfararious functionally meaningful tasks.
This suggests that our device can be used as ancbhMRpatible tool to explore brain
reorganization following injury and to evaluate abllitative interventions in patients suffering

from damage to the central or peripheral nervostesys.
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Abstract

In neurorehabilitation, longitudinal assessmentagh movement-related brain function in
patients with motor disability is challenging du \tariability in task performance. MRI-
compatible robots monitor and control task perfarogg yielding more reliable evaluation of

brain function over time.

The main goals of the present study were firstabng the brain network activated while
performing active and passive elbow movements antiVMRI-compatible arm robot (MaRIA)
in healthy subjects, and second to test the repibility of this activation over time. For the
fMRI analysis two models were compared. In modehdvement onset and duration were
included, whereas in model 2 force and range ofonatere added to the analysis. Reliability
of brain activation was tested with several statiétapproaches applied on individual and

group activation maps and on summary statistics.

The activated network included mainly the primargton cortex, primary and secondary
somatosensory cortex, superior and inferior pdroetdex, medial and lateral premotor regions,
and subcortical structures. Reliability analyse®aéed robust activation for active movements
with both fMRI models and all the statistical medlbaused. Imposed passive movements also
elicited mainly robust brain activation for individl and group activation maps, and reliability

was improved by including additional force and e motion using model 2.

These findings demonstrate that the use of rola®igces, such as MaRIA, can be useful to
reliably assess arm movement-related brain aotivatn longitudinal studies and may
contribute in studies evaluating therapies andnbpéasticity following injury in the nervous

system.

Keywords: fMRI, elbow flexion/extension, neurorehabilitatidlRI-compatible robotic

devices, reliability, sensorimotor network
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Introduction

Functional magnetic resonance imaging (fMRI) allawsasuring brain function in a non-
invasive manner and therefore offers the possitititrepeat measurements over time. This is
an important prerequisite to address questionseckl® brain reorganization after central or
peripheral damage of the nervous system and tdigtggollowing training or rehabilitation
treatments. In longitudinal studies, the use cagmms able to provide robust activation across
sessions is crucial. For example, during motordaliterences in movement parameters across
sessions (i.e. force, frequency, range of movemeray cause large differences in brain
activation, complicating the interpretation of thesults. To ensure a comparable motor
performance across sessions, the relevant paraodtire task must be adequately controlled

and monitored.

Consistency across sessions is even more chalenwgmen studying patients with motor
impairments whose motor output, i.e. force, ranfjmovement etc., may change over time.
This variability in task performance may conseqlygotevent meaningful conclusions related
to brain activation changes following rehabilitatimterventions and reorganization processes

after injury.

MRI-compatible robotic devices have the potentabtercome the aforementioned limitations
by providing control and monitoring of the motorrfeemance over time. They guide the
subjects to perform well-controlled and reprodugiphssive sensorimotor tasks and provide
standardized conditions for active movement exeautY'u et al. 2008; for review see Tsekos
et al. 2007). Furthermore, movement parameterdearcorded and quantified by the robotic
system during the actual experiment. The colledie can then be incorporated into fMRI
data analysis allowing accurate interpretationsusTiMRI-compatible robots are promising

tools for investigating brain reorganization medbars and plasticity related to
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neurorehabilitation by providing a well-controlledethod for motor execution and for

objectively monitoring the effect of therapy in jgatts with motor impairment.

For longitudinal assessments of brain functiori;tetest analyses are essential to ensure that
activation obtained with fMRI is reliable and doex randomly vary across repeated measures.
In healthy subjects reliability of brain activatibas been tested for a variety of cognitive and
non-cognitive tasks (for review, see Bennett antdlei2010). With respect to motor function,
reliability has been mainly assessed for activgdimor hand movements (Carey et al. 2000;
Loubinoux et al. 2001; Yoo et al. 2007; Kong et28l07; Kimberley et al. 2008a; Kimberley
et al. 2008b; Friedman et al. 2008; Gountouna.e2@l10; Lee et al. 2010; McGregor et al.
2012). In contrast, the reliability of brain actiie patterns was rarely studied in passive motor
tasks (Loubinoux et al. 2001). Only one study sddated the reproducibility of activation in
the primary motor cortex (M1) during active elbdexion and extension (Alkadhi et al. 2002).
Furthermore, to our knowledge there are no stualielsessing reproducibility of passive arm
movements. This is surprising, considering that arovements are of major importance in the

field of neurorehabilitation.

It is still a matter of debate which is the mosprpriate test-retest analysis to assess
reproducibility of brain activation. Therefore, f@ifent approaches were suggested, which all
have advantages and disadvantages (for revievBexaaett and Miller 2010). The calculation
of various aspects of reliability should therefajewe a more detailed estimation of the

reproducibility in an fMRI study (Specht et al. Z)0

In the present investigation we test the reliapiit brain activation during active and passive
arm movements in healthy subjects. To this purposkIRI-compatible arm robot (MaRIA),
which guides extension and flexion of the elbowfpivas used in an fMRI event-related design
(ERD) (Yu et al. 2008; Yu et al. 2011). The dewvatlews monitoring and quantifying relevant

movement parameters (movement onset, duratiorg ford range of motion). Here we present
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two possible fMRI models to show how this infornoatican be best used to assess brain
activation related to arm movements. This studytiadmain goals: first, to explore the brain
network responsible for active and passive arm m&res performed with MaRIA and second,
to examine the reproducibility of this activatiop d&pplying various test-retest analyses. Since
in future studies MaRIA will be used in variousipat populations individual results are of
major interest. Therefore, besides the reliabdggessment on group results, the reproducibility
of brain activation during active and passive arovements was also tested at single-subject

level.

Material and Methods

Participants

Nineteen healthy subjects (nine female, ten makamm 25 years, age range: 20-37 years)
without history of neurological or psychiatric diders were recruited for this study. All
subjects had right-hand dominance (Annett 1970¢. Sthdy was approved by the local ethics
committee and all participants gave their writteformed consent for participation prior to the
experiment. In order to assess the reliability wh anovement-related brain activation the

volunteers participated in two fMRI sessions agtinéls of three to four weeks.

MaRIA
MaRIA was developed by the Sensory-Motor Systemd lLaf the ETH Zurich

(http://www.sms.hest.ethz.ch/research/mr_robotiogfse The device (Figure 2.1) can be

safely placed inside the MR scanner room, is coibleatvith fMRI, and allows extension and
flexion movements of the elbow joint. A detailedsdeption of this device was published in a

pilot study (Yu et al. 2008; Yu et al. 2011). THere, only a brief description is provided here.
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Figure 2.1 Experimental setup: MaRIA is positioned slightlyoge the legs of the patients. At start

position the arm is placed at 90° flexion. The posiand orientation can be adjusted to fit the @i

the patients. The settings used during the firstisa are stored and used in subsequent sessigaff- A

made head bowl is used to avoid motion artiféictedified from (Yu et al. 2011) with permission of

Springer Science and Business Media)

MaRIA allows adjustable, well-controlled, passivelactive arm movements. It interacts with

human subjects through a handle, which is attathedd driven by a hydraulic cylinder. The

cylinder allows moving the handle in a translatiadigection, with a maximum motion range

of 25 cm, maximum speed of 20 cm/s and force (BON. An optical force sensor, installed

between the handle and the cylinder, measuresuie and pull forces from the subject’'s arm

to the cylinder. In addition an optical encoder mgas the position of the handle, thus

providing the recording of the handle’s range oftiorofor each movement. The sensors also

enable the assessment of movement onset and dufdtis timing information allows an exact

modeling of the brain activation related to arm emmentsThe position, height and orientation

of the device constrain the movement of the rolnot @n be adjusted to fit the size of each

subject. To further standardize the performanctheftasks the parameters used during one
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session are recorded for each subject and usetdbseguent sessions. The device is controlled
using MATLAB 7.6 (Mathworks Inc., Natick, MA, USA9nd can be synchronized with other

recording softwares, such as Presentafiiip://www.neurobs.conyBelow we will refer to

the range of motion of the device’s handle as dROM.

fMRI procedure and experimental paradigm

For the fMRI scans, the participants were positibsepine on the MR scanner table with the
fixation frame of the device above the subjectgjlib. The participants were asked to flex the
right elbow to reach the handle. The position, hieand orientation of MaRIA were adjusted

to ensure that subjects could reach the handlparidrm the tasks in a comfortable way, while
the upper arm remained close to the body withousiog shoulder and head motion. The elbow
was supported by a cushion for better comfort dadilization of the upper arm. At the start

position, the elbow was flexed by 90°. A maximdal extension reached approximately

120°, so that the range of motion of the subjesitsdw was about 30°.

To reduce head motion artifacts during data actjpinsiwe used a custom-made head support,
which covered the top and partially the sides efdhbjects’ head (Hollnagel et al. 2011), thus
limiting the range of head motion, especially ire tbranio-caudal direction (Figure 2.1).

Additional foam pads restricted the motion in teright direction.

To investigate brain activation during the subjentstor interactions with MaRIA, an ERD
was used for the experiment. The experiment catsisf three conditions: passive arm
movement, active arm movement and rest. In theiygmssendition, subjects were required to
hold the device’s handle and let it move withoyplgimg force. The speedas kept constant
at 7.2 cm/s. In the active condition, subjects tmgush and pull the handle actively. The
movement could only be initiated when the forcecheal a certain threshold, defined as 20%

of the subjects’ maximal voluntary push force (MYPFhe MVPF was measured by MaRIA
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for each subject in the scanner prior to fMRI séagnParticipants were instructed to push the
fixed handle of the robot three times with theinmaal voluntary force without moving head
and body, and the mean force value was recordeaveéthis threshold, an inverse viscous law
was applied in such a way that an increase inditeefapplied by the subject induced an increase
in the arm movement speed. Maximal speed was s$etuta 10 cm/s when the force reached
30 N or beyond. For both, active and passive mowsnéow speed and smooth movements
were selected to avoid head motion and potentiaimgaartifacts in the images (Yu et al. 2008;
Yu et al. 2009). The dROM was approximately 16—@0depending on the body size of the
individual subject. For each subject, the dROM Hrallinear movement trajectory remained
the same for all passive and active movementsnuhie period of rest, subjects were simply
asked to hold the device’s handle without applyorge. In order to test the reliability of this
procedure in a standardized way, the same settinfiguiration used during the first session

was applied in the second.

A total of 30 trials per condition were presentaddomly to the participants. Each trial lasted
13.5 s and was composed of a short instructioovi@tl by 8 s of task period and of an inter-
stimulus interval (IS1) with a jitter of 3+1 s. Thiiration of the whole run was about 20 min.
Passive and active movements were visually andstically guided to ensure that the active
movements were performed similarly across trial$ sessions, and had the same duration as
the passive ones. Visual instructions, displayed sareen in front of the subject, consisted of
a green and a red square being presented for dhs widh the green always presented first.
During the active condition, participants were linsted to push the device upon appearance of
the green square and to pull it when the red oreedisplayed. The auditory instruction for the
active condition consisted of the words “stosséérfnan: “to push”) and “ziehen” (German:
“to pull”), which were synchronized with the greand red squares, respectively. During the
rest and passive movement conditions the sameetblsquares were presented and the
participants were asked to fixate the squaresthi@passive and rest conditions the auditory
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instructions consisted of the words “stossen ldsg&erman: “let it push”) and “ziehen lassen”
(German: “let it pull”) and “Pause” (German: “paliseespectively. The fMRI data acquisition

and the tasks were synchronized applying Presentdtittp://www.neurobs.cojn This

software received trigger signals from the MR systend provided the visual and auditory
instructions to the subjects. Additionally, it seontrol commands to MaRIA instructing the
device to switch from one condition to the othdigwing the initiation of active or passive

movements. Prior to both scanning sessions theestsbjvere trained to practice the tasks

outside of the scanner bore to ensure proper @s@rmance.

During each scanning session the change in forded®OM, measured by the force and
position sensors during the tasks, were display@ail&neously in real time on a monitor
outside the scanner room, allowing constant manigdoy the investigators to ensure that the

subjects were performing the tasks correctly.

Behavioural data analysis
To assess the motor performance the following patars were computed for each subject and
session separately: force and dROM per trial, dsagsemean force and mean dROM for the

30 active and 30 passive movements separately.

During the arm movement itself, the force appliedtioe device’s handle was normalized by
the MVPF. In each session the mean force values m@malized by the respective MVPF.
The parameters for the individual trials were vigumspected to check whether the motor
tasks were executed correctly. To identify differen between sessions, paired t-tests were
performed on the normalized mean force for thevactind the passive movements. The
Kolmogorov-Smirnov test for mean dROM for activedapassive movements showed
significant results, indicating that the values avaot normally distributed. Therefore, to test

differences in the mean dROM between sessions,anamgetric tests were applied.
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MRI data acquisition

The study was carried out in the MR-center of tlméversity and ETH Zurich, using a Philips

Achieva 1.5 T MR system equipped with an eight dehSENSETM head coil. The functional

acquisitions consisted of a T2* weighted, singletsfield echo, EPI sequence of the whole
brain (TR =3 s, TE = 50 ms, flip angle = 82°, F&\2220 mm x 220 mm, acquisition matrix =

128 x 128 mm, in-plane resolution = 1.7 x 1.7 mimeghickness = 4 mm, SENSE factor 1.6).
Additionally, anatomical images of the entire braiare acquired using a 3D, T1-weighted,
field echo sequence (TR =20 ms, TE = 4.6 msditigle = 20°, in-plane resolution = 0.9 x 0.9

mm, slice thickness = 0.75 mm, 210 slices).

Data analysis
Image pre-processing and statistical analysis wsggformed using SPM8 (Welcome

Department of Cognitive Neurology, Londohttp://fil.ion.ucl.ac.uk/spm implemented in

MATLAB 7.6 (Mathworks Inc., Natick, MA, USA). “Rean and unwarp” facility was applied
on the EPI images to correct for motion artifaagtsl additional susceptibility-by-movement
interactions. The motion parameters obtained duhisgprocedure were used to determine the
extent of movements. Functional data that did noeed displacement of one voxel size was
included in the analysis. The realigned functiomahges of each session were then co-
registered with the T1-weighted structural imageguaed during the first MRI session. To
achieve an accurate registration of the images detwboth scanning sessions DARTEL
registration (Diffeomorphic Anatomical Registratioising Exponentiated Lie algebra) was
performed (Ashburner 2007). With this procedurergadigned EPI images were normalized
and smoothed with an 8 mm full-with half-maximumuSsian kernel. Additionally, a high-
pass filter was applied on the preprocessed fumakimnages to remove slow temporal drifts

with a period longer than 128s.
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The statistical analysis was performed at singlgesut and group level. At the single-subject
level, the experimental conditions were modeledhigygeneral linear model (GLM) using two
approaches: first by explicitly modeling all threenditions, i.e. rest, passive and active arm
movements (contrasts against rest), and seconabgling only the movement conditions, i.e.
active and passive arm movements (single contrasdg)jtionally, for each of these approaches
two different types of models were performed fochkeaubject. In the first model, the
experimental conditions were modeled in a moresaas way using only information about
the movement onset and duration. The exact moveomset and duration of each task, needed
for modeling, were provided by the device and aooaal hemodynamic response function
was used. In the second model, besides the thretheortwo experimental conditions
respectively, two user defined regressors per@esstre added into the design matrix of each
participant. The first one consisted of the megpliag force per scan normalized by the MVPF
and the second was the maximal dROM per scan reddyy the device. This model should
help to reduce additional variance due to diffeesna performance. All the analyses described

below were performed for both models separately.

For both models individual statistical parametriap® (SPM) were calculated for each
movement condition versus rest (first approach) amdhe single contrasts for active and
passive arm movements (second approach) for easloseseparatelyGroup analysis was
performed according to the random effects analysiisg the single-subject contrast images as
input. One-sample t-tests were performed for the fmntrasts of interest per session. The
significance level for the resulting statisticalpsavas set at p < 0.05, corrected for multiple
comparisons (family wise error (FWE)). Additionaledyses were performed at an uncorrected
threshold of p < 0.001. Pair-t-tests were comptitedhe four contrasts to assess differences

in activation maps across sessions.
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Average and maximum t-values for each of the relegantrasts were calculated in predefined
anatomical regions of interest (ROIs) for both fivdekssions separately. Differences in brain
activation between the sessions were estimatedimparing the average t-value in each ROI
using paired t-tests. The same analysis was aldorped for the maximum t-value for each

contrast and ROI. This analysis was performed i8SP9.Qhttp://www.spss.coin

In the majority of the cases ROIs were defined thaseprobabilistic cytoarchitectonic maps

implemented in the SPM anatomy toolbox httj://www.fz-juelich.de/ime/

spm_anatomy_toolbgxickhoff et al. 2005; Eickhoff et al. 2006b; E¥f et al. 2007). The

bilateral analyzed areas were the primary mototegofM1), including Brodmann area (BA)
4a and 4b (Geyer et al. 1996), the primary somasmsg cortex (S1) including BA 3a, 3b, 1
and 2 (Geyer et al. 1999; Geyer et al. 2000; Geefke al. 2001), and the secondary
somatosensory cortex (S2) corresponding to theetadroperculum (OP1-4, Eickhoff et al.
2006a; Eickhoff et al. 2006b). Bilateral ROIs watso defined for the superior parietal cortex
(SPC) including BA 5 and 7 (Scheperjans et al. )@ heperjans et al. 2008a) and inferior
parietal cortex (IPC), comprising areas PFt, PEmPIFFcm, PFop, PGa, PGp (Caspers et al.
2006; Caspers et al. 2008). The supplementary naotar (SMA) and the cingulate motor areas
(CMA) were defined using the Anatomic Automatic kedbg (AAL) (Tzourio-Mazoyer et al.
2002) implemented in the standard software WFU &lak (Maldjian et al. 2003). In order to
define the premotor cortex (PMC) and divide it iat@entral and a dorsal part, a ROI for the
BA 6 was created using the anatomy toolbox (Gey#)42 Subsequently, the SMA was

subtracted from the BA6 wusing MRIcron(http://www.mccauslandcenter.sc.edu/

mricro/mricron). The remaining part was divided into the dorsal P{R®1d) and the ventral

portion of BA6 which together with BA 44 was defthas the ventral PMC (PMv). Based on
the meta-analysis by Mayka et al. (Mayka et al.&@be boundary between these two regions

was set between z = 35 (MNI z = 38) medially ard4b (MNI z = 49) laterally. Finally, ROIs
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for the cerebellum (CB) were defined by combinifigaeeas included in the anatomy toolbox

(Diedrichsen et al. 2009).

Reliability analyses

All reliability measures reported below were ongrformed in the ROIs that were activated in

at least 80% of the subjects, in all contrastantérest and both sessions using both models.
This allowed to reduce the data volume and to perfa reasonable comparison of the

reliability values across both models and condgiorhese regions were the contralateral M1,

S1, SMA, PMd, and SPC.

Reliability of activation maps
For comparison with other reliability studies, thedative amount of overlapping volume
Rioveriap between the two sessions was calculated accordintyet formula introduced by

Rombouts et al. (Rombouts et al. 1998):

ij _ 2 X Voverlap (l)
Roverlap - Vi + V]

Where \(and Vf denote the number of suprathreshold voxels wahiivation maps in session

I and session j respectively, andwaprepresent the number of voxels that pass the tbldsh
in both sessions. For the estimation of the.dapa statistical threshold of p < 0.001
(uncorrected for multiple comparisons) was use@ Fhverapcan range from 0 (no overlap) to

1 (perfect overlap). This measure tests the remibdily of the location of activated voxels
above a threshold and is independent of the atialles of these voxels once they pass the
threshold. In the present study, th&,Rapwas used to assess test-retest reliability of brain
activation of both the single subject data andattevzation maps of the group analysis within
predefine ROIs.
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By setting a threshold, small differences in adiova can be overestimated affecting
considerably the size of the obtainethRiap For example, some voxels may have a similar
activation during both sessions, but may be belwvhreshold in one session and above it in
the other. In spite of similar activation pattetingse voxels would be classified as inconsistent
between the sessions. To overcome this limitatidraclass correlation coefficients (ICC) of
contrast t-values for pairs of activation maps weieulated. This computation is based on all
voxels in the brain and therefore, is not dependent threshold. In our study, test-retest
reliability was computed across all voxels withatk of the ROls separately for individual and
group activation maps. ICC values were calculateidgua two-way mixed model ICC for

consistency using the following formula (Shrout &ibeiss 1979):

BMS — EMS )

ICC(3,1) =
3L BMS + (k — 1) x EMS

BMS and EMS denotes the mean square for betweesl goxl error variance respectively, and
k is the number of sessions. The ICC ranges frdiovd reliability) to 1 (perfect reliability).
Although some reliability studies have been peridnon fMRI data in the past, there is still
no consensus regarding the acceptable level odbikty. In order to have a basis for
comparison in our study, ICC values were classifietexcellent’ above 0.75, ‘good’ between
0.59 and 0.75, ‘fair’ between 0.40 and .58 andftptor values lower than 0.40, as proposed
by Cicchetti and Sparrow (Cicchetti and Sparrow1)9& the following text ‘high’ will also

be used for ‘excellent’ and ‘moderate’ for ‘faifhe calculated coefficient represents a value

for intra-voxel reliability and we will refer to #s ICGiitin (Raemaekers et al. 2007).

To summarize the results of the single subjectsatferage Rerapand the average 1Gfgin
were calculated. In order to average the (& values across subjects, Fisher's z-

transformation was applied on the I estimated for each subject.
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Reliability of summary statistics

To assess test-retest reliability across subjEe@ was also calculated on the average t-values
and the maximum t-valuder each ROI and contrast separately. ICC value® walculated
using the same formula as before for the t-valdgbevindividual and group activation maps
(Shrout and Fleiss 1979). BMS and EMS denote trenrsquare for between subject and error
variance respectively, and k denotes the numbesessions. In this case, the calculated
coefficient represents a measure for between-sulgbkability, referred as ICgewween FOr this
calculation, values are high for large between exttbyariance and small between session
variance. The coefficients were tested againstugiy a significance level of p < 0.05 (Shrout

and Fleiss 1979).

Results
All 19 subjects accomplished the two fMRI sessidng,two (one female, one male) had to be
excluded from the analysiene due to the presence of significant movemseifidets and the

other due to a technical problem in the synchrdiumaof the tasks with the scanner

Behavioral performance

All subjects performed all active and passive moaeis as instructed. Mean MVPF was 47.2
N (£24.3) at the first and 42.4 N-Z2.7) at the second session. The mean force foreact
movements was 20.0 NZ.5) during the first and 17.8 Nt2.0) during the second session,
while for passive movements the mean force wadN3£1.6) and 4.0 N £1.4), respectively.
Paired sample t-tests performed on the normaliaezkfvalues for each movement condition
and for MVPF did not show any significant differescin performance between sessions
(passive, t(16) = -1.29, p(16) = 0.21; active, }(38.33, p(16) = 0.75; MVPF, t(16) =2.1, p
= 0.053). In the active movement condition, the méROM was 17.1 cmt(.8) during the

first session and 18.3 cmt4.1) during the second one. For passive movemengsmian
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dROM was 18.0 cn{l) and 19.5 cm#+0.6), respectively. Furthermore, non-parametritstes
on the dROM values did not differ significantly iween sessions (passive, z = -1.9, p = 0.61;

active, z =-1.4, p = 0.15).

Brain activation
Model 1
In model 1, the experimental conditions were madieleing information about the movement

onset and duration provided by the device.

In the first fMRI session, when contrasting thehactmovement condition with rest, group
analysis revealed activation in left M1, S1, CMA&G anterior insula and in the right anterior
and posterior CB. Bilateral activation was foundSa, IPC, SMA, PMd, PMv and the mid
insula (p < 0.05 corrected for multiple comparigoriduring the second session, similar
activation patterns were found, except in the Pty ia the left insula. Additionally, CMA was
activated bilaterally. For both sessions, all régabareas were activated bilaterally when a less
conservative correction was applied (p < 0.001 wected for multiple comparisons).
Additionally, activation was detected in the rightddle temporal gyrus, bilaterally in the
posterior insula and the basal ganglia, and indfte¢halamus and brainstem (Figure 2.2a). For
the single contrast, active movement activation feasd left in M1, S1, SMA, PMd, SPC,
bilaterally in S2, IPC, and in the right PMv, CMAd anterior CB during the first session.
During the second session this first model shovetidation only in left M1, S1, SMA, PMd,
SPC and right in IPC (p < 0.05 corrected for midgtipomparisons). In both sessions, non-
corrected activation maps revealed activation exsaame network as for the active movement
condition contrasted with rest with the exceptidrihe left thalamus, right basal ganglia and

right middle temporal gyrus (Figure. 2.2b).
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Model 1 Model 2

active arm
movement vs. rest

active arm
movement

passive arm
movement vs. rest

passive arm
movement

Figure2.2 Transversal sections showing the overlap of atitiman both fMRI sessions for all contrasts
of interestand for model 1 (a, b, e, f) and model 2 (c, d, g()< 0.001 uncorrected for multiple
comparisons). Activation during first session Jresecond session (yellow) and both sessions

(orange) were superimposed on a single subjectl&enpsing xjView [ittp://people.hnl.bcm.tmc.edu/
cuixu/xjView/). The most informative slices are displayed

When contrasting passive movement with rest foh BbRI sessions, the group activation
patterns were similar to those in the contrasivaatiovement versus rest. Only the insula and
the PMv were not activated. In addition, activatieas found in the left anterior CB during the
first session. PMd was activated during the fiestsson bilaterally and only on the left during
the second one. Bilateral activation was foundihACiuring both sessions (p < 0.05 corrected
for multiple comparisons). For both sessions, adlaa of this network showed bilateral
activation when the activation maps were not coeafor multiple comparisons (p < 0.001).
Additional activation was detected in the left #Hralis and in the basal ganglia, middle temporal

gyrus, PMv and the mid and posterior insula bikter(Figure 2.2e). For the single contrast,
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passive movement activation was found in the left, 1, PMd and IPC in both sessions.
Activation in S2 was only detected in the left hephiere during the first session. When
activation maps were not corrected for multiple pansons (p < 0.001) the same activation
pattern was found as for the contrast of passiveements versus rest, except for the right M1,

S1, SPC, PMv and left CB (Figure 2.2f).

For both active and passive movements, the sirgiéast showed in general less activation
when compared to the contrast with rest. Coordinéde local maxima for all contrasts and

ROIls using model 1 are shown in Table 2.1.

Table 2.1 Coordinates of local maxima (MNI) for all ROIs aoahtrasts of interest during the first and

second session using model 1.

Model 1

Active arm movement

Contrast with rest

Single contrast

ROI Session 1 Session 2 Session 1 Session 2
X y z X y z X y z X y
M1 L 32 -27 60 33 -21 57 27 21 53 33 21 59
R 12 -30 50 9 -29 48 20 -26 57 26 -33 65
S1 L -33  -30 59 30 -32 59 -33  -30 59 -32  -30 62
R 17 -35 50 36 -27 38 20 -39 56 36 -27 38
SMA L -8 -6 54 -4 -12 65 12 -11 53 15 -11 63
R 12 1 66 12 0 65 15 -11 66 14 0 62
CMA L -6 3 42 -8 1 44 -8 -6 50 -8 1 41
R 17 -30 42 11 -29 44 18 -30 42 15 -29 41
PMd L 27 21 60 -30 -18 57 -29  -20 56 -29  -20 56
R 21 17 65 35 -3 45 20 -18 65 39 -3 44
PMv L -44 9 -42 -6 50 -50 1 -48 3 6
R 54 7 48 9 8 54 6 44 -3 44
SPC L -21 -41 62 -18  -42 63 -18 -39 63 -20 41 65
R 15 -29 41 11 -29 44 17 -29 42 15 -29 41
IPC L 51 -30 23 51 -30 23 51 -30 23 51 -29 23
R 60 -26 23 57 -26 30 57 -32 41 63 -27 35
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Table 2.1 continued

Model 1

Active arm movement

Contrast with rest

Single contrast

ROI Session 1 Session 2 Session 1 Session 2
z X y z X y
S2 L -48 -30 23 44 -32 23 -48  -30 23 -50 -29 23
R 62 -26 23 56 -27 26 62 -24 23 44  -29 26
CB L 2 -65 -16 -2 48 -24 -51  -26 0 -50 -24
R 20 -54 -20 21 -50 -23 -53  -15 21 53 -21
Passive arm movement
Contrast with rest Single contrast
ROI Session 1 Session 2 Session 1 Session 2
z X y z X y
M1 L -32  -26 59 -33 -32 56 -33  -26 57 -33 27 66
R 2 -21 50 0 -26 50
S1 L 33 -30 59 -32  -33 59 33 -30 59 -24 41 57
R 20 -33 47 24 -44 65 23 41 57
SMA L 0 3 47 -8 -6 56 -12 -6 71 -8 -11 74
R 11 3 68 2 -3 53 11 0 69 6 -5 59
CMA L -8 -23 47 -12 -26 41 -6 -18 48 9 21 44
R 3 3 44 12 7 38 12 27 18 14 9 38
PMd L 35 -27 69 -35 -27 69 -35 27 69 35 -27 69
R 3 44 0 -24 47 o -17 53 0o -17 53
PMv L -50 -44 -8 53 -50 1 6 -44 12 53
R 57 53 3 0
SPC L -23 44 62 -18  -42 63 23 -42 62 -24  -42 66
R 17 -35 44 14 -27 45 20 -53 60
IPC L 51 -29 21 51 -32 20 51 -29 23 59  -29 26
R 60 -33 23 60 -35 24 54 -27 29 53 -32 24
S2 L -50  -30 20 -44  -27 20 -45 -30 21 44 26 21
R 60 -26 24 53 -29 24 56 -27 26 53 29 24
CB L -33  -48 -33 2 -60 -14 0 -69 -6 -14  -62 -9
R 26 -50 -21 21 -48 -21 17 -56 -12 24 -53 -20

bold: denote activations corrected for multiple pamsons with FWE < 0.05; non-bold: denote uncorrected
activations with a threshold pf< 0.001.

ROI: region of interest; M1: primary motor corté&¢: primary somatosensory cortex; SMA: supplemgntartor
area; CMA: cingulate motor areas; PMd: dorsal pitemoortex; PMv: ventral premotor cortex; SPC: gige
parietal cortex; IPC: inferior parietal cortex; SBcondary somatosensory cortex; CB: cerebellum.
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Model 2
In this model, besides the experimental conditiadsljtional movement parameters (i.e., force

and dROM) provided by the device were implement¢ol ihe data analysis.

Applying model 2 the activemovement condition compared to rest showed fon Bessions
the same activation patterns as in the analyskstivé first model. This was the case using both
thresholds (p < 0.05 corrected and p < 0.001 uected for multiple comparisons, Figure
2.2c). For both fMRI sessions the single contrastftive movements revealed activation in
left M1, S1, SMA, CMA, PMd, SPC, in S2, IPC bila#y, and in right PMv, and right
posterior CB. During the second session activatias also found in the right mid insula and
CMA (p < 0.05 corrected for multiple comparisoridipcorrected activation maps revealed for
both sessions the same network as in the activement condition contrasted with rest, except

for the right middle temporal gyrus (Figure 2.2d).

For both sessions and thresholds the activatiotenpat in the passive movement condition
compared to rest activation were similar to thegmrted for model 1 (p < 0.05 corrected and
p < 0.001 uncorrected for multiple comparisonsukeg2.2g). For the single contrast passive
movement activation was found in the same netwsiik éhe contrast with rest, except for the
bilateral activation in SMA and CMA during the firsession. Using this second model, the
same activation patterns as those for passive mawveoondition contrasted with rest were
found when the activation maps were not correatedultiple comparisons (p < 0.001, Figure

2.2h).

For active and passive movement, the activatiotepadf the contrast with rest and the single
contrast were largely identical. Coordinates faalomaxima for all contrasts and ROIs using

model 2 are shown in Table 2.2.
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Table 2.2 Coordinates of local maxima (MNI) for all ROIs aoahtrasts of interest during the first and

second session using model 2.

Model 2

Active arm movement

Contrast with rest Single contrast
ROI Session 1 Session 2 Session 1 Session 2
X y z X y z X y z X y z
M1 L 30 -20 53 -32  -20 54 30 -20 53 -32  -20 54
R 12 -30 51 11 -29 48 12 -30 51 11 -29 48
S1 L 33 -30 59 30 -32 60 33 -30 59 32 -30 62
R 17 -35 50 33 -29 39 17 -33 50 36 -27 38
SMA L -8 -6 56 -4 -12 63 -8 -8 56 -4 -12 63
R 12 0 66 12 -2 66 12 0 65 12 -2 66
CMA L -8 3 42 -8 3 44 -8 3 42 -8 3 44
R 17 -30 44 11 -29 45 17 -30 44 12 -27 45
PMd L -26  -20 59 -32  -18 60 -26  -20 62 -33  -18 59
R 20 -18 65 17  -12 62 20 -18 65 14 -8 63
PMv L -45 9 3 -48 3 -50 1 -44 12 53
R 56 7 11 50 7 6 56 7 9 50 7 6
SPC L -14  -26 48 -18  -42 63 -14  -26 48 -18 42 63
R 17 -30 44 11  -29 45 17 -30 44 11 -29 47
IPC L 51 -30 23 42 -32 21 50 -32 23 -42  -32 21
R 51 -27 32 56 -27 30 51 -27 32 51 -26 29
S2 L -48  -30 23 42 -32 23 -48  -30 23 -44  -30 21
R 62 -26 24 4 24 26 62 -24 23 44  -24 26
CB L 0 -71 -7 2 -63 -14 0 -62 -18 2 -63 -14
R 25 -48 -25 21 -50 -23 25 -48 -25 21 -50 -23
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Table 2.2 continued

Model 2

Passive arm movement

Contrast with rest

Single contrast

ROI Session 1 Session 2 Session 1 Session 2
z X y z X y
M1 L -32 27 60 -33 -32 56 -33  -29 59 -32  -29 62
R 2 21 50 0 -26 50 2 21 50 2 23 48
S1 L 33 -30 59 32 -32 59 33 -30 59 33 -32 59
R 33 -38 53 24 42 66 33 -35 56 32 -38 53
SMA L 0 47 -8 -20 50 -3 -3 56 -8 -20 50
R 11 66 2 -3 53 11 0 66 6 -2 60
CMA L -2 47 -3 0 47 -8 -23 48 -8 -23 45
R 3 44 12 7 38 2 1 44 11 7 39
PMd L -33  -26 71 -35 -27 69 -33  -26 71 35 -27 69
R 0 0 47 0 0 47 0 0 47 0 0 47
PMv L -54 7 14 -44 -8 53 -50 1 -44 -9 53
R 63 11 5 62 11 5 63 11 62 14 3
SPC L -23 50 71 -18  -42 63 21 50 71 -24 44 68
R 17 -35 44 14 -27 45 17 -33 42 21 -44 68
IPC L 51 -29 21 51 -29 20 51 -30 23 -59 -26 21
R 60 -35 23 60 -35 24 60 -29 24 53 -29 23
S2 L -50  -30 20 -42 29 18 -47  -30 21 -44  -29 20
R 45  -30 21 53 -29 24 5 -27 26 53 -29 24
CB L -33 51 -33 -26  -56 -33 -30 -54 -35 2 -65 -17
R 26 -50 -21 21 47 21 24 50 -20 20 -63 -20

bold: denote activations corrected for

multiple pamsons with FWE < 0.05; non-bold: denote uncorrected

activations with a threshold pf< 0.001.

ROI: region of interest; M1: primary motor corté&¢.: primary somatosensory cortex; SMA: supplemegntaotor
area; CMA: cingulate motor areas; PMd: dorsal piemoortex; PMv: ventral premotor cortex; SPC: gige
parietal cortex; IPC: inferior parietal cortex; S2condary somatosensory cortex; CB: cerebellum.

Systematic changes in brain activation

For both models and all contrasts of interest,guatrtests analysis computed on the activation
maps did not reveal any significant differenceswieein sessions (p < 0.05 corrected for
multiple comparisons). Additionally, no significadhifferences were found on average t-values

for all the contrasts in the predefined ROIls. Far ROI analyses significant differences were
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only found on maximum t-values for the single castrof active movements in contralateral
M1 and S1 using model 1 (p < 0.05 non-correctedniattiple comparisons). For all other
contrasts of interest and for model 2 no significdifferences were found on maximum t-

values.

Reliability analyses

Reliability of activation maps

Overlap ratios (Reriap

The averages d#riap Of the single subjects are presented in Tabldd2.the two models. For
both models the contrasts of the movement conditiwith rest showed good to excellent
reliability for activation in M1, S1, and PMd. Rattility ranged from moderate to good for
SMA and moderate for SPC. In all ROIs except f@ 8PC, the Rerap calculation revealed
slightly higher values for the active movement abad compared to rest using model 1 than
with model 2. The opposite was observed for thaigagnovement condition against rest. For
both single contrasts (i.e. active and passiveraavements), reliability was mainly good when
modeling the data with model 1, only the SMA andC&Powed moderate values. For model
2, the RveriapVvalues were higher for both conditions in all R@ian using model 1. This was

especially the case for the passive movement dondit

For group activation, all ROIs showed high religpiusing both models (see Table 2.3).
Analog to the single subjects’ data, group actoratnaps showed mainly higher reliability for

both single contrasts when controlling for motorfpenance.
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Table 2.3 Average Ruerapand average 1Cgnin for individual activation maps anthRiapand 1CGiithin

for group activation maps of the four contraststérest using both models.

Mea.n Ro\/erlap
Model 1 Model 2
ROI active active passive passive active active passive passive
Vs rest Vs rest Vs rest Vs rest
Single subjects
M1 0.79 0.75 0.74 0.63 0.78 0.77 0.77 0.75
S1 0.76 0.69 0.72 0.64 0.72 0.71 0.77 0.74
SMA 0.63 0.56 0.49 0.40 0.61 0.61 0.56 0.55
PMd 0.76 0.73 0.73 0.64 0.73 0.71 0.76 0.75
SPC 0.45 0.44 0.47 0.42 0.46 0.47 0.49 0.49
Group
M1 0.96 0.95 0.84 0.86 0.96 0.96 0.85 0.85
S1 0.96 0.92 0.94 0.89 0.94 0.92 0.94 0.92
SMA 0.94 0.86 0.94 0.88 0.93 0.91 0.94 0.94
PMd 0.95 0.87 0.92 0.83 0.94 0.93 0.92 0.92
SPC 0.87 0.80 0.84 0.84 0.86 0.82 0.84 0.79
Mean ICC
Model 1 Model 2
ROI active active passive passive active active passive passive
Vs rest Vs rest Vs rest Vs rest
Single subjects
M1 0.90 0.88 0.86 0.80 0.89 0.89 0.87 0.87
S1 0.88 0.86 0.86 0.80 0.88 0.87 0.87 0.87
SMA 0.80 0.79 0.74 0.63 0.77 0.76 0.75 0.72
PMd 0.84 0.83 0.83 0.79 0.83 0.83 0.84 0.83
SPC 0.72 0.73 0.64 0.68 0.72 0.71 0.65 0.65
Group
M1 0.97 0.97 0.96 0.95 0.97 0.97 0.96 0.96
S1 0.98 0.97 0.93 0.92 0.97 0.97 0.93 0.92
SMA 0.93 0.90 0.93 0.94 0.93 0.92 0.92 0.92
PMd 0.91 0.92 0.93 0.91 0.93 0.94 0.93 0.92
SPC 0.94 0.94 0.90 0.91 0.94 0.94 0.89 0.86

ROI: region of interest; ICC: intraclass correlaticoefficient; Rverap relative amount of overlapping volume
between sessions; M1: primary motor cortex; SInary somatosensory cortex; SMA: supplementary neotes;
PMd: dorsal premotor cortex; SPC: superior pariepalex. All the ROIs are in the left hemisphemntcalateral
to the moving arm.
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Intra class correlation (1Gfghin)

Average ICC values for single subject and ICC valoletained for group activation maps are
given in Table 2.3. For single subjects the intaslcorrelation of t-values between the two
sessions showed high reliability in M1, S1, and Pad good reliability in SMA and SPC for
all contrasts of interest and both models. Anatthe calculation of Rerap model 2 yielded
better reliability for the single contrast of pagsmovements. For all contrasts and using both

models group results were found to be highly repedale for all ROIs.

Reliability of summary statistics

Intra class correlation (IGfcween

Results for the ICC on average and maximum t-vawegresented in Table 2.4. For the active
movement condition in both, contrasts with rest amyle contrasts, good to excellent
reliability was found. The ICC values were sigraiit in all ROIs analyzed with both models.

ICC values were mainly higher for model 1 thanrfadel 2.

The contrasts using passive movements showed Igodd reproducibility. For model 1, the
passive condition compared to rest showed sigmifigalues for M1, S1 and SMA, but not for
PMd and SPC for average t-values. For the singhgrast, intraclass correlations were only
significant in M1 and SMA. However, using modela¥erage t-values for all ROIs, except
PMd, showed moderate but significant ICC valuedidh contrasts of passive movements (i.e.
single contrast and contrast with rest), suggedtiad this model improves the reliability of
activations. For maximum t-values, all ROIs showgphificant intraclass correlations in both
models. Only intraclass correlation of SMA was sighnificant for both models and SPC for

the first one.
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Table 2.4 ICCoemeenfor average and maximum t-values of the four @sts of interest using both

models.
ICC of averaget-values
Model 1 Model 2
active active passive passive active active passive passive
ROI Vs rest Vs rest Vs rest Vs rest
M1 0.80* 0.72* 0.65* 0.48* 0.75* 0.72* 0.59* 0.56*
S1 0.83* 0.77* 0.59* 0.40 0.75* 0.74* 0.58* 0.51*
SMA 0.67* 0.63* 0.44* 0.44* 0.67* 0.67* 0.47* 0.51*
PMd 0.82* 0.74* 0.40 0.29 0.75* 0.73* 0.38 0.37
SPC 0.72*  0.65* 0.40 0.26 0.58* 0.53* 0.45* 0.51*
ICC of maximum t-values
Model 1 Model 2
active active passive passive active active passive passive
ROI Vs rest Vs rest Vs rest Vs rest
M1 0.82* 0.75* 0.76* 0.56* 0.77* 0.69* 0.73* 0.63*
S1 0.83* 0.81* 0.71* 0.53* 0.82* 0.79* 0.71* 0.62*
SMA 0.69* 0.72* 0.33 0.36 0.66* 0.71* 0.32 0.37
PMd 0.71* 0.64* 0.63* 0.47* 0.63* 0.60* 0.59* 0.53*
SPC 0.81* 0.75* 0.52* 0.38 0.7* 0.66* 0.54* 0.47*

*: significant ICC values (p < 0.05).

ROI: region of interest; ICC: intraclass correlati@oefficient; M1: primary motor cortex; S1: primar
somatosensory cortex; SMA: supplementary motor;&déd: dorsal premotor cortex; SPC: superior patiet
cortex. All the ROIs are in the left hemispherejtcalateral to the moving arm.

Discussion

This study explores the brain network activateddsyive and passive elbow movements
performed with the support and guidance of an Méthpatible robot (MaRIA) and tests the

reproducibility of this activation. Brain activatiowas found in expected areas of the
sensorimotor network for elbow movements and whahle across sessions at single-subject
and group level. Thus, this device may allow longjital assessments of brain function in

healthy subjects and potentially, in future studiegatients.
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This outcome was possible assessing the followiethadological approach. Quantitative data
of the movement performance - onset, durationgfared dROM (device’s range of motion) -
provided by the robot were used to analyze the fldi&®&. Two models were tested. With the
first (model 1), the movement onset and duratiomewecorporated into the data analysis,
allowing precise modeling of the performed movemgnthe second approach (model 2), force
and dROM were additionally implemented in the asiglyas regressors removing variance in
movement performance between trials. In order tvide a detailed estimation of the
reproducibility of brain activation acquired witheise approaches several statistical methods

were applied on individual and group data.

For active movements, both models exhibited brativation in a network including mainly
the primary sensorimotor cortex (M1 and S1), seaondomatosensory cortex, insula, superior
and inferior parietal lobules and medial and ldteramotor areas. Additionally, activation was
found in anterior and posterior cerebellum, basaiglja, thalamus and brain stem. These
findings are largely consistent with earlier invgations of simple elbow movements (Weiller
et al. 1996; Alkadhi et al. 2002). By visually irsping both sessions, the contrast of active
movements versus rest showed slightly higher awbivahan the single contrast using both
models. However, activation power increased fordimgle contrast by including additional
movement parameters using model 2, yielding actimapatterns largely identical to the

contrast with rest.

With respect to reliability, robust activation welgcited consistently with all applied statistical
methods and both fMRI models. The size of relipiineasures (IC&inin and RveriapyOn
activation maps was in line with the observed atibn patterns, with reliability being higher
for the contrast with rest and for the single casitrusing model 2. To date, only one study
tested the reproducibility of brain activation agated with active elbow movements by

observing robust reproducible activation in M1 gspaired-t-tests (Alkadhi et al. 2002). To
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our knowledge, the present work is the first stdlolgt systematically examines test-retest
reliability related to elbow movements. Using aie®r of motor tasks, some previous studies
reported rather reliable patterns of activatiork@alhi et al. 2002; Yoo et al. 2007; Kong et al.
2007; Lee et al. 2010). Other studies however, rtedolarge variability across sessions
(McGonigle et al. 2000; Loubinoux et al. 2001; Kienley et al. 2008a). The low
reproducibility observed in these investigationslyably relies on multiple factors, such as
familiarity with the MRI environment anthe specific experimentalttributes. Diminished
attention could also affect brain activation whemtigipants are familiar with the procedure
(Loubinoux et al. 2001). Inconsistencies in perfante can also induce differences in brain
activation, leading to inter-session variability.hilé some confounding variables, such as
familiarity, cannot be completetyontrolled, differences in task performance cambeitored

by MRI-compatible devices, which can help to intetpchanges in brain activation between
sessions. In the present investigation, we usediMarorder to keep the experimental settings
constant across sessions and monitor the motasrpgathce. Thus, robust activation for active
arm movements was assessed successfully. This dentessthat standardized and well

controlled movement performance improves the rapeitality of brain activation.

The brain network activated by passive elbow movemesing MaRIA was comparable to
that ofactive movements and consistent with that repdrteddprevious study (Weiller et al.
1996) Similar to the findings observed with active mments, the contrast of passive
movements with rest showed higher activation th&nsingle contrast using both models. The
activation power increased significantiyth model 2 through the inclusion of force and dROM
in the analysisleading to largely identical activation patterngiiose of the contrasts versus
rest. Thesebservations were also in line with the lGfn and Rverapreliability values for
activation maps and mainly with 1G&ween cOmputed on summary statistics, the reliability
being higher for contrasts with rest and for singbatrasts using model 2ccording to the
statistical analyses, the reproducibility of bragtivation was robust for individual and group
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activation maps but inconsistent results were fotordsummary statistics in single ROls,
especially using model 1. Although no study hateteseliability of passive arm movements
so far, such tasks had been proposed to elicih la@tivation in a more controlled way, as they
are independent of the subjects’ motor abilitied task requirements (Weiller et al. 1996;
Kocak et al. 2009). However, our analyses sugdest €ven during passive movements, small
differences in task performance do exist in heakhpjects and can potentially affect the
reproducibility of activation. Remaining absolutghassive during guided movements is
probably quite difficult for healthy subjects. Théare, we cannot exclude that even with the
mechanical device used in our experiment the ppaiits may have squeezed the device’s
handle differentially or did not follow the moventesf the handle in a totally passive way,
leading to higher variance across trials in sonssieas.This may explain the higher reliability
in the active condition, which explicitly requirddrce and joint movements, leading to less
variance in performance across trigdair observations highlight the need for monitoriagk
performance, both during active and passive mové&nand the utility of MRI-compatible
robots to address this problem. Furthermore, thedmgs emphasize the importance of testing

the reliability of brain activation patterns, een passive tasks.

Consistent with previous studies, the @6 and RveriapVvalues for our group activation maps
were highly reproducible in all contrasts and R@isl were higher than for single subjects
(Raemaekers et al. 2007; Gountouna et al. 2010ps&all contrasts of interest and models,
ICCretweenvalues were lower than for the calculation of I&i6a. Lower ICGeweenvalues were
also reported in several previous studies (Raemaekal. 2007; Caceres et al. 2009). A reason
for this may have been the low number of subjestsally included in fMRI studies for the
ICChoetweenCalculation on summary statistics (Caceres eR@0D9). In addition, the low ICC
values obtained for passive movements in some R@ilg be attributed to a low level of
activation in these areas. For instance, superoefal cortex was not activated across all

subjects using model 1. In contrast, activatiohis region was found in all subjects across
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both sessions using model 2. Overall these nevitsesiggest that activation maps, particularly
for group results, are more reliable than summeatyssics and that reliability can be improved

by enhancing the power of the design, e.g. by asirg the number of trials in the experiment.

As mentioned above for both movement conditiong thgher activation power and
reproducibility of brain activation in single coasts using mode& may be the consequence of
less variance in the performance. Although no tiifiees in mean force and mean dROM were
found across repeated measurements, small difieseincperformance ahovements across
trials may lead to higherariancein the data and therefore reduced activation pawsome
subjects. An alternative explanation can be thetefmand dROM, included as regressors in
model 2, may indirectly compensate some motiorfaats potentially correlated to these
parameters. Future studies should address thiggitgsHowever, the usef model 2 may be
limited when regressors included in the model tmangly correlated with the task (Birn et al.
1999; Johnstone et al. 2006). Higbrrelations may reduce brain activation in soneagr
Differences in correlations between sessions mag te differences in activation and thus,
result in misinterpretation of the results. Accoglito earlier publications (Birn et al. 1999;
Johnstone et al. 2006), using an event-relatedydess was done in the present study can
overcome this problem. In fact, in our experimeotrelations were very small and constant
across both sessions (force: max. mean r = 0.12MtRnax. mean r = 0.24). In addition, our
results show that the variability can also be reduay explicitly modeling theest condition.
Such a strategy should also remove variability t@atnot be influenced by including motor
parameters into the fMRI data analysis, as for gtarattention changes across sessions. As
shown by Specht et al. (Specht et al. 2003) atentias an impact on the magnitude of
reliability and thus may differently influence pagsand active task conditions. The main
disadvantage of implementing an additiomst condition is the important increase of scagnin

time, which is problematic in clinical studies
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In the present investigatioan MR-compatible robot was used to assess arm maveralated
brain activation while performing active and passivovements. The network activated by the
interaction with the robot was consistent with poeg studies.The controlled settings
reinforced by the device enabled reproducible assest of brain activation across sessions in
single subjects and at group level. Furthermorantjtative data of the movement performance
provided by the device add important informatiotht® analysis. This improved the assessment
of brain activation in healthy participants, espéigifor passive arm movements, by removing

variance across trials.

Overall, the results of this study indicate thas tilevice can be used in longitudinal studies to
reliably explore brain activation associated witm@e armmovements and therefore, is a
helpful tool to assess brain reorganization follogviinjury and to monitor rehabilitative
interventions in patients with motor impairmentsfuther application may be the exploration
of training induced plasticity in healthy particiga to better understand basic mechanisms

within the central motor network.
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Abstract

Recovery of upper limb function following a stroleerelated to brain reorganization, which
can be facilitated by movement therapy. We investig whether therapy with ARMin, an
exoskeleton robot for arm rehabilitation, promobeain reorganization in chronic stroke
patients with moderate to severe arm hemiparesiditidnally, we compared the changes in
brain activation induced by this treatment withgb@f conventional physical or occupational
therapy. Functional magnetic resonance imaging ()MRs performed during repetitive active
and passive elbow flexion/extension movementsratttime points: before therapy, after eight
weeks of therapy, and at two-month follow-up. Tewe constant and accurate performance
of the tasks across sessions, an MRI-compatiblet gniided and monitored movements during

recordings.

Both therapies elicited comparable improvementsfunction and motor performance.

Reorganization patterns varied, depending on the ¢y intervention, the degree of impairment
and the task performed. Changes observed aftapheften persisted after two months. Long-
term effects were more stable and even more pramauim moderately- versus severely-

impaired patients.

Overall, our results demonstrate that therapy Wi&Min promotes brain reorganization and
function as effectively as conventional therapy @&nd promising tool to enhance functional

arm recovery, even during the chronic phase aftstroke.
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I ntroduction

Stroke often causes chronic motor disability ofdpeer limb, which severely affects patients’
activities of daily living (Nakayama et al. 1994Recovery of motor function after a stroke has
been repeatedly shown to improve with movementageke.g. Lum et al. 2002; Luft et al.
2004a; Van Peppen et al. 2004; Bayona et al. 2008f et al. 2008; Takahashi et al. 2008).
Additionally, there is growing evidence that sorherapeutic parameters may enhance the
likelihood of recovery. Several studies have shothiat therapy should be intensive
(Ottenbacher and Jannell 1993; Kwakkel et al. 198fApng duration (Sunderland et al. 1992b;
Kwakkel et al. 1999), repetitive (Butefisch et 4095; Feys et al. 1998) and task-oriented
(Bayona et al. 2005; for a review, see Platz 200B¢se requirements can be achieved with the
aid of robot devices. Their use enables intengeetiteve, task-oriented training of particular
tasks and is independent of any physical effod therapist, who can thus supervise the therapy
of several patients simultaneously. Furthermore,diwration and number of training sessions
can be increased for specific indications. An addél advantage of these devices is that virtual
reality scenarios and passive mobilization cannoerporated, which enable the training of
activities of daily living (ADL) and even allow mewment training in patients with severe motor
deficits. Furthermore, robots provide quantitatilga on motor performance, providing more
comprehensive understanding and evaluation of éhahilitation progress (Nef et al. 2007;

Guidali et al. 2011b; Guidali et al. 2011a).

Several neuroimaging studies, using various metlogimal approaches, have demonstrated
that therapy-induced recovery is associated witictional reorganization within surviving
areas of the sensorimotor network (for a systematiew, see Richards et al. 2008). Recovery
has been linked to several reorganization patteitisn this network, including activation of
the undamaged primary and secondary motor coriicéise lesion-affected hemisphere and
homologous regions of the unaffected hemisphere.vahniability in functional reorganization

may depend on several factors, like lesion charatitss, degree of disability, task demands,
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and the type of therapeutic intervention, amongisit{Feydy et al. 2002; Luft et al. 2004b;
Luft et al. 20044, Lotze et al. 2006; Hamzei e@D6; Ward et al. 2007; Richards et al. 2008;

Lindenberg et al. 2010; Riecker et al. 2010).

In the present study, we investigated therapy-iadueorganization in patients with chronic
stroke and neurological disability affecting thensaimotor system, by comparing two
therapeutic approaches. Patients suffering fromeradd to severe arm hemiparesis were
randomized into one of two treatment groups: oamé&d with robotic therapy using the arm
robot ARMin, and the other with conventional treatrh Therapy-induced changes in brain
activation were assessed via functional magnesonance imaging (fMRI) while patients
performed repetitive active and passive elbow fiexand extension movements at three time
points: 1) just before therapy was initiated (b@sglTo); 2) immediately after eight weeks of
therapy (T); and 3) two months following therapy cessatios).(Since the motor outp(e.g.,
frequency of movement, force applied) of patienithwnotor deficits may change with
training, inconsistencies in task performance acfibiR| sessions may cause large differences
in brain activation, which can be mistakenly intetpd as indicative of functional recovery.
Therefore, in the present study, constant and ateperformance of tasks across sessions was
aided using an MRI-compatible robot (MaRIA (Yu &t 2011; Estévez et al. 2014)) which
guides and monitors the execution of movementsnguecordingsChanges in function and
reorganization of brain activation induced withtbotterventions were analyzed and compared
to test whether robotic therapy with ARMin promotescovery to the same extent as
conventional therapy and can, thus, be appliednagadalitional or alternative therapeutic

program to facilitate recovery in chronic strokéigats.
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Methods

Subjects

Twenty-four subjects with chronic stroke (7 femal&g males, mean age: 57.8+£9.1 years)
participated in this study. Their clinical charatdgcs are summarized in Table 3.1. All patients
were recruited within the context of a large mutiter clinical study that used several clinical
tests to compare the effect of robot-assisted plyetasing ARMin against conventional
(occupational or physical) therapy (Klamroth-Margjm et al. 2014). The study was approved
by local ethics committees and all participants egdlieir written informed consent for
participation prior to the examination. Inclusianteria were as follows: age > 18 years; first-
ever ischemic or hemorrhagic stroke experiencetbadt six months prior to enrollment,
resulting in unilateral moderate to severe motgpairment of the arm, as defined using the
Fugl-Meyer Assessment (FMA (Fugl-Meyer et al. 19#8ptor score related to upper limb
function from 8 to 38 out of a maximum score offints); ability to sit in a chair without any
additional support; passive range of motion in &puder: flexion/extension 80°/0°,
abduction/adduction 60°/-10°, inner and outer rotaR0°/-20°; b) elbow: flexion/extension
100°/40°. Exclusion criteria included excessive ssipdy of the affected arm (modified
Ashworth Scale mAS > 3); any serious medical ocpatric illness; inability to communicate;
orthopedic, rheumatologic or other diseases résigianovements of the paralyzed upper

extremity; and a pace-maker or other electric orathe implants.

Overall study design

Patients were assessed with the FMA twice befearrent (four weeks and one to three days
before starting therapy). Those with stable scamethese two pre-treatment assessments
(change in FMA of 3 points or less), as well as eratk (.e., defined as having a total FMA
score from 20 to 38 pointsy severe impairmeifit.e., defined as a total FMA score of 8 to 19

points)were randomly assigned to receive either robas#ssor conventional therapy, thereby
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generating two groups of 12 patients each. Subsglgusubjects underwent eight weeks of
therapy and further clinical assessments at sevena points (for details, see Klamroth-
Marganska et al. 2014). The fMRI assessments reghamt this investigation were performed
in patients who were eligible to undergo MRI andeagl to additionally participate in this sub-
study. These assessments were performed onceipistgtreatment (baselinep)land twice
after therapy completion (immediately after therapg at two months of follow-upaBand T,
respectively). Detailed results of the clinicaltseassessed within the multicenter study have
been reported elsewhere (Klamroth-Marganska &(dl4). In the present study, we focused
only on behavioral outcomes assessed using the Fvi4,brain activation before therapy,
immediately after therapy, and at two-month follapi- Figure 3.1 is a schematic depiction of

the study design.

Table 3.1 Patients characteristics.

Patient Level of Age Gender Hand Time since Side of Impaired Lesion
number impairment/ dominance stroke lesion  arm location
FMA at To in years

04 mo 34 49 m R 1,7 R L co, sub
06 se 18 45 m R 4;1 R L co, sub
09 se 16 64 f R 2.9 R L co, sub
10 mo 20 56 f LU 1;3 L R co., sub
12 mo 23 60 f R 6;4 L/R L sub

13 se 14 55 m R 11;1 L R co, sub
14 mo 22 37 m R 14;3 L R co, sub
15 mo 22 57 m R 0;7 L R sub

16 mo 26 61 f R 1;10 R L sub

17 mo 21 49 m R 2;2 L R co, sub
18 se 18 47 m R 2;10 R L sub

20 se 18 65 m LU 1,6 L R sub

22 se 16 54 m R 2:4 L R co, sub
24 mo 29 65 m R 4:;3 L R sub

25 se 10 72 f R 7.2 L R co, sub
27 mo 34 54 f LU 14,0 L R sub

28 se 13 69 f R 0:8 R L co, sub

1 Level of impairment based on FMA scores: mo: matieimpairment, defined as a total FMA score of®88
points at b; se: severe impairment, defined as a total FMAesob 8 to 19 points ate]

To = baseline; co = cortical; sub = subcortical; male; f = female; R = right; L = left; LU = left hd dominance
but retrained to use the right hand at school. Hiodinance was assessed prior to the first fiMResswent with
Annett (Annett 1970).
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ARMin Therapy

2nd clinical treF;?::ént 2 months
1st clinical assessment assessment follow-up

assessment MRI MR MRI
session 1 session 2 session 3

Conventional Therapy
4 13 >« 8 week: > 13 5 2
I‘ weeks ’| |‘_ days wees « days | |"months*{
Pre-treatment assessments Treatment period Post-treatment assessments

Figure 3.1 Schematic description of the studybove study designBelow A) fMRI experimental
setup: MaRIA was positioned above the legs of gaatient. The patient's hand was affixed to the
handle with stripsin the start position, the elbow was flexed 90° xMal elbow extension reached
approximately 120°, so that the range of motionhef subject’s elbow was roughly 3@B) Therapy
robot ARMin with a patient. In front of each patieaudiovisual scenarios were presented on a graphi
display, including: a) passive mobilization, b) taeyrinth game, c) the ADL task “cooking”, and d)

the ball game.

Description of the rehabilitation robot ARMin
ARMin is an arm rehabilitation device developedtbg Sensory-Motor System Lab of the

Swiss Federal Institute of Technology in Zuri@TH-Zurich, http://www.sms.hest.ethz.ch/

research/arm_rehabjgure 3.1B) together with the University HospiBalgrist It allows for

three-dimensional movements of the arm with shoutdéation, elbow flexion/extension,

pro/supination of the lower arm, wrist flexion/ex$gon, and hand opening/closing. ARMin has
three therapy modes: passive arm mobilizationyeassisted game-supported arm therapy,
and active-assistive training of ADLs. During tleee training modes, a graphical display is

used to present different training scenarios itusirreality to the patients (Figures 3.1 a, b, c,
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d). During both active modes, ARMin detects how muke patient contributes to each
movement, delivers support as needed, and comosison and interaction forces between the
robot and patient. Detailed descriptions of thénmézal features and training modes of the
device have been published previously (Nef and &i2005; Nef et al. 2007; Nef et al. 2009a;

Guidali et al. 2011b; Guidali et al. 2011a).

Treatment protocol

Each patient was trained for eight weeks, threegiper week, with one hour of training per
training day (total 24 h). During ARMin therapygtpatients sat in an upright position in front
of a computer display. The impaired arm was pasgiband fixed with strips to the ARMin
exoskeleton. During each session, all three trgimiodes (passive mobilization, games, and
ADL training) were performed for a minimum of tenimnmates each. During passive
mobilization, the patient’s arm was repeatedly niblvg the robot along a previously-recorded
trajectory. Additionally, hand training was perfachwith the hand module passively closing
and opening the hand in an assisted manner. Fggliseshows the graphical display, which is
presented during passive mobilization. During a&cijame-supported training, three games
were performed: (1) a ball game where a virtuakeacs used to catch a ball that rolls down a
ramp (Figure 3.1d); (2) a labyrinth, where patiemtsve the ball out of the labyrinth (Figure
3.1b); and (3) a ping-pong game. In the third mqugients were trained for several ADLS,

including eating, cooking, and table setting, amotigrs (for an example, see Figure 3.1c).

Within the conventional therapy group, therapisigfgrmed physical or occupational therapy
similar to regular sessions. In both therapy gradég3Min and conventional), the choice and
number of tasks performed during a session wherenmedetermined, depending instead upon

each individual patient’s abilities and endurance.
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fMRI procedure and the experimental paradigm using MaRI A
Brain activation was assessed using an event-dethesign (ERD). To standardize and control
the assessment across all sessions, MaRIA, an BIRpatible robotdeveloped by the

Sensory-Motor  Systems Lab atETH-Zurich http://www.sms.hest.ethz.ch/research/

mr_robotics/setugdrigure3.1A) was used to guide extension and flexion of thew joint (Yu

et al. 2011; Estévez et al. 2014). The experimensisted of three conditions: passive arm
movement, active arm movement, and rest. In theiy@sondition, patients were required to
hold the device’s handle and let it move withoytlgimg force. In the active condition, patients
had to push and pull the handle actively. Movenuenid only be initiated when the exerted
force reached a threshold set at 20% of the patier@ximal voluntary push force (MVPF). To
account for potential changes in motor functionrdiree, the MVPF was measured by MaRIA
for each patient prior to each fMRI session. P#si@rere instructed to push the fixed handle of
the robot three times with their maximal voluntémyce without moving either their head or
body, and the mean force value was recorded. Monenange was defined by the handle’s
range of motion, which we will refer to as the a®s range of motion (dAROM). The maximal
dROM was approximately 16—20 cm, depending on iddal patient body size. For each
patient, the linear movement trajectory remainedstime for all passive and active movements
during all sessions. During the period of restjgras were simply asked to hold the device’s
handle without applying forcelo further standardize task performance, saene setting
configurationapplied during the first session (height, positaord orientation of the device)

was recorded for each patient and used in subsegessions.

A total of 30 trials per condition were randomlyegented to the patients. Each trial lasted in
average 13.5 seconds, and included a brief ingtryc8 seconds of the task, and an inter-
stimulus interval (IS1) with a jitter of 3+1 s. Tll@ration of the whole run was about 20 minutes.
Passive and active movements were visually andallgriguided to ensure that the active

movements were performed similarly across trial$ sessions and had the same duration as
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passive ones. For detailed information on the Viand acoustic instructions, see (Estévez et
al. 2014) Functional MRI acquisition and the tasks were &yagized using Presentation, a
stimulus  delivery and  experimental control  programfor  neuroscience

(http://www.neurobs.com/)This software received trigger signals from the Ey®&tem and

provided visual and auditory instructions to thagras. Additionally, it sent control commands
to MaRIA, instructing the device to switch from ooendition to the other, thereby allowing
the initiation of active or passive movements. Ptideach scanning session, the tasks were
practiced outside the scanner for about five mmtdeensure proper task performantenore
detailed description of MaRIA, the fMRI proceduesd the experimental paradigm can be

found in previous publications (Yu et al. 2011;dvstz et al. 2014).

Behavioral assessment and data analysis

Clinical outcomes were measured using the FMA. @baain function (i.e., defined as changes
in FMA scores) are reported as the percentagesgbtér-treatment assessment for each patient.
The total score assessed during pre-treatment wlisasted from the total scores after
treatment and at two-month follow-up, and those@alwere divided by the total pre-treatment
FMA score. Mean changes in the FMA score were tatled for patients with moderate and

severe impairments separately.

Motor performance was assessed using MaRIA athadlet f/MRI sessions. The following
variables were computed and stored for each parehsession separately: MVPF; the number
of successfully-performed active movements; and rttean dROM of active movements

separately.

All statistical analyses were performed using thatigtical software packag8PSS 19.0

(http://www.spss.coin To assess the effect of treatment over timesadooth groups, analysis

of variance for repeated measures (ANOVA-RM) wadgomed on the FMA scores, MVPF,
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dROM and number of successfully-performed tasksielTwas defined as a within-group
variable and treatment as a between-group varidbbe. variables for which significant
differences were computed (p < 0.05), additionaigokt-tests were performed for each group
separately to compare each variable between pmeytemt (b) versus each of the post-

treatment assessments, as well as between theostdrpatment assessments &nhd ).

MRI data acquisition

The study was conducted at the MR-center of thevétsity and ETH-Zurich, using a Philips

Achieva 1.5 T MR system equipped with an eight-clet'SENSE TM head coil. Functional

acquisition consisted of a T2*-weighted, singleishield echo, EPI sequence of the whole
brain (TR =3 s, TE =50 ms, flip angle = 8ROV = 220 mm x 220 mm, acquisition matrix =
128 x 128 mm, in-plane resolution = 1.7 x 1.7 mimeghickness = 4 mm, SENSE factor 1.6).
Additional anatomical images of the entire brairevacquired using a 3D, T1-weighted, field
echo sequence (TR =20 ms, TE = 4.6 ms, flip and@, in-plane resolution = 0.9 x 0.9 mm,

slice thickness = 0.75 mm, 210 slices).

fMRI data analysis
Image pre-processing and statistical analysis wsegormed using SPM8 (Welcome

Department of Cognitive Neurology, Londohttp:/fil.ion.ucl.ac.uk/spm implemented in

MATLAB 7.6 (Mathworks Inc., Natick, MA, USA). Pridio pre-processing, images of patients
with right hemispheric damage were flipped so thttlesions were located in the left

hemisphere. “Realign and unwarp” facility was apglio the EPI images to correct for motion
artifacts and additional susceptibility-by-movemaeanteractions. The motion parameters
obtained during this procedure were used to detexrtiie extent of movements. Functional
data of patients that did not exceed displacemkeanhe voxel size were included in analysis.

The realigned functional images of each sessiome Wan co-registered with the T1-weighted
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structural images acquired during the first MRIss&s. To achieve an accurate registration of
images between all scanning sessidDARTEL registration (Diffeomorphic Anatomical
Registration using Exponentiated Lie algebra) wexfopmed (Ashburner 2007). This involved
three main steps. First, for each subject, theoamatl data of all sessions underwent skull
stripping and were segmented using “New Segmertti miedium regularization (Ripollés et
al. 2012) to generate grey matter (GM) and whitettena(WM) images. To avoid
misclassification of these tissue probability mappatients with large lesions, the Automatic
Lesion Identification toolbox (AL[Seghier et al. 2008)yas applied on the T1 images. With
this procedure, an extra tissue class for atypioakls, which correspond to the lesion, was
created for each subject. This extra class was tmgmemented in the “New Segment”
procedure as a™issue class, allowing for proper segmentatioGbf and WM (Ripollés et
al. 2012). Second, “Run DARTEL (create Templategisvused to estimate, for each subject,
the nonlineadeformations that best align the GM and WM imagkallosessions together.
Third, the subject specific template and flow feelgenerated during the previous steps, as well
as the realigned EPI images of all sessions, weaepsed with the “Normalise to MSpace”
procedureWith this procedure, the realigned EPI images wemnalized and smoothed with
an 8 mm full-width half-maximum Gaussian kernel. Aiarmalize the anatomical images, this
step was also performed on these images, but wiidraoothing them. Additionally, a high-
pass filter was applied to the preprocessed funationages to remove slow temporal drifts

with a period longer than 128 seconds.

Statistical analysis was performed at a singleexttdpvel for all sessions. The passive and
active arm movements were modeled using a genaedrlmodel (GLM) with a canonical

hemodynamic response function. The exact movemesgtoand the duration of each task
needed for modeling were provided by the device nk@re detailed information, see (Estévez

et al. 2014). Statistical t-maps were generategp&sssive and active movements separately at
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each time point, and the significance thresholdHerresulting maps was set at p < 0.05 (FWE-

corrected for multiple comparisons).

Since we observed large variability in activatiattprns across the individual statistical maps,
only single-subject results are describedhe present report. Additionally, for the sake of
clarity, analyses focus on investigating theraguiced changes within primary motor (M1)
and somatosensory cortex (SRilateral anatomical regions of intereR@l) were defined for
M1 and S1 based upon probabilistic cytoarchitectanaps, as implemented in the SPM

anatomy toolbox Http:/www.fz-juelich.de/ime/spm_anatomy_toolhdxickhoff et al. 2005;

Eickhoff et al. 2006b; Eickhoff et al. 2007). Weaexined changes in both the extent and
intensity of activation over time in each ROI. Tastend, the volume of activation (i.e., number
of activated voxels in FWE-corrected maps) and babaes at activation peaks (non-corrected
values) were extracted for each fMRI session. Va@uassessed during the pre-treatment
session was compared against volumes right aiteaply and at two-month follow-up. Changes
in the volume of activation were reported as desgdaincreased, or the same volume for each
patient separately, with ‘same volume’ defined anges in volume (within the anatomical
ROI) less than 10% of the volume assessed at bhasd&lhanges in intensity (i.e., in betas)
between the pre-treatment session and both p@dtrtemt assessments (i.e;,vB. To and &

vs. To) were calculated for each single subject. Meaa katues and standard error for each
session were calculated separately for moderataglg-severely-impaired patients within each

therapy group.

Results

Seven patients were excluded from the study dwsther missing one of the three scanning
sessions, the presence of head movement artifadtsnm), or technical problems. Therefore,
our final sample included data from seventeen ptieeight trained with the rehabilitation

robot ARMin and nine with conventional therapy.
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Behavioral performance and clinical assessment

At baseline (), four patients in the ARMin group suffered fronoderate and four from severe
impairments. In the conventional therapy groupe fivatients were moderately- and four
severely-impaired. Compare to baseline, improvemassessed with FMA were in average
14% at T and 16% at Famong patients trained with ARMin, and 14% and 1B%pectively,
for those trained with conventional therapy. ForA-ktores, ANOVA for repeated-measures
only revealed a significant effect of time (F(294, p = .001). No significant differences were
found for the interaction treatment x time or fimatment alone. The differences between pre-
treatment and both post-treatment assessmentssigarcant for both therapy groups (paired
t-tests)implying that patients in both groups improvedngigantly with therapy, in terms of
their FMA score The differences between the two post-treatmesgsasnents (Ivs. T) failed

to reach statistical significance. When examinihgnges in FMA scores for moderately- and
severely-impaired patients for each therapy gragasately, we observed gains in function in
all groups immediately after therapy. However, twonths following therapy, different
patterns were observed depending on the patiemtglidegree of disability. Patients with
moderate deficits tended to improve further aterapy ceased (ARMin: 2 improved, 1 stable,
1 worse; conventional therapy: 3 improved, 2 woosesrall: 5 improved, 1 stable, 3 worse),
while those suffering from severe impairments edgmered a general decline from the first to
second post-treatment assessment (ARMin: 2 worsstalile, 1 improved; conventional

therapy: 4 of 4 worse; overall: 6 worse, 1 stablemproved; see Figure 3.2).
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Figure 3.2 Mean changes in FMA scores for moderately- andregxempaired patients trained either
with ARMin or conventional therapy.

With respect to the motor outcomes (MVPF, dROM #rednumber of successful trials during
the active condition) acquired using MaRIA durihg fMRI sessions, a significant effect of
time was observed for the dROM. No significant eliénces were found for the interaction
effect or for treatment alone. With respect to thaxiable, paired t-tests revealed that
differences betweengland T were significant. However, the differences betw&emand T
and the two post-treatment assessments failedob tatistical significance. Also no statistical
significant results were detected when performingsé comparisons for the two groups
separately. For MVPF, ANOVA for repeated-measurdg evealed a trend for effect of time.
Compared baseline, in patients trained with ARMia torce increased to 6.8 N at dnd to
6.4 N at B. Corresponding increases in the conventional fyegaoup were 3.4 and 4.1 N.
Although the ARMin group exhibited twice the impesaent in strength at;and almost 60%
greater improvement ab,Tthese differences were not statistically sigaific probably due to
the heterogeneity and small size of the samplesibjificant differences were found for the
number of successful trials during the active cbadi Mean values and statistics for motor

parameters at each assessment are shown in Table 3.
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Table 3.2 Mean and standard deviation for motor performgrarameters.

To T T Time Group
Mean (SD) Mean (SD) Mean (SD) F F
MVPF
ARMin 8.8 N (£12.7) 15.6 N (x12.9) 15.2 N (¢10.1) 2.7* 0.2

Conventional ~ 10.3N (6.1)  13.6 N (10.2) 14.4 N (¢8.4)

dROM
ARMin 13.5cm (¥7.6) 12.7cm (x7.8) 16.1cm (¥4.7) 3.4* 3
Conventional 11.9 cm (£8) 13.8cm (¥8.1) 15.2cm (¢7.2)

Number of active tasks
ARMin 25.3 (£9.79) 26.9 (£6.25) 29.4 (£1.67) 1.9 0.9
Conventional 25.6 (£9.7) 25.7 (¥10.1) 26.3 (¥9.9)

To: values at pre-treatment assessmentyalues at post-treatment assessmentydlues at two-month follow-

up; SD: standard deviation; MVPF: maximal voluntpagh force; dROM: device’s range of motion duraatjve
movements; dROM for the passive movements wasysBIRIA and did not change between sessions. Number
of active tasks: refers to the number of succelgspdrformed active movements (maximal possible berr

30); *: p <.10, **: p < .05.

Brain activation in sensorimotor cortex (M1 and S1)

For each patient, changes in activation volumeiatgshsity betweeifo andTiand betweeito
and Tz are summarized for passive and active arm moveniertables 3.3 to 3.4 and 3.5 to
3.6, respectively. Average beta values for modbrassad severely-impaired patients in each

therapy group are depicted in Figures 3.3 and 3.4.

ARMin therapy

Passive arm movements

In most patients suffering from moderate impairmesio were trained with ARMin, the
activation volumes in the left and right M1 and\&dre reduced after therapy. Consequently,
contralesional activation observed in these aredaseline was absent at both post-treatment
sessions (p < 0.05, FWE-corrected for multiple cangons; for an example of activation
patterns in this group, see Figure 3.6pnsistent with these results, the majority of ¢hes

patients also exhibited a decrease in activatitensity in all ROIs (for details, see Tables 3.3
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and 3.4 and Figure 3.3). At two-month follow-upe thecrease in volume and intensity largely

persisted and was even more pronounced in mosinpgiiin 3 of 4 patients).
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Figure3.3Mean activation intensity (i.e., beta values) ins®imotor cortex during passive movements
for moderately- and severely-impaired patientsegdieither with ARMin or conventional therapy.

Of the four severely-impaired patients, only twowkd supra-threshold activation in M1 and
S1 during the performance of passive arm movenm(@ents0.05, FWE-corrected for multiple
comparisons) After therapy completion, one exhibited a deceeashereas the other an
increase in activation volume. However, two mordfier ceasing treatment, their activation
patterns were similar; i.e., compare to baselirh lexhibited increased activation volume
bilaterally in M1 and S1 (for an example, see Feg8u5). Additionally, severely-impaired
patients trained with the robot-assisted treatnhewt a tendency to have increased activation
intensity or details, see Tables 3.3 and 3.4 &glre 3.3). At follow-up, changes in volume
and intensity were similar to those observed immatedly upon ceasing therapy, but persistence
to T> was more variable than in patients with modenagairment (i.e., in half of the patients,
changes in ipsilesional M1 and S1 were less thanddiately after therapy, whereas they were

more pronounced in contralesional areas in 3 odtptients).
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Active arm movements

At pre-treatment, bilateral activation was obseruea@ll moderately-impaired patients (p <
0.05, FWE-corrected for multiple comparisons). Agrinlg the performance of passive
movements, most patients exhibited a reductiorciivaion volume bilaterally in M1 and S1
after treatment with ARMir{for an example, see FigureB.Consistent with this, they also
demonstrated decreased activation intensity in MiLZi bilaterally (for details, see Tables 3.5
and 3.6 and Figure 3.4). In general, the samerpatigere observed after therapy completion,

though they were often less pronounced at two-mfliibw-up (in half of the patients).

In general, patients suffering from severe impaithhveere more likely to exhibit an increase

in activation volume and intensity in ipsilesioidl and S1 (for details, see Tables 3.5 and 3.6
and Figure 3.4). Activation patterns for one ofsiagatients are presented in Figure 3.6. In
most cases, the increases in volume were only eédéwo months after ceasing therapy (p <
0.05, FWE-corrected for multiple comparisons). kdletwo patients showed no supra-

threshold activation at baseline or immediatelgratherapy completion, but did so at two-

month follow-up. Furthermore, changes in intensisgely persisted and were even more
pronounced at J in particular in ipsilesional areas (in 3 of 4ipats). Activation patterns and

changes in the contralesional sensorimotor corerevinore variable.
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Figure 3.4 Mean activation intensity (i.e., beta values) inss®imotor cortex during active movements
for moderately- and severely-impaired patientsegdieither with ARMin or conventional therapy.
Conventional Therapy

Passive arm movements

After conventional treatment, moderately-impaireadignts were more likely to experience
increased activation volume and intensity in imsdaal M1 and S1. The few patients with
supra-threshold activation in contralesional af@ad 5) had similar patterns in this hemisphere
as with ipsilesional M1 and S1 (p < 0.05, FWE-cored for multiple comparisons). Intensity
also was increased in contralesional M1, whereasSfomost patients exhibited decreased
activation (for detailed information, see Table3 8nd 3.4 and Figure 3.3; for an example of
activation patterns, see Figure 3.5). At the changes in volume and intensity observeten t
ipsilesional hemisphere and in contralesional SITaiargely persisted and were more
pronounced in 3 of 5 patients. In contralesional, k& majority of patients had the reverse

pattern (i.e., decreased instead of increasedsiygrmand thus, similar patterns as for right S1.

In severely-impaired patients, supra-thresholdszatibn (p < 0.05, FWE-corrected for multiple
comparisons) that was observed atwlas often absent at both post-treatment assessment

Activation intensity was more likely to be reducadT: (for details, see Tables 3.3 and 3.4 and
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Figure 3.3; for an example of activation pattesee Figure 3.5). At s activation patterns

observed after therapy were often less pronourtidchot persist, and sometimes had reversed.

Active arm movements

At baseline, most patients trained with conventidherapy had bilateral activation in M1 and
S1 in response to active arm movements (p < 0\0& forrected for multiple comparisons).

At T. following conventional therapy, three patients wittoderate impairment exhibited
increased activation volume, whereas two had retluckime. Similar patterns were observed
for intensity, albeit not always consistent witle thanges observed in volume (for details, see
Tables 3.5 and 3.6 and Figure 3.4; for an exanggle,Figure 3.6). Two months after ceasing
therapy, patterns largely persisted; though, inesoases, changes in intensity had reversed so
that even more patients had increased activatiofo(ir and all patients for bilateral S1 and

contralesional M1, respectively).

Three of the four severely-impaired patients trdirmnventionally had supra-threshold
activation at baseline (p < 0.05, FWE-corrected rfarltiple comparisons). Of these, two
experienced an increase and one a decrease iatamtiwolume immediately upon therapy
completion. For intensity, various trajectories &vebserved (i.e., decreases and increases) that
were not always consistent with those observeddbrme (for details, see Tables 3.5 and 3.6
and Figure 3.4, for an example, see Figure 3.6)twa months of follow-up, changes in
activation were often less pronounced and sometieves) reversed. Relative to baseline
activation, more patients had increased activatiopsilesional areas, particularly with respect
to intensity. Changes in contralesional areas wawee variable and less consistent between

activation volume and intensity.
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Figure 3.5 Brain activation during passive arm movementsvar patients trained with ARMin — one
suffering from moderate (P04) and one from sevepairment (P20); and for two patients trained with
conventional therapy — one moderately- (P15) anel severely-impaired (P18). Displayed are the
individual brain activation patterns assessed Ajaatline (3); B) after therapy (1); and C) at follow-

up (T2) (p < 0.05, FWE-corrected for multiple comparispdoderately-impaired patients (P04, P15)
showed gains in function (FMA scores for P04 @t38, Ti: 37, To: 44; for P15 at ¢ 22, Ti: 28, To: 31)
and therapy-induced changes in brain activati@n, (llecreased for P04 and increased for P15), which
persisted and were even more pronounced.aiS&verely-impaired patients (P20, P18) exhibited
improvements in function after therapy, but thesprovements had declined by (FMA scores for
P20 at b: 18, Ti: 21, T: 20; for P18 at ¢ 18, Ti: 20, T>: 19). Similar trajectories were observed for
changes in activation.
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Figure 3.6 Brain activation during active arm movements o {patients trained with ARMin — one
suffering from moderate (P04) and one from sevepairment (P20); and for two patients trained with
conventional therapy — one moderately- (P15) anel severely-impaired (P18). Displayed are the
individual brain activation patterns assessed Aaaeline (3), B) after therapy (1), and C) at follow-

up (T2) (p < 0.05, FWE-corrected for multiple comparispdoderately-impaired patients (P04, P15)
showed gains in function and therapy-induced charigeactivation (i.e., decreased for P04 and
increased for P15), which persisted and were evae pronounced at.TSeverely-impaired patients
(P20, P18) experienced improved function gthut less improvement versus baseline atSimilar

trajectories were observed for changes in actimatio
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Table 3.3 Activation changes in volume from pre-treatmenfirst post-treatment and to two-month

follow-up during the performance of passive arm eraents.

| psilesional hemisphere Contralesional hemisphere
Patient M1 S1 M1 S1
number 1, T.T, TATo To TiTo TxTo To Ti-To T2-To To TiTo ToTo
Vv Vv Vv Vv \% \% \% \%

ARMin Therapy
moderately impaired

P04 + | D + D D + 0 0 + 0 0
P14 + D D + I I 0 0 0 + 0 0
P16 + D D + D D + 0 0 0 0 0
P17 + D D + D D + 0 0 0 0 0
severely impaired

P09 + D I + D I 0 0 0 0 0 I

P20 + | | + | | 0 | | 0 I I

P22 0 0 0 0 0 0 0 0 0 0 0 0
P28 0 0 0 0 0 0 0 0 0 0 0 0
Conventional Therapy

moderately impaired

P10 + | S + | D + | D + | |

P12 + | | + | | 0 0 0 0 0 0
P15 + | | 0 | | 0 | | 0 I I

P24 + D D + D D 0 0 0 + D D
P27 + I I + I I 0 0 0 0 0 0
severely impaired

P06 + 0 0 0 0 0 0 0 0 0 0 0
P13 0 0 0 0 0 0 0 0 0 0 0 0
P18 + 0 | 0 0 | + 0 S 0 0 |

P25 + D D + D D + 0 0 + 0 0

M1: primary motor cortex; S1: primary somatosensooytex; To: activation at pre-treatment sessidn:To:
activation at post-treatment compared to pre-treatnsession;T>-To: activation at two-month follow-up
compared to pre-treatment session;

V: activation volume; +: presence of activatiorpeg-treatment session at the preselected voxedtibieé of p <
0.05, FWE-corrected for multiple comparisons; O:awtivation at the preselected voxel-threshold &f .05,
FWE-corrected for multiple comparisons; D: decreasactivation volume; I: increase in activationwae; S:
same activation volume. For activation volume ‘samtume’ was defined as changes in volume withia th
predefined anatomical ROIs less than 10% versusr@agment assessment.
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Table 3.4 Activation changes in intensity (betas) from meatment to first post-treatment and to two-

month follow-up during the performance of passiua amovements.

| psilesional hemisphere

Contralesional hemisphere

Patient M1 S1 M1 S1

number To Ti-To To-To To Ti-To To-To To Ti-To T2-To To Ti-To T2-To
Int Int Int Int Int Int Int Int

ARMin Therapy

moderately impaired

P04 + D D + D D + D D + D D

P14 + S S + D | 0 | | + D D

P16 + D D + D D + D D 0 | |

P17 + D D + D D + D D 0 D D

severely impaired

P09 + D D + D | 0 | | 0 | |

P20 + | | + | D 0 | | 0 | |

P22 0 | | 0 S | 0 S D 0 | |

P28 0 | | 0 | | 0 | D 0 D D

Conventional Therapy

moderately impaired

P10 + | D + D D + S D + | D

P12 | | + | | 0 | D 0 D D

P15 + | | 0 | | 0 | D 0 D D

P24 + D | + D | 0 | D + D D

P27 + | | + | | 0 D | 0 | |

severely impaired

P06 + D D 0 D D 0 D S 0 | |

P13 0 S D 0 D D 0 | D 0 S D

P18 + D | 0 D | + D | 0 D |

P25 + D S + S | + D D + D S

M1: primary motor cortex; S1: primary somatosensooytex; To: activation at pre-treatment sessidn:To:
activation at post-treatment compared to pre-treatnsession;T.-To: activation at two-month follow-up

compared to pre-treatment session;

Int: activation intensity; +: presence of activatiat pre-treatment session at the preselected tiarethold of p
< 0.05, FWE-corrected for multiple comparisonsn@:activation at the preselected voxel-threshold &f0.05,
FWE-corrected for multiple comparisons; D: decraasctivation intensity; |: increase in activationensity; S:

same activation intensity.

102



Study#3: Neuroimaging of therapy induced recovery

Table 3.5 Activation changes in volume from pre-treatmenfirgt post-treatment and to two-month

follow-up during the performance of active arm moests.

| psilesional hemisphere Contralesional hemisphere
Patient M1 S1 M1 S1
number To Ti-To TTo To Ti-To TxTo To Ti-To TzTo To Ti-To TzTo
Vv \% Vv \% Vv Vv Vv Vv

ARMin Therapy
moderately impaired

P04 + D D + D D + D D + D D
P14 + D D + D D + D D + D D
P16 + S S + D D + D I + D D
P17 + D D + D D + D D + D D
severely impaired

P09 0 0 | 0 0 | 0 0 | 0 0 |
P20 + I I + I I + I I + I I
P22 + I I 0 0 I + I S + D D
P28 0 0 I 0 0 I 0 0 0 0 0 I
Conventional Therapy

moderately impaired

P10 + | | + | | + | | + | |
P12 + D | + D | + D | + D |
P15 + | | + | | + | | + | |
P24 + D D + D D + D D + D D
P27 + I I + I I + D D 0 I I
severely impaired

P06 + | | + | | + | D + | D
P13 + D | + D D + D D + D 0
P18 + | | + | | + | D + | D
P25 0 0 0 0 0 0 0 0 0 0 0 0

M1: primary motor cortex; S1: primary somatosensooytex; To: activation at pre-treatment sessidn:To:
activation at post-treatment compared to pre-treatnsession;T.-To: activation at two-month follow-up
compared to pre-treatment session;

V: activation volume; +: presence of activatiorpeg-treatment session at the preselected voxedtibte of p <
0.05, FWE-corrected for multiple comparisons; O:awbivation at the preselected voxel-threshold &f §.05,
FWE-corrected for multiple comparisons; D: decreasactivation volume; I: increase in activationwoe; S:
same activation volume. For activation volume ‘savotume’ was defined as changes in volume withia th
predefined anatomical ROIs less than 10% versusrgagment assessment
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Table 3.6 Activation changes in intensity (betas) from meatment to first post-treatment and to two-

month follow-up during the performance of activenanovements.

| psilesional hemisphere

Contralesional hemisphere

Patient M1 S1 M1 S1

number To Ti-To T2-To To Ti-To T2To To Ti-To  T2-To To Ti-To T2-To
Int Int Int Int Int Int Int Int

ARMin Therapy

moderately impaired

P04 + D D + D D + D D + D D

P14 + D D + | | + | | + | |

P16 + D D + D D + D D + D D

P17 + D D + D D + D D + | |

severely impaired

P09 0 | | 0 | | 0 D D 0 D D

P20 + | | + | | + | | + | |

P22 + I D 0 I I + I D + I D

P28 0 S | 0 | | 0 D D 0 D |

Conventional Therapy

moderately impaired

P10 + D D + | | + | | + | |

P12 + D | + D | + D | + D |

P15 + | | + | | + D | + D D

P24 + S D + D D + | | + | |

P27 + I I + I I + I I 0 I I

severely impaired

P06 + D | + | | + D | + D |

P13 + | | + D D + | | + | |

P18 + | | + | | + | D + | |

P25 0 D D 0 | | 0 D D 0 D D

M1: primary motor cortex; S1: primary somatosensooytex; To: activation at pre-treatment sessidn;To:
activation at post-treatment compared to pre-treatnsession;T>-To: activation at two-month follow-up

compared to pre-treatment session;

Int: activation intensity; +: presence of activatiat pre-treatment session at the preselected ‘arethold of p
< 0.05, FWE-corrected for multiple comparisonsp@:activation at the preselected voxel-thresholg &f0.05,
FWE-corrected for multiple comparisons; D: decreasgctivation intensity; I: increase in activationensity; S:
same activation intensity.
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Discussion

The present longitudinal study tested whether ralssisted movement therapy using ARMin
promotes brain reorganization (i.e., changes innbaativation) in chronic stroke patients
suffering from moderate to severe motor deficitdshef arm. Furthermore, changes in brain
activation induced by this treatment were compagainst those produced by conventional
therapy. Functional MRI was assessed during aetiekepassive elbow movements supported
by a MRI-compatible robot (MaRIA). After eight weekf treatment, therapy performed with
ARMin induced changes in activation patterns inghenary motor (M1) and somatosensory
cortex (S1), indicating brain reorganization. Cetet with previously-published findings
(Feydy et al. 2002; Luft et al. 2004b; Luft et 2004a; Lotze et al. 2006; Hamzei et al. 2006;
Ward et al. 2007; Richards et al. 2008; Lindentztrgl. 2010; Riecker et al. 2010) our single-
subject analyses revealed various reorganizatitiarpa, depending on the type of intervention
(robotic versus conventional therapy), the degfempairment (moderate versus severe), and
the task demands (passive versus active moveniemt).months following the cessation of
therapy, these changes often persisted and adalitiearganization was observed, especially
in patients with moderate deficits. These findisgggest that robot-assisted training can have
long-term beneficial effects after therapy completiand that these effects depend on the
degree of impairment. The results we achieved veeraparable to those observed with

conventional treatment (physical or occupationatdpy).

Gains in function, as assessed using the FMA, oedwacross all patients and were comparable
for both types of therapy. Motor performance vagalassessed with MaRIA (MVPF, dROM,
number of successfully performed active arm moves)ewvere, on average, higher for patients
trained with ARMin than those trained conventiopalh particular, substantial improvement
in MVPF was observed, which persisted at two-mdaotlow-up. For conventional therapy,
however, force improvement was less prominent gdigr therapy, though it was increased

slightly at two-month follow-up. The lack of statcal significant difference between the two
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groups and sessions for this parameter may beodihe small sample size and the high degree
of variability in the trajectory of force improvems across patients and sessions; i.e., some

patients showed improvements immediately afterajmeand others two months later.

| ntervention

In almost all patients with moderate impairmentsjning with ARMin led to reduced
activation volume and intensity within the sensariar cortex for both passive and active arm
movements. In contrast, moderately-impaired patiewho underwent therapy with a
conventional protocol tended towards increased/aabin patterns, though they were slightly
more variable between patients and the studied R&ter both interventions, most patients
suffering from severe deficits exhibited increasedivation volume and intensity in the
sensorimotor cortex during active tasks. For passigvements, they often displayed no supra-
threshold activation. However, intensity seemeid¢oease in patients trained with ARMin and
to decrease in those who received conventionainiea. These findings suggest that the two
therapies reshape the brain differently. The cawstan activation patterns observed after
ARMin therapy across subjects with similar degreesnpairment may be a consequence of
the controlled movements performed with the roBotiing conventional therapy, movements
are less controlled as therapists cannot alwayeeaehhe same movement trajectories. Also,
tasks performed during conventional therapy mafedlbetween patients, which may lead to
more variable reorganization patterns. Given tpetigve, controlled and intensive movements
performed using the robot, it is possible thatgaaization occurs faster than with conventional
interventions, resulting in more homogeneous padtacross patients. This is consistent with
the results observed in the large therapeuticfiaah which the participants of this fMRI study
were recruited, which revealed that patients assida robotic therapy gained motor function

faster than those trained with traditional ther@ghamroth-Marganska et al. 2014).
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Following both interventions, the activation pattepbserved immediately after therapy in the
single subjects often persisted at two-month follggy However, the consistency of the induced
reorganization patterns varied considerably. Ines@atients, the observed changes were less
pronounced than immediately after therapy, whiletiners they remained stable or became
even more obvious. Additionally, in other patieatstjvation changes were observed with some
delay two months after therapy completion. Theda daggest that both therapies have long-
lasting effects on brain organization, but also kagize the large variability of such effects
between patients. In our sample, stable patteradditional changes in activation at follow-up
were more often observed in moderately-impairetbptg following both kind of therapies and
in severely-impaired patients trained with the ARMNevertheless, it is impossible to draw
conclusions on the basis of these individual casethe observed effects may be specific only
to these single patients. Therefore, further refearth a larger number of patients is necessary
to identify potential common patterns that may dage long-term consolidation or further

enhancement of reorganization effects after termgdreatment.

The exact arm movements used to assess braintamtidairing the fMRI recordings were not
trained during robot-assisted therapy with ARMinowéver, brain activation changes in
response to training were observed during botlva@nd passive conditions. These findings
are contrary to those of a previous study by Taglahand colleagues (Takahashi et al. 2008),
who investigated the effect of robot-assisted hdretapy and found that therapy-induced
reorganization was only observed for those tasksMuch specific training was provided
during therapy sessions and not for tasks for wtigining was not provided. Therefore, more
extensive robot-assisted therapies that involversgé\components of the affected limb (i.e.,
with ARMin, the shoulder, arm and hand), similadtaing conventional treatment, may have
more generalized effects, which can also be tesredd to non-trained tasks (Langhammer and
Stanghelle 2000; Timmermans et al. 2009). Thus)gusuch devices provides an effective

strategy to promote recovery in patients suffefiogn chronic stroke.
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Passive and active arm movements

In the present study, active and passive arm montsmesulted in differential reorganization
patterns. Active movements assessed during thdimmasession produced largely a bilateral
pattern of activation in M1 and S1, which oftengigted after treatment. Additionally, changes
in the left and right sensorimotor cortex were obsé in patients who also exhibited improved
function, suggesting that bilateral activation niiymeaningful for recovery. Concerning the
extent of functional recruitment, previous inveatigns have generated divergent results. Some
investigators postulate that wider recruitment cfvation, like bilateral activation within the
primary sensorimotor cortex, may result in poorokery, whereas a return to more normal
activation patterns (e.g., ipsilesional activatiomMl) is linked to a good motor outcome (e.g.
Liepert et al. 2000; Nelles et al. 2001; Careylef@02; Takahashi et al. 2008). Conversely,
other studies have identified a positive assoaiatietween the recruitment of additional
activation and good recovery after motor trainingjcating that such patterns may support the
successful execution of a task (Johansen-Berg 20@R; Luft et al. 2004a; Lotze et al. 2006;
Richards et al. 2008; Riecker et al. 2010). In stwdy, both reorganization patterns were
observed after robotic therapy: i.e., more focusetivation in moderately-impaired patients
and more widespread activation in those with sevepairments. Furthermore, patients trained
conventionally exhibited mainly a recruitment irtigation. Since these activation changes
were accompanied by functional improvements afterapy and even at follow-up (especially
in moderately-impaired patients) our findings swgidkat both reorganization patterns support
recovery and that therapy-induced changes maydidyhwariable, depending on the severity

of impairment, and the applied interventions.

For passive movements, activation was mainly oleskrunilaterally in the ipsilesional
hemisphere, which also persisted after trainingadaerately-impaired patients, improvements
in function were accompanied by changes in thdegsinal sensorimotor cortex (i.e., either

decreases or increases) or by a reduction in &ctivan the contralesional side. Passive
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movements do not require any effort from patierats; such, additional recruitment of
contralesional areas was probably not necessaagdomplish the task. This observation is in
line with previous findings which showed that aatien patterns in stroke patients depend on

task demands (Lotze et al. 2006; Ward et al. 2B03cker et al. 2010).

Previous study results have suggested that passmeements elicit activation in the
sensorimotor network by activating the afferenttayswhich, in turn, activates the efferent
system through cortico-cortical connections, legdim similar activation patterns as during
active movements (Weiller et al. 1996; Kocak eR8l9). Therefore, the observed changes in
activation following therapy may reflect improvent®in the perception of afferent sensory
information relevant to motor output; e.g., propaption during arm movement (Ward et al.
2006a). Patients suffering from moderate impairmeftén failed to demonstrate supra-
threshold activation during passive tasks, thougfivaion was found in the same patients
during active movements. This may be due to dissapof the afferent connections to the
cortex by the lesion. Therefore, despite having es@uaivantages (e.g., being independent of
patient’s capabilities), passive movements mayahwsays be suitable or sufficient to provide
a comprehensive picture of ongoing reorganizatiatgsses in these patients (Kocak et al.
2009). Moreover, those severely-impaired patiente were not able to perform active
movements also failed to exhibit supra-thresholavaton during this condition. Based on
these observations, it is probably well justifieduse both passive and active movements to
provide a better understanding of reorganizatiamepas in patients with various degrees of

motor deficit post-stroke.

In previous studies, passive movements were pedormith the investigator moving the
patient’s upper limb (e.g., elbow, wrist), whiclmited the accuracy of the movements and
could have led to undesirable variability in theéadaVith respect to active movements, the

assessment of brain reorganization is also hindésedhe patient's motor deficits, and
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misinterpretation of results is possible if taskfpenance changes over time. Therefore, to
assess brain reorganization longitudinally, we mersit essential to use an MRI-compatible
robot to guide the passive movements, standardeexperimental setting across sessions and
subjects, and accurately control task performafdditionally, a robot like MaRIA can record
and store several movement parameters that camdlgzad and used to provide accurate
modelling of performed tasks. Applying this approatiowed us to draw conclusions related
to therapy-induced reorganization over time in atadled environment, while minimizing

potentially-confounding variables.

Limitations of the study

The following limitations must be considered. Figiten the small sample size (n = 4 or 5) of
the groups investigated in the present study, st possible to perform meaningful statistical
analyses to assess the relationship between l@arganization patterns and FMA scores in
moderately- and severely-impaired patients tragitter with robotic or conventional therapy.
Thus, this association needs to be confirmed iaréustudies using larger samples. Second,
changes in brain activation were only studied netatio changes in function as assessed with
the FMA. However, improvements in other aspectsnotor output (e.g., force) might also
occur. Indeed, trajectories of improvement in fimciand force (MVPF) assessed in this study
seemed to vary depending on the severity of dispbHatients with moderate motor deficits
experienced stable or even further improved fumctweo months after ceasing therapy, while
those with severe deficits experienced functioredlides. The opposite was observed for
MVPF; i.e., initially-achieved improvement declinéa moderately-impaired patients, but
increased in the severely-impaired (i.e., 5 impdyv2 remained stable, 1 worse; data not
shown). Such differences may be important for ustdeding the meaning of observed therapy-
induced reorganization patterns, and designingre@abilitation treatments tailored to patients

with different degrees of impairment. Finally, th®IA provides only a rough classification of
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functional improvement. Combining several behavidests might prove a more suitable

measure of functional status and functional stahiasge over time.

In summary, our results demonstrate that robostessitherapy with ARMin is as effective as
intensive conventional treatment. Consequenthg tbbot could be a helpful tool to support
the work of therapists by promoting functional aretovery and brain reorganization in
patients with moderate to severe impairments, eeenral years after their stroke.

We observed large variability in reorganizationtg@ats across our patient sample, both pre-
treatment and post-treatment, which hampers owrgénonclusions. Therefore, in the future,
we would consider adopting an individualized apploaombining both structural and
functional neuroimaging techniques, which could Id/igorofound insights into brain
reorganization underlying recovery and aid in teeedopment of tailored therapy programs to

address specific functional deficits.
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7 GENERAL DISCUSSION

The long-term purpose of this work was to gainghts into brain reorganization induced by
arm therapy in patients who are in the chronicetagf a stroke. As a first step, to improve the
longitudinal assessment of arm movement-relateth aetivation using fMRI, MaRIA, a

newly-developed, MRI-compatible robot was tested.aAsecond step, brain reorganization
(i.e., changes in brain activation) and relatedrowpments in arm function induced by therapy
using a robot-assisted approach were explored amdpared against those elicited by
conventional physical or occupational therapy. fidimt-assisted therapy was performed using

ARMIn, an exoskeleton robot for arm rehabilitation.

To meet these objectives, three studies were peeir The findings of each experiment have
been described extensively in the discussion seofithe respective manuscripts. Thus, in the
following paragraphs, | will focus on certain sgicissues addressed in the studies that might

be considered for further research.

Studies #1 and #2 were conducted to assess thhkiligasf using a particular MRI-compatible
arm robot (MaRIA) during fMRI recording and tesethkeliability of arm movement-related
brain activation assessed with this new approabbsé studies showed that the application of
MRI-compatible robots in the MRI environment isgdde and provides reliable assessments,
being in fact a promising approach to assess haativation related to motor tasks in
longitudinal investigations. In particular, Stud¥ demonstrated that the reliability of acquired
task-related brain activation can be improved byiragl further information about movement
performance, like the applied force. This inforroatcan be recorded with the MRI-compatible
device (MaRIA) in real time during the fMRI assessits and applied afterwards to fMRI data
analysis. Variance in task performance acrosseitiglls can thereby be reduced, increasing
the reproducibility of activation patterns acrogesssons (see model 2 used in Study #2). Using

this approach, the greatest reliability improvemeas observed for brain activation associated
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with passive tasks. This is an interesting findiag,it contradicts previous assumptions that
passive motor taskger se elicit brain activation in a more reliable ways &hey are
independent of the subjects’ motor abilities angk teequirements. The results in Study #2
suggest instead that, even during passive movenwntied by a robotic device, some
differences in task performance do exist and caantially affect data reproducibility. When
assessing brain activation patterns in patients) swconsistencies during passive tasks could
significantly influence the results, in particul@nen running longitudinal studies. Therefore, it
may represent an additional source of confoungiotgntially leading to false conclusions and
mask true reorganization patterns. The findingsonted in Study #2 demonstrate that
monitoring task performance, even during passiveaments, is warranted to help counteract
this problem. As shown in this work, MRI-compatilbddotic devices can indeed provide some
aid to address this problem. Finally, the findiado emphasize the importance of testing the
reliability of brain activation acquired by a sdeciparadigm before starting a longitudinal
study. This kind of analysis has often been negtkat previous neuroimaging research and

needs to be addressed more thoroughly in futuchestu

In Study #3, MaRIA was used to investigate theraqoljtced brain reorganization in chronic
stroke patients suffering from moderate or seveitateral hemiparesis of the arm. Overall,
the results of this investigation demonstrated tiohbt-assisted arm therapy with ARMin
promotes brain reorganization and reduces motorimment to a similar extent as intensive
conventional treatment. Additionally, changes obsérafter this therapy often persisted after
two months of follow-up, in particular in patierggffering from moderate motor deficits, and
seemed to be transferable to tasks for which tlaelyriot been trained. These findings imply
that therapy with ARMin is a promising tool withettpotential to enhance functional arm
recovery and support the work of therapists. b atskes it possible to increase the duration
and intensity of therapy, allowing patients to reeamore training without additional costs. As

per previous research results, this study also detratted the benefit of training stroke patients,
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even those with severe motor deficits and those mdwe already reached a chronic stage of
disease. Therefore, the development of new appesadite ARMin, which allow intensive
training of more complete arm movements (e.qg.uidiclg several joints) and thereby help to

reduce motor deficits, is worth promotion.

In Study #3, considerable variability in reorgatiza patterns was observed between patients
at both the pre-and post-treatment sessions, whiatle it difficult to come to any overall
conclusions when performing group analyses. Sucflahifity is often encountered when
assessing brain reorganization in stroke patiemtisi@probably due to different factors, such
as lesion characteristics, degree of motor impaitprand time since stroke, among others. To
counteract this problem, an approach that combibheth structural and functional
neuroimaging techniques is recommended for futavestigations. This may provide a more
comprehensive picture of therapy-induced reorgaioizgprocesses underlying recovery as the
approach used in the currently presented work canttl potentially aid in the development of

more efficient and individualized therapy programs.

Due to the limited time allowed for my doctoral dies and the challenges that existed due to
the variability in data across the entire patiearnple, therapy-induced changes in activation
could only be investigated in the primary motor gmonary somatosensory cortex (i.e., M1
and S1). However, reorganization can involve sévegions of the sensorimotor network.
Therefore, more extensive analyses that asses®rttiee network could yield a better
understanding of the reorganization mechanismsceediloy movement therapy. For instance,
visually inspecting the whole brain analyses ahgls-subject level, therapy-induced changes
in activation were observed in other areas likecrebellum (data not shown). Activation in
this area was also observed during active movemeantthe time of both post-treatment
assessments, and has been reported in previoussstiging various therapeutic interventions

(Nelles et al. 2001; Johansen-Berg et al. 2002, étudil. 2004a), suggesting that it may play an

119



7 General discussion

important role in recovery. One interesting finduags that, in some patients, activation in this
area was more prominent two months following thertdyan immediately after its completion.

For example, patient #22 was found to have expee@i25% improvement in function at the
termination of therapy and 38% at follow-up; howegwao activation was observed during
passive movements either pre-treatment or immdgiatpon therapy completion, while

bilateral activation in the cerebellum was appaatfvllow-up. This example suggests not only
that other sensorimotor areas besides M1 and Slbmayfluenced by therapy, but also that

the time course of the induced changes may digénden regions.

Further limitations of the present dissertation s considered. First, when testing the
experimental paradigm using MaRIA, the reliabilifybrain activation was only examined in
a group of healthy young subjects. Therefore, ¢éselts of some analyses reporte&indy #2
cannot be entirely generalized to patients or ttierly. This is the case for the computation of
the ICC for summary statistics (IG&weey. Since this approach is strongly dependent on
between-subject variance, foeterogeneous groups of participants, theslagenvalues may

be higher than for more homogenous samples. Thiddcoe a problem when assessing
reliability in samples of healthy subjects withdesariance, and when translating these results
to groups of patients, in whom the variance shdwddgreater (Rankin and Stokes 1998).
Additionally, depending on the lesion, reliability single regions may be different from the
values obtained irStudy #2 Although the multiple statistical methods used assess
reproducibility in this study should compensate fiois limitation to some degree, further

research is needed to evaluate the importancaesoftue.

Second, the activation elicited by interacting witle robot was not directly compared with
activation during the performance of arm movemauitisout using the device (i.e., elicited by

passive movements performed by the investigat@elipaced active movements). Therefore,

120



7 General discussion

gains in reliability using the robot could not heaqtified. This should be considered in future

studies to add further insights into the resultthefcurrent work.

Third, patients with motor impairments were expédi® produce considerable head motion
artefacts while performing the active tasks. Thenefto avoid the exclusion of too many
participants in Studie#2 and#3, head motion correction during pre-processintheffMRI
data was performed in a more liberal way than gvimus studies. In fact, participants were
excluded from the analysis when movement artefaateeded one voxel in size, instead of the
half voxel size usually adopted, and motion paranmsebbtained during motion correction
processing were not included in data analysis. ibeg, it may be argued that this procedure
led to additional variance in the data acquiredrdudifferent sessions, resulting in less robust
activation. To avoid this, the data were enhan&aguseveral other strategies during both data
acquisition and data analysis. The study desighdtn Study#2 and Study3 was enhanced
by presenting the experimental conditions as an ERI} kind of design has been shown to
be less sensitive to head motion artefacts thamliek design used in Studil (Birn et al.
1999; Johnstone et al. 2006). Additionally, durprg-processing, the “realign and unwarp”
facility was applied to correct for motion artefaend additional susceptibility-by-movement
interactions. Furthermore, fMRI images were norm@lusing DARTEL (Ashburner 2007),
which provided a more accurate registration of iesagnd may, therefore, have compensated
for motion artefacts to some extent. Indeed, ftiva@rm movements, highly robust activation
was apparent with all statistical analyses, at lzo#ingle-subject and group level. As brain
activation associated with active tasks is usuaffgcted by head motion artefacts, these
findings suggest that, despite the liberal motiomection technique adopted, the protocol used

generated reliable results.

Further limitations associated with the therapesiiitly are discussed in the limitations section

specific to Study3.
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