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Abstract

Abstract
Bipedal, striding gait is one of the central hallmarks of human motor behavior and
enables us to locomote in a wide spectrum of movement patterns such as walking, running,
or stair climbing. The relevance of functional gait for the everyday life is made ourselves
clear in the case of an impairment of lower limb motor control, such as after an injury to the
brain or the spinal cord. Clinically, such injuries can present as a paralysis of the lower limbs
or of one side of the body. Both disorders significantly compromise the affected patients in
their capability to perform activities of daily living as well as in their general quality of life.
Furthermore, direct and indirect costs of these diseases pose a significant socioeconomic
burden. Particularly in the case of stroke, demographic changes combined with declining
stroke case-fatality will lead to a further increase of these costs in future.
Facilitating improvements of the functional walking capacity is, therefore, a frequently
set aim in the rehabilitation after a stroke or a spinal cord injury (SCI), and the efficacy of
locomotor training has been shown in the past. However, neither the underlying
pathophysiological principles nor the exact effects of the locomotor training on the nerve cell
tissue and function have been fully appreciated to date. It is assumed that functional
locomotor training induces supraspinal reorganization and plasticity associated with
behavioral gains in performance. Several studies investigated the influence of gaitrehabilitation on supraspinal activation in the past, primarily by investigating brain activation
repeatedly by functional magnetic resonance imaging (fMRI) over the course of some form
of functional gait rehabilitation. Due to the lack of alternatives, surrogate tasks such as
single-joint movements of the knees or the ankle were applied to elicit gait-related brain
activation. However, upright gait comprises of the complex coordination of rotations about
the hip, knee, and ankle joints of both legs under the influence of transient ground reaction
forces. Therefore, motor paradigms more closely related to actual gait should be applied.
Longitudinal studies, furthermore, call for standardized and repeatable tasks. Robotic devices
such as the MR-compatible stepper MARCOS bear a big potential for the investigation of
the supraspinal correlates to locomotor control in stroke and spinal cord injured patients.
Therefore, the present thesis aims at the systematic elaboration of the feasibility of this novel
robotic device for its application in future longitudinal clinical investigations.
Both active and passive movement execution are applied in functional locomotor training.
The first study, therefore, aimed at delineating the supraspinal contribution specific to active
and passive bilateral, multi-joint, lower limb motor control. Another aim of this study was to
demonstrate the general practicability of combining devices such as MARCOS with a sparse
temporal sampling fMRI protocol. The results of this study indicate that the combination of
MARCOS and sparse sampling fMRI is feasible for the detection of lower limb motor
related supraspinal signals. Both stepping conditions engaged several cortical and subcortical
areas of the sensorimotor network, with higher relative activation of those areas during
active movement. Activation of the anterior cingulate and medial frontal areas suggests
motor response inhibition during passive movement in healthy participants.
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The provision of body-weight support is a further key component of locomotor
rehabilitation. A second study was, therefore, conducted investigating the effect of graded
simulated ground reaction forces on brain activation. A significant modulation of brain
activation in the sensorimotor network by the level of the simulated force could neither be
demonstrated during active nor during passive stepping. These observations suggest that the
regulation of muscle activation under different weight-bearing conditions during stepping
occurs at the level of the spinal circuitry rather than at the supraspinal level.
In view of future clinical research, the third study of the present thesis aimed at
examining the test-retest reliability of fMRI experiments using MARCOS. The effect of
repeated active and passive stepping movements on brain activation was investigated in two
separate imaging sessions six weeks apart. Root mean squared errors (RMSE) were
calculated for the metrics of motor performance. Regional overlap of brain activation
between sessions, as well as an intra-class correlation coefficient (ICC) was computed from
the single-subject and group activation maps. While the reliability of motor performance was
higher during passive movements, the reliability of brain activation was higher during active
movements. Regional overlap of activations was also higher during active than during
passive movements. These findings imply a higher stability of brain activation related to the
control of voluntary movements in spite of higher variability of motor performance in
healthy participants.
Significant task-induced head motion was found as a common result of all fMRI
measurements of the present thesis. Motion of the head introduces significant variation in the
data that cannot be disentangled in retrospect from variance due to true activation.
Consequently, up to 50 % of the data had to be discarded from the analyses. A motion
capture study outside the scanner was, therefore, carried out investigating the influence of
movement extent of the lower limbs on head motion. The results of this study underpinned
that head motion can be reduced by the application of lower levels of knee amplitude, or,
alternatively, by lower knee movement velocities. The results of this study also made clear
that the head motion is inevitably correlated to task execution. The combination of
MARCOS with recent developments in MR-imaging such as ultra-fast fMRI or prospective
motion correction is, therefore, suggested. The feasibility of the device for the investigation
of neurologic patients was assessed in two individuals with stroke and one individual with a
SCI. These pilot experiments revealed that patient comfort and safety may be an issue with
respect to the fixations of the upper body and the head. An fMRI stepping experiment in one
stroke patient revealed activations in the medial parietal and paracentral lobes, which are
compatible with the findings in healthy participants.
In conclusion, the results of the present thesis demonstrate a high potential of MARCOS
for the investigation brain activation during lower limb motor control, and various aspects of
functional gait rehabilitation such as weight-bearing. The full potential of the device will,
however, only be unlocked if the issue of task-related head motion can be overcome. Once
this is achieved, MARCOS will proof a powerful tool for the standardized investigation of
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the supraspinal process involved in lower limb motor control in the healthy, as well as in a
wide range of patient populations and disorders.
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Zusammenfassung

Zusammenfassung
Die zweibeinige, aufrecht schreitende Gangart ist eines der zentralen Kennzeichen
menschlichen Verhaltens und ermöglicht uns eine weite Spannbreite von
Bewegungsmustern, wie zum Beispiel das Gehen, Laufen oder Treppen steigen. Die
Bedeutung des funktionellen Ganges wird unmittelbar deutlich, bei einer Beeinträchtigung
der Motorik der unteren Extremitäten, wie sie beispielsweise nach einer Verletzung des
Gehirns oder des Rückenmarks auftreten kann. In der Klinik können sich solche
Verletzungen als Paralyse beider Beine oder auch einer ganzen Körperseite manifestieren. In
beiden Fällen sind die betroffenen Patienten erheblich in der Verrichtung ihres Alltags,
sowie in ihrer Lebensqualität eingeschränkt. Zudem stellen die direkten Heilungskosten,
sowie die indirekt entstehenden Sekundärkosten eine bedeutende monetäre Last für die
Allgemeinheit dar. Insbesondere nach Hirnschlägen werden diese Kosten in absehbarer Zeit
weiter ansteigen. Einerseits aufgrund demographischer Veränderungen, anderseits aufgrund
der sinkenden Hirschlag-bedingten Fatalitätsrate.
Die Verbesserung der funktionellen Gangfähigkeit ist daher ein oft gesetztes Ziel in der
Rehabilitation nach Schlaganfall und Rückenmarksverletzungen, und die positiven Effekte
der Gangtherapie auf den Rehabilitationsfortschritt wurden mehrfach belegt. Jedoch sind die
zugrundeliegenden pathophysiologischen Prinzipien, sowie die Effekte des Gangtrainings
auf die Struktur und Funktion von Nervenzellen bis anhin wenig verstanden. Es wird davon
ausgegangen, dass funktionelles Gangtraining zu supraspinaler Reorganisation und
Plastizität führt, eingehergehend mit Verbesserungen in der motorischen Performanz.
Mehrere Studien haben bereits den Einfluss der Gangrehabilitation auf die supraspinalen
Aktivierungen untersucht. Dies hauptsächlich durch die wiederholte Erfassung der
Hirnaktivität mittels funktioneller Magnetresonanztomographie (fMRT) während des
Zeitraums der Gangrehabilitation. Mangels Alternativen wurden vereinfachte, eingelenkige
Bewegungen des Knie- oder Fußgelenkes verwendet, um Gang-bezogene Hirnaktivität zu
erzeugen. Der aufrechte Gang besteht jedoch aus der komplexen Koordination von Hüft-,
Knieund
Fußgelenksbewegungen
unter
dem
transienten
Einfluss
von
Bodenreaktionskräften. Daher sollten Bewegungsaufgaben verwendet werden, welche mit
dem Gehen näher verwandt sind. Längsschnittstudien erfordern zudem standardisier- und
wiederholbare Aufgaben. Robotische Geräte wie der MR-kompatible Stepper MARCOS
besitzen daher großes Potential für die Untersuchung der supraspinalen Beteiligung an der
Gang-Kontrolle in Hirnschlagpatienten und Patienten mit Rückenmarksverletzungen. Die
vorliegende Arbeit hat deshalb zum Ziel, die Anwendbarkeit dieses neuartigen robotischen
Gerätes hinsichtlich künftiger klinischer Studien systematisch zu untersuchen.
Sowohl die aktive als auch die passive Bewegungsausführung sind Inhalte des
funktionellen Gangtrainings. Daher war das Ziel der ersten Studie die Beschreibung der
Hirnaktivität während der Ausführung aktiver und passiver, bilateraler SteppingBewegungen. Ein weiteres Ziel dieser Studie war es, die generelle Nutzbarkeit von
MARCOS in Kombination mit „sparse sampling“ fMRT zu testen. Die Resultate dieser
Studie zeigen, das „sparse sampling“ fMRT geeignet ist, um Hirnaktivität aufgrund von
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Beinmotorik-Aufgaben zu untersuchen. Beide Stepping-Konditionen aktivierten eine
Vielzahl von Arealen des sensomotorischen Netzwerkes, mit höherer relativer Aktivierung
der Areale während aktiven Bewegungen. Die Aktivierung des anterioren Cingulums und
medialer frontaler Areale deutet zudem auf eine aktive Unterdrückung der Motorik-Antwort
bei passiven Bewegungen hin.
Die Entlastung des Körpergewichts ist eine weitere wichtige Komponente der
Gangrehabilitation. In einer zweiten Studie wurde daher der Einfluss simulierter
Bodenreaktionskräfte auf die Hirnaktivität untersucht. Eine Modulation der Aktivität des
sensomotorischen Netzwerkes durch die Größe der simulierten Kraft konnte weder für aktive
noch für passive Bewegungen gezeigt werden. Diese Resultate legen nahe, dass die
Regulierung der Stärke der Muskelaktivität beim Gehen in spinalen Strukturen, und nicht auf
der Ebene der supraspinalen Netzwerke erfolgt.
In Anbetracht künftiger klinischer Anwendungen hatte die dritte Studie dieser Arbeit zum
Ziel, die Test-Retest-Reliabiliät der fMRT-Experimente mit MARCOS zu erfassen. Der
Effekt der Testwiederholung wurde aus zwei Untersuchungen im Abstand von sechs
Wochen untersucht. Für die Messgrößen der motorischen Performanz wurde der mittlere
quadratische Fehler berechnet. Die räumliche Überlappung, sowie ein Intraklassen
Korrelationskoeffizient der Hirnaktivitäten wurden aus den individuellen als auch aus den
Gruppendaten berechnet. Währenddem die Reliabilität der motorischen Performanz während
passiven Bewegungen höher war, war die Reliabilität der Hirnaktivierung während aktiven
Bewegungen höher. Ebenso war die räumliche Überlappung der Aktivierungen grösser bei
aktiven Bewegungen. Diese Resultate implizieren eine höhere Stabilität von Aktivierungen
aufgrund von Willkürbewegung, trotz gleichzeitig höherer motorischer Variabilität.
Signifikante aufgaben-induzierte Kopfbewegungen waren allen fMRT Messungen der
vorliegenden Arbeit gemein. Bewegungen des Kopfes führen zu zusätzlicher Variabilität der
Daten, welche im Nachhinein nicht mehr von Varianz aufgrund tatsächlicher Aktivierung
unterschieden werden kann. Daher mussten bis zu 50 % der Daten aus den Analysen
ausgeschlossen werden. Im Rahmen einer Motion-Capture Studie außerhalb des Scanners
wurde daher der Einfluss des Bewegungsausmasses der Stepping-Bewegungen auf das
Bewegungsverhalten des Kopfes untersucht. Die Resultate dieser Studie belegen, dass das
Ausmaß der Kopfbewegungen durch kleinere oder langsamere Stepping-Bewegungen
reduziert werden kann. Gleichzeitig zeigen die Resultate aber auch, dass die
Kopfbewegungen zeitlich mit der Aufgabenausführung korreliert sind. Die Kombination von
MARCOS mit ultra-fast fMRT oder prospektiver Bewegungskorrektur wird daher für
künftige Studien vorgeschlagen.
Die Nutzbarkeit des Gerätes für die Untersuchung neurologischer Patienten wurde in
zwei Patienten nach Schlaganfall, sowie einem Patienten nach Rückenmarksverletzung
untersucht. Diese Pilot-Studien zeigten auf, dass die starke Fixierung des Oberkörpers und
des Kopfes den Komfort, als auch die Sicherheit der Patienten beeinträchtigen können. Die
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Zusammenfassung

fMRT-Untersuchung mit MARCOS in einem Hirnschlagpatienten ergab Aktivierungen die
größtenteils denjenigen in Gesunden entsprachen.
Abschließend kann festgehalten werden, dass die Resultate dieser Arbeit das große
Potential von MARCOS belegen, welches das Gerät für die Untersuchung der Beinmotorik
und dafür verantwortlicher Hirnaktivität bietet. Das gesamte Potential des Gerätes kann
jedoch nur ausgeschöpft werden, falls das Problem der aufgaben-induzierten
Kopfbewegungen überwunden werden kann. Sobald dies erreicht ist, wird sich MARCOS als
ein mächtiges Instrument erweisen zur standardisierten Untersuchung der supraspinalen
Prozesse, welche der motorischen Kontrolle der unteren Extremitäten zugrunde liegen. Dies
im Gesunden, als auch in einer großen Spanne von Patienten unterschiedlichster
neurologischer Erkrankungen.

23

24

Introduction

1 Introduction & Motivation
1.1 On the relevance of functional bipedal gait
Habitual upright bipedal gait is one of the cornerstones of human motor behavior and our
primary form of locomotion. Over-ground gait and its variants such as running or stair
climbing are characterized by cyclic reciprocal and strikingly coordinated flexion and
extension of the main joints of the lower limbs. The control of these movements is highly
automated in the healthy and requires only little conscious control. As such, striding bipedal
gait allows humans for energy efficient transport from one location to another, while at the
same time the upper limbs have free capacity to carry, manipulate, or reach for objects.
The significance of bipedal gait for our everyday life becomes bluntly evident in patients
presenting with pathology of any of the structures in the brain or the spinal cord that are
directly or indirectly involved in locomotor control.
A prominent pathology of the brain is the occurrence of a stroke, a situation in which
oxygen and glucose supplies necessary for the maintenance of cellular metabolism are
diminished. In the majority of cases, the cause of restricted blood supply is the occlusion of
an artery by a blood clot (i.e., by a thrombus or an embolus). Due to the shortage of energy
supplies, the neurons located in the areas deprived of blood supply are at risk of being
harmed and the tissue may necrotize, if the critical medical care is not administered in due
time. In consequence, the function of the affected structures of the brain may be impaired
significantly or lost altogether, leading to a dysfunction of the affected areas and networks.
Depending on the size and the location of the lesion, symptoms may be the loss of motor
(e.g., speech or musculoskeletal), perceptual (e.g., somatosensory or visual) or cognitive
(e.g., memory) abilities.
The most prominent pathology of the spinal cord is the injury of its nerve cell structures.
These can either be damaged mechanically (e.g., due to a trauma) or cytotoxically (e.g., due
to an inflammation). In any case, the transmission of neural signals across the site of injury is
impeded. Motor efferent signals descending from the intact brain cannot reach their target in
the periphery, leading to a loss of motor functions. Analogously, afferent signals from the
periphery do not reach their target in the brain, leading to a loss of somatosensory functions.
Both, after a stroke and a spinal cord injury (SCI), the ability to ambulate on two legs is
oftentimes severely affected. About 50 % of stroke patients present with motor deficits
manifesting as hemiparesis, i.e., a paralysis affecting one side of the body [1]. The degree of
the paresis in stroke patients is influenced by factors such as the location and the extent of
the lesion in the motor network. In the case of an SCI, patients present with paraplegia (i.e.,
paralysis affecting the trunk and the legs) if the injury affects the thoracic or lumbar spine, or
tetraplegia (i.e., paralysis affecting the arms, the trunk, and the legs) if the injury affects the
cervical spine. SCI patients are categorized as either complete or incomplete, depending on
the degree of sensory and motor losses [2].
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1.2 Stroke and SCI epidemiology
In Europe, the incidence rate for a first-time stroke ranges from 94.6 in females to 141.3
males per 100’000 [3]. According to the U.S. Center for Disease Control and Prevention,
approximately 795’000 people suffer a stroke every year in the U.S., hence about one case
occurs every minute (www.cdc.gov). In adults, stroke is furthermore the leading cause for
serious long-term disability in the US, with 15 to 30 % of those patients surviving a stroke
remaining permanently disabled [4]. The estimated direct and indirect cost of stroke in 2010
in the US was 36.5 billion $ [5], emphasizing the socioeconomic relevance of stroke. As a
consequence of ongoing demographic changes, the economic burden of stroke on society has
been prognosticated to further increase in the coming years [6]. The ageing of the population
in particular [7], but also the increasing prevalence of obesity in society [8], and insufficient
physical activity combined with declining stroke case-fatality rates contribute to this increase
in costs. While higher age is a risk factor for the occurrence of a stroke (i.e., three-quarters of
all strokes occur after the age of 65 (www.cdc.gov)), two thirds of all SCI cases occur in
those aged 15 to 35 years. While the incidence rate of 1.5 to 4 per 100’000 in SCI is only a
fraction of that in stroke, most patients are in the middle of their working life, at the peak of
productivity at the time of the lesion. The averaged direct lifetime costs of a single patient
with an SCI ranges from 1 to 4.5 million $, depending on the level and severity of the injury.
In addition, indirect costs due to loss of wages and productivity have been estimated to
amount to an average of 70’000 $ per case and year (www.nscisc.uab.edu), depending on
education, severity of injury, and pre-injury employment. In a recent study investigating
changes in occupational status and income after an SCI in the United States, only 24.5 % of
the investigated SCI population were found to be employed, and the authors concluded that
SCI “presents a significant barrier to vocational functioning“ [9].

1.3 Consequences of neurological impairment affecting the legs
The performance and participation of many activities of daily living (ADL) is highly
dependent of healthy lower limb functioning. A reduced ability to participate in ADLs has
been reported in stroke [10] and SCI patients [11]. The consequences are manifold, examples
being the inability to perform everyday personal body care or housework, as well as to
engage in a hobby or in social activities. Oftentimes a change of the profession is inevitable in the more severe cases the patient has to leave the working life altogether. In stroke
patients, it has been shown that the ability to perform ADL shows a strong positive
correlation with the perceived quality of life and depression [12]. While mildly affected
patients improve their mobility with the help of walking aids (e.g., canes), more severely
affected patients become wheel-chair bound or even bedridden. Many stroke patients find
themselves in a viscous circle. Immobility leads to the deterioration of the patient’s general
state of health characterized by cardiovascular deconditioning, the loss of muscle mass and
metabolic dysfunction, which in turn can increase the risk for cerebrovascular incidents [13].
Both a stroke and an SCI are a decisive turning point in the life of the affected patient, as
well as for the lives of their family. The physiological and psychological consequences are
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substantial and challenging. Furthermore, the socioeconomic burden related to primary
medical care, loss of productivity, and rehabilitation of these disorders is significant.

1.4 Significance of gait rehabilitation
Gait rehabilitation aims at improving functional locomotion of the patient to enable and
catalyze their reintegration as participating members into society, thereby decreasing the
burden of related indirect costs. The ability to walk independently with the velocity and
endurance that permit activities at home and in the community is hence a highly regarded
goal for neurological rehabilitation after a stroke [14] or SCI [15]. As Niu et al. stated, “a
common focus during rehabilitation after SCI is on promoting improvements in functional
walking capacity. Fast and effective enhancement of gait function can enhance a patient’s
independence, life satisfaction, and subsequent reintegration into society as a fullyparticipating member” [15].
Functional locomotor training has become a part of the daily routine in neurorehabilitation over the past years and has been established as a mean for the improvement of
leg function in both stroke and SCI patients. Indeed, the positive effect of gait therapy on the
rehabilitation progress of stroke and SCI patients has been shown repeatedly [16-21].
Functional locomotor training with neurologic patients is aimed at regaining or improving
the ability to walk independently by provision of assistance necessary for the reinforcement
of the remaining functioning structures involved in the control of gait. While patients
participate in exercises aiming at the improvement of gait function, immobile phases are
reduced, which would otherwise promote neural degeneration in the affected structures.
Body-weight supported treadmill training (BWSTT) to improve functional recovery in gaitimpaired neurologic patients has been a key component of locomotor rehabilitation for more
than twenty years [22-24]. Body weight support during walking allows motor-impaired
patients with limited walking ability to repeatedly practice the cyclic movement of gait [25],
including (partial) loading of the lower limbs and the shift of this load from one leg to the
other (Figure 1).
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Figure 1: A patient during body weight supported treadmill training

Unloading of the patient’s body weight facilitates locomotor training. The amount of support is
relative to the body weight and the abilities of the individual patient (image from www.thefloat.ch).

However, to date neither the underlying mechanism of the degeneration nor the effects of
the training to the nerve cell structures and function are fully understood. It is hypothesized
that after a stroke, functional locomotor training leads to supraspinal reorganization and
plasticity associated with behavioral gains in performance. In the case of an SCI, functional
locomotor training is hypothesized to prevent a dysfunction of spinal neurons deprived from
their supraspinal control and improves locomotor function by shifting locomotor control to a
stronger supraspinal drive.

1.5 Reorganization of brain activation in response to gait
rehabilitation
The influence of gait-rehabilitation on supraspinal activation and reorganization can be
investigated by repeatedly assessing signals from the brain over the course of some form of
functional locomotor training (e.g., walking on the treadmill with body weigh support,
walking with the help of a robotic gait orthosis). Several such studies have been carried out
over the past ten years. Their experimental protocols and findings are reviewed in the
following.
Luft et al. investigated the changes in brain activation in response to six months of
repeated treadmill exercise in a controlled trial by the means of functional magnetic
resonance imaging (fMRI). As compared to a control group, the patients undergoing the
treadmill exercise showed significantly increased recruitment of areas in the posterior
cerebellum and the midbrain during proximal knee movements of the paretic leg. The
authors concluded that “subcortical networks could be a site of plasticity or compensatory
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activation and their recruitment may be one mechanism by which treadmill walking exercise
improves walking in hemiparetic stroke” (Figure 2, left) [13].
Figure 2: Brain areas exhibiting increased activation in response to gait rehabilitation exercise

Left: Subcortical areas were reported to be a possible site of plasticity and compensatory recruitment
in the study of Luft et al. [13]. Right: Enzinger et al. reported cortical and subcortical activation that
was correlated with an improvement in walking function [26] (both images are reused with permission
from Wolters Kluwer Health).

Similarly, Enzinger et al. used fMRI to investigate the changes in brain activation in
response to four weeks of intensive locomotor training with partial body weigh support on
the treadmill in a cohort of 18 subcortical stroke patients. In response to isolated distal ankle
flexion of the paretic foot, increased activation could not be found in any area after the
therapeutic intervention. At the same time, greater walking endurance was reported to be
moderately associated with increased activation in the primary sensorimotor cortex, the
paracentral lobules and the cingulate motor area. Subcortically, significant positive
correlations were found in the bilateral caudate nucleus as well as in the thalamus of the
affected hemisphere (Figure 2, right) [26].
Miyai et al., investigated cortical activations in response to functional locomotor training
in a group of stroke patients using functional near infrared spectroscopy (fNIRS) [27]. In
response to eight weeks of inpatient gait rehabilitation, activation in the primary motor
cortex showed improved symmetry as compared to activations before the training. The
improved symmetry of activation in the motor cortex was significantly correlated with
improved symmetry in the swing phase during walking. This was accompanied by enhanced
activation of the premotor cortex, including the supplementary motor area. The authors of
this study concluded that the “altered activation patterns may result from reorganization of
cortical motor networks.” The same authors also suggested the premotor cortex as a key
player in the restoration of motor functions after stroke due to the fact that patients whose
premotor cortex was affected by the stroke show reduced motor recovery [28].
Concerning SCI, only one longitudinal study specifically investigating brain activation
and its adaptations in response to gait rehabilitation has been published. Winchester et al.
administered a distal ankle flexion/extension paradigm using fMRI to record activity from
the brain. Four motor incomplete SCI patients underwent 12 weeks of robotic body weigh
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supported treadmill training (BWSTT). The authors report increased activation in primary
and secondary somatosensory areas S1 and S2 as well as in the cerebellum over the course of
the training program (Figure 3). Improvements in over ground locomotion were particularly
associated with the increased cerebellar activity [29]. Based on these results, it was
concluded that BWSTT can induce plasticity in the supraspinal locomotor control centers
after an incomplete SCI.
Figure 3: Brain activation of a spinal cord injured patient before and after gait training

Data of an exemplary incomplete SCI patient (lesion at C5) during unilateral left ankle movement
before (left) and after (right) body weight supported treadmill training (BWSTT) in the study of
Winchester et al. [29]. An increase of activation in the cerebellum, primary and secondary
somatosensory areas S1 and S2 occurred in response to the gait training (image used with the
permission of SAGE publications).

Related studies investigated the neural correlates of attempted and imagined foot
movement in complete SCI patients. In these cross-sectional studies comparing chronic
patients and healthy control participants it was found that motor programs and patterns of
activation remain preserved in the affected patients even years after a lesion [30-33]. Similar
cross-sectional studies of incomplete SCI patients during overt lower limb motor control
could not be found in the literature.
In summary, cortical and subcortical reorganization in response to gait rehabilitation has
been reported in these longitudinal studies in both stroke and SCI patients. In the studies on
stroke patients, several differences in brain activation were found. These may, to some
extent, be explained by the fact that different populations of stroke patients were investigated
(strictly subcortical lesioned patients vs. cohorts with cortical as well as subcortical lesions),
different motor paradigms were applied (isolated movements of the distal ankle or the more
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proximal knee, as well as upright walking), different methodologies to record brain
activation were administered (1.5 T vs. 3 T scanners, fMRI vs. fNIRS), and also that the
length and type of the therapeutic interventions varied. Despite the heterogeneity of the
applied study protocols, these reports strongly suggest plasticity of supraspinal activation in
response to prolonged functional gait training in patients with stroke.

1.6 Limitations of previous investigational paradigms
Except for the work by Miyai et al. [27], all previous longitudinal studies monitoring
functional brain activation over the course of gait rehabilitation in gait-impaired patients
applied unilateral single-joint movements of either the ankle or the knees. However, upright
gait constitutes a more complex movement combining rotations about the hip, knee, and
ankle joints of both legs simultaneously that must be precisely coordinated in time and space.
Within this coordinated movement pattern three characteristics have been found to be
critical: 1) The occurrence of alternating angles at the hip [34], 2) a movement speed similar
to that during ground level gait [35], and 3) the triggering of sensory afferences from load
sensitive receptors in the lower limbs [36-38]. The use of a motor paradigm cognate to the
actual movement pattern during gait is hence required for the investigation of gait-related
brain activation. Furthermore, longitudinal studies call for the delivery of standardized and
repeatable experimental conditions across time. This feat may be achieved by the use of
robotic actuated devices. Besides standardization of the task, these devices allow the
acquisition of participant behavior for offline analysis of task performance and correlation
with imaging data.

1.7 Potential of robotic devices to investigate brain activation
For healthy participants, pedaling or kicking movements have been applied successfully
in end-effector based robotic devices. Gait-related brain activation was investigated with
these devices in combination with either fMRI, positron emission tomography (PET), or
single photon emission computed tomography [39-43]. The work with motor control
impaired patients may require the possibility to provide some form of guidance or assistance
through the movement. The proposed end-effector devices lack this particular feature and are
therefore less suitable for the investigation of more severely affected patients with limited
motor control of their lower limbs.
To enable the investigation of supraspinal activation involved in the control of gait in
patients, Hollnagel developed a robotic stepping device (MARCOS) that allows the delivery
and control of repetitive gait-like movement fulfilling many of the kinematic and kinetic
characteristics of bipedal human gait [44]. FMRI was chosen as the imaging modality since
it is non-invasive, offers superior spatial resolution, and is readily available in many
hospitals. Furthermore, fMRI can be combined with other magnetic resonance (MR)-based
imaging methods of the brain such as structural measurements (e.g., voxel based
morphometry or diffusion tensor imaging), recordings of brain metabolism (i.e., MRspectroscopy), or electroencephalography (EEG).
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Clinical rehabilitation studies combining gait training with standardized and repeatable
neuro-imaging experiments of gait-like movements may yield more accurate knowledge
about the effects of specific training strategies on supraspinal activation patterns. A better
knowledge about the role of specific brain regions, their dynamic interactions, and
adaptations induced by locomotor rehabilitation at a supraspinal level should enable to
optimize the efficacy of existing and develop novel therapeutic interventions to lower limb
motor rehabilitation.

1.8 Aims of the present thesis
To lay the foundation for future longitudinal studies investigating the supraspinal
plasticity in neurologic patients undergoing gait-rehabilitation using devices such as
MARCOS, the following aims were formulated for the present thesis:
•

Demonstration of the neural correlates of active and passive stepping inside
MARCOS in healthy participants using fMRI.

•

Examination of the modulation of brain activation by the simulation of ground
reaction forces during stepping in healthy participants using fMRI.

•

Assessment of the reliability of stepping experiments in healthy participants
combining MARCOS with fMRI.

1.9 Structure of the present thesis
A general introduction to the MR-compatible robot MARCOS is given in chapter 2. The
main aims of the thesis were then approached in separate systematic studies. The results and
discussion of this work form the main body of the thesis and are presented in chapters 3, 4,
and 5. These studies serve to judge on the general feasibility of investigating the supraspinal
correlates of lower limb motor control by combining MARCOS with fMRI. At the same
time, chapters 3, 4, and 5 yield novel insights into the neural correlates of multi-joint lower
limb motor control. The influence of graded levels of leg motion on head motion was
investigated in chapter 6. Recommendations for improvements of the device, as well as the
results of first pilot experiments with stroke and SCI patients are given in chapters 7 and 8.
Overall conclusions, as well as an outlook and suggestions for future research with
MARCOS are outlined in chapter 9.
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2 The MR-compatible stepper MARCOS
2.1 Description of the robot hardware
The MR-compatible stepper MARCOS is a one-degree-of-freedom robotic device
actuated by two pneumatic cylinders per leg. All parts are made from materials of low
magnetic susceptibility (i.e., aluminum, brass, polyvinyl chloride). The arrangement of the
pneumatic actuators allows each leg to independently perform predefined flexion and
extension movements in the sagittal plane. Participants are secured to the robot at their knees
through orthoses and their feet by the means of special shoes (Figure 4). The resulting
movement resembles ‘marching-on-the-spot‘, including rotation about the hip, knee and
ankle joints. The cylinder attached to each foot allows imposing an external load of up to
400 N per leg along the cranio-caudal body axis that simulates ground reaction forces. The
desired load at the foot is inversely proportional to the position of the knee, such that highest
force levels occur at full extension of the leg. Therefore, when participants move the legs in
a step-like manner, the resulting load profile is of sinusoidal shape. A sinusoidal force profile
was chosen over the typical ‘double hunch’ during slow ground-level gait in order to limit
jerk and thereby excessive head motion during image acquisition. Movement kinematics and
kinetics are measured and stored by built-in position and force sensors of the robot at a
sampling frequency of 80 Hz for off-line analysis of motor and robot performance. Proper
function of the robot is continuously monitored by several redundant mechanisms ensuring
subject safety. To limit head motion, a combination of a custom made hip-fixation, a vacuum
pillow at the back of the participants, shoulder belts, and an inflatable pillow around the
head(Crania, www.pearltec.ch), are applied to firmly, yet comfortably, fixate the upper body
and head of each participant. Noises of the pneumatic actuators are not audible to the
participant as the valves of the actuators producing the noises are located outside the scanner
room.
The hard- and software of the device were developed by Christoph Hollnagel. A detailed
technical description of the robot, properties and performance of the controllers, and MRcompatibility were published in [45] and [46].
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Figure 4: The MR-compatible stepper MARCOS

The investigation of gait-like stepping is enabled by the MR-compatible stepper MARCOS. For this
purpose, the robot is mounted to the bench of a 1.5 T Philips Achieva Scanner. Participants are
attached to the robot at their knees and feet. The upper body is constrained by custom-built fixations.

2.2 Movement dynamics of stepping inside MARCOS
MARCOS is instrumented with position and force sensors on each of the four pneumatic
cylinders that enable quantification of motor performance during stepping. Interaction forces
between the participant and the robot, as well as postural changes of the lower limbs can be
assessed (Figure 5, top). Regardless of the type of stepping movement (i.e., active or
passive), a single step is defined as the cyclic movement required to change the posture of
the leg from predefined maximal position in flexion to a predefined maximal position in
extension and back to the initial position (Figure 5, bottom).
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Figure 5: Definition of sensor readings during stepping inside MARCOS
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Top: Forces (red): a positive value indicates a force acting towards the device (i.e., pushing), whereas
a negative value indicates a force acting away from the device (i.e., pulling). Positions (blue):
increasing values indicate flexion of the leg, while decreasing values indicate extension of the leg.
Force values can have a negative or a positive sign; position values can only have a positive sign.
(Figure reprinted and adapted from [45] with permission from Elsevier.) Bottom: Representative
profiles of the left and right knee position during active stepping. The corresponding posture of the leg
is indicated by the black stick-figures at the bottom of the graph.

2.2.1 Active stepping
In the active condition, participants voluntarily move their lower limbs within the
constraints given by the robot (i.e., one degree of freedom movement restricted to the sagittal
plane). In healthy participants, this movement is characterized by interaction forces that
remain relatively constant during the flexion and extension phase both at the foot and the
knee. At the reversal from extension to flexion, a decrease in foot force and an increase in
knee force occur, and vice versa at the reversal from flexion to extension (Figure 6, top row).
If simulated ground reaction forces are rendered against the feet during active movements, a
gradual build-up of the load is measured, while the development of the forces at the knees
remains comparable to the situation during active stepping without additional load (Figure 6,
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bottom row). In both situations, there is a spatial accordance between the left and the right
leg in healthy participants.
Figure 6: Representative movement profiles of the left and the right leg during active stepping
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Top row: active stepping in the absence of a load against the feet. Bottom row: active stepping against
a simulated ground reaction force of 40 % of individual body weight. The red dots indicate the
beginning of the movement; the curved arrows indicate the course of the movement.
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2.2.2 Passive stepping
In the passive condition the participant is subject to the movement that is rendered by the
position controller of the robot. The legs are actuated through the cylinders at the knees.
Similar to the active condition, foot forces remain relatively constant during the phases of
flexion and extension of the leg. The interaction forces at the knee develop in opposite to the
active condition due to the fact that the passive movement is driven by the knee cylinder
(note the different orientation of the arrows on the right sides of Figure 6 and Figure 7).
During extension of the leg, forces interacting at the knee are larger than during flexion, yet
negative at any time since the legs are suspended on the knee cylinders. Negative forces
throughout the step cycle characterize passivity of the participant (Figure 7, top row).
Consistent with the active conditions, a gradual build-up of the foot force can be observed, if
ground reaction forces are simulated during passive movements. In this situation, the knee
force reaches values that are significantly above zero due to the fact that the legs must be
pushed downward by the robot, acting against the build-up of the foot force, while values fall
again below zero during flexion of the leg. In this phase, the force acting on the feet supports
leg flexion (Figure 7, bottom row).
Figure 7: Representative movement profiles of the left and the right leg during passive stepping
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Top row: passive stepping in the absence of an additional load against the feet. Bottom row: passive
stepping against a simulated ground reaction force of 40 % of individual body weight. The red dots
indicate the beginning of the movement; the curved arrows indicate the course of the movement.
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3 Brain activation during active and passive stepping
3.1 Introduction
Sequentially coordinated periodic extension and flexion movements of the hips, knees
and ankles are common to a number of human locomotor movements, such as ground level
walking, running or stair climbing. It is believed that the required sensorimotor control
enabling these periodic movements is achieved by the interaction of proprioceptive
feedback, the central pattern generators at the spinal level, and higher-level control signals
from cortical and subcortical supraspinal centers [47-49]. Recent findings from neuroimaging studies indicate that the supraspinal areas might be involved in the control of gait to
a higher extent than previously assumed [50, 51].
To date, several studies have recorded neural activity from the brain while healthy
participants walked on a treadmill at steady speed. An fNIRS study reported significant
signal increases in medial primary sensorimotor cortex (M1/S1) and the supplementary
motor area (SMA) [51]. Similarly, EEG studies in humans [52, 53] and intracranial
recordings in primates [54] indicated a high involvement of a fronto-posterior cortical
network in the control of walking. Further, it was demonstrated that bilateral electro-cortical
activity in M1/S1, anterior cingulate cortex (ACC) as well as in the parietal cortex is
dependent on the gait cycle phase [50]. Involvement of subcortical structures (i.e., the
cerebellar vermis) has also been reported in response to steady-state ground level walking
measured by single photon emission tomography [55] or PET [49] acquired subsequent to
task execution.
The superior spatial resolution and the ability to image the entire brain are potential
advantages of fMRI for investigating the supraspinal involvement in the control of upright
gait. The results reported by the experiments in the erect posture using radiotracers, fNIRS or
EEG are in strong agreement with the supraspinal activations found in fMRI experiments of
the lower limbs, despite the absence of vestibular stimulation and body-balance in fMRI
experiments due to the supine position of subjects during scanning. The accordance of
findings across lower limb motor control experiments using different body postures and
imaging modalities implies that supine fMRI experiments of the lower limbs provide
information representative of gait-related brain activation. Using fMRI, active (i.e.,
movement generated by the participant) or passive (i.e., movement generated by an
experimenter or an actuated external device) single-joint movements of the ankle or the knee
[14, 56-60], pedaling [39-41], pseudo-gait [43] and gait imagination [61-64] commonly
yielded involvement of M1/S1, S2, and SMA. Subcortical activations were seen in the
cerebellum and the basal ganglia (i.e., the putamen), Generally, it is reported that passive
movements, as compared to active ones, elicit weaker peak activations in the subcorticocortical sensorimotor network [14, 41, 56] and increased activation in the anterior cingulate
cortex (ACC), in the precuneus as well as in the right premotor cortex [58]. However, a
regions-of-interest (ROI) analysis comparing the level of activation in specific areas of the
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brain by Mehta et al. was unable to detect significant differences between active and passive
pedaling movements [40].
Other studies investigating active and passive lower limb motor control did not report
direct comparisons between active and passive lower limb movements, presumably because
it is challenging to precisely standardize and control motor behavior across movement
conditions. Both active and passive movement execution are of particular relevance in lower
limb neuro-rehabilitation. A better understanding of the effects of afferent sensorimotor cues
induced by passive movement is essential for investigating the functional status and recovery
potential of paretic patients unable to voluntarily activate their lower limb muscles [56].
Their capacity for sensory adaptation to gait-training may be reflected in the neural
activations associated with passive movement execution [14]. Therefore, the work with gaitimpaired patients in particular calls for a reproducible experimental procedure, allowing
investigations of brain activation during standardized and controlled active and passive
movements and comparisons over time. Although this necessity is often mentioned in the
literature, there is no report about such a standardized procedure to examine multi-joint,
lower limb movements.
The recently developed magnetic resonance compatible robot MARCOS enables such
highly repetitive and controlled delivery of standardized active and passive, periodic,
bilateral, multi-joint lower limb stepping movements that resemble human gait [45]. Knee
and foot movement dynamics are measured by position and force sensors and can be
recorded for post-hoc analyses of motor performance and correlations to imaging data.
Linear guides direct flexion and extension of the lower limbs along the sagittal plane of the
participant. Furthermore, this robot is suited for the investigation of paretic patients, since
the exoskeleton can also provide assistance-as-needed in lower limb movements [46].
A well-known issue in neuro-imaging studies of lower limb motor control is taskcorrelated head-motion [65]. Extraction of meaningful fMRI data during periodic stepping
movements is hindered by task-correlated head motion associated with data acquisition
during the execution of the motor task, which limits accurate anatomical localization of the
signals [66, 67]. However, the temporally sluggish behavior of the BOLD-signal allows to
temporally separate task execution from image acquisition. This serial arrangement termed
‘sparse sampling imaging’ [59, 68-70], is hence a promising approach to minimize the
effects of task-correlated head motion. This has not been applied to investigate standardized
active and passive lower limb motor tasks.
As a foundation for future research and clinical work with gait-impaired neurologic
patients, the present study with healthy participants therefore aims a) to demonstrate the
feasibility of a novel imaging paradigm, combining the MR-compatible stepper MARCOS
with a sparse temporal sampling fMRI protocol and b) to delineate the supraspinal
contribution specific to active and passive bilateral, periodic, multi-joint, lower limb motor
control in healthy participants. This should provide a framework for comparison for future
studies involving neurologic patients with lower limb deficits.
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The hypothesis is that the sparse sampling imaging protocol allows the detection of
sensorimotor related cortical and sub-cortical activity in the brain, and that active control of
bilateral periodic multi-joint lower limb movement elicits stronger activation of the
sensorimotor network of the brain than does passive execution of the same movements.

3.2 Materials and methods
This study was approved by the Ethics Committee of the Canton of Zurich (approval Nr.
856) and was conducted in accordance with the standards for research involving human
participants defined by the Declaration of Helsinki. Before inclusion of participants it was
ensured that they did not meet any of the following exclusion criteria: 1) neurological,
musculoskeletal or cardiac dysfunction, 2) cardiac pacemaker, neuro-stimulator, or hearing
aid, and 3) drug-abuse. All participants were informed about the aims and the course of the
study and gave written consent for their participation. All data collection took place on the
same scanner at the University Hospital of Zurich, Switzerland.

3.2.1 Participants
Twenty-four healthy, right-handed and –footed [71] young adults were investigated
during active and passive stepping. Four participants had to be excluded from further
analysis due to excessive head-motion (i.e., translation of more than half voxel size in any
direction). The remaining 20 participants (8 female) were on average aged 27 yrs. (standard
deviation 4 yrs.). Further demographic information about the study sample can be found in
Table I

3.2.2 Motor paradigm
The pneumatic, MR-compatible, stepping robot MARCOS was used to control repetitive
active and passive stepping throughout the experiment.
Functional imaging data during active and passive stepping were acquired in two separate
runs in random order. Subjects were informed about the type of movement before the start of
a run. Each run consisted of 15 trials of movement, trial duration was 10 s. In the active
condition, vertical knee movement was limited to the amplitude of 0.14 m. The movement
frequency was paced to 0.5 Hz by the presentation of a metronome through the earphones
[39, 56], hence each leg performed five steps during each trial. In the passive condition, the
same vertical knee movement amplitude (0.14 m) and frequency (0.5 Hz) were imposed to
the participants by the robot in order to match movement range and velocity across
conditions. The metronome was also presented during passive movements to produce
corresponding auditory stimulation. Movement trials were interleaved by an auditory control
condition (i.e., listen to the metronome without moving the legs) to control for auditory
activations. The beginning of each trial was indicated either by the presentation of the word
‘MOVE’ for movement trials or ‘LISTEN’ for control trials on a screen located near the feet
of the participants. A white fixation cross was presented on the screen during image
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acquisition between the ‘MOVE’ and ‘LISTEN’ trials (Figure 8) and participants were
instructed not to think about moving their legs when listening to the metronome in order to
minimize effects of movement imagination or rehearsal.
Participants were familiarized with active and passive stepping inside the robot before
image acquisition. During the passive movement condition, subjects should relax their legs
and not engage in active leg flexion- and extension while the robot enforced a desired
trajectory with predefined amplitude and frequency. In contrast, participants should
voluntarily produce leg flexion and extension during the active condition while the robot
followed the movement of the participant and minimized the interaction forces between the
participant and the device. In this condition, the knee actuators limited the amplitude of the
movement, but did not dictate the frequency.
Figure 8: The visual input presented to the participants during the experiment

MOVE

LISTEN

+
Image
acquisition

+
Image
acquisition

Movement onsets were triggered visually by the presentation of the word ‘MOVE’. A metronome set
to 0.5 Hz was presented over the headphones to control movement frequency. Trials of movement
were interleaved by an auditory control condition indicated by the word ‘LISTEN’. A white fixation
cross was presented during image acquisition.

3.2.3 Image acquisition
Imaging data were acquired on a whole body 1.5 Tesla Philips Achieva system (Philips
Medical Systems, Best, The Netherlands) using an 8-channel sensitivity encoding (SENSE)
head coil [72]. The sparse sampling imaging protocol consisted of clusters of image
acquisition interleaved by silent gaps of 10 s length. Each imaging cluster comprised of 3
consecutive volumes (time of repetition (TR) = 3.025 s). The duration between the onsets of
two imaging clusters was hence 19.075 s. 93 volumes in 31 clusters of 3 volumes were
acquired, using a whole brain T2*-weighted, single-shot, echo planar imaging (EPI)
sequence (time of echo = 50 ms, flip angle = 90 °, SENSE factor = 1.6). 35 interleaved,
angulated, transversal slices covering the whole brain were acquired in each volume (FOV =
220 mm x 220 mm, acquisition voxel size: 2.75 mm x 2.8 mm x 3.8 mm, resliced to
1.72 mm x 1.72 mm x 3.8 mm).
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3.2.4 Data analysis
3.2.4.1 Task performance
To assess task performance of the participants, the following metrics were extracted from
robot position (after filtering with a 1st-order Butterworth filter with a cut off frequency of 4
Hz) and force data, using custom routines written in Matlab 2012b (Mathworks, Inc., Natick,
MA, USA, www.mathworks.com). For each trial the mean stepping amplitude (displacement
of the knee along the linear guide), mean stepping frequency, and the mean peak robotparticipant interaction force at the knee (KF) and foot (FF) were computed. Trial means were
averaged across the left and the right side since stepping of the left and the right leg was not
significantly different (p-values > 0.1). Then, trial means were averaged within each
condition per participant. Each performance parameter characterizing active and passive
stepping was then entered into a two-way analyses of variance (ANOVA) with the factors
‘trial’ and ‘condition’ to test for between-trial and between-condition effects. In addition, the
root mean squared error (RMSE) for each parameter in each condition was calculated. For
95% of the measurements, the absolute deviation between a single measurement and its true
value is expected to be less than the RMSE multiplied by 1.96 [73].
3.2.4.2 fMRI analysis
Functional data were analyzed using Statistical Parametric Mapping (SPM) 8 (Wellcome
Department of Cognitive Neurology, London, UK, www.fil.ion.ucl.ac.uk/spm) running on
Matlab 2012b (Mathworks, Inc., Natick, MA, USA, www.mathworks.com). For each run,
the three volumes prior to the first ‘MOVE’ block were discarded. The remaining 90 images
were realigned to the mean image and unwarped to account for residual head motion related
variance and image distortions along air-tissue boundaries [74]. Subsequently, images were
normalized to standard MNI space using the EPI template provided by the Montreal
Neurological Institute (MNI brain), re-sliced to 2 × 2 × 2 mm voxel size, and smoothed using
an 8 mm full-width at half-maximum Gaussian kernel. The estimated realignment parameter
data were filtered using the discrete cosine transform matrix filter (cut off at 128 s)
incorporated in SPM8, to remove any linear baseline drift. FMRI data sets were only
included in the subsequent 1st-level statistical analysis if total head displacement was below
half voxel size in each dimension after filtering.
1st-level statistical analysis was carried out for each participant individually by modeling
the active and passive stepping condition as two separate regressors in the same general
linear model (GLM) [75]. The auditory control conditions were not modeled. Two additional
regressors of no interest were included in the GLM for each condition to account for the T1decay along the three consecutive volumes [68]. A high pass filter (cut off at 128 s) was used
to remove slow signal drifts. To account for the sparse-sampling fMRI scheme, data during
each trial were modeled using a boxcar function (1st-order, window length 3 x TR (i.e.,
9.075 s)) [76]. Contrast images were computed for: active vs. baseline and passive vs.
baseline as well as active vs. passive, and passive vs. active stepping.
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Each participant’s contrast images from the 1st level analysis were then entered into a
random effects 2nd-level analysis using a one way ANOVA. The resulting statistical
parametric maps were thresholded at a cluster-corrected voxel threshold of p < 0.001 (spatial
extent: k ≥ 42 contiguous voxels) [77, 78]. The cluster size threshold for the selected pvalues
was
estimated
using
Monte
Carlo
simulations
(http://afni.nimh.nih.gov/pub/dist/doc/program_help/AlphaSim.html).The cluster threshold
method was applied to control for the overall type I error. Anatomical correlates of clusters
of activation were determined with the help of probabilistic cytoarchitectonic maps
implemented in the Anatomy toolbox [79].
To distinguish the differences in activation strengths between active and passive stepping
in more detail, ROIs were built from the functional activations of a conjunction analysis [80]
between these two contrasts (voxel threshold p ≤ 0.001, cluster-corrected, k = 42 voxels).
Values of percent signal change were extracted from the following ROIs using the MarsBaR
toolbox [81]: left S2 (-50/-32/20), right S2 (46/-30/24), cerebellar vermis (0/-46/-8), right
putamen (30/0/8), right lingual gyrus (14/-78/-14), right middle occipital gyrus (26/-88/16),
right inferior temporal gyrus (46/-62/-4), and left inferior occipital gyrus (-52/-74/-4). An
extensive cluster centered around (-2/-14/64) covering bilateral M1/S1, SMA and cingulate
motor area (CMA) (5117 voxels) was manually further divided into three additional bilateral
ROIs by building spheres (radius of 4 mm) using the spatial coordinates for knee movements
from [57]: left M1/S1 (-14/-37/65) and right M1/S1 (16/-35/67), SMA proper left at (-2/24/66) and right at (0/-24/68), CMA left at (-12/-6/44) and right at (10/-6/42). The extracted
values of percent signal change from each respective ROI were subsequently tested for
significant differences across conditions using the Wilcoxon signed-ranked test (α = 0.05) as
not all of the data samples were normally distributed (Shapiro-Wilk test).
To assess significant relationships between participant performance during active and
passive stepping and the degree of brain activation, performance metrics were correlated to
the values of percent signal change in each ROI and Spearman’s ρ were calculated (α =
0.05).

3.3 Results
3.3.1 Motor performance
A two-way ANOVA with repeated measures was conducted for each performance metric
to examine the effects of trial repetition and condition. No significant main effect of trial was
found for any of the performance metrics (i.e., all p-values > 0.1). There was only a
significant main effect of condition for maximal knee force (F1,14 = 56.759, p < 0.001, ηp2 =
0.802) and maximal foot force (F1,14 = 8.519, p < 0.011, ηp2 = 0.378) but not for movement
amplitude and stepping frequency. RMSE values for all performance metrics were up to 5
times higher during active as compared to passive (Table II).
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Table I: Anthropometric data of the study sample
Mean (SD)

Min

Max

Age [yrs.]

27.15 (4.28)

22

35

Body Height [m]

1.74 (0.07)

163

189

Body Weight [kg]

71.08 (9.63)

55

90

WHQ

15.15 (1.1)

12

16

WFQ

10.01 (4.56)

3

17

Values are groups means (standard deviation), WHQ: Waterloo Handedness Questionnaire, values
may range from -16 to 16; WFQ: Waterloo Footedness Questionnaire, values may range from -20 to
20; positive values represent dominance of the right side of the body in both tests.

Table II: Metrics of motor performance during active or passive stepping.
passive

active
Min

Max

RMSE

Mean (SD)

Min

Max

RMSE

p-Value

Knee Amplitude
0.141 (0.005)
[m]

0.133

0.147

0.001

0.153 (0.022)

0.103

0.189

0.005

0.062*

Stepping
0.521 (0.027)
Frequency [Hz ]

0.502

0.584

0.033

0.539 (0.030)

0.492

0.613

0.048

0.141

Mean (SD)

Maximal Knee
Force [N]

-18.113 (12.724) -36.799

4.028

2.006

54.408 (31.879)

11.783

121.855

10.782

0.000**

Maximal Foot
Force [N]

50.110 (9.078)

71.892

0.912

65.981 (18.320)

36.226

121.266

4.475

0.011**

39.321

All values are overall group means (standard deviation), RMSE = root mean squared error, two way
repeated-measures ANOVA with the factors ‘trial’ and ‘condition’, p-values indicate significances for
tests of main effect of condition, ** p ≤ 0.05, * p ≤ 0.1,), (α = 0.05).

3.3.2 Functional data
The whole brain group analysis of fMRI BOLD data revealed significant signal changes
during active as well as during passive stepping relative to baseline. Both conditions
activated an extended cortical and sub-cortical set of regions in the sensorimotor network
bilaterally (voxel threshold p < 0.001, cluster-corrected, k ≥ 42 voxels). This set of regions
comprised an extended cluster of activated voxels covering the paracentral lobules,
composed of bilateral medial M1/S1 areas (including the areas for knee, ankle and foot in
[57]), SMA proper, CMA and S2. Additional activations were seen in the anterior cerebellar
vermis, cerebellar hemispheres, thalamus, and right putamen (Figure 9, Table III).
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Figure 9: Overlay of significant BOLD-signal change during active and passive stepping.
SMA proper

M1/S1
L

R

S2

S2

CMA

thalamus

cerebellum
y = -40

y = -30

y = -20

y = -6

passive
active
overlap
P

A

One Way ANOVA
N = 20, p ≤ 0.001
cluster-corrected (k = 42)

Significant activation is revealed in an extended sensorimotor network in both conditions. Active
(green), passive (red), and areas of overlapping activations (yellow) were overlaid on a T1-weighted
anatomical template The positions of the coronal slices are indicated by the blue lines in the sagittal
slice at the bottom. Values of percent signal changes from the ROI-analysis are provided in Table IV.
M1/S1 = primary sensorimotor cortex, S2 = secondary sensory cortex, CMA = cingulate motor area,
SMA proper = supplementary motor area proper, L = left hemisphere, R = right hemisphere, P =
posterior, A = anterior.
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Table III: Cortical and sub-cortical regions of significant activation
Left Hemisphere
Anatomy

x

y

z

Right Hemisphere
t

area

x

y

z

t

area

Passive
SMA proper

-2

-14

64

9.23

6

6

-18

64

8.42

6

SPL

-16

-48

64

7.21

7a

14

-50

64

7.75

5l

M1

-10

-42

68

6.53

4a

1

-32

60

9.34

4a

S1

-20

-42

62

6.01

2

16

-36

72

5.59

3

CMA

-4

-2

46

5.76

24

12

-2

42

7.09

24

40, OP1

OP1

Supramarginal Gyrus

-54

-36

28

5.51

putamen

-28

-6

12

5.55

46

-30

24

9.36

30

2

6

6.51

Insula

-32

-24

14

5.33

13, Ig1

32

-20

12

5.16

Thalamus

-18

-24

0

4.05

VPL

18

-20

10

5.27

VPL

vermis

-

-

-

0

-46

-8

7.1

anterior

18

-38

-26

5.11

anterior

46

-62

-4

4.82

37

46

-70

4

3.38

37

16

-78

-12

4.54

18

14

4.49

18

cerebellum

-18

-38

-28

Inferior Temporal Gyrus

-

-

-

Middle Temporal Gyrus

-46

-64

0

Lingual Gyrus

-

-

-

4.52
3.94

anterior
37

Ig2

Superior Occipital Gyrus

-

-

-

18

102

Calcarine Gyrus

-

-

-

10

-92

6

3.63

17

Middle Occipital Gyrus

-52

-70

-2

30

-84

8

3.37

18

SMA proper

-2

-14

64

9.74

6

2

-6

52

7.63

6

CMA

-8

-2

40

6.79

24

8

-6

42

6.8

23

M1

-8

-26

62

8.55

4a

2

-32

62

8.93

4a

SPL

-16

-50

64

7.42

5

14

-48

60

5.97

5

Supramarginal Gyrus

-58

-34

32

4.68

IPC

68

-26

34

8.43

2,40, OP 1

30

0

8

6.26

5.19

VPL

18

-20

8

5.77

VPL

5.18

13

7.36

anterior

3.7

37

Active

putamen

-

-

-

Thalamus

-20

-22

8

Insula

-46

-2

8

5.28

44

2

6

Insula

-32

-24

14

5.25

Ig1

-

-

-

vermis

-6

-44

-24

8.33

anterior

2

-46

-12
-

cerebellum

-30

-74

-20

4.44

posterior

-

-

Inferior Occipital Gyrus

-48

-76

-4

4.13

19

-

-

-

Middle Occipital Gyrus

-40

-84

2

4.52

19, V5/MT

46

-74

4

5.42

19

Cuneus

-

-

-

16

-92

14

4.18

18

Lingual Gyrus

-

-

-

8

-82

-8

4.17

18

Olfactory cortex

-18

6

-14

6.54

Superior Frontal Gyrus

-14

56

28

6.23

Superior Medial Gyrus

-

-

-

Passive vs. Active
9,10, DLPFC

22

12

-12

6.34

22

50

18

5.17

8

38

46

5.09

Middle Frontal Gyrus

-28

54

6

5.9

10, APFC

-

-

-

Pre-SMA

-14

14

64

4.43

6, pre-SMA

-

-

-

PMC

-26

12

60

4.84

6

12

24

62

4

Anterior Cingulate Cortex

-

-

-

-

6

48

12

5.43

Parahippocampal Gyrus

-10

-6

-20

5.43

47

10, APFC
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Left Hemisphere

Right Hemisphere

Anatomy

x

y

z

t

x

y

z

t

putamen

-20

6

6

4.35

22

8

-10

5.71

Caudate Nucleus

-16

12

12

4.18

20

16

8

4.71

Amygdala

-26

-6

-14

3.66

22

-4

-16

5.44

Posterior Cingulate Cortex

-

-

-

6

-56

30

5.69

Middle Cingulate Cortex

-6

-44

36

23

4

-44

32

4.96

5.02

area

area

23

Angular Gyrus

-40

-72

38

5.41

19, IPC

52

-70

36

5.35

39, IPC

Middle Temporal Gyrus

-60

-10

-22

5.34

21

54

-8

-16

4.53

21
22

Superior Temporal Gyrus

-46

-18

-6

4.08

60

-10

-10

4.98

Parahippocampal Gyrus

-16

-34

-8

5.33

10

-30

4

4.74

cerebellum

-

-

-

18

-84

-30

4.04

posterior

anterior

Active vs. Passive
vermis

-8

-42

-26

5.36

anterior

8

-44

-26

4.1

SMA proper

-1

-6

56

4.17

6

6

-4

54

4.3

6

Supramarginal Gyrus

-

-

-

38

-36

36

4.2

2

All coordinates are in MNI-space, voxel threshold p ≤ 0.001, cluster-corrected, k = 42 voxels. SMA =
supplementary motor area, SPL = superior parietal lobe, M1 = primary motor cortex, S1 = primary
somatosensory cortex, CMA = cingulate motor area, PMC = premotor cortex.

The ROI analysis from the conjunctly activated areas during the active and passive
condition revealed significantly higher values of percent signal change for active stepping in
bilateral S1/M1, bilateral SMA proper and the cerebellar vermis. A trend for higher
activation during active than passive stepping was found for bilateral CMA as well as left
and right S2 (for p-values, see Table IV).
The correlation analysis between the ROI values of percent signal change and the
performance metrics did not yield any statistically significant correlations between the
degree of brain activation and participant performance (p-values > 0.05).
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Table IV: Values of percent signal change of the analyzed ROIs
% signal change
passive

active

effect size

Area

Mean (SD)

Min

Max

Mean (SD)

Min

Max

p-value

Cohen’s d

bil. M1/S1

0.330
(0.303)

-0.42

0.83

0.497
(0.292)

-0.12

1.21

0.014**

0.56

bil. SMA
proper

0.810
(0.605)

-0.69

1.67

1.216
(0.614)

0.28

2.38

0.006**

0.66

bil. CMA

0.197
(0.163)

-0.11

0.49

0.275
(0.178)

-0.05

0.59

0.079*

0.45

l.S2

0.281
(0.233)

-0.17

0.73

0.328
(0.304)

-0.46

0.85

0.093*

0.17

r.S2

0.314
(0.203)

-0.11

0.68

0.411
(0.256)

0.06

1.12

0.067*

0.42

cerebellar
vermis

0.379
(0.194)

0.00

0.81

0.563
(0.488)

-1.03

1.35

0.014**

0.50

r. putamen

0.153
(0.092)

0.02

0.30

0.183
(0.162)

-0.07

0.73

0.940

0.23

l.IOG

0.340
(0.605)

-1.19

1.67

0.485
(0.418)

-0.06

1.52

0.263

0.28

r.MOG

0.362
(0.616)

-0.99

1.94

0.472
(0.442)

-0.39

1.87

0.167

0.21

r.ITG

0.365
(0.494)

-.69

1.58

0.544
(0.472)

-0.06

2.14

0.126

0.37

r.LG

0.600
(0.810)

-0.96

2.41

0.724
(0.689)

-0.72

2.02

0.263

0.17

Values are group means (standard deviation), ** p ≤ 0.05, * p ≤ 0.1, bil. = bilateral, M1/S1 = primary
sensorimotor cortex, SMA proper = supplementary motor area proper, CMA = cingulate motor area,
S2 = secondary somatosensory cortex, IOG = inferior occipital gyrus, MOG = medial occipital gyrus,
ITG = inferior temporal gyrus, LG = lingual gyrus. 1) Wilcoxon signed ranks test (α = 0.05), l. = left
hemisphere, r = right hemisphere.

3.3.2.1 Active vs. Passive Stepping
The contrast of active vs. passive stepping yielded significant activation in the SMA
proper, the anterior vermis of the cerebellum and the right supramarginal gyrus.
3.3.2.2 Passive vs. Active Stepping
The contrast passive vs. active stepping revealed clusters of significant BOLD signal
changes in the bilateral medial prefrontal gyrus, anterior and posterior cingulate gyrus,
angular gyrus, inferior parietal cortex, parahippocampal gyrus, and anterior vermis of the
cerebellum.
Further areas activated in this contrast include bilateral pre-motor cortex and left preSMA as well as bilateral basal ganglia (putamen and caudate nucleus) (Figure 10, Table III).
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Figure 10: Statistical comparison brain activation of active vs. passive and passive vs. active
stepping
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N = 20, p ≤ 0.001, cluster-corrected (k = 42)

a) Clusters with higher activation during passive than during active stepping and b) activation higher
during active than during passive stepping. The positions of the axial slices are indicated by the blue
lines in the sagittal slice on the right; BG = basal ganglia, ACC = anterior cingulate cortex, LP =
lateral parietal cortex, PCC/PC = posterior cingulate cortex/precuneus, SMG = supramarginal gyrus,
SMA proper = supplementary motor area proper, L = left hemisphere, R = right hemisphere, P =
posterior, A = anterior.

3.4 Discussion
The aims of the present study were a) to demonstrate the feasibility of a novel imaging
paradigm combining the MR-compatible stepper MARCOS with a sparse temporal sampling
fMRI protocol, and b) to delineate the supraspinal contribution specific to active and passive,
bilateral, periodic, multi-joint, lower limb motor control in healthy participants. The data
revealed significant, task-correlated neural activation in a congruent set of regions in the
sensorimotor network during active and passive stepping. The ROI-analysis demonstrated
higher activation (i.e., percent signal change) of these regions for active than for passive
stepping. No significant correlations between the degree of brain activation and participant
performance were found.
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3.4.1 Congruent, yet differential activation of the sensorimotor areas
The present study yielded significant activation in cortical and sub-cortical bilateral
sensorimotor areas including medial M1/S1, SMA proper, CMA, S2, cerebellar vermis and
putamen associated with rhythmic, reciprocal active and passive stepping akin to human
locomotion.
Substantial overlap of neural activations in these areas between active and passive
movements of the lower limbs has been reported in the past, both for unilateral ankle
movements [14, 56, 60] as well as for bilateral multi-joint tasks of the lower limbs [40, 41].
Since the strength of activity in M1/S1 and SMA was not significantly different between
active and passive pedaling in the study of [40], this activity was suggested to represent the
monitoring of ascending proprioceptive afferents rather than the production of descending
efferents to the lower limb muscles required for active movements [40]. However, this
assumption is challenged by the current finding of a significantly higher degree of brain
activation (i.e., percent signal change) in several sensorimotor areas, i.e., bilateral medial
M1/S1, SMA proper and cerebellar vermis and a trend for higher activation in bilateral CMA
and S2, during active movement execution. Higher peak activations in M1/S1, SMA, the
cerebellum and the putamen during active unilateral ankle movement [14, 56] and increased
cerebral blood flow in M1 during active bicycling [42] have been reported in previous
studies as well.
The cerebellar vermis receives projections from the motor cortex [82] and is known to be
intimately involved in adaptation and interlimb coordination during locomotion by
modulating timing, rate and force of muscle activity [83, 84]. Gait ataxia is a prominent and
notorious symptom of cerebellar dysfunction. The SMA has repeatedly been involved in
bimanual [85] and interlimb (i.e., hand-foot) coordination [86] and becomes increasingly
activated when more difficult spatial relations between simultaneous limb movements have
to be monitored [87]. This is supported by the finding that the temporal control of bimanual
coordination is deteriorated when SMA is inhibited by repetitive transcranial magnetic
stimulation [88, 89]. The relatively higher activation of these sensorimotor areas and the
more pronounced activity of the cerebellar vermis and the SMA might contribute to the
generation of sequentially descending motor commands and to the increased demands in
temporal and spatial coordination of bilateral active as compared to passive stepping
movements. This is further supported by the fact that the studies by Mehta et al. and
Christensen et al., which found largely the same activity across active and passive
movements, used a constant phase-shift between the legs during cycling movements [40, 41].
The opposed and rigid arrangement of the cranks of their devices defined the phase shift and
hence the timing of muscle activation between the two legs. In contrast, stepping inside the
robot MARCOS requires a higher coordinative effort to maintain a phase difference of 180 °
between the moving limbs during the active but not the passive condition, as the phase shift
is not dictated by the robot during active. This might further have contributed to the observed
between condition differences in the somatosensory system in present study.
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Differences in the neural representation of active and passive lower limb motor control
are further corroborated by the contrasts of active vs. passive and passive vs. active stepping.
Active vs. passive stepping revealed significant bilateral activation in the anterior cerebellar
vermis, SMA proper, and the right supramarginal gyrus. These areas are a subset of the
neural activity generally reported in studies of active vs. passive unilateral ankle dorsiflexion
[56, 58, 60]. These reports demonstrated a more distributed set of regions for the contrast
active vs. passive, including M1/S1, CMA, premotor cortex (PMC) and subcortical
structures (Table V). The confined activations for active vs. passive in the present study
could be the result of differences in task complexity (i.e., bilateral multi-joint vs. unilateral
single-joint movements).
Table V: Overview of fMRI studies investigating active and passive unilateral ankle-dorsiflexion
and their main findings for active vs. passive movements at the whole brain level
Study

Main Findings

Present study

High degree of overlap of activations between active and passive movement in M1/S1, SMA
proper, CMA and S2. Additionally in the anterior cerebellar vermis, both cerebellar
hemispheres, thalamus, and right putamen.
Activations in M1/S1, SMAproper and Vermis significantly higher during active than during
passive, trend for higher activation during active in CMA and SII.
Active vs. passive: Active movement generated significantly higher activation in SMA proper,
the anterior vermis of the cerebellum and the right supramarginal gyrus

Sahyoun et al., 2004

High degree of overlap of activations between active and passive movements in M1/S1, SMA
and S2.
Activations in the M1/S1, SMA and PMC were consistently greater during active than passive
movements.
Active vs. passive: higher activation in M1/S1, SMA, PMC, CMA, cerebellum, putamen,
thalamus, insula and inferior frontal gyrus.

Ciccarelli et al., 2005

Overlap of significant activations between active and passive movements in contralateral
M1/S1, SMA, bilateral rolandic operculum and insula, ipsilateral superior temporal gyrus,
ipsilateral cerebellum, and contralateral posterior putamen.
Active vs. passive: Greater peak activations in M1/S1, SMA, cerebellum, putamen, superior
temporal gyrus, inferior parietal lobe.

Francis et al. 2009

Active and passive movements activated M1/S1, putamen, SMA and CMA, bilateral SII,
insula, ipsilateral PMC.
Active vs. passive: greater activation in SMA, contralateral M1/S1, SII and CMA, bilateral
PMC and cerebellum.

M1/S1 = primary sensorimotor cortex, SMA = supplementary motor area, S2 = secondary sensory
cortex, PMC = premotor cortex, CMA = cingulate motor area.

The contrast of passive vs. active on the other hand, revealed increased bilateral
activation in a distributed set of regions in the medial and lateral frontal lobe and inferior
parietal lobe, as well as subgenual ACC. These areas have also been reported by Sahyoun et
al. in their comparison of passive vs. active unilateral ankle movements, albeit to a smaller
spatial extent, probably related to the lower complexity of their task (i.e., unilateral
movement of a lower number of joints) [58]. These findings, however, are at variance with
the PET study of Weiller et al., who reported activation of bilateral S2 characteristic of
unilateral passive elbow movement when compared to unilateral active elbow movement
[90]. Other studies on active and passive motor control do not report on the direct contrast of
passively vs. actively generated movement.
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In the present study, subjects had to attentively monitor and maintain limb inactivity
while perceiving the passive movements. This required the voluntary cortical inhibition of a
motor response to the degree where no peripheral muscular activation was produced.
Furthermore, eventual spinal reflexes elicited by passive movement of the limbs had to be
inhibited by adequate descending supraspinal commands.
The current finding of activation in the subgenual ACC, accompanied by activation in the
anterior medial prefrontal cortex, has also been described during motor response inhibition in
a Go/No-Go task by Liddle et al., in which the subgenual ACC was assigned a role in
monitoring of the ‘internal state’, while the (anterior medial) prefrontal cortex was seen as a
protagonist in response inhibition [91]. A functional interplay between the ACC with the
anterior medial prefrontal cortex is further supported by findings of functional connectivity
between these two areas [92]. The spatial locations of the current activations for the contrast
passive vs. active do overlap with the spatial locations commonly activated by other motor
response inhibition experiments [93]. The study by Rubia et al. reported additional activation
of preSMA and medial and lateral parietal lobe during motor response inhibition [93]. The
authors highlighted the role of these areas in higher-order motor function monitoring such as
motor attention or response selection while inhibiting a motor response. In conclusion, the
current results suggest that the activations accentuated in the contrast of passive vs. active
stepping rather reflect the cognitive processes required for the maintenance of limb passivity
(i.e., the inhibition of an active motor response) than the mere integration of somatosensory
afferent input.
With regards the differences in the level of activation between active and passive stepping
the results of the ROI analysis are not confounded by circularity (i.e., double dipping). Eight
of the ROIs were defined using a conjunction of the contrasts active vs. baseline and passive
vs. baseline [80]. This approach was suggested also in the supplementary discussion of [94].
Furthermore, the definition of three ROIs (i.e., M1/S1, SMA-proper, and CMA), based on
anatomical coordinates reported for knee movements [57], i.e., a ‘selection bias’ is precluded
for these ROIs.
Yet, for the observed activation of the olfactory cortex (contrast: passive vs. active) a
concise physiological explanation cannot be offered at this time. It could have been produced
by residual head movement (i.e., not dealt with by the sparse-sampling design), and thus,
have occurred as the result of the spatial proximity of the olfactory cortex to the base of the
skull, an area which is known to be susceptible to movement artefacts.
Since electromyographic (EMG) activity was not measured during task execution in the
present study, it cannot be completely ruled out that some of the neural activity observed
during passive movement is caused by involuntary muscle activation. However, a recent
study by our group demonstrated that healthy participants are very well able to remain
passive while MARCOS is moving their legs along the predefined trajectory [95]. It is safe
to assume that this was also the case in the present study, since the participant population is
comparable to the one in Marchal-Crespo et al.
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3.4.2 Topography of peak activations during active movements
Although the motor task in the present study involved simultaneous and bilateral
movements about the hip, knee and ankle joints, the spatial locations of peak activations in
several areas during active movements were compared to those reported in a previous
somatotopy study involving the same body parts. Generally, the current peak activations
were located in the vicinity of those reported by Kapreli et al., a study which investigated
BOLD signal changes in response to unilateral and isolated knee, ankle, and toe movements
[57]. In the M1/S1 region, the peak activation was located more medially to the one reported
for the knee and lateral to the ankle and the toe. In both, the SMAproper and the CMA the
peak activations were located anterior and inferior to those reported in Kapreli et al. [57].
PMC activations were in general located medial and anterior to those reported for knee,
ankle, and foot. The spatial location of activation in the vermis was located in the midline
and slightly anterior to isolated knee movements. Similarly, peak activations in the anterior
cerebellar hemispheres were located medial to those reported during knee movements.
However, the comparability of spatial locations of peak activations during bilateral,
reciprocal movements of the whole legs with isolated, unilateral single-joint movements is
limited by differences in the level of task complexity (i.e., bilateral multi-joint vs. unilateral
single-joint movements). Additionally, it must be considered that the knee and the foot of
each leg are mechanically coupled when participants are secured to the robot MARCOS. The
target movement (flexion and extension of the whole leg) could theoretically be achieved
through different strategies. The same movement can be realized with either emphasizing hip
flexion/extension, and the activation of related muscles or alternatively by accentuating knee
flexion/extension. This may have hence influenced the individual and group peak
activations.

3.4.3 Standardization and repeatability of the motor task
The two-way repeated measures ANOVA of task performance (factors ‘trial’ and
‘condition’) as recorded by the position and force sensors of the robot did not reveal a
significant main effect of trial for any of the performance metrics in both movement
conditions. It is therefore a valid claim that the motor paradigm presented in the current
study enables repeatability within active and passive movement conditions. For the passive
condition this was expected, since the movements of the lower limbs were brought about by
the robotic device. As for the active condition, the applied measures to limit knee movement
amplitude and movement frequency have proofed to be feasible means for reaching high
between-trial repeatability.
However, the two-way repeated measures ANOVA of task performance also revealed a
trend for a significant main effect of condition in movement kinematics (i.e., knee
amplitude) and a significant main effect of condition in movement dynamics (i.e., robotparticipant mean peak interaction forces at the knee and foot) between active and passive
stepping movements. From studies in the upper limbs it is known that the degree of brain
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activation may depend on the exerted force and movement amplitude [96-98]. However,
given the fact that current literature is scarce regarding the influence of lower limb
movement dynamics on supraspinal activation patterns, the relevance of the observed
differences on brain activation patterns must be interpreted with caution.
The stepping movement amplitude at the knee during active stepping was marginally
bigger than during passive. Movement amplitude dependent activation of S2 and the
putamen have been described for amplitude differences as small as 0.01 m in passive thumbindex finger opposition movements [98]. The same difference (0.012 m (0.153 m during
active vs. 0.141 m during passive)) has been observed in the current study which
corresponds to approximately 1.2 ° difference in hip angle (approximately 17.1 ° in active
vs. 15.9 ° in passive). This difference is below the accuracy of lower limb motor control
during walking as seen by the reported step-to-step variability of human gait (~1.5 ° at the
ankle, ~1.8 ° at the hip and ~ 1.9 ° at the knee) [99]. It can therefore be assumed that this
trend for a main effect of condition between active and passive movements did not affect the
neural activation patterns.
The absolute movement amplitude at the knee was defined before the start of the study, in
order to standardize the movement range across all participants. However, to match
supraspinal proprioceptive afferent input from length sensitive receptors (i.e., muscle
spindles) in the lower limbs, it would have been more intuitive to normalize knee movement
amplitudes to individual leg segment lengths across participants. It can be assumed that joint
angles rather than end effector positions in space are the variables controlled by and
influencing the activity of the human motor system [100]. While relative knee movement
amplitudes could have been calculated for each participant from individual leg segment
lengths using trigonometry with little effort, this would also have required very precise
alignment with the robot which was not practicable with all participants. As misalignments
would have led to a similar variability in knee movement amplitude as observed in the
current data, the same predefined absolute amplitude was chosen for all participants.
Furthermore, a significant main effect of condition was found for the mean peak
interaction forces at the foot (FF) as well as at the knee (KF), respectively. On average,
KFactive was 73 N higher than KFpassive. Differences in the interaction forces were expected
and can be explained by the fact that participants rested the weight of their lower limbs on
the robot during passive movements (KFpassive = -18 N) as the device drove their knees up
and down when producing the stepping pattern, while producing forces in the opposite
direction when performing active stepping movements. Accordingly, higher mean FF were
measured during active than during passive stepping (∆ = 16 N). There are currently only
two studies investigating the influence of external axial loads to the lower limbs on
supraspinal activation [41, 101]. Both investigated force increments of about 60 to 80 N (i.e.,
approximately 10 % of body weight) and neither reported area-specific effects on brain
activation. This is most likely the case because the investigated force increments were in the
realm of step-to-step variation of vertical ground reaction force during ground-level gait of
7% of individual body weight [99]. At the same time, support for differential, force-
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dependent neural activation of brain areas can be found in studies reporting a positive
correlation between the activation strength of the sensorimotor network and the gripping
forces produced by the hand [96]. For the hand, differences in neural activation were
described for force increments as little as 14 N [97]. However, it must be taken into account
that the motor tasks performed by the upper and lower extremities are very specific (i.e.,
grasping vs. stepping) and require different accuracy in position and force control. It is
therefore likely, that the sensory threshold eliciting differential supraspinal activation within
the same type of movement is intrinsic to the extremity in use. With regards to the
differences in interaction force between the robot and the participants in the current study, it
can therefore be assumed that they did not affect the supraspinal activation patterns.
Furthermore, no significant correlations between the level of brain activation and
participant behavior could be demonstrated. This supports the assumption that neither the
trend for a statistically significant difference in movement amplitude KA nor the significant
differences in interaction forces KF or FF lead to a detectable influence in the supraspinal
activation patterns.

3.4.4 Head motion despite clustered sparse sampling imaging protocol
Head-motion concurrent to image acquisition, i.e., the movement of brain tissue into a
voxel of different magnetic field intensity, is a well-known issue of in-vivo neuro-imaging
and is particularly pronounced in studies related to brain activation during lower limb motor
control. It has been shown, that movements typically propagate along the caudo-cranial body
axis while the lower-limbs are being moved [65]. These displacements can lead to changes in
the magnetic susceptibility of the tissue [65], introducing considerable confounding effects
on signal intensity, i.e., spin-history effects [66], and lead to false positive activations not
recognizable as such on activation maps [67]. In addition, the homogeneity of the static
magnetic field may become distorted by moving body parts, thus introducing further
perturbations during image acquisition [39, 102]. In this study, a clustered sparse temporal
sampling acquisition scheme was applied, exploiting the temporally sluggish nature of the
BOLD signal. The sequential arrangement of task execution and image acquisition
temporally separated leg motion from data collection resulting in only non-task related trialto-trial head motion in the imaging data. Lower statistical power is traded in for less noisy
and blurred signals. There are currently only two studies that exploited sparse temporal
sampling to investigate sensorimotor control [59, 69]. In the pedaling studies of Mehta et al.
fMRI data were acquired continuously over the course of the experimental runs, but
analyzed only between movement trials to minimize movement related artifacts [39, 40].
Methodologically, this “delayed” analysis approach conforms to the analysis performed on
the sparse sampling data of the present study and yielded compatible results.
The reduced sensitivity to task-correlated head motion comes at the expense of certain
disadvantages as compared to continuous sampling. Firstly, measuring the BOLD signal only
after the cessation of the motor task hinders the analysis of brain activation of specific phases
of the motor performance (e.g. movement preparation or movement initiation). Secondly, the
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T1-decay along the consecutive volumes may alter the contrast of EPI images potentially
affecting the accuracy of the fMRI data preprocessing steps that depend on tissue contrast
[103]. Nevertheless, given the large amount of head motion and the magnetic field
inhomogeneity associated with stepping movements, the benefits of the chosen sparse
sampling approach justify its application for BOLD imaging during the specific experimental
conditions used in the present study. A reliable and valid analysis of imaging data would
otherwise be very limited.

3.4.5 Implications for robot aided gait rehabilitation of neurologic
patients
Although the current study investigated healthy participants, its findings may have direct
implications for the management of gait impaired patients, for the development and
application of robotic rehabilitative devices in the clinical setting, and for the monitoring of
brain reorganization using standardized and repeatable experimental procedures over time.
The activation of the sensorimotor network during passive movement of the participants’
legs indicates that the ascending proprioceptive feedback from passive movement alone
suffices to stimulate the same supraspinal cortical and sub-cortical sensorimotor areas as
active movements, although to a lesser degree. The peripheral sensory cues produced by
passive movement might therefore be a suitable rehabilitation strategy for severely motorimpaired patients with very limited, or absent voluntary activation of their lower limb
muscles, firing up the processes of brain reorganization and maintaining brain function in deefferented patients. Furthermore, repeated passive movement allows the investigation of
motor control related brain areas in these patients who cannot move their limbs. A possible
issue with passive movement in gait rehabilitation however is, that patients with some
residual voluntary activity might soon rely completely on the robot and lose their selfmotivation for, and attention to the task if not challenged appropriately [104]. The increased
temporal and spatial complexity of motor coordination and the required voluntary muscular
activity in the lower limbs during active task execution increased the level of brain activation
in the present study (i.e., significantly higher values of percent signal change during active
than during passive movements). In rehabilitation, less disabled patients should be
challenged with sophisticated rehabilitation strategies that only assist their movements as
needed and adapt their support to the abilities of the individual patient [105-108], such that
optimal involvement and activation of the brain can be achieved. The robot MARCOS
provides the possibility to implement such supportive control algorithms and the opportunity
to directly investigate their effects on brain activity in fMRI experiments [46].
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3.5 Conclusion
The combination of a clustered sparse temporal fMRI protocol with the MR-compatible
stepper MARCOS is a feasible instrument for the standardized and repeatable investigation
and detection of the neural correlates of active and passive, bilateral, lower limb stepping
movements akin to human locomotion. Significantly higher activation of the sensorimotor
network during active than during passive bilateral lower limb motor control may represent
more than the mere monitoring of afferent proprioceptive input.
Although the current study investigated healthy participants, the presented paradigm
should enable future work with neurologic gait-impaired patients in cross-sectional and
longitudinal studies. Clinical rehabilitation studies combining gait training with standardized
and repeatable neuro-imaging experiments of gait-like stepping may yield more accurate
knowledge about effects of specific training strategies on supraspinal activation patterns and
thereby support the development and application of novel approaches to motor rehabilitation.
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4 The modulation of brain activation during simulated
weight bearing
4.1 Introduction
Body weight supported (BWS) treadmill training to improve functional recovery in gaitimpaired neurologic patients, following stroke, incomplete spinal cord injury, or traumatic
brain injury has been a key component of locomotor rehabilitation for more than twenty
years [22-24]. Body weight support during walking allows motor-impaired patients with
limited walking ability to repeatedly practice the cyclic movement of gait [25], including
(partial) loading of the lower limbs and the shift of this load from one leg to the other.
Weight-bearing during upright standing as well as during the stance phase of walking
activates a variety of load sensitive receptors located in the anti-gravity muscles of the legs
[109, 110]. Information about external forces acting upon the leg is fused in reflex pathways
at the spinal cord level [109]. It has been suggested that the feedback from load sensitive
receptors, e.g., from Golgi tendon organs, is relayed to central lumbosacral spinal circuitry.
These central structures, i.e., the central pattern generators, provide the basic rhythmic
patterns of muscle activation for the automated cyclic lower limb movements during upright
human locomotion [111].
While the timing of muscle activation determines interlimb coordination and hence the
gait pattern, the degree of activation is critical for bearing of loads during walking. It has
been shown that the amplitude of activity in anti-gravity leg muscles is inversely
proportional to the amount of BWS provided during treadmill walking (i.e., higher muscle
activity for lower levels of BWS), both in healthy participants [38] and patients [112]. It is
plausible that anti-gravity muscles develop higher activity to account for increasing loads
than ‘non-anti-gravity’ muscles when walking at lower levels of BWS. Patients with
supraspinal lesions oftentimes present with hemiparesis impairing their gait [113], and can
only walk if BWS is provided. These observations may be explained by supraspinal control
of the postural musculature.
However, the supraspinal role in the control of muscle activity required for weightbearing during gait has not been described in much detail in literature. A more in depth
understanding should enable to better apprehend the monitoring of changing patterns of
brain activation in lesioned patients undergoing gait therapy at different levels of BWS.
Recent work using EEG during active treadmill walking has provided evidence that
supraspinal areas are indeed involved in the control of muscular activity during human gait.
Several studies reported a modulation of activation in M1/S1, particularly during those
phases of the stepping cycle which precede and succeed heel strike and toe off, i.e., the
phases when loading and unloading of the lower limbs are imminent [50, 114]. The phasedependent modulations in the supraspinal centers could thus be linked to preparing lower
limb muscles for altering ground reaction forces during loading and unloading of the lower
limbs. While these EEG studies during walking and stepping provided important insights
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into the temporal dynamics of the processes underlying the central drive of lower limb motor
control, they did not specifically investigate the effect of walking under different levels of
BWS. Since motor-related activity in the M1/S1 and SMA is highly correlated with muscular
force output [115], it seems plausible that walking at different levels of BWS would also
lead to a modulation of related neuronal activity. This assumption however, is challenged by
two functional brain imaging studies investigating the supraspinal processes related to
loading of the lower limbs during rhythmic multi-joint movements akin to human gait [41,
101]. Topographically, the reported activations are in rough agreement with the abovesummarized EEG studies. However, during supine pedaling Christensen et al. did not find
any correlation between the regional cerebral blood flow in primary motor cortex and
pedaling against different loads (0.5, 6, and 12 kg), using PET [41]. In contrast, when
compared to walking without any BWS, treadmill walking with BWS of 10 % of individual
body weight (BW) led to a global signal increase in healthy participants and to a signal
reduction in M1/S1 in patients with subcortical stroke as assessed by fNIRS [101].
In view of this inconclusive evidence and the methodological difficulties of the above
mentioned studies (esp. the limited spatial resolution of fNIRS and EEG) further
investigations on the physiology of motor control during weight bearing are justified.
The present study investigates whether a potential load related effect on brain activation
is attributable to the integration of load related afferences, or rather to the generation of
corresponding motor output. Task-related fMRI was combined with the MR-compatible
stepper MARCOS, rendering different levels of external loads to the sole of the feet during
supine gait-like stepping movements [45, 116]. Passive (i.e., performed by the stepping
robot) as well as active movements (i.e., performed by the participant) are investigated. If a
modulation of brain activation is associated with the amount of generated lower limb muscle
force, different loads will result in a modulation of brain activation during active movements.
If a modulation of brain activation occurs in response to modulated loads during passive
movements, this would be an indication that brain activation is primarily driven by load
related afferent feedback. The hypothesis of the study was that the fMRI BOLD signals in
the sensorimotor network are significantly influenced by the level of load acting on the lower
limbs during active but not during passive stepping.

4.2 Methods
The study was approved by the Ethics Committee of the Canton of Zurich (approval Nr.
856) and was conducted in accordance with the Declaration of Helsinki. Participants were
not included in the study if they met any of the following exclusion criteria: 1) diagnosed
neurological, musculoskeletal or cardiac dysfunction at present or in the past, 2) cardiac
pacemaker, neuro-stimulator, or hearing aid, and 3) drug-abuse. All participants were
informed about the aims and the course of the study and gave written consent for their
participation.
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4.2.1 Motor paradigm
Data from 16 healthy participants were collected during active and passive stepping
inside the MR-compatible stepper MARCOS. Active and passive stepping conditions were
measured at loads of 0 % (load level 0), 20 % (load level 20) and 40 % (load level 40) of
individual body weight. The stepping frequency and knee amplitude were maintained
constant across all load levels and conditions. FMRI data during stepping at each load level
were acquired in a block design in six separate runs that were presented in random order
(i.e., 2 conditions (active/passive) x 3 load levels (0/20/40)). Each run consisted of 15 blocks
of movement, and 15 blocks of a baseline control condition. Block duration was 10 s,
interleaved by 9.075 s of image acquisition.
Movement frequency was paced to 0.5 Hz by the presentation of a metronome through
ear phones as applied by others [39, 56]. The metronome was also presented during passive
movements, as well as during the control condition, in order to equal auditory input. The
beginning of each trial was indicated on the screen located near the feet of the participants,
either by the presentation of the word ‘MOVE’ for movement trials or ‘LISTEN’ for control
trials. During the passive movement condition, participants should relax their legs and not
engage in active leg flexion- and extension while the robot enforced a desired trajectory with
predefined foot load profile, amplitude, and frequency. During the active condition,
participants should voluntarily produce leg flexion and extension while the robot followed
the movement of the participant and rendered the desired load against its feet. In this
condition, the cylinders attached to the knees limited the amplitude of the movement, but not
the frequency. During image acquisition between ‘MOVE’ and ‘LISTEN’ trials, participants
were instructed to fixate on a white cross presented at the center of the screen, and not to
think about moving their legs when listening to the metronome in order to minimize effects
of movement imagination or rehearsal. Participants were familiarized with active and passive
stepping at the three load levels inside the robot prior to image acquisition. Before the start
of each functional run, participants were informed about the type of condition (active or
passive), and whether a load was going to be rendered. They were however not explicitly
informed about the amount of the load.

4.2.2 Image acquisition
Imaging data of all participants were collected on a 1.5 T Philips Achieva (Philips
Medical Systems, Best, the Netherlands) at the University Hospital of Zurich using an 8channel SENSE head coil [72]. The sparse sampling imaging protocol consisted of clusters
of image acquisition interleaved by silent gaps of 10 s length [116]. Each imaging cluster
comprised of three consecutive volumes (TR = 3.025 s). The duration between the onsets of
two imaging clusters was hence 19.075 s. 93 volumes in 31 clusters of 3 volumes were
acquired, using a whole brain T2*-weighted, single-shot EPI sequence (echo time (TE) =
50 ms, flip angle = 90 °, SENSE factor = 1.6). 35 interleaved, angulated, transversal slices
covering the whole brain were acquired in each volume (FOV = 220 mm x 220 mm,

61

The modulation of brain activation during simulated weight bearing

acquisition voxel size: 2.75 mm x 2.8 mm x 3.8 mm, re-sliced to 1.72 mm x 1.72 mm x
3.8 mm.

4.2.3 Data processing and statistical analysis
4.2.3.1 Motor performance
Custom Matlab routines (Matlab 2012b, Mathworks Inc., Natick, MA, USA,
www.mathworks.com) were used to filter position sensor data (low pass 1st-order
Butterworth filter, cut-off frequency was set to 4 Hz), to extract position and load profiles,
and to calculate the performance metrics foot load, knee amplitude, and movement
frequency for each individual step of each leg and load level. Foot load was defined as the
maximal interaction force between the foot and the robot during each single step. Knee
amplitude was defined as the vertical range of motion of the knee, and movement frequency
was defined as the number of steps of one leg per second. Within each participant and load
level, values were then averaged across all steps and over both legs, as foot load, knee
amplitude, and movement frequency values of the left and the right leg were not significantly
different (paired-sample t-tests, all p-values > 0.1). Subsequently, participant means were
entered into a one-way ANOVA with repeated measures to test for a significant main effect
of load level in each performance metric in both stepping conditions individually (α = 0.05).
Post-hoc paired samples t-tests were calculated to reveal differences between load levels, a
Bonferroni-correction was applied to correct for multiple comparisons.
Position and load profiles were resampled to a step cycle of 0 % to 100 % and then
averaged across the left and the right leg and over all steps of each individual participant per
load level and condition.
4.2.3.2 fMRI data
BOLD-imaging data analysis was conducted using SPM8 (Wellcome Department of
Cognitive Neurology, London, UK, www.fil.ion.ucl.ac.uk/spm) running on Matlab 2012b
(Mathworks, Inc., Natick, MA, USA, www.mathworks.com). For each run, the three
volumes prior to the first ‘MOVE’ block were removed from the data. The remaining 90
images were realigned to the mean image and unwarped to account for residual head motion
related variance and image distortions along air-tissue boundaries [74]. Images were
normalized to standard MNI space using the EPI template provided by the Montreal
Neurological Institute (MNI brain), re-sliced to 2 × 2 × 2 mm3 voxel size, and smoothed
(FWHM = 8 mm). The estimated realignment parameter data were filtered using the discrete
cosine transform matrix filter (cut off at 128 s) incorporated in SPM8, to remove linear
baseline drifts. Only data of participants whose estimated head motion was below the
stringent threshold of ½ voxel size after filtering in every direction in all three load levels
and both conditions were taken to 1st-level statistical analysis. For each condition, data of the
three load levels were modeled as three separate regressors in one GLM [75] for each
participant individually. The auditory control condition was not modeled explicitly. Two
additional regressors of no interest were added to the GLM accounting for the T1-decay
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along the three consecutive volumes [68]. A high pass filter (cut off at 128 s) was used to
remove slow signal drifts. To account for the sparse-sampling fMRI scheme, data during
each trial were modeled using a boxcar function (1st order, window length 3 x TR (i.e.,
9.075 s)) [76]. Contrast images were computed for load level 0, load level 20, and load level
40 (all against an implicit baseline). The contrast images from the 1st-level analyses were
then subject to the following statistical voxel-wise whole brain tests at the 2nd-level:
•

One sample t-test for each load level in each condition to test for differences between
task execution and the (not explicitly modeled) auditory control condition.

•

Paired samples t-tests to investigate differences between active and passive stepping
at load level 0. These tests were conducted to verify the results from the previous
chapter 1 [116].

•

One-way repeated measures ANOVA (rmANOVA) with the factor „load“ in each
condition to reveal a possible modulation of brain activation by the variation of load
across levels.

•

Two-way rmANOVA with the factors “load” and “condition” to investigate potential
interaction effects between factors, as well as possible main effects of “load” and
“condition”.

All of the resulting maps were thresholded at a cluster-corrected voxel threshold of p <
0.001 (spatial extent: k ≥ 42 contiguous voxels) [77, 78]. The cluster threshold method was
applied to control for the overall type I error. Anatomical correlates of activated clusters
were determined using probabilistic cytoarchitectonic maps implemented in the Anatomy
toolbox [79].
Voxel-wise statistical testing was followed up by the ROI analysis to confirm the results
from the whole brain analyses. ROIs in the sensorimotor network were defined according to
chapter 1, in which brain activation during active and passive stepping without load variation
was compared [116]: left S2 (-50/-32/20), right S2 (46/-30/24), and cerebellar vermis (0/46/-8). Bilateral spherical ROIs (radius of 4 mm) using the spatial coordinates for knee
movements from [57] were defined for left M1/S1 (-14/-37/65) and right M1/S1 (16/-35/67),
SMAproper left at (-2/-24/66) and right at (0/-24/68), CMA left at (-12/-6/44) and right at
(10/-6/42). Values of % fMRI signal change were then extracted from each ROI and load
level in each condition for all participants using the SPM toolbox ‘MarsBaR’ [81]. Similar to
the analysis at the whole brain level, a paired t-test on the ROI-data from both conditions at
load level 0 was performed, as well as the one-way and two-way rmANOVAs using the data
from both conditions at all load levels.
The rmANOVAs at the whole brain level and at the ROI level were carried out to test the
hypothesis that brain activation is modulated by load during active but not during passive
movements. The hypothesis would be confirmed, if a significant effect of “load” was found
in the one-way rmANOVA for the active condition and if a significant interaction effect of
“load x condition” but not a significant main effect “load” was found in the two-way
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rmANOVA. All rmANOVAs were followed-up by post-hoc t-tests to reveal within factor
differences.

4.3 Results
Eight participants were excluded from further analysis due to excessive head motion (i.e.,
translation of more than ½ voxel size in any direction) in at least one of the load levels. The
remaining eight participants (3 male) aged 24.75 (3.46) (mean (standard deviation)) years.
with a body weight of 69.94 (8.91) kg were all right handed and footed [71] (Table VI). The
participants of the present study are a subset of those reported in [116].
Table VI: Individual anthropometric data of the study sample.
participant

age

sex

[years]

BW

absolute foot load [N] at load level

body height

[N]

0

20

40

[m]

WHQ

WFQ

1

22

f

569

0

113.8

227.6

169

14

3

2

24

f

725.9

0

145.2

290.4

170

16

4

3

24

m

784.8

0

157

313.9

181

16

17

4

23

m

750.5

0

150.1

300.2

180

16

16

5

22

f

539.6

0

107.9

215.8

166

16

19

6

33

m

745.6

0

149.1

298.2

170

16

11

7

23

f

745.6

0

149.1

298.2

170

15

10

8

27

f

627.8

0

125.6

251.1

165

16

8

mean
(SD)

24.75
(3.46)

-

686.1
(87.4)

-

137.2
(17.5)

274.5
(34.9)

171.38
(5.57)

15.63
(0.7)

11
(5.57)

Group mean values and standard deviation (SD) can be found at the bottom of the table. Absolute foot
loads [N] are the desired maximum loads to which the robot was pre-set at the beginning of each
experiment. BW: body weight; WHQ: Waterloo Handedness Questionnaire, values may range from 16 to 16; WFQ: Waterloo Footedness Questionnaire, values may range from -20 to 20, positive values
represent dominance of the right side of the body in both tests.

4.3.1 Motor performance
Between 70 and 75 steps were entered into the analysis of participant motor performance
in each individual load level and condition. The descriptive statistics of the performance
parameters knee amplitude, stepping frequency, and foot load at the three load levels for
both movement conditions active and passive can be found in Table VII.
The one-way repeated measures ANOVA calculated for the performance metrics knee
amplitude and stepping frequency did not reveal a significant effect of load level in any of
the stepping conditions active or passive (knee amplitude during active: F2,14 = 1.589, p =
0.239, and passive: F2,14 = 0.157, p = 0.856; stepping frequency during active: F2,14 = 0.271,
p = 0.766, and passive: F1.039,7.273 = 1.983, p = 0.201 with a Greenhouse-Geisser correction).
The group averages knee position profiles largely overlap across the three load levels in both
conditions, with higher variability during active than passive stepping (Figure 11, top row).
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For the performance parameter foot load, the one-way repeated measures ANOVA
revealed a significant effect of load level in active (F2,14 = 92.155, p < 0.001) as well as
passive (F1.123,7.862 = 384.666, p < 0.001, with a Greenhouse-Geisser correction) stepping. In
both conditions post-hoc paired samples t-tests revealed significant differences between all
load levels (active: load level 0 vs. load level 20: t7 = -5.734, p = 0.001; load level 20 vs.
load level 40: t7 = -7.495, p < 0.001; load level 0 vs. load level 40: t7 = -15.331, p < 0.001;
passive: load level 0 vs. load level 20: t7 = -34.773, p < 0.001; load level 20 vs. load level 40:
t7 = -10.868, p < 0.001; load level 0 vs. load level 40: t7 = -25.400, p < 0.001). The group
averaged profiles of foot load across a step cycle show higher variability in two out of three
load levels (0 and 20) for active than for passive stepping (Figure 11, bottom row).
In both conditions, the desired loads deviated from the predefined values to a variable
extent. At load level 0, these deviations amounted to 9.34 (3.06) %-BW during active, and to
6.69 (1.44) %-BW during passive, respectively. The desired values were reached with the
highest accuracy at load level 20 in both conditions. The measured values deviated on
average only about 0.99 to 1.66 % from the targeted loads (active: 21.66 (4.85) %-BW;
passive: 20.99 (0.66) %-BW). At load level 40 the measured values were on average
between 4.52 and 5.89 %-BW below the targeted values in both conditions (active: 34.11
(2.73) %-BW; passive: 35.48 (4.29) %-BW during). Despite these deviations from the
predefined values, an average level-wise increase of approximately 12 %-BW (mean
absolute value: 85.5 N) from one load level to the next in active stepping and 15 %-BW
(mean absolute value: 98.5 N) in passive stepping was measured. From level 1 to level 3 a
total mean increase of 171 N was observed during active and 197 N during passive stepping,
respectively.
Table VII: Descriptive statistics of measures of motor performance foot load, stepping
frequency, and knee amplitude during active and passive stepping at the three different levels of
foot loading.
passive

active

load level

mean

SD

min

max

mean

SD

min

max

foot load

0

6.69

1.44

5.36

9.00

9.34

3.06

6.47

16.16

[% BW]

20

20.99

0.66

20.14

22.26

21.66

4.85

16.28

30.91

40

35.48

4.29

31.40

41.97

34.11

2.73

30.70

37.39

0

0.51

0.01

0.50

0.54

0.55

0.04

0.49

0.61

20

0.51

0.00

0.50

0.51

0.54

0.03

0.51

0.59

40

0.52

0.02

0.51

0.56

0.54

0.02

0.50

0.57

0

0.14

0.00

0.14

0.15

0.16

0.03

0.10

0.19

20

0.15

0.01

0.14

0.16

0.16

0.02

0.14

0.20

40

0.15

0.01

0.14

0.16

0.15

0.02

0.13

0.18

stepping
frequency
[Hz]

knee
amplitude
[m]

Values for foot load are the maximal force values as measured by the force sensors at the foot fixation
of the robot. n = 8, SD = standard deviation, min = minimum, max = maximum, %-BW = percent
body weight.
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Figure 11: Mean profiles of knee position and foot force
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The top row shows group mean knee position profiles during active (left) and passive (right) stepping
at the three load levels 0, 20, and 40. In the top left plot the black leg of the stick figure schematically
represents the corresponding posture of the leg, the step cycle begins and ends with knee flexion. The
bottom row shows the associated group averaged foot load profiles during active (left) and passive
(right) stepping. The forces were measured in perpendicular to the sole of the foot, as indicated by the
white arrows in the top left. The center line indicates the mean course, the shaded area represents
mean ± one standard deviation, n = 8, %-BW = percent body weight.

4.3.2 Brain activation during at different load levels
4.3.2.1 Voxel-wise whole brain analysis
The one-sample whole brain t-tests at the 2nd-level revealed overlapping clusters of
significant BOLD-signal increase during active stepping in bilateral medial M1/S1 and
SMAproper at all three load levels. At load level 0 this set of activations revealed additional
bilateral activation of the cingulate motor area. At load level 20, the cerebellar vermis and
the left thalamus were additionally activated. The most widespread set of regions was
observed during load level 40 including bilateral S2, the dorsal-posterior part of the anterior
insula, left thalamus as well as the right superior and middle occipital gyri (Figure 12, top
row, and Table VIII).
Passive stepping elicited significant BOLD-signal increases in bilateral medial M1/S1 in
all load levels, however, in contrast to active stepping the spatial extent of activated clusters
did not overlap across loads. Load level 0 additionally led to activation in bilateral SMAproper, and S2 in the fronto-parietal operculum. Subcortical activations in bilateral putamen
and vermis were also observed at this load level. Bilateral S2 and SMA-proper as well as
right-sided CMA activations were also present at load level 40 (Figure 12, bottom row and
Table VIII).
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active

Figure 12: Overlay of areas of significant BOLD-signal increase at different levels of load

y = -42

y = -28
load level 20

load level 40

passive

load level 0

y=2

L

R
y = -47

P
y = -30

A

y = -6

one-sample t-test, N = 8, p ≤ 0.001, cluster-corrected (k ≥ 42)

Significant activations during active (top) and passive (bottom) stepping at the load levels 0 (red), 20
(blue), and 40 (green) as revealed by the 2nd-level group analyses (separate one-sample t-tests for
each load level). The level of the coronal slices is indicated by the blue lines in the sagittal slice on the
right. L = left hemisphere, R = right hemisphere, P = posterior, A = anterior, n = 8, p ≤ 0.001, clustercorrected, k ≥ 42 consecutive voxels.

The paired samples t-test between active and passive stepping at load level 0 did not
reveal any significant differences between the two conditions when applying a threshold of p
≤ 0.001 (cluster corrected at k = 42 consecutive voxels). However, at p ≤ 0.005 (cluster
corrected at k = 70 consecutive voxels), significantly higher activation in the anterior and
posterior cingulate cortex bilaterally as well as in the left lateral parietal cortex and putamen
were found during passive than during active stepping. In the opposite contrast of active vs.
passive significantly higher bilateral activation in the cerebellum was observed at the same
threshold.
In the whole brain voxel-wise one-way rmANOVA for the condition passive, a
significant main effect of “load” was found in a cluster covering the left angular gyrus (F2,14
= 23.43, p < 0.001). Post-hoc paired samples t-test between all load levels revealed
significantly higher activation in the angular gyrus bilaterally at load level 0 than at load
level 40. No significant differences were found in any of the other post-hoc comparisons in
this condition.
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Table VIII: Cortical and subcortical areas of significant peak BOLD-signal increase during the
two investigated conditions at the three different levels of foot load 0, 20, and 40.
left hemisphere

right hemisphere

condition

load
level anatomy

area

t

kE

x

y

z

area

t

kE

x

y

z

active

0

12

-28

52

20

-92

24

passive

SMA-proper

-

-

-

-

-

-

4a

13.37

superior occipital
gyrus

-

-

-

-

-

-

18

8.69

228
3
83

20

vermis
M1/S1
thalamus

6
-

14.17
9.1

860
72

-10
-24

-28
-18

72
14

-

36.26
-

625
-

8
-

-42
-

-24
-

40

anterior insula
vermis

-

7.21
8.45

45
63

-46
-2

2
-68

2
-36

-

17.7
16.2

252
490

48
4

0
-48

-2
-12

middle occipital
gyrus

-

-

-

-

-

-

-

11.92

229

44

-72

6

precuneus
S2
thalamus
superior occipital
gyrus

OP1
-

10.7
9.55
8.58

149
8122
71

-14
-48
-18

-38
-28
-24

58
22
6

OP2 8.92
-

58
-

36
-

-24
-

20
-

-

-

-

-

-

-

-

7.14

52

18

-90

20

0

S2
vermis
putamen
precuneus
SMA-proper

IPC
4a
-

21.59
10.49
9.62
-

383
60
380
-

-56
-28
-6
-

-26
-4
-40
-

18
10
70
-

IPC
6

11.19
13.83
9.29
8.41

172
255
88
307

38
4
32
4

-30
-48
-4
-12

22
-8
2
72

20

M1/S1

-

-

-

-

-

-

4a

7.23

135

12

-26

58

40

S2
SMA-proper
M1/S1
precuneus

IPC
4a
4a

14.57
6.59
5.86

116
77
46

-44
-4
-4

-32
-28
-40

22
54
66

OP1
-

10.91
8.78
-

138
174
-

46
14
-

-30
-26
-

16
54
-

M1/S1 = primary sensorimotor cortex, t = maximum t-statistic, kE = cluster size, voxel threshold is p ≤
0.001, cluster corrected, k ≥ 42 consecutive voxels.

For the condition active, a significant main effect of “load” was found in the one-way
rmANOVA in a cluster covering the right middle occipital gyrus (F2,14 = 23.46, p < 0.001).
Post-hoc hoc paired samples t-tests between all load levels revealed significantly higher
activation during load level 0 than during load level 20 in the right angular gyrus and
superior frontal gyrus.
The whole brain voxel wise two-way rmANOVA did not reveal a significant interaction
effect of “load” by “condition”. A significant main effect of “condition” was found in an
extensive cluster located in the cerebellum (vermis and both hemispheres) (F1,35 = 33.00, p <
0.001) with higher average activation during active than during passive movements in this
area. A significant main effect of “load” was found in the right hippocampus (F1,35 = 27.53, p
< 0.001).
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4.3.2.2 ROI-analysis
The paired t-tests between the mean %-signal change during active and passive stepping
at load level 0 revealed a trend of significantly higher activation in M1/S1 during active than
during passive stepping (t = 2.036, p = 0.081). No significant differences or trends were
found in any of the other investigated ROIs.
The one-way rmANOVA during passive stepping did not reveal a main effect of “load”
in any of the investigated ROIs (Vermis: F2,14 = 0.348, p = 0.712. left S2: F2,14 = 1.008, p =
0.390, right S2: F2,14 = 0.612, p = 0.556, M1/S1: F2,14 = 0.063, p = 0.939, CMA: F2,14 = 1.754,
p = 0.209, SMAproper: F2,14 = 0.446, p = 0.649) (Figure 13, top row).
The one-way rmANOVA during active stepping did not reveal a main effect of “load” in
any of the investigated ROIs (Vermis: F2,14 = 1.705, p = 0.217, left S2: F2,14 = 0.553, p =
0.588, right S2: F2,14 = 0.966, p = 0.404, M1/S1: F2,14 = 2.539, p = 0.115, CMA: F2,14 = 0.899,
p = 0.429, SMAproper: F2,14 = 0.123, p = 0.885) (Figure 13, bottom row).
The two-way rmANOVA did not reveal a significant “load” by “condition” interaction in
any of the ROIs (Vermis: F2,14 = 0.041, p = 0.960, left S2: F2,14 = 0.179, p = 0.838, right S2:
F2,14 = 0.041, p = 0.960, M1/S1: F2,14 = 0.851, p = 0.448, CMA: F2,14 = 0.383, p = 0.688,
SMAproper: F2,14 = 0.313, p = 0.736). A significant main effect of “condition” was found in
the vermis, with higher mean values during active than passive stepping (F1,7 = 12.666, p =
0.009), and a trend for a significant effect of condition was found in M1/S1 (F1,7 = 3.363, p =
0.1), again with higher average activation during active than passive movements. In the other
ROIs, no significant effect of “condition” was found (left S2: F1,7 = 0.036, p = 0.855, right
S2: F1,7 = 0.496, p = 0.504, CMA: F1,7 = 0.774, p = 0.408, SMAproper: F1,7 = 0.688, p =
0.434). No main effect of “load” was found in any of the ROIs (Vermis: F2,14 = 0.208, p =
0.815, left S2: F2,14 = 0.964, p = 0.405, right S2: F2,14 = 0.928, p = 0.419, M1/S1: F2,14 =
0.672, p = 0.527, CMA: F2,14 = 1.906, p = 0.185, SMAproper: F2,14 = 0.282, p = 0.758)
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Figure 13: Percent signal change during active and passive stepping across the load levels 0, 20,
and 40.
active

%-signal change
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Values of percent signal change are given for active (top row) and passive (bottom row) stepping. The
values were extracted from the regions of interest (ROI) as labeled on the abscissa. No effect of load
was found in any of the examined ROIs. Spherical ROIs with a radius of 4 mm were created from
peak coordinates for knee and ankle movements reported by [57]. Bar height indicates the groups
mean, error bars are ± one standard deviation. CMA = cingulate motor area, M1/S1 = primary
sensorimotor cortex, S2 = secondary sensory cortex, SMA-proper = supplementary motor cortex
proper, n = 8.

4.4 Discussion
The present study investigated the potential involvement of supraspinal structures in the
control of muscle activation required for weight-bearing during walking. Task-related BOLD
signal changes associated with active and passive stepping inside the stepping robot
MARCOS were studied at three significantly different levels of load against the feet
simulating vertical ground reaction forces similar to those during ground-level gait.
Overlapping activation in M1/S1 across all load levels was demonstrated in both conditions.
The whole brain group analyses did not reveal statistically significant differences of
activations in the sensorimotor network of the brain between load levels in the active or
passive condition. This finding was confirmed by the subsequent ROI analysis.

4.4.1 Performance of the robot and the participants
The analysis of motor performance metrics did not reveal a significant effect of load level
for the performance metrics knee amplitude and stepping frequency. Motor performance was
hence well matched in terms of movement extent and rhythm in both conditions by the
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means of the stepping robot MARCOS. This is also supported by the congruence of knee
position profiles across load levels (Figure 11)
. At the same time, the robot successfully rendered significantly different loads against
the foot soles of the participants, as a significant effect of load level was detected during
active and passive stepping. In general, the variability of the delivered loads was higher
during active than during passive stepping (shaded areas in Figure 11, bottom row). This
might be explained by the fact that during active and passive movements the robot was
governed by two distinct controllers with different accuracy in force control [45, 46].
Despite the use of a robotic device, the measured mean peak interaction forces, as
rendered to the participants, deviated from the values specified for each participant
individually at the beginning of the experiment. At load level 0 the robot was programmed to
render 0 % BW of additional load to the feet, however, despite the zero-force control, the
measured mean peak interaction forces reached almost 10 %-BW. These undesired forces are
created by intrinsic friction of the system, and cannot be eliminated because the pneumatic
cylinders at the feet can only push against the foot sole, but not pull due to safety reasons.

4.4.2 Similarities and differences in brain activation across load levels
The set of supraspinal areas activated by active and passive stepping across load levels in
the present study is largely in agreement with previous reports of multi-joint lower limb
motor control during gait-like movements. During active and passive pedaling and stepping
movements in the supine position, activation of bilateral M1/S1, SMA-proper and the
cerebellar vermis has been previously reported using positron emission tomography [41] and
fMRI [39, 40, 116].
During active movements at load level 40, several clusters of significant activation were
observed deep within the Sylvian fissure, which were not significant during the other two
load levels. Firstly, two bilateral clusters were located in the posterior fronto-parietal
operculum with local peak activations centered in area OP1 in the left, and OP2 (extending
into OP1) in the right hemisphere. According to [117], these activations correspond to the
functional area S2. Intriguingly, activation of S2 was not reported in the pedaling studies of
[41] and [39, 40]. Secondly, significant activation of the bilateral dorsal-posterior anterior
insula has been found for active stepping only at the highest load level. The peak coordinates
of these clusters are compatible with the results of a recent meta-analysis of the
topographical organization of the anterior insular cortex during hand and leg motor tasks
[118]. The reported foci, slightly anterior to the sulcus centralis insulae, are also found in the
present study as bilateral insular activity. Activity in the anterior insula was not found during
passive stepping at load level 40. These differences of activations between load levels
suggested by the qualitative comparison of the activation maps indicate a modulation of
brain activation by the load. However, the relevance of these between-load level differences
in the sensorimotor system should be interpreted with caution considering that they did not
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survive statistical testing by the rmANOVAs, and the relatively small number of
participants.

4.4.3 Modulation of the BOLD-signal by the load level
In contrast to initial hypothesis outlined in the introduction of this chapter, the present
study did not reveal any significant effect of load level on %-signal change in any of the
ROIs during both stepping conditions, despite the provision of significant load input to the
lower limbs. This is puzzling considering previous upper limp studies showing that
activation in the M1/S1-area is highly correlated with EMG activation and force output of
hand and upper arm muscles [115, 119]. Yet, the current finding is in agreement with the
pedaling study of [41] reporting three different potential explanations for the lack of
significant differences between loads observed in their study: 1) the range of investigated
loads was not large enough for effects to occur; 2) the chosen methodology lacked the
necessary sensitivity for effects to be revealed; or 3) the control of load-related aspects of
walking occurs without involvement of the supraspinal centers. As these three rationales
might also account for the lack of effects in the current study, they are further discussed in
the following:
4.4.3.1 Insufficient increase of load
In the study of [41], the load was increased by approximately 8 %-BW (assuming an
average BW of 70 kg), however a correlating increase in regional cerebral blood flow was
not found. Eight percent BW is in the realm of the inter-step variability of vertical ground
reaction force during level walking [99], hence the effects of load in the study of [41] might
have been masked by the noise inherent to human lower limb motor control. In a study by
Ivanenko et al., walking with only 5 % of BW already provided sufficient sensory afferences
to elicit EMG-activity patterns in anti-gravity muscles of the legs, which were similar to
those during walking without any BWS, if at a smaller amplitude[38]. Hence, already small
changes of peripheral stimulation may elicit muscle activity during walking. In the fNIRS
study of [101] a load difference of 10 % BW during walking led to a change in the level of
brain activation in healthy participants and stroke patients. In the present study, the mean
level-to-level increase ranged between 12 % (active) and 15 %-BW (passive), which is 50 to
100 % above the natural step-to-step variability of ground-level gait [99]. It is therefore
reasonable to conclude that the force increments applied in the present report were sufficient
to elicit differential afferent feedback from load sensitive receptors across load levels.
4.4.3.2 Insufficient sensitivity of the applied methodology
It cannot be entirely ruled out, that true effects of load in the present study were masked
by the insufficient sensitivity of the applied imaging methodology. Several factors might
have limited the sensitivity of the present investigation: First, the size of the final study
sample (n = 8) was small, as a considerable amount of data (8 out of 16 participants) had to
be excluded from the analysis due to excessive task-induced head motion, which occurred
especially at the higher load levels. Head motion is a known issue of fMRI experiments
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involving movements of the lower limbs and cannot be completely eliminated by the sparse
sampling imaging protocol. In an attempt to increase the sample size, the ROI-analysis was
also carried out for five additional participants with head motion below one voxel size
instead of the more stringent threshold of half voxel size. The addition of these participants
to the study sample introduced additional variance to the data, the mean values were
however not affected. It was therefore decided to report the results using the more rigorous
threshold despite the reduction of the study sample to eight participants. To prevent such
extensive loss of data in future fMRI investigations using MARCOS, prospective motion
correction during functional image acquisition should be applied [120].
Second, the applied sparse sampling image acquisition acquired the BOLD-signal only
after cessation of the task. Some of the evoked hemodynamic response might not have been
fully captured by the delayed acquisition of the functional images. However, sparse sampling
image acquisition has been shown to be equally effective as continuous image acquisition
[121]. The sensitivity of the sparse sampling approach is suggested to be further increased by
consideration of individual peak latencies of the hemodynamic response during data
analysis, or also by increasing the number of averaged trials [121]. However, an increase of
the number of trials would also increase the length of the experiment and might not be
optimal when investigating patients, particularly under the restrictive conditions of the robot.
Third, the ROIs for the extraction of %-signal change in the current experiment should
probably include the ‘leg-area’ of the sensorimotor network, i.e., the areas activated by
whole-leg movements, since stepping inside MARCOS can be seen as a combination of
movements about the hip, knee, and ankle joints. However, there is currently no report
regarding the stereotactic coordinates of a ‘leg-area’ in any region of the brain. Therefore,
spherical ROIs were built comprising of the stereotactic coordinates of isolated unilateral
ankle and knee movements, as reported by [57], and then combined into one bilateral ROI
per anatomical region, resulting in four spheres per ROI. The movement about the hip joint
might hence be somewhat under-represented in the chosen ROI, which in turn may have
diminished the sensitivity of the presented ROI analysis.
4.4.3.3 No supraspinal involvement
Recent EEG literature on brain activation during treadmill walking and upright stepping
revealed dynamic modulations of cortical activity over the course of each step cycle [50,
114, 122, 123]. These modulations roughly arise at the time when loading of the limb during
heel-strike and unloading at toe-off occurs. A study by [123] reported, that the electrocortical
signals recorded by Cz electrode (i.e., approximately above the motor area of the legs in the
primary sensorimotor cortex) and EMG activity from M. tibialis anterior (TA) showed
significant phase coherence between signals in the beta (24-40 Hz) frequency band at the end
of the swing phase. A decrease of spectral power of the same frequency band under the Cz
and Pz electrodes, followed by a subsequent increase in the same band during the stance
phase of the leg has been reported by [122]. These findings suggest that oscillatory activity
in the primary motor cortex drives the activation of lower limb muscles through direct
corticospinal pathways in a phase-specific manner during gait. Also Gwin et al. reported
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modulation of the EEG frequency spectrum along the midline electrodes, however,
modulations occurred at 3-24 Hz (delta-band) and 40-76 Hz (gamma) [50]. As previously
reported for the upper limbs [124], Gwin et al. interpreted the observed modulations in the
gamma-band as a shift towards the rapid integration of sensory information required for the
generation of appropriate motor commands during dynamic force production, as it is
required for weight-bearing during the stance-phase. [114] also reported strong cortical
activity at central midline electrode Cz in the phase of the stepping cycle when the legs are
reversed from flexion to extension or vice-versa. However, these authors concluded that
cortical input is needed for the process of reversing the direction between the flexor and
extensor movement and not in the context of weight-bearing of the legs.
In summary, these recent EEG studies very strongly suggest a temporally dynamic
involvement of supraspinal centers in the regulation of walking and stepping. Unfortunately,
there are currently no studies available assessing the direct relation between these temporally
dynamic EEG signals and walking at different levels of BWS. Task-related fMRI as used in
the present study is not suitable to reveal the temporal aspects of brain activation during task
execution to the same extent as EEG. The temporal resolution of fMRI is limited, firstly by
the sluggish nature of the BOLD signal, secondly because signals are acquired at a low
sampling rate (i.e., 3.025 s in the present study) and thirdly, because signals are averaged
over the entire trial duration (i.e., 10 s in the present study). However, if the amplitude of %signal change was in fact modulated by the load level, differences should still be detectable
when comparing means. From this perspective, and considering the results of recent work
using EEG, the activity in supraspinal centers of motor control of the lower limbs is rather
associated with the monitoring of basic motor programs i.e., related to the timing of
reciprocal and rhythmic activation of the muscles of both legs. The activation of muscles and
its strength required for weight-bearing during stance would then be regulated further downstream on the basis of reflexes, i.e., the interplay of the afferent feedback from load sensitive
receptors in the lower limbs with spinal structures as previously suggested [109, 110]. This
mechanism would explain the absence of statistically significant differences in the degree of
supraspinal activations between loads levels in the present study.

4.5 Conclusion
In conclusion, the current results show that the MR-compatible stepper MARCOS
enables the delivery of external loads at different levels during task-related fMRIexperiments. However, the investigation of brain activation related to weight-bearing of the
lower limbs remains challenging, as task-induced head motion continues to be an unresolved
issue with conventional imaging techniques. In consequence, only data from a small number
of participants could be analyzed in the present study. Nevertheless, the presented results add
compelling evidence to the notion that loading of the lower limbs during stepping does not
modulate the level of brain activation (i.e., %-signal change) in the investigated cortical and
sub-cortical sensorimotor areas. The current findings should be transferred to clinical
populations with much caution. The execution of stepping movements is highly automatized
in healthy individuals, whereas in neurologic patients with supraspinal pathology the same
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type of movement may lead to differential supraspinal involvement as dysfunctions may
occur at many levels of the lower limb motor control hierarchy. From this perspective, the
present study demonstrates merely the feasibility of investigations of the effects of load
bearing on brain activation, and it may serve as guide for future investigations on changes of
supraspinal activation in specific patient populations undergoing gait rehabilitation at
different levels of BWS.
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5 Repeatability of fMRI experiments using MARCOS
5.1 Introduction
Exercises of functional gait rehabilitation, such as walking on a treadmill or with the aid
of a robotic gait orthosis, have a major positive impact on the restoration of walking in
patients suffering from spinal cord injury or stroke. Previous studies investigating the effect
of such functional gait-rehabilitation exercises on brain activation indicate a promotional
effect for supraspinal plasticity in the motor centers expected to be involved in locomotion
[13, 29]. However, the quality of this neural plasticity and its underlying physiological
mechanisms has not been characterized in much detail mainly due to the lack of standardized
experimental conditions for follow-up studies. Longitudinal interventional studies combining
extensive gait rehabilitation with a standardized controlled and measureable motor paradigm
of the lower limbs during imaging of the brain might further disentangle the effect of gait
training on brain activation. Newton et al. presented a motor paradigm of the lower limbs to
investigate brain activation during the simultaneous control of static moments about the hip,
knee, and ankle joint in one leg [125]. However, over ground walking involves the control of
a dynamic and bilateral anti-phasic movement of both legs simultaneously under the
transient influence of ground reaction forces. The magnetic resonance compatible stepper
MARCOS has been developed to deliver and monitor repeated gait-like stepping movements
in a standardized manner across task-related fMRI experiments [45]. The robot facilitates
active (i.e. produced by the participant), as well as passive movements (i.e. imposed by the
device). The investigation of passive movements can be meaningful in patients with no, or
very limited, voluntary muscle activity of the legs as it is independent of performance ability,
yet may inform about the capacity for sensory adaptations to training [14]. Furthermore, the
robot can impose loads against the soles of the feet along the cranio-caudal body axis
mimicking ground reaction forces during stepping, thereby activating load-sensitive
receptors in the lower limbs.
When investigating brain activation during lower limb motor control repeatedly over the
period of a rehabilitative intervention, knowledge on the test-retest reliability of the data is
indispensable. In the context of interventional studies information about the stability of a
measurement serves as the basis for differentiating true effects caused by a therapy from
those caused by variations in the experimental conditions.
In functional brain imaging, measures of reliability can be either calculated from single
subject activation maps, or from activation maps derived from random effects group
analyses, depending on whether conclusions shall be formulated for an individual participant
or for a representative group of participants that was drawn from a particular population. In
the context of interventional studies both are desirable, the former to judge on the effect of
the intervention in a particular patient, the latter to generalize the findings of a study to a
population.
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A number of statistical tests have been proposed for judging on the effects of repeated
examination of brain activation. In motor control fMRI experiments in both healthy
participants and patients, paired t-tests of activation maps, percent signal intensity change,
ICC, voxel count, overlap of activations between repeated sessions, coefficient of variation,
and the comparison of the location of the center of gravity of activated clusters have been
applied [125-132]. Since all of these measures examine the retest-reliability of a given
experiment from a different perspective, they have usually been combined to draw
inferences.
An ICC, which is calculated from pairs of activation maps, appears to be the most
appropriate measure of reliability for fMRI-data, since it is calculated from the variance
components of the imaging data and does not depend on the magnitude of activations [133].
It has become the most widely used metric of reliability in fMRI studies.
Imaging studies using ICC as a measure of reliability of fMRI motor control experiments
report in general good repeatability (values are deemed excellent above 0.75, good between
0.59 and 0.75, fair between 0.40 and 0.58 and poor for values below 0.40 [134]). Newton et
al. reported the results of their study of unilateral single-joint lower limb motor control in
which ICC was calculated from pairs of activation maps for two particular ROIs. The
voluntary production of torques led to individual ICC ranging from poor to excellent across
subjects both in M1/S1 and premotor (Brodmann Area (BA) 6) cortex [125]. In a recent
reliability study investigating active and passive flexion and extension of the elbow using an
MR-compatible manipulandum fair to excellent ICC for active and passive movements was
estimated for all of the investigated ROIs [131]. However, the test-retest reliability of a given
paradigm and hence its ICC depends on numerous parameters throughout data acquisition
and analysis, such as imaging hardware, resolution, or spatial smoothing of the data (for a
review see [135]). The comparability of different studies of reliability is therefore limited,
and test-retest reliability needs to be established for each particular paradigm.
In view of future robot-aided fMRI assessments in longitudinal interventional studies, the
aim of the present study was to assess the test-retest reliability of experiments using the robot
MARCOS. The stability of motor performance and brain activation during the execution of
two stepping conditions were investigated. Passive stepping without foot load and active
stepping against a foot load of 40% body weight were assumed to represent the most reliable
and the least reliable motor task respectively. The passive condition is expected to yield
more reliable results than the active condition, since the passive condition is robot-driven by
a strict position control algorithm, while in the active condition motor behavior is controlled
by the participant, and therefore more variable.
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5.2 Methods
5.2.1 Experimental procedure
Stepping inside MARCOS was investigated in sixteen healthy participants at two separate
sessions (t1 and t2) six weeks apart. The retest interval represents a common duration of
rehabilitative gait interventions (e.g., [136, 137]). Participants were eligible for inclusion in
the study if they did not meet any of the following exclusion criteria: 1) diagnosed
neurological, musculoskeletal or cardiac dysfunction at present or in the past, 2) cardiac
pacemaker, neuro-stimulator, or hearing aid, and 3) drug-abuse. The study was approved by
the Ethics Committee of the Canton of Zurich (approval Nr. 856) and was conducted in
accordance with the guidelines for research involving human subjects as outlined by the
Declaration of Helsinki. All participants were informed about the aims and procedures of the
study and gave their written consent for participation.
All participants performed passive stepping without foot load (passive) and active
stepping with a load of 40 % of individual body weight acting against the foot soles
(active40) at both imaging sessions. The leg movements of the participants (i.e., range of
motion, stepping cadence, and interaction forces with the robot) were measured online by the
robot during both sessions. Movement conditions were each tested in random order in
separate runs of functional image acquisition in a blocked design. Each functional run
consisted of 15 blocks of movement, and 15 blocks of the baseline control condition. Each
block lasted 10 s and was followed by 9.075 s of image acquisition. Movement cadence
during both conditions was set to 0.5 Hz by the presentation of a metronome through the
earphones [39, 56], yielding five steps per leg in each trial. Although the cadence was
imposed by the robot during passive movements, the metronome was also presented in this
condition, as well as during the baseline control condition, to match auditory stimulation.
Visual cues were projected to a screen near the feet of the participants at the start and for the
duration of each block. Participants could see the screen by the means of a mirror mounted to
the head coil of the scanner. The word “MOVE” was presented for movement trials, while
“LISTEN” was presented during baseline control trials. As passive movements were
imposed to the participants they were instructed to relax the muscles of their lower limbs,
and to not voluntarily contribute to flexion and extension of their lower limbs. During active
movements participants were instructed to voluntarily produce flexion and extension of their
lower limbs in the rhythm set by the metronome. In this condition, the cylinders attached to
the knees limited the range of motion and the cylinders attached to the feet rendered the
desired foot loads as participants cycled through the steps. Furthermore, participants were
instructed to fixate on a white cross on the screen during image acquisition between the
“MOVE” and “LISTEN” blocks and to not rehearse or imagine movement execution when
listening to the metronome alone. Participants were familiarized with each movement
condition before the start of the experiment and informed about the upcoming type of
movement before the start of each functional run.
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5.2.2 Image acquisition
Image acquisition from all participants was carried out on the same 1.5 T Philips Achieva
scanner (Philips Medical Systems, Best, the Netherlands) at the University Hospital of
Zurich using an 8-channel SENSE head coil [72]. The sparse sampling imaging protocol
consisted of clusters of image acquisition interleaved by silent gaps of 10 s length [116].
Each imaging cluster comprised of three consecutive volumes (TR = 3.025 s). The duration
between the onsets of two imaging clusters was hence 19.075 s. 93 volumes in 31 clusters of
3 volumes were acquired, using a whole brain T2*-weighted, single-shot EPI sequence (TE
= 50 ms, flip angle = 90 °, SENSE factor = 1.6). 35 interleaved, angulated, transversal slices
covering the whole brain were acquired in each volume (FOV = 220 mm x 220 mm,
acquisition voxel size: 2.75 mm x 2.8 mm x 3.8 mm, resliced to 1.72 mm x 1.72 mm x
3.8 mm).

5.2.3 Data analysis
5.2.3.1 Motor performance
Three metrics of motor performance were calculated for both stepping conditions at t1 and
t2: Knee amplitude was defined as the range of motion of the knee per step and movement
frequency was defined as the number of steps of one leg per second. Foot load was defined
as the maximal interaction force between the foot and the robot per step. Position and force
data were extracted using custom Matlab routines (Matlab 2012b, Mathworks Inc., Natick,
MA, USA, www.mathworks.com). Position data were filtered with a low pass 1st-order
Butterworth filter with a cut-off frequency of 4 Hz and the mean knee amplitude and
stepping frequency were extracted from each leg in each block of movement. The mean foot
load was extracted from the data recorded from the force sensors at the foot cylinders per
block. Within each participant and condition, values were then averaged across all blocks.
Data were further averaged over both legs, as foot load, knee amplitude, and movement
frequency values of the left and the right leg were not significantly different (paired-sample
t-tests, all p-values > 0.1) in any of the conditions.
The left/right-averaged data for all metrics of both sessions was then subject to pairedsamples t-tests to investigate whether any significant differences in motor performance were
present between t1 and t2. To further assess reliability of repeated test sessions, the root mean
square error (RMSE) of differences between t1 and t2 was calculated using the following
formula:
n

RMSE =

∑ (x
i =1

2, i

− x1, i ) 2

n
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where n denotes the total number of measurements of the metric at each session (i.e., 15)
and x1,i & x2, i are the i -th pair of values of the measurements at t1 and t2.
The RMSE is an indicator of the absolute reliability. The absolute difference of
measurements of the same metric repeated in two different sessions is expected to lie within
2.77*RMSE in 95 % of the cases [138]. In other words, a true effect due to an intervention is
likely if the difference between repeated measurements is higher than the RMSE multiplied
by 2.77. Small RMSE values indicate low variability between measurements at t1 and t2.
5.2.3.2 Analysis of imaging data
All fMRI datasets were analyzed using SPM8 (Wellcome Department of Cognitive
Neurology, London, UK, www.fil.ion.ucl.ac.uk/spm) running on Matlab 2012b (Mathworks,
Inc., Natick, MA, USA, www.mathworks.com). The first three volumes prior to the first
task-block were removed from each run. In spatial preprocessing the remaining 90 volumes
were firstly realigned to their mean image and unwarped to remove residual head motion
related variance and image distortions along air-tissue boundaries [74]. Secondly, all data
from t2 were coregistered to the mean image of the respective condition at t1. Thirdly, all
images were normalized into standard MNI space using to the EPI-template provided by the
Montreal Neurological Institute, re-sliced to a voxel size of 2 × 2 × 2 mm3, and finally all
data were spatially smoothed (FWHM = 8 mm). The estimated realignment parameter data
from the realignment step were filtered using the discrete cosine transform matrix filter (cut
off at 128 s) incorporated in SPM8, to remove linear baseline drifts. Only data of participants
whose estimated head motion parameters were below a stringent threshold of ½ voxel size
after filtering in every spatial dimension in both conditions and at both experimental sessions
were included in the subsequent statistical analysis. In the 1st-level analysis the data from t1
and t2 were modeled as two separate task regressors in the same GLM for each movement
condition individually [75]. Two additional regressors were added to the model for each
session to account for the T1-decay along consecutive volumes [68]. A high pass filter (cut
off at 128 s) was used to remove slow signal drifts. To account for the sparse-sampling fMRI
scheme, data during each trial were modeled using a boxcar function (1st-order, window
length 3 x TR (i.e., 9.075 s)) [76]. Contrast images for each task regressor were calculated to
reveal task-related activation at t1 and t2. To estimate the task-related effects at the group
level, all contrast images of a specific task from the 1st-level analysis were subject to
individual one-sample t-tests. To reveal significant differences between t1 and t2, the 1stlevel contrasts were also entered into paired-sample t-tests. The resulting activation maps
were thresholded at a cluster-corrected voxel threshold of p < 0.001 (spatial extent: k ≥ 42
contiguous voxels) [77, 78]. The cluster threshold method was applied to control for the
overall type I error. Anatomical correlates of clusters of activation were determined with the
help of probabilistic cytoarchitectonic maps implemented in the Anatomy toolbox [79]. This
toolbox was also used to define bilateral anatomical ROIs in M1, S1, S2, and the cerebellum.
The ROI covering the primary motor cortex (M1) was built by combining BA 4a and 4b
[139]. BAs 1, 2, 3a, and 3b served to create the ROI in S1 [140-142]. The ROI covering S2
was built by combining areas OP1, OP2, OP3 and OP4 in the parietal operculum [143, 144].
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The ROI located in the cerebellum was created by combining the lobules I to X (lobes and
vermis) included in the Anatomy toolbox [145]. A ROI covering SMA was built from the
anatomical automatic labeling atlas [146] using the WFU_pickatlas toolbox [147]. These
specific ROIs were selected as these areas have repeatedly been reported to be involved in
lower limb motor control in previous studies [39-41, 57, 116].

5.2.4 Indices of reliability
To assess the reliability of activations in these specific ROIs the following indices were
calculated for the individual data at the 1st-level as well as for the 2nd-level group data from
pairs of activation maps:
In order to get an insight into the spatial congruence of activations, the relative overlap of
activations between t1 and t2 was calculated using the following formula [148]:

Roverlap =

2 *Voverlap

V1 + V2

where Voverlap represents the number of voxels commonly activated at t1 and t2, and V1 / V2
represent the number of voxels that were activated at t1 or t2, respectively. This ratio of
commonly activated voxels and the sum of activated voxels at the two sessions was
calculated from activation maps that were thresholded at p ≤ 0.001, uncorrected for multiple
comparisons. This index can range from 0 (no overlap) to 1 (perfect overlap) and is
independent of the height of the t-values, once voxels passed the threshold. However, a
specific voxel with comparable activation at t1 and t2 might pass the threshold in one session,
but only just fail to pass the threshold in the second session. In this case the numerator of the
above ratio is increased, leading to an underestimation of the overlap between sessions.
To complement the results from Roverlap , the ICC was calculated, a measure of reliability
that is derived from unthresholded activation maps. A two-way mixed model for consistency
between measurements, i.e., ICC(3,1) was applied in the current study [131, 149]. In the case
of two repeated measurements, the ICC coefficient is calculated using:

ICC (3,1) =

BMS − EMS
BMS + EMS

where BMS denotes the between voxel variance, while EMS denotes the error variance.
Using unthresholded data for the calculation of the ICC is legitimate, since the ICC is based
purely on the variance of the data, and does not depend on the level of activation itself. As
such, voxels with low activation might exhibit high ICC coefficients, meaning they have
consistent activation despite failing to pass significance in a t-test in the fMRI-analysis (i.e.,
in the case of voxels whose response to the stimulus poorly fits the modeled hemodynamic

82

Repeatability of fMRI experiments using MARCOS

response function). However, at the same time the ICC might also include some voxels that
were not involved in the task. The coefficient may range from 0 (low reliability) to 1 (perfect
reliability). In the present study, ICCs were classified as excellent above 0.75, good between
0.59 and 0.75, fair between 0.40 and 0.58 and poor for values below 0.40, as proposed by
[134].
To condense the results calculated from the single subject data, Roverlap and ICCsingle were
averaged across all participants in each movement condition, yielding mean values for
Roverlap and ICCsingle. Fisher’s z-transform was applied to ICCsingle values before averaging.

5.3 Results
All participants performed both stepping conditions at t1 and t2 during functional image
acquisition. The retest interval between t1 and t2 ranged between 42 and 48 days. In both
stepping conditions all data from 8 of the 16 participants was excluded from the analysis due
to head motion exceeding ½ voxel size during image acquisition either at t1 or at t2, or both.
Most of the head motion occurred in the z-direction (inferior/superior), i.e., along the craniocaudal body axis, as the stepping movements of the legs. Characteristics of the study sample
can be found in Table IX. The participants of the present study are a subset of those reported
in [116].
Table IX: Anthropometric data of the final study sample.
Mean(SD)

min

max

∆t [days]

43(2)

42

48

age [years]

25(1.9)

22

27

body height [m]

171.4(5.8)

165

181

body weight [kg]

70.3(8.5)

56.1

81.6

WHQ

15.25(1.09)

13

16

WFQ

11(6)

1

19

∆t = days between session 1 (t1) and session 2 (t2). WHQ: Waterloo Handedness Questionnaire;
values may range from −16 to 16; WFQ = Waterloo Footedness Questionnaire; values may range
from −20 to 20, positive values represent dominance of the right side of the body in both tests, SD =
standard deviation.

5.3.1 Motor performance
During passive stepping the knee amplitude and foot force were significantly different at
t1 and t2, while the stepping frequency was not significantly different. During active40
stepping, a significant difference in motor performance across t1 and t2 was found for foot
force, and a trend for a significant difference was found for knee amplitude. The stepping
frequency was not significantly different at t1 and t2 (Table X).
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Table X: Motor performance during passive and active40 stepping at session 1 (t1) and 2 (t2).
passive

active40

metric

t1

t2

p-value

knee amplitude [m]

0.15 (0)

0.14 (0)

0.024**

stepping frequency [Hz]

0.51 (0)

0.51 (0)

0.618

foot force [N]

47.41 (8.53)

46.29 (4.81)

0.008**

knee amplitude [m]

0.17 (0.02)

0.15 (0.02)

0.074*

stepping frequency [Hz]

0.52 (0.02)

0.53 (0.02)

0.416

foot force [N]

246.20 (24.25)

231.23 (22.86)

0.021**

Values are group means (standard deviation). The p-values denote significance of differences between
means at t1 and t2 as assessed by paired-samples t-tests, * = p < 0.1, ** = p < 0.05.

During passive stepping, the mean RMSE of differences between t1 and t2 for knee
amplitude was 0.0033 (0.0027) m, 0.0036 (0.002) Hz for stepping frequency, and 3.9922
(3.5492) N for the foot force. During active40 stepping, the mean RMSE of differences
between t1 and t2 for knee amplitude was 0.027 (0.0152) m, 0.047 (0.0177) Hz for stepping
frequency, and 18.8534 (10.7748) N for foot force (Figure 14). When comparing the RMSE
values between the two movement conditions, values were about 8-fold higher for knee
amplitude, about 13-fold higher for stepping frequency and 4.5-fold higher for foot force in
the condition active40 than in passive.
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Figure 14: Motor performance and reliability during passive and active40 stepping

Motor performance at session 1 (t1) and 2 (t2) and root mean squared error (RMSE) of differences
between t1 and t2 of the individual participants during passive (left column) and active40 (right
column) stepping. a) knee amplitude, b) stepping frequency, and c) foot force. Rows 1, 3, 5: mean ±
one standard deviation at t1 and t2. Rows 2, 4, 6: RMSE of differences between t1 and t2.

5.3.2 Functional brain activation during stepping at t1 and t2
During passive stepping overlapping activation across t1 and t2 was found in bilateral
M1/S1, superior parietal lobe, S2, SMAproper, and the cerebellar vermis. At both
measurement sessions the middle cingulate gyrus was furthermore activated, albeit these
clusters did not spatially overlap. During active40 stepping, overlapping cortical activation
across t1 and t2 was found in bilateral M1/S1, superior parietal lobe, S2, and SMAproper.
Overlapping subcortical activation in the anterior and posterior cerebellar vermis was
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furthermore found in this condition. At t2 bilateral activation of the thalamus was
additionally found during active40 (Figure 15, a/b and Table XI).
Table XI: Cortical and sub-cortical regions of significant BOLD signal increase during passive
and active40 stepping.
left hemisphere

right hemisphere

region

area

T

kE

x

y

z

region

S2

OP1

18.395 448

-52

-30

18

Supramarginal
Gyrus

17.097 1142 -14

-46

56

area

T

kE

x

y

z

14.071 406

50

-32

34

-

-

-

-

-

-

pas
t1

Precuneus
Vermis

I-IV

10.553 164

-2

-52

-6

-

-

-

-

-

-

Middle
Cingulate
Gyrus

CMA

7.835

44

-8

-12

46

-

-

-

-

-

-

-

-

-

-

-

Lingual Gyrus

9.831

147

2

-82

-10

12.676 126

-6

-48

-28

-

-

-

-

-

-

-

-

-

-

Paracentral
Lobule

12.053 2103 8

-38

60

10.189 127

-46

-30

18

Supramarginal
Gyrus

8.769

221

56

-30

28

Cerebellum I-IV

7.832

-22

-32

-30

-

-

-

-

-

-

SMA

BA6

14.444 1139 -6

-16

66

-

-

-

-

-

-

Posterior
Vermis

VIIIa

10.826 92

-76

-42

-

-

-

-

-

-

8.888

91

-

t2

Vermis

I-II

S2

OP1

-

62

act40
t1

t2

-

-

-

-

-

Insula

50

10

0

I-IV
Anterior
Cerebellum

10.814 50

-24

-32

-36

Anterior
Cerebellum

I-IV

14.652 300

16

-38

-26

S2

OP1

9.815

-60

-22

14

S2

OP1

7.091

175

44

-30

20

M1

BA4

30.251 2474 -14

-40

58

-

-

-

-

-

-

Thalamus

17.106 325
lateral
posterior
nucleus

-18

-22

10

Thalamus

124

22

-22

2

S2

OP1

11.93

-40

-26

16

Supramarginal
Gyrus

14.584 237

62

-18

28

Vermis

VIIIb

11.194 87

-2

-64

-40

Vermis

11.474 325

2

-44

-20

9.284

-36

4

16

-

-

-

-

-

Insula

-

-2

258

225

52

8.593
ventral
posterior
lateral
nucleus

I-IV

-

Coordinates indicate the location of the peak activation in each cluster. All coordinates are in MNIspace, voxel threshold was p ≤ 0.001, cluster-corrected, k = 42 voxels. S2 = secondary somatosensory
cortex, SMA = supplementary motor area, M1/S1 = primary sensorimotor cortex, CMA = cingulate
motor area.
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Figure 15: Activation maps during passive and active40 stepping

passive
t1

active40
t2

overlap

a

b

-20

8

-24

8

20

68
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64

c

d
t1 > t2
t2 > t1
-18

30

-4

Top row: Regions of significant BOLD signal increase during passive (a) and active40 (b) stepping at
session 1 (t1) and 2 (t2), and their overlap. Bottom row: Areas of significantly higher BOLD signal
increase at either t1 or t2 for passive (c) and active40 (d). Time between t1 and t2 ranged between 42
and 48 days. The sections were taken at the z-coordinate indicated at the bottom left of each section,
images are displayed in neurological convention (i.e., left is left), p ≤ 0.001, cluster corrected, k =
42 voxels.

5.3.3 Repeatability of fMRI measurements
Paired t-tests between the activation maps at t1 and t2 for passive and active40 stepping
revealed only minor, yet significant differences between measurements in both movement
conditions. As compared to t2, passive stepping at t1 led to significantly higher activation in
the left supramarginal gyrus as well as in the cerebellar vermis (Figure 15, c). No area
showed significantly higher activation at t2 than at t1 in the passive condition. During
active40 stepping at t2, significantly higher activation was only found in the left middle
temporal sulcus than at t1 (Figure 15, d), while no area showed significantly higher activation
at t1 than at t2 during active40.
These small group-level differences between measurements at t1 and t2 in both stepping
conditions are not fully supported by the ROI-analysis. For passive stepping, only a small
amount of overlapping activation between 2nd-level group data at t1 and t2 was found in the
cerebellum and S2, while M1, S1, and SMA lacked any overlapping activation (i.e., Roverlap =
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0). For active40 stepping, overlapping activation was found in all of the investigated ROIs
(Table XII).
Furthermore, the ROI analysis revealed better ICCs for activations during active40 than
during passive stepping in the cerebellum, S1, S2, and SMA, but not M1. ICCgroup calculated
from the 2nd-level group data during passive stepping revealed fair repeatability for S1 and
SMA, good repeatability for S2, the cerebellum, and M1. During active40 stepping excellent
repeatability was found for all of the ROIs (Table XII).
Table XII: Individual and group values of the two indices of reliability Roverlap and ICC in each
region of interest during passive and active40 stepping.
Roverlap

cerebellum

M1

S1

S2

SMA

single

0.17 (0-0.38)

0.67 (0.16-0.9)

0.59 (0-0.68)

0.51 (0.06-0.86)

0.57 (0-0.8)

group

0.32

0

0

0.4

0

single

0.44 (0.09-0.63)

0.69 (0.23-0.92)

0.39 (0.04-0.55)

0.5 (0.1-0.73)

0.64 (0.25-0.84)

group

0.62

0.4

0.23

0.52

0.2

passive

active40
ICC
single

0.45 (0.24-0.69)

0.88 (0.7-0.93)

0.73 (0.61-0.83)

0.75 (0.56-0.87)

0.77 (0.43-0.9)

group

0.7

0.72

0.48

0.63

0.5

single

0.7 (0.53-0.77)

0.84 (0.61-0.91)

0.7 (0.57-0.83)

0.74 (0.6-0.86)

0.83 (0.68-0.91)

group

0.85

0.8

0.81

0.85

0.77

passive

active40

single: values are mean (minimum to maximum) calculated from individual results of 1st-level single
subject analyses at t1 and t2, group: values were calculated from results of the 2nd-level group analysis
at t1 and t2. M1 = primary motor cortex, S1 = primary somatosensory cortex, S2 = secondary
somatosensory cortex, SMA = supplementary motor area.

When calculating average repeatability from the individual 1st-level fMRI data during the
passive condition, fair ICCsingle was found for the cerebellum, good ICCsingle for S1, and
excellent ICCsingle for M1, S2, and SMA. During active40 stepping good reliability of
activations was found in the cerebellum, S1, and S2, while excellent averaged ICCsingle was
found in M1 and SMA (Figure 16). Individual ICCsingle during passive stepping ranged from
poor to good in the cerebellum, and from fair to excellent in S2 and SMA, while in M1 and
S1, ICCsingle ranged from good to excellent. During active40 stepping ICCsingle ranged from
fair to excellent in the cerebellum and S1, and from good to excellent M1, S2, and SMA
(Table XII).
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Figure 16: Individual test-retest reliability of brain activation in the investigated regions of
interest.
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Reliability of individual activations (ICCsingle) is given for the regions of interest (ROI) cerebellum,
M1, S1, S2 and SMA between t1 and t2. Some participants demonstrate consistently higher ICC than
others. t-values were extracted from each ROI and reliability was assessed during passive (left) and
active 40 (right) stepping. M1 = primary motor cortex, S1 = primary somatosensory cortex, S2 =
secondary somatosensory cortex, SMA = supplementary motor area.

5.4 Discussion
The present study explored the test-retest reliability of motor performance and brain
activation of a novel robot-aided experimental fMRI paradigm at the individual and grouplevel. The consistency of task-induced blood oxygenated level dependent (BOLD)-signal
was compared between repeated measurements of active and passive gait-like stepping in the
MR-compatible stepper MARCOS. This is the first fMRI reliability study of brain activation
during bilateral multi-joint lower limb movements.

5.4.1 Motor performance
Passive stepping revealed very small, yet statistically significant differences, in motor
performance (i.e., knee amplitude and foot force) between the measurements at t1 and t2.
These differences indicate a relatively stable performance of the robot across repeated
measurement sessions during passive movements. High repeatability during this condition is
further supported by a low RMSE between t1 and t2 for each of the three metrics. Since the
robot was strictly governed by position control in this condition, it was expected that the
knee amplitude and stepping frequency would exhibit low variability.
The healthy participants of this study reported in general no difficulties to maintain limb
passivity during the movements that were imposed by the robot. This observation is
supported by low values of foot force, and negative interaction forces between the robot and
the participants at the knees (not shown), meaning that their legs were indeed suspended by
the fixations during passive steps. High interaction forces would indicate a lack of muscle
relaxation. In experiments with neurologic patients this could for example point towards the
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presence of spasticity in the involved muscles, i.e., an increased resistance to imposed
movement. The low RMSE for foot force further indicates that the participants were able to
maintain limb passivity at similar levels during both experiments.
The metric foot force was significantly smaller at t2 than at t1 during active40 stepping.
However, this difference is below the step-to-step variability of ground reaction forces
during gait, which is about 7 % of individual body weight [99], and can therefore be
considered as not physiologically relevant. The smaller foot forces at t2 were driven by the
concurrent reduction in knee amplitude, since in active40 stepping the robot is governed by a
controller generating foot forces in proportion to the position of the knees. Individual RMSE
between t1 and t2 of all motor performance metrics were 4.5 to 13-fold above those during
passive stepping, indicating higher variability of movements between measurements at t1 and
t2 in active40. High RMSE-values also indicate a limited sensitivity of the experimental setup in this condition. In the context of an interventional study, it would hence be less likely to
detect an actual rehabilitation related change in the motor performance during active
movements (e.g. a reduction in movement variability).

5.4.2 Activated areas during stepping
Both stepping conditions led to significant BOLD signal increases at t1 and t2, as
compared to baseline, in areas which have been previously reported to be involved in supine
gait-like stepping [116], in pedaling [39-41], as well as during isolated movements of the
lower limbs [43, 57].

5.4.3 Reliability of fMRI measurements at the group level
After the analysis of the estimated head motion parameters from the realignment step,
eight participants had to be excluded from both stepping conditions. This high dropout rate
exemplifies that the test-retest reliability of the presented paradigm is a priori limited by the
task-induced head motion in many participants. This occurred despite the extensive body
fixation applied to the participants at the torso and the head.
In those participants included in the analysis, the comparison of activations elicited by
passive stepping at t1 and t2 revealed only minor, yet significant, differences, despite the
absence of any relevant changes in motor performance. They specifically consisted of higher
activity observed in the left supramarginal gyrus and the cerebellar vermis at t1. Participants
were able to maintain limb passivity at equal levels during both sessions. However, many of
the participants reported that passiveness of the limbs required considerable concentration
and attention to the task. Due to the novelty and relatively unnatural character of the task at
t1, imposed passivity might have caused a higher cognitive load than during than at t2, and
this might be reflected by session-specific variations in the related cortical processes causing
differences in test-retest outcome measurements. The supramarginal gyrus has been shown
to be involved in motor attention [150], hence its differential activation between sessions
may indicate an effect of habituation from t1 to t2, despite the provision of rehearsal trials
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before image acquisition of each movement condition. Differences between activations
induced by repetition of the same motor task were also reported by Loubinoux et al. These
authors argued that reduced levels of stress, arousal, and attention may contribute to the
differences between repeated measurements, as the component of novelty is attenuated in a
second session [127]. Reductions in activation have also been associated with motor learning
[151]. However, the design of the current study did not include a motor learning component.
Regarding the activation differences between sessions it must also be noted that some signal
clusters are located in the vicinity of the cerebellar tentorium, a region of the brain known to
be susceptible for motion artifacts.
The findings of Roverlap, the index assessing the overlap of activations between sessions at
t1 and t2, only partially support the findings from the voxel-wise whole group brain analysis.
When calculating this metric from the group data, congruent activation during passive
stepping was found in the cerebellum and S2, but not in any of the other ROIs. Overlapping
activation in the paracentral lobule (including the medial aspects of M1 and S1) and SMA
were found when thresholding the group t-maps during passive stepping more liberally at p ≤
0.005 (uncorrected). Cáceres et al. emphasized that high variability in the data together with
the low number of participants, as it often is the case in neuroimaging experiments, hinder
the power to detect effects [133]. Therefore, with the inclusion of a higher number of
participants in passive stepping, an overlap of activation in these areas between t1 and t2 at
the group level might be demonstrated at the current threshold.
Intriguingly, group Roverlap was consistently lower during passive than during active40
movements in all of the investigated ROIs. Yet, this is in line with the fact that fewer
significant differences between t1 and t2 were found at the whole brain level during active40
than passive stepping.
The low congruence of activations during repeated passive stepping is in line with the
values of ICCgroup in these ROIs (i.e., fair to good). This indicates that the activations elicited
by passive stepping in healthy participants are not overly reliable in S1 and SMA, but more
robust in the cerebellum, M1, and S2, if a measurement is repeated after several weeks. In
the latter three ROIs the activation of voxels was hence on similar levels at t1 and t2 (good
ICCgroup), but did not reach significance (p ≤ 0.001, uncorrected) at the group level at either
one or both measurement sessions, and hence Roverlap was low in these areas. This reflects the
circumstance that voxels can have stable signals across sessions leading to good ICC but at
the same time do not necessarily fit the model of the hemodynamic response function (HRF)
very well as reflected by low t-values (Figure 17) [133].
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Figure 17: Voxel-wise maps of intra-class correlation coefficients for repeated sessions of passive
and active40 stepping
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Maps of intra-class correlation coefficients (ICCgroup) for repeated sessions of passive (a) and active40
(b) stepping shown on different axial slices (the z-coordinate is indicated at the top of each slice).
Bilateral S2 and the paracentral lobule show high ICC in both conditions, while occipital, posterior
parietal and prefrontal regions show high ICC as well in active40. Areas with high ICC (red) are
hence not necessarily congruent with areas of activation above threshold. Images are displayed in
neurological convention (i.e., left is left). The scale on the right indicates the ICC.

Despite the differences and higher variability of motor behavior between sessions i.e.,
higher RMSE values of kinematic metrics during active40 stepping, widespread differences
on the side of the supraspinal activations were absent, except for one small cluster of 55
voxels in the left posterior middle temporal lobe. The statistical comparison of activation
maps at the whole brain level implicates that the generation and control of active movement
induces more robust and consistent neural activation across sessions than the monitoring of
passive movements. This is supported by the indices of test-retest reliability of fMRI
measurements that were computed from the 2nd-level group data. Higher amounts of overlap
(Roverlap) between activations at t1 and t2 were found during active40 than during passive
stepping in all of the investigated ROIs. This finding is accompanied by excellent values of
ICCgroup in all of the ROIs. The observation that activations were generally more robust
during active than during passive movements is underpinned by a previous study of robotassisted unilateral elbow movements [131]. The values of Roverlap and ICC reported by
Estévez et al. were slightly, yet consistently, higher across investigated ROIs for active than
for passive movements regardless of whether the values were calculated from 1st-level or 2ndlevel data. In contrast, Loubinoux et al. did not find differences in the reliability of
activations between active and passive movements [127].
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5.4.4 Reliability of fMRI measurements at the single subject level
In contrast to a complete lack of overlapping activations during passive movements in
three of the five ROIs (M1, S1, and SMA) at the group level, Roverlap different from zero
could be found in all of the ROIs at the single subject level. However, mean values were
lower than those reported by [131]. The ranges of ICCsingle in the present study are slightly
above those of the unilateral single-joint lower limb motor control experiment using ICC as
an indicator of reliability by Newton et al. [125]. The comparison of ICCs from Newton et
al. with those of the present study indicates that test-retest reliability can be increased to
some extent by the use of a robot to standardize the motor task between participants. Mean
values of ICCsingle are in the realm of those reported by Estévez et al. who also applied a
robotic device to control and measure movements [131].
Considerable variability in both reliability indices calculated from pairs of individual tmaps (Roverlap and ICCsingle, Table XII) was found in current study. This finding is compatible
with a study of Wei et al., who reported that between subject variance is higher than within
subject variance in fMRI experiments [152], a finding that was also reported by [130]. This
group found that variation in imaging data can be largely explained by differences in the
signal-to-noise ratio (SNR) between individual measurements, and that good ICC is achieved
if the SNR of a particular measurement alone is high [130]. In the present study ICCsingle was
on a similar level in most participants across ROIs (except for participant 8 who had
consistently lower values in all ROIs, Figure 16). Surprisingly, the SNR of this participant
was not lower than that of the other participants (not shown).

5.4.5 Potential implications for patient studies
Several groups evaluated the test-retest reliability of fMRI experiments in stroke patients.
Kimberley et al. found that stroke patients had somewhat higher ICC of fMRI results than
healthy controls in a drawing task [128], while Eaton et al. reported approximately equal
reliability between aphasic stroke patients and healthy controls in a language task [153].
However, the study of Kimberley et al. investigated repeatability using the less affected
hand. It can therefore only be speculated about test-retest reliability of experiments involving
the paretic side of the body. Kimberley et al. discussed the possibility that increased
between-subject variability artificially bloated their measures of reliability. Variability
between study subjects may be increased in stroke patients due to heterogeneity in the study
sample with regards to time since stroke, extent of recovery, or lesions size and location.
The finding that reliability in stroke patients is comparable to that of healthy controls is
somewhat surprising, since there are several factors that may potentially diminish the SNR in
stroke patients. Seto et al. reported that head motion during motor tasks is increased in the
elderly as compared to young adults and that even higher amounts of head motion occur in
stroke patients [65]. The high dropout rate of data sets (50 %) due to excessive head motion
in the current study is hence very likely to further increase in clinical studies investigating
neurological patients. Head motion during image acquisition increases the variability in the
signal thereby decreasing the SNR. The SNR has furthermore been shown to decrease
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significantly with age [154, 155] implying that the reliability of fMRI experiments in general
worsens with increasing age of the participants. The reduction of the SNR appears to be
linked to anatomical, physiological and metabolic changes in the elderly leading to increased
voxel-wise noise, as both studies ruled out head motion as a primary cause. As the mean age
of stroke patients is usually higher than that of the healthy participants in the present study,
test-retest reliability of the presented paradigm could hence be lower when applied to a
stroke cohort due to age per se. Huettel et al. suggested to ameliorate the limitation of
decreased SNR in the elderly by increasing the number of trials [155]. However, increasing
the number of trials, and thereby the length of the fMRI experiment, will in turn very likely
increase head motion. And this may again, to some degree, cancel out the gain in SNR. A big
potential in the combination of MARCOS with prospective motion correction during BOLD
signal acquisition is therefore expected. These systems capture the movement of the head
during an experimental run and adjust the pulse sequence in real-time such that the field-ofview remains in alignment with the brain tissue (for a review see [156])

5.5 Conclusion
The results of the present study in healthy participants indicate that activations during
passive movements are less robust over repeated measurement sessions than those during
active movements despite lower variability of motor performance during passive
movements. The high variability of ICCsingle between individual participants during both
movement conditions renders the presented approach less suitable for making inferences at
the single-subject level. The fact that half of the participants had to be excluded from image
analysis due to excessive task-induced head motion implies a limited feasibility for studies
with patients. The group results from the remaining participants, however, revealed fair to
excellent test-retest reliability. This implies feasibility of the method for studies investigating
basic neurophysiological principles and to draw conclusions that can be generalized to the
populations from which the study participants were selected.
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6 Dependency of head motion on the extent of the stepping
movement
6.1 Introduction
“Changes in signal intensity that are related to changes in a stimulus or task are used to
infer something about functional anatomy. However, changes in signal intensity can also
arise from head motion which represents one of the most serious confounds in fMRI studies”
[66]. As Friston et al. emphasized already during the pioneering days of fMRI almost 20
years ago, head motion concurrent to image acquisition can lead to artefacts severely
corrupting data quality.
The fMRI-experiments presented in this thesis revealed that stepping inside MARCOS is
associated with considerable task-induced head motion despite the extensive fixation of the
upper body at the pelvis, at the shoulders and at the head. A promising approach to
minimizing head motion is the reduction of the range of motion of the lower limbs during the
task. MacIntosh et al. investigated the influence of movement extent on head motion in an
ankle-flexion/extension paradigm. Head motion was found to be significantly reduced when
limiting the amount of rotation about the ankle from 40 ° to 15 °, while significant BOLDsignal changes could still be elicited, yet at a smaller amplitude [157]. There are currently no
other studies reporting on the relationship between movement extent of the lower limbs and
head motion. Furthermore, the findings from a study of unilateral ankle movement without
the assistance of a robotic device do not necessarily transfer to a bilateral task of both legs
due to different reasons. Firstly, the limb masses that are set in motion during stepping inside
MARCOS are a multitude of those in MacIntosh et al. Secondly, the phase shift of bilateral
lower limb movements might mutually affect their influence on the behavior of the head.
Thirdly, characteristics of the robot, such as friction may have an influence. To clarify the
relation of head motion and stepping movement inside MARCOS, a study was conducted
measuring head motion in response to graded levels of knee amplitude.
To perform lower limb stepping, alternating moments of both thighs about the hip-joints
must be produced. As the lower limbs account for about 18 % of individual body weight
[158], relatively high moments are required for them to be set and maintained in motion. Due
to Newton’s third law of motion (i.e., action equals reaction) the moments about the hip
joints are opposed by a moment of the trunk that is of equal size but opposite direction. Since
the head is mechanically coupled to the legs through the trunk, movements of the trunk
induced by the legs translate into movements of the head. In order to limit these movements,
the upper body is constrained at the hip and at the shoulders during stepping. Head motion
hence only occurs if leg movements induce moments that exceed the constraining capability
of the upper body fixations.
If the number of steps in a given time is maintained constant across different knee
amplitudes the velocity of the knee, and hence, the occurring accelerations must change
accordingly. As a consequence, the forces acting upon the upper body change, and thereby,
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head motion is expected to be a direct function of the velocity of the knees. Another factor
influencing head motion is the static and dynamic friction that is inherent to the mechanics of
the robot. These nuisances occur primarily at the linear guides and the pistons of the
pneumatic actuators, and introduce undesired forces that must be absorbed by the upper body
fixations. Similar to the forces evoked by lower limb movement per se, forces induced by
friction are dependent on the movement velocity of the mechanical components. Thus, the
behavior of the upper body and the head will also be a function of friction. Regardless of the
knee amplitude and velocity, the highest amount of head motion is expected to occur in the
cranio-caudal direction, as stepping of the legs will propagate along the longitudinal body
axis.

6.2 Methods
6.2.1 Experimental protocol
Head motion related to stepping inside MARCOS was measured at three different levels
of knee amplitude during the active and passive movement condition. For this purpose, the
robot was alternately set to levels of 50 mm, 100 mm, and 150 mm knee amplitude
respectively. Each level in each condition was investigated in a separate run. In each run, 10
trials lasting 11 s were conducted, interleaved by breaks of 5 s. The movement frequency
was set to 0.5 Hz in all conditions in order to maintain the same number of steps at each
level of knee amplitude. During passive stepping, the movement frequency was controlled
by the robot, while a metronome was presented during active stepping. In the passive
conditions, participants were instructed to relax the muscles of their lower limbs, and to not
actively engage in stepping. In contrast, during active conditions, participants were
instructed to actively engage in the stepping movements according to the pace set by the
metronome. The beginning of each movement trial was indicated by the presentation of the
word “aktiv” or “passiv” on a screen, depending on the movement condition. During breaks
between trials, participants were instructed to fixate on a white cross.
For the purpose of this study, MARCOS was mounted on a table that was custom-built
for stepping experiments with the device outside the scanner. At the beginning of the
experiment, the knees and feet were attached to the respective fixations of the robot and the
upper body of the participants was firmly fixated at the pelvis and at the shoulders using the
same fixations as during the experiments inside the scanner [45]. Since a scanner head coil
was not available, the head of the participants was not fixated with the inflatable Crania
pillow (www.pearltec.ch) that is usually applied for fMRI recordings. Instead the head was
placed comfortably on a pillow. Participants were instructed to keep their head as stationary
as possible while stepping with their legs.

6.2.2 Motion capture set-up
The position of the head and the knees was measured by optical motion tracking. For this
purpose, five infrared light-emitting cameras (Oqus 3, Qualisys, www.qualisys.com) were
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installed (Figure 18). The emitted infrared light was reflected by the markers attached to the
head and the knees and recorded by the cameras. Data were acquired at a frame rate of
60 Hz. Calibration of the camera set-up was carried out before the start of each measurement
session. Calibration was accepted if the measurement error was below 0.05 mm in each
spatial direction. Otherwise, calibration was repeated.
Figure 18: Measurement set-up as used to track the motion of the head during stepping at
different levels of knee amplitude.
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The position of four rigid bodies each made up of four passive reflective markers (spheres of 12 mm
diameter) was tracked. One rigid body was attached to the front the participant’s head (1) and two
rigid bodies were attached to the robot close to the fixation of the knee orthoses (2 & 3). The cluster at
the left knee is partly hidden by the piston of the right knee cylinder in this schematic. A fourth rigid
body was attached to the table (4) to assess the stability of the measurements (e.g., a possible drift of
the position signals due to heating of the cameras). The origin of the world coordinate system was
placed at the center of the table. The world-coordinate system was defined as x along the
medial/lateral body axis (positive values to right side of the participants body), y along the
dorsal/ventral body axis (positive values in the ventral direction), and z along the inferior/superior
body axis (positive values in the superior direction). The origin of the coordinate system of each rigid
body was set to its center of gravity and the orientation of the coordinate system was aligned to the
world-coordinate system. The five tracking cameras (two are shown top left and right) were located
above the participants.

6.2.3 Data analysis
Data were analyzed using custom Matlab routines (Version 2014b, Mathworks Inc.,
Natick, MA, USA, www.mathworks.com). All raw position traces were filtered using a 1storder low-pass Butterworth filter with a cut-off frequency of 10 Hz.
To verify if the different desired levels of knee amplitude were actually achieved during
the experiment, the knee amplitude (KA) was extracted from the position data measured at
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the knees as the average vertical displacement of the knee per trial. This was calculated for
each leg separately, and then averaged across both legs.
MacIntosh et al. indicated head motion as the cumulative distance travelled by the head in
a given time, calculated as the absolute difference in translation summed over all time points
per trial [157]. While this metric yields information about the total amount of head motion in
a given condition, it does not allow characterizing the exact properties of the head motion in
much detail. Therefore, this metric was not calculated in the current investigation.
In the present study, head motion was defined as the change of the Euclidian distance of
the rigid-body at the head with respect to a reference position over time relative to the world
coordinate system. The following metrics were extracted from the translational motion
capture data in all three spatial directions individually (rotations of the rigid bodies were not
analyzed):
•

Initial offset of the head position (HMoff): The offset of the head position induced by
the initiation of stepping was defined as the difference between the head position
during the rest period prior to stepping, and the head position in the phase of constant
stepping. In the rest period, head position was averaged over a window of 3 s prior to
the first step of each trial. During constant stepping, the head position was averaged
over the period of the second to the second-to-last step (Figure 19, a).

•

Head motion during constant stepping (HMstep): Head motion related to the actual
stepping movement was quantified as the maximal displacement of the head in the
period of constant stepping (i.e., between the second to the second-to-last step)
(Figure 19, a).

•

Drift of the head position (HMdrift): To assess a possible low-frequency drift over the
course of all 10 stepping trials, the raw data were filtered using a 4th-order low-pass
Butterworth filter with a cut off frequency of 0.04 Hz. The maximal displacement of
the head due to a drift was then calculated by subtracting the minimal value from the
maximum (Figure 19, b).
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Figure 19: Representative example of knee and head position during passive stepping at
amplitude level 150.
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a) vertical knee position of both legs during a trial (top row) and the corresponding position of the
head in the z-direction (middle row). HMoff was calculated as the difference between the head position
averaged over 3 s during rest (blue squares) and the head position averaged over the period of constant
stepping (red dots), bottom row: HMstep was calculated as the difference between the minimum and
the maximum of the head position (green dots) during constant stepping (red dots). The red dots in all
three rows in a) correspond to each other with respect of time.
b) top row: vertical knee position of both legs during stepping over one entire experimental run. Each
run was split into 10 trials of stepping. bottom row: raw head position signal in the z-direction (black)
and the low-pass filtered signal (red). HMdrift was calculated as the difference between the maximum
and the minimum of the red line (blue dots).

99

Dependency of head motion on the extent of the stepping movement

6.2.4 Statistical analysis
The calculated mean knee amplitudes during each level and condition were subject to a
2x3 repeated measures ANOVA with the factors “stepping condition” and “amplitude level”.
The calculated metrics characterizing head motion during active and passive stepping at
the three levels of knee amplitude were subjected to separate 2x3x3 repeated measures
ANOVAs with the factors “stepping condition”, “amplitude level”, and “spatial direction”.
Post-hoc paired t-tests with Bonferroni correction for multiple comparisons were applied
in all repeated measures ANOVAs to reveal possible between- and within-factor differences.

6.3 Results
6.3.1 Motor performance
All participants were able to perform active and passive stepping at the three amplitude
levels. The variability of the stepping amplitudes was higher during active than passive
stepping (Table XIII).
Table XIII: Motor performance during active and passive stepping at the three levels of knee
amplitude
condition
amplitude level
KA [mm]

active
50
39.0(9.0)

100
86.4 (8.1)

150
136.8 (8.7)

passive
50
39.1(1.3)

100
87.3(0.9)

150
131.1 (1.0)

Values are group means (standard deviation), KA = measured vertical knee amplitude.

The 2-way repeated measures ANOVA with the factors „condition“ and „amplitude
level“ revealed a significant “condition” x “amplitude level” interaction effect (F2,12 =
15.906, p < 0.001) on the dependent variable KA, indicating that KA increased more from
amplitude level 100 to 150 in active than in passive stepping (Figure 20).
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Figure 20: Measured vertical amplitude of the knee at the three amplitude levels 50, 100, and
150 in both movement conditions active and passive.
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Data for active stepping is given on the left, while data for passive stepping is given on the right.
Within each condition, three significantly different knee movement amplitudes were achieved. Values
are mean ± one standard deviation.

6.3.2 Head motion
Head motion in the three spatial directions x (medial/lateral), y (dorsal/ventral), and z
(inferior/superior) as assessed by the three metrics HMoff, HMstep, and HMdrift can be found in
Table XIV.
Table XIV: Head motion in the three spatial directions during active and passive stepping at the
three amplitude levels 50, 100, and 150.
spatial
direction

x

y

z

amplitude
level

50

100

150

50

100

HMoff [mm]

0.3(0.4)

0.1(0.5)

0.4(0.7)

0.0(0.3)

active
0.0(0.3)

0.0(0.3)

1.2(0.9)

1.2(0.7)

1.5(1.5)

HMstep [mm]

1.2(0.5)

1.5(0.4)

2.0(0.9)

0.4(0.2)

0.6(0.4)

0.6(0.3)

3.3(1.0)

4.1(1.3)

5.2(2.0)

HMdrift [mm]

-1.2(3.8)

2.0(4.9)

-0.6(3.4)

-0.1(0.5)

-0.3(0.5)

-0.4(0.8)

0.9(2.9)

2.0(4.2)

-0.6(5.1)

HMoff [mm]

0.2(0.3)

0.0(0.2)

0.0(0.4)

0.1(0.2)

passive
0.0(0.2)

0.0(0.2)

1.1(0.6)

1.0(0.6)

0.9(0.9)

150

50

100

150

HMstep [mm]

0.6(0.2)

0.8(0.2)

0.9(0.2)

0.3(0.1)

0.3(0.1)

0.3(0.1)

1.9(0.4)

2.1(0.5)

2.3(0.6)

HMdrift [mm]

0.4(2.4)

-0.2(2.0)

2.1(2.1)

0(0.3)

0.0(0.6)

-0.1(0.7)

0.2(1.8)

-2.0(2.9)

-0.7(3.1)

Values are means (standard deviation).
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6.3.2.1 Offset of the head at the initiation of stepping
The 3-way repeated measures ANOVA did not reveal any a significant 3-way or 2-way
interactions between any of the factors “stepping condition”, ”amplitude level”, and ”spatial
direction” on the dependent variable HMoff. The 3-way and 2-way interaction terms were
therefore removed from the model. A significant main effect of “spatial direction” was found
(F2,12 = 13.557, p = 0.001), indicating the that the offset at the initiation of stepping occurring
in the z-direction is significantly larger than the offset occurring in the x- and y-direction
when averaged over both stepping conditions and all amplitude levels (Figure 21).
Figure 21: Offset of head position at the initiation of stepping HMoff
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a) The significant main effect of condition was found to be driven by significant differences between
the x- and z-directions as well as between the y- and z-direction, b) simple main effects were found
only during passive stepping between the x- and z-direction at the amplitudes 50 and 100. Values are
mean ± one standard deviation.

6.3.2.2 Head motion during constant stepping
The 3-way repeated measures ANOVA revealed a significant interaction effect of the
three factors “stepping condition”, ”amplitude level”, and ”spatial direction” on the
dependent variable HMstep (F4,24 = 5.478,p = 0.003). A significant 2-way interaction of
“stepping condition” by “amplitude level” (F2, 12 = 8.730, p = 0.005) revealed that both, the
increase in head motion from level 50 to level 100 as well as from level 100 to level 150 is
bigger in the active than in the passive condition. A significant 2-way interaction of
“stepping condition” by “spatial direction” (F2, 12 = 7.258, p = 0.009) revealed that the
difference in head motion between the two conditions in each spatial direction is the biggest
in the z-direction, and the smallest in the y-direction. Ultimately, a significant 2-way
interaction of “amplitude level” by “spatial direction” (F1.486, 8.917 = 7.853, p = 0.015, with a
Greenhouse-Geisser correction) revealed that regardless of the stepping condition, head
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motion increases the most in the z-direction when increasing the level of knee amplitude, and
increases the least in the y-direction with the same increase of knee amplitude (Figure 22).
Figure 22: Group averaged head motion in the three spatial directions during constant active
and passive stepping (HMstep) at three different levels of knee amplitude.
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Values are means ± one standard deviation. Significant simple main effects are denoted with **.

6.3.2.3 Low-frequency drift of the head position
The 3-way repeated measures ANOVA did not reveal a significant 3-way interaction
effect of the factors “stepping condition”, ”amplitude level”, and ”spatial direction” on the
dependent variable HMdrift. The 3-way interaction term was therefore removed from the
model. A significant 2-way interaction of “stepping condition” by “amplitude level” was
found (F2,12 = 5.568, p = 0.016). Post-hoc simple main effect analysis did not reveal any
significant differences (Figure 23).
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Figure 23: Group averaged head motion in all three spatial directions during active and passive
stepping due to a low-frequency drift of the position of the head (HMdrift).
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6.4 Discussion
The present study investigated the influence of graded leg movement on the extent of
head motion during active and passive stepping inside MARCOS. Significant differences in
head motion between amplitude levels were mainly found in the phase of constant stepping.

6.4.1 HMoff
The significant main effect of “spatial direction” on HMoff indicates that, the largest offset
at the initiation of stepping generally occurs in the z-direction, i.e., along the
inferior/superior body axis. Post-hoc testing revealed significantly higher head motion in the
z-direction than in both, the x- and the y-direction. In both stepping conditions the initial
offset occurs in the negative z-direction, meaning that the head and torso initially move
caudally. Since the initial offset (Figure 19, middle row, between seconds 7 and 8) is
reverted concomitantly to the cessation of stepping (Figure 19 middle row, between seconds
21 and 22) it cannot be provoked by static friction at the initiation of the first step. If this
were the case, the initial HMoff would 1) not be reverted at the end of each trial, and 2)
appear anew each time, the piston velocity equals 0 (i.e., at the reversal from flexion to
extension and vice versa). Since the offset and its reversal are correlated with initiation and
cessation of the leg movements, this feature of the head position signal is directly related to
the fact that the legs start and stop moving, and that they are mechanically coupled to the
torso and the head (Newton’s third law of motion). This rationale is supported by the fact
that HMoff is largest along the cranio-caudal body axis, and by the fact that HMoff is not
significantly influenced by the amplitude level. A temporal correlation of head motion and
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task onset was also reported in the study of MacIntosh et al. [157]. At the same time,
Newton’s third law also implies that if during constant stepping, the movements of the legs
were conducted in perfect asynchrony, i.e., with a phase-shift of exactly 180 °, and forces of
equal magnitude but opposed directions, they should mutually eliminate their effects, thereby
stabilizing the behavior of the head. However, both the controllers of the robot and the
human motor system are noisy systems and hence do not have the capability required to
achieve this perfect asynchrony.

6.4.2 HMstep
Head motion during constant stepping differed significantly between stepping conditions,
as well as between spatial directions and between the levels of knee amplitude. The largest
head motion was observed in the z-direction during active movements at amplitude level
150. The dependency on spatial direction can again be explained by the direct mechanical
coupling of the legs with the torso and the head.
As a consequence of the constant stepping frequency of 0.5 Hz, the mean velocity of the
knee (Vmean) differed between amplitude levels. Post-hoc analyses of Vmean revealed a
significant interaction effect of “amplitude level” by “stepping condition”, indicating that
Vmean was slightly smaller in the active than in the passive conditions at levels 50 and 100,
but higher at 150. Simple main effects analyses uncovered a significantly higher Vmean at 150
than at 50 and at 100 in both stepping conditions (Figure 24).
Stick-and-slip i.e., the phenomenon in which two sliding surfaces cycle between relative
rest and motion (leading to a jerky movement) could have contributed to head motion to a
greater extent during movements at the small amplitude levels since this phenomenon is
more pronounced at slower speeds [159].
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Figure 24: Mean knee velocity (Vmean) during stepping at the three different knee amplitude
levels.
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6.4.3 HMdrift
The mean values and primary direction of HMdrift vary highly among participants (Figure
23). A low-frequency drift of the head position can be observed in the vast majority of
individual datasets. The drift could be the result of the participant’s body parts settling into
the fixations, finding their most comfortable position. Such a mechanism is supported by the
observations that the upper body fixations can be considerably retightened in many
participants after the completion of every experimental run. Furthermore, the comparison of
individual data sets revealed that this process shows a time course individual to many
participants. Some participants reach a quasi-stationary position already after one or two
trials, whereas the head position in others drifts off constantly over the course of an entire
experimental run. These differences might potentially be caused by inter-individual
anatomical differences.

6.4.4 Comparison to head motion data from the scanner
When comparing the results of the current study to head motion data from a
representative fMRI experiment using conventional signal acquisition, comparable behavior
of the head is found. This substantiates the feasibility of the chosen approach to track head
motion outside the scanner by the means of optical tracking. Both, the temporal correlation
of motion of the head and the leg movements, as well as the drift of the head position over an
entire functional run can be observed (Figure 25). Head motion during constant stepping
however, cannot be captured inside the MR-scanner, since data is sampled at a much lower
temporal frequency (in the current example at 0.33 Hz). HMstep, the characteristic
contributing most to the motion of the head during the stepping experiments is hence not
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captured inside the scanner. In consequence, the true extent of head motion might be
considerably underestimated. In this context, it is also important to note, that information
about motion of the head during an fMRI experiment is not directly measured inside the
scanner. Instead, head motion is derived from a retrospective estimation process during
spatial realignment of the functional images [66].
Figure 25: Exemplary data of head motion and the corresponding knee movement of one leg
during a passive stepping experiment with MARCOS inside the MR-scanner.
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This experiment consisted of 30 trials of 10 s stepping interleaved by 5 s of rest. While both, the offset
of the head, as well as the low frequency drift can be observed, motion of the head during constant
stepping cannot be observed due to aliasing (insert in the top row). Circles in the top row indicate
single data points.

6.4.5 Technical means to manage the issue of head motion
The degree to which the upper body and the head of the participants can be rendered
stationary by the means of fixation mechanisms is inherently limited by the gliding of the
skin and subcutaneous fat on muscles and bones. If this gliding can be eliminated at all, it is
possible only by the application of very high pressures against the body. Excessive pressure
is not tolerated by the participants as it will in turn compromise comfort and induce pain,
thereby confounding task-related brain activation such as by the activation of the painnetwork [160-162]. In view of potential future experiments with neurological patients
presenting with sensory deficits in the lower limbs, the application of excessive pressure is
furthermore not feasible since decubital ulcers and autonomous dysreflexia may be induced.
In the past, the bite-bars have been applied effectively to stabilize the head during fMRIscanning. In a study of Menon et al., head motion related to arm movements over a range of
0.15 m were significantly reduced by 60 to 75 % by the use of a bit-bar [163]. During
stepping movements of the entire lower limbs however, the forces that would have to be
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absorbed by the bite-bar will be higher than during arm movements. Thus, the effectiveness
of bite-bars in the context of the current experiments would have to be investigated.
Furthermore, the effect of the bite-bar on brain activation (e.g., due to the activation of jaw
or neck muscles or due to discomfort) remains unknonwn. Since MARCOS itself constitutes
already a constricting set up (fixation at the feet, knees, hip, shoulder, and around the head),
the additional use of a bite-bar might not be tolerated by all participants.
Theoretically, the information about the motion of the head (as derived from the
realignment procedure during image preprocessing) could be modelled in the GLM as
additional “regressors of no interest” [164]. As such, variance that can be explained by the
head motion regressors could be removed from the data. However, due to the high temporal
correlation of head motion and the actual BOLD-signal changes elicited by task execution
per se, much of the variance that is in fact induced by task execution would be removed.
Consequently, much of the statistical power of the BOLD-signal would be lost.
Recently developed parallel imaging sequences such as inverse imaging [165] or
accelerated multi-slice EPI acquisitions [166, 167] in combination with 32-channel radio
frequency receiver coils, can reduce the time required for the acquisition of a volume of the
whole brain significantly to 100 to 400 ms, while not [166] or only marginally [165, 167]
sacrificing spatial resolution. Such an increase in sampling frequency would suffice to also
capture head motion during constant stepping.
A possibility to directly assess the behavior of the head is measuring its motion inside the
scanner bore (e.g. by optical tracking or by field detection methods). The tracking data can
then be used in real-time to maintain the scan sequence in constant alignment with the
scanned tissue (for a review see [156]). Theoretically, this offers the possibility to acquire
imaging data that is not confounded by head motion artefacts. To judge on the practicability
of these image acquisition-based approaches, their feasibility and performance in
combination with the robot would have to be assessed first.

6.4.6 Limitations of the current study
The fact that different knee velocities resulted at the chosen amplitude levels confounds
the interpretation of the current study results with respect to the effect of knee amplitude.
Maintaining the mean knee velocity across different levels of knee amplitude would however
yield a different number of steps during trials of predefined length, and this could in turn
negatively affect the total amount of head motion.
Furthermore, shear forces occurring from misalignments between the participant and the
robot could have led to an increase of static and dynamic friction, consequently contributing
to head motion, as higher forces must be overcome during leg movements. Smooth gliding
of the pistons was tested before the start of every experiment. It is however very likely that
shear forces still occurred during stepping, for example if participants did not perform the
stepping movements entirely along the sagittal plane. Tilting of the pistons and the linear
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guides accompanied by the occurrence of shear forces is more likely to occur at the higher
amplitude levels, thus further contributing to the dependency on the amplitude level. Since
the force sensors that are built into the device have only one degree of freedom (i.e., along
the longitudinal axis of the cylinder pistons), shear forces could not be measured and
quantitative inference about their influence could not be drawn.

6.5 Conclusion
As underpinned by the results of the present study, head motion during stepping inside
MARCOS can be reduced by the application of lower levels of knee amplitude or by lower
movement velocities. This is particularly the case for the phase of constant stepping. Taskrelated head motion furthermore depends on participant anatomy, alignment with the robot,
fixation of the participant, and subjective comfort. These factors are difficult to assess and
cannot be directly controlled. In any experimental configuration, stepping inside MARCOS
is associated with head motion due to the mechanical coupling of the legs to the torso and the
head. Moreover, head motion remains temporally correlated to the movements of the legs.
This irreversibly contaminates the imaging data by introducing additional signal variance
which cannot be untied from true signal variance caused by task execution in retrospect.
Furthermore, true head motion might be underestimated inside the scanner with the use of
conventional EPI sequences due to their low temporal sampling frequency. The application
of novel imaging sequences enabling faster sampling of the BOLD-signal might help to
ameliorate this issue to some degree. The most promising solution to address the issue of
head motion during stepping experiments using MARCOS appears to be prospective motion
correction during image acquisition. This is discussed in the next chapter.
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7 Prospective motion correction for experiments using
MARCOS
As evidenced in the previous chapters, stepping experiments inside MARCOS in healthy
participants were associated with considerable task-related head motion. Head motion is very
likely to be even more pronounced when patients are investigated. Other motor fMRI studies
revealed a two times greater head motion in stroke patients compared to age matched
controls [65].
Head motion can severely confound data quality by the introduction of additional nontask related signal variance that cannot be disentangled from task- related variance [66, 168,
169]. These so called spin-history effects particularly occur in the case of through-plane
motion1, i.e., when voxels are in a different degree of excitation and experience a different
magnetic field as if they were at their supposed location. In this case, the resulting signal
intensity of a given voxel will be a function of the current location and the history of
previous spin excitations, hence the name ‘spin-history’ [66]. The signal intensity is
inadvertently altered by motion of the head which can be mistaken as activation. Algorithms
to remove these spin-history effects have been suggested in the past [170], however did not
become a routine in fMRI image analysis.
Other alternatives to conventional functional imaging come at their own disadvantages.
While sparse sampling imaging might disentangle task related head motion from data
acquisition, it precludes the investigation of the dynamics of the task-induced BOLD-signal
and severely hampers more sophisticated analyses such as investigations of functional
connectivity. Ultra-fast functional MRI might yield more accurate information about the
motion of the head due to the faster signal acquisition, however cannot prevent the addition
of head motion related variance in the data neither. Previous work showed that a moderate
temporal correlation of the task and the head motion can suffice to create artefacts in all
areas of the brain and that these artefacts can be difficult to be distinguished from true
activation [67]. The same authors also stated that “the degree of correlation between stimulus
and motion may be more important than the magnitude of motion in creating these artifacts”.
Head motion is correlated to the movements of the legs during stepping inside MARCOS
since fixation of the upper body and the head are of only limited effectiveness. An imaging
approach that is not susceptible to position changes of the head is therefore imperative in
order to acquire data that is not polluted by task-correlated motion artefacts.
A promising approach for the prevention of spin-history effects and related artefacts
caused by head motion is the application of prospective motion correction in real-time during
image acquisition. This strategy was first proposed by Haacke et al. [171] almost 30 years
ago. The underlying idea is to acquire information about the current pose of the head
continuously during scanning and to use this information to maintain constant the relative
1

In fMRI studies the field of view is often angulated in order to acquire data from the whole brain. In this case through plane
motion will not only occur in case of rotations but also due to translations of the head.
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alignment of the field-of-view of the scanner with the current pose of the head. Therefore,
the imaging pulse sequence is recalculated such that every voxel experiences the same
magnetic field as if a change of position had not taken place (Figure 26). For an in-depth
review on prospective motion correction, the reader is referred to Maclaren et al. [156].
Yancey et al. quantitatively investigated the spin-history effects caused by through-plane
motion and could show the efficiency of prospective motion correction as spin-historyeffects were reduced to levels below measurement noise [172]. These results hence render
the approach very promising.
Figure 26: The concept underlying prospective motion correction.

a) The relative orientation of the field of view (FOV) and the head is maintained constant by using
information about current head position to update the scan sequence. b) To achieve a constant
alignment of the head and the FOV, gradients are reconfigured in real-time. (Reprinted from
Maclaren et al., 2012, with permission from John Wiley & Sons).

While the concept has been established in a research environment, several practical issues
arise in their daily use. When using an optical system to measure the pose of the head, the
camera(s) should be mounted in-bore, in close vicinity, above or around the head. This
ensures the direct line-of-sight with the markers, and reduces measurement errors. At the
same time, in-bore cameras are susceptible to vibrations of the scanner. When using optical
tracking, a coordinate transformation is required in order to convert tracking information
from the coordinate system of the cameras into the reference frame of the scanner. Once the
exact transformation has been determined, the conversion is trivial. Systems using optical
tracking to gather information about the pose of the head have been proposed by [173-176].
MR-field detection methods, i.e., systems that acquire the tracking information directly
within the coordinate system of the scanner have been proposed by [120, 177] and [178].
These approaches measure the scanner gradient fields to localize MR-visible markers that
are attached to the head directly within the reference frame of the scanner. Regardless of the
tracking modality, the fixation of the markers must be convenient to the participants yet be
rigidly attached to their head, a tradeoff that was elucidated in the review of Maclaren et al.
[156].

112

Prospective motion correction for experiments using MARCOS

To date, neither motion correction system is readily available to the public user.
Prototypes that work in a research environment require additional hard- and software and
must be operated by their developers who are experts in the field. For the implementation of
such a system on a specific scanner model it must be adapted to the characteristics of the
specific acquisition system (e.g. gradient and processing hardware as well as the scanner
software). This work must be carried out by an MR-physicist who is proficient in
programming and is given access to and has profound knowledge of the scanner code. Upon
installation, the efficiency of the system in combination with the stepping robot would have
to be assessed in pilot studies. The adaptation and testing of a motion correction system that
runs stably on one specific scanner onto a different model will be very time consuming (i.e.,
realizable within the timeframe of one year or more) and unpredictable extra effort must be
expected.
Although the advantages of prospective motion correction are obvious, their routine
application has not become a standard to date. If patients are to be investigated with
MARCOS in future longitudinal studies, an experimental set-up is required that is capable of
reliably yielding artefact free imaging data. In order to achieve this feat, prospective motion
correction is the method of first choice since this is the only approach capable of acquiring
unpolluted MR-data in the presence of task-related head motion. Further benefit of such a
system would be found in the daily clinical use of routine diagnostic MR imaging as head
motion is a known problem in this particular realm. If prospective motion correction system
could be readily applied to any arbitrary imaging sequence, this would improve the quality of
the diagnoses and reduce costs of repeated scanning, in particular in non-cooperative
patients.
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8 Applying MARCOS in neurologic gait impaired patients
8.1 Introduction
In view of future MARCOS studies on neurologic patients, one spinal cord injured and
two stroke patients were invited for pilot experiments. The patients’ feedback, behavioral
and fMRI data of one stroke patient, as well as the subjective impression of the author were
used to elaborate the feasibility of MARCOS to investigate gait-related brain activity in
patients.
All patients had normal passive range of motion in the lower limbs and did furthermore
not have any other neurological, systemic, or cognitive comorbidity. After a first informing
conversation via telephone, the patients orally agreed to participate. The patients were
invited to the MR-center of the University Hospital Zurich with the aim of conducting fMRIexperiments during stepping inside MARCOS. At the hospital, they were again informed
about the specific purpose of the appointment, the bigger context of the experiment and
ample time was given for the clarification of any questions. After giving their written
informed consent for their participation, the stepping robot was introduced and the upcoming
experimental procedures were explained to them step by step before they were transferred
into the device. An experienced occupational therapist assisted the procedures.

8.2 Feedback from the patients
The spinal cord injury patient was a 34.6 year old male who had suffered hemiplegia due
to a spontaneous spinal hemorrhage. He was classified (self-reported) as a B on the ASIA
(American Spinal Injury Association) impairment scale; hence he had sensory but no motor
function below the neurological level [179]. Upon introduction to the device and
demonstration of the experimental conditions, he was very hesitant about undergoing the
procedure and ultimately declined examination. In particular, he was concerned about the
high initial velocity of the passive movement, and indicated that this might induce spasticity
and hence constitute a risk for discomfort or even injury. He was also concerned about the
shape of the hip fixation and pointed out that its medial portion might cause autonomous
dysreflexia if it applies excessive pressure on the bladder. Autonomous dysreflexia is a
condition in which an afferent stimulus below the lesion can induce symptoms such as a
sudden increase in blood-pressure, sweating, head ache, and impaired vision, and can be life
threatening if untreated. Autonomous dysreflexia usually only occurs in patients with a
lesion at thoracic level 6/7 or above. He furthermore suggested implementing a patientoperated emergency stop button with which the patient can deactivate the device at any time
during the experiment.
Stroke patient 1 was a 48.5 year old wheel-chair bound male, 62 months post-stroke with
a functional ambulation category (FAC) of 1 (out of 5). At this level of disability a person
can only walk with permanent physical assistance that helps to maintain balance and to
support the carrying of the body-weight [180]. The severe impairment of this patient made
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the transfer from the sitting position in the wheelchair to the supine position in the stepping
robot challenging. This could only be achieved as a group effort involving the attending
occupational therapist, the experimenter and the person accompanying the patient. Due to the
limited motor function of the paretic leg, the patient was unable to perform the active
stepping movement inside the robot. The patient further reported discomfort due do the tight
fixation of the upper body and the head. In consequence, the patient withdrew from the
experiment prior to scanning due to signs of claustrophobia.
Stroke patient 2 was a 62.9 year old male, 22.6 months post stroke. He presented with
hemiplegia of the right side of the body due to a stroke in the posterior putamen of left
hemisphere that also slightly extended into the adjacent cruz posterius of the internal
capsule. At the time of the investigation, the patient had good walking function, and reported
to ambulate without the help of a walking aid in the day-to-day life. This was confirmed by a
Fugl-Meyer lower extremity score of 22 (out of 34) [181] and level 4 on the FAC scale. At
this level, a patient is able to ambulate independently on even surfaces but requires
supervision or physical assistance to negotiate more difficult terrain, such as stairs, inclines
or non-level surfaces. He performed the 10 m-walking test in a mean time of 8.02 s at
preferred walking speed and a mean time of 4.97 s at maximum walking speed. The patient
agreed to undergo the examination of brain activation inside MARCOS. The methods and
results of this experiment are given in the following paragraphs. The results are discussed at
the end of the chapter.

8.3 fMRI stepping in stroke
8.3.1 Methods
Active as well as passive stepping inside MARCOS was investigated in two separate
experimental runs during continuous acquisition of functional images using a blocked
design. In each run 30 trials of movement (10 s) were interleaved by 30 trials of rest (5 s),
leading to the acquisition of 150 volumes over a total duration of 450 s. The beginning of
each movement trial was indicated by the presentation of either the word “aktiv” or “passiv”,
depending on the movement condition, on a screen located near the feet of the patient. The
patient was instructed to fixate on a white cross at the center of the screen during rest trials.
Before the start of the experiment, the patient was given the time to familiarize with both
types of movement. The passive condition was investigated first, followed by the active
condition. The movement amplitude at the knee was set to 0.14 m and the stepping
frequency was set to 0.5 Hz during passive stepping. The patient was instructed to reproduce
the same amplitude and frequency during the active condition. An anatomical T1-weighted
scan was acquired at the end of the experiment.
Motor performance of the patient was extracted from the behavioral data recorded by
MARCOS during the experiment using custom routines written in Matlab (Version 2014b,
Mathworks Inc., Natick, MA, USA, www.mathworks.com). Position data were filtered with
a low-pass 1st order Butterworth filter, with a cut-off frequency of 4 Hz. The following
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metrics were then computed per trial for the left and the right leg separately: Mean knee
amplitude, i.e. the vertical range of motion, the mean stepping frequency per trial, mean foot
force, i.e., the interaction force between each foot of the patient and the robot, as well as the
mean knee force, i.e., the interaction force between each knee of the patient and the robot. To
compare the motor performance of both legs within each condition, the data samples of the
left and the right leg were subject to separate Wilcoxon sign rank tests for each performance
metric. Non-parametric statistical tests were used, as data samples were not normally
distributed (verified by visual inspection of Q-Q-plots). Alpha was set to 0.05 for all tests.
To assess a possible effect of fatigue in the active condition, the mean of the first five trials
and the mean of the last five trials were calculated and compared for each metric of motor
performance.
The study was carried out at the MR-Center of the University of Zurich and ETH Zurich,
using a Philips Achieva 1.5 T MR system (Philips Medical Systems, Best, The Netherlands)
with an 8-channel SENSETM head coil [72]. The functional acquisitions used a T2*weighted, single-shot, field echo, echo-planar-imaging sequence of the whole brain (TR =
3.025 s, TE = 50 ms, flip angle = 82 °, FOV = 220 mm x 220 mm, acquisition matrix = 128 x
128, in-plane resolution = 1.7 mm x 1.7 mm, slice thickness = 3.8 mm, and SENSE factor
1.6, resulting in 35 slices). Whole brain anatomical images were acquired using a 3D, T1weighted, field echo sequence (TR = 20 ms, TE = 4.6 ms, flip angle = 20 °, FOV = 220 mm
x 220 mm in-plane resolution = 0.9 mm × 0.9 mm, slice thickness = 0.75 mm, resulting in
210 slices).
The fMRI data were analyzed using SPM8 (Wellcome Department of Cognitive
Neurology, London, UK, www.fil.ion.ucl.ac.uk/spm) running on Matlab 2014b. During
spatial preprocessing all volumes of each functional run were realigned to the mean image of
the run and unwarped to remove residual head motion related variance and image distortions
along air-tissue boundaries [74]. The volumes were then coregistered to the anatomical T1weigthed image and finally smoothed in all three spatial directions with a Gaussian kernel of
8 mm width at half maximum.
The preprocessed fMRI data were statistically analyzed by generating a GLM [75]
including one separate task regressors for each of the two movement conditions. The
baseline rest condition was not modelled explicitly. The GLM was then convolved with a
canonical hemodynamic response function. The temporal and dispersion derivatives of the
HRF were also included in the model in order to account for variability in the latency
(temporal aspect) and duration (dispersion aspect) of the actual hemodynamic response to
the task stimuli. A high pass filter (cut off at 128 s) was used to remove slow signal drifts.
Contrast images for each task regressor were then calculated to reveal task-related activation.
The resulting activation maps were thresholded at a cluster-corrected voxel threshold of p <
0.001 (spatial extent: k ≥ 42 contiguous voxels) [77, 78]. The cluster threshold method was
applied to control for the overall type I error. Anatomical correlates of the activation clusters
were determined by overlaying the activation maps onto the individual T1-weighted
anatomical images of the patient.
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8.3.2 Results
The patient was able to perform both active as well as passive stepping without any
difficulties over the period of 30 trials in each condition.
8.3.2.1 Motor performance during active stepping
The motor performance of the left and the right leg showed several significant differences
during active stepping. The knee amplitude of the affected right leg was on average 0.056 m
smaller than that of the non-affected left leg (p<0.001). Also the interaction forces between
the patient and the robot were significantly different between the legs. The mean foot force
was on average 26.3 N higher in the left than in right leg (p<0.001), while the mean knee
force was on average 3.2 N higher in the left than in the right leg (p<0.001). The stepping
frequency was not significantly different in the left and the right leg (p=0.05) (Table XV and
Figure 27).
Over the course of the experimental run, the difference between the left and the right leg
changed in all of the performance metrics. The average difference of the knee amplitude
between the left leg and the right leg increased from 0.034 m in the first five trials to 0.066 m
in the last five trials. The difference of the interaction forces at the feet increased from
21.7 N in the first five trials to 28.4 N in the final five trials, while the difference in the
interaction forces at the knees increased from 0.16 N to 6.1 N.
Table XV: Motor performance of the left and the right leg during active stepping in the
investigated stroke patient
left

stepping amplitude [m]

right

mean

std

min

max

mean

std

min

max

deltalr

significance

0.164

0.006

0.154

0.173

0.108

0.008

0.090

0.122

0.056

<0.001

stepping frequency [Hz] 0.60

0.05

0.43

0.66

0.59

0.05

0.39

0.66

0.01

0.05

foot force [N]

34.1

3.4

26.3

39.3

7.8

0.7

6.3

9.4

26.3

<0.001

knee force [N]

-10.8

3.3

-17.9

-5.8

-14.0

1.9

-20.1

-10.4

3.2

<0.001

std = standard deviation of the sample, min = minimum of the sample, max = maximum of the
sample, deltalr =difference of means between the left and the right leg, significance = p-value of the
Wilcoxon sign rank test for mean differences between the left and the right leg, the significance level
α was set to 0.05.
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Knee Amplitude [m]

Figure 27: Kinematic and kinetic data of the paretic right leg and non-paretic left leg averaged
over all steps of the active condition.
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The difference in the mean stepping amplitude between the two legs can be apprehended in the top
row. The movement profile of the right leg plateaus at full leg extension (35-60 % of the step cycle),
while the profile of the left leg is of a sinusoidal shape without a plateau. The interaction forces at the
feet and the knees progress in a reversed manner, i.e., an increase in the foot force is accompanied by
a decrease of the force at the feet and vice-versa. Error bars are ± one standard deviation. The stick
figure in the top row indicates the corresponding posture of the leg. The data was resampled to a step
cycle of 0 to 100 %.

8.3.2.2 Motor performance during passive stepping
The motor performance showed several significant differences between the left and the
right leg during passive stepping. The knee amplitude was on average 0.004 m larger in the
affected right leg, than in the non-affected left leg (p<0.001). The mean foot force was on
average 13 N smaller in the paretic right leg than in the left leg (p<0.001), as well as the
mean knee force, which was on average 2.7 N lower in the paretic leg (p<0.001). The
movement frequency was not significantly different between the legs during passive stepping
(Table XVI).
Table XVI: Motor performance of the left and the right leg during passive stepping in the
investigated stroke patient
left

right

mean

std

min

max

mean

std

min

max

deltalr

significance

0.139

0.001

0.138

0.142

0.143

0.001

0.142

0.145

0.004

<0.001

stepping frequency [Hz] 0.51

0

0.51

0.51

0.51

0

0.51

0.51

0

1.000

foot force [N]

23.7

3.3

17.3

29.9

10.7

0.4

9.8

11.4

13

<0.001

knee force [N]

-46.6

1.5

-48.3

-40.9

-49.3

0.6

-51.2

-48.2

2.7

<0.001

stepping amplitude [m]

std = standard deviation of the sample, min = minimum of the sample, max = maximum of the
sample, deltalr =difference of means between the left and the right leg, significance = p-value of the
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Wilcoxon sign rank test for mean differences between the left and the right leg, the significance level
α was set to 0.05.

8.3.2.3 fMRI data
Absolute head motion during active stepping was 2.2 mm in x, 2.9 mm in y and 2.6 mm
in z, while during passive stepping, head motion was 0.8 mm in x, 2.3 mm in y and 2.3 mm
in z.
Both stepping conditions led to significant BOLD signal increase in a cluster located over
the medial superior parietal cortex as well as over the primary sensorimotor cortex of both
hemispheres. During passive stepping a bilateral cluster of significant activation was
furthermore found in the primary visual areas in bilateral occipital lobe. Active stepping led
to the activation of two clusters in the right anterior cerebellar hemisphere (Figure 28).
Figure 28: Clusters of significant BOLD-signal increase during passive (top) and active (bottom)
stepping in the investigated stroke patient.
passive

active
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Both conditions led to activation in bilateral medial superior parietal areas as well as in the primary
sensorimotor cortex. The lesion located in the posterior putamen and the internal capsule is
highlighted by the white arrows in the top row. The transverse sections were taken at the level of the
blue lines in the sagittal view. Images are depicted in neurological convention, i.e., left is left. The
color bar (t-values) indicates the strength of the activations. p ≤ 0.001, uncorrected, k = 42 voxels.

8.4 Discussion & Conclusions
These pilot tests in one patient with an SCI and two stroke patients were conducted to
assess the feasibility of experiments combining MARCOS with fMRI to investigate brain
activation during gait-like stepping in neurologic gait-impaired patients. Two of the three
patients withdrew from the experimental procedures or declined participation altogether.
Nonetheless, both gave valuable insight into the issues that may arise during the
investigation of neurologic patients and into how the procedure and the device could be
improved for future investigations:
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•

A personal appointment prior to the first scanning session should be conducted in
which the patient is informed in detail about the planned investigational procedure.
At the same time the patient should be familiarized with the device itself, be given the
experience of being fixated in the robot and also the type of movements that will be
investigated in the experiment. By giving the patients the opportunity to acquaint
themselves with the experimental procedures and the robot, the number of patients
withdrawing from the study at the time of the first scanning session will be reduced.

•

Further adaptation to the fixation of the upper body may be needed, as the current setup can induce discomfort to some patients and possibly autonomous dysreflexia in
SCI patients. In particular, modifications to the knee orthoses and the pelvis fixation
may be necessary.

•

The implementation of an emergency stop switch that can be operated by the patient
would increase the patients’ control over the procedure. A hand held emergency stop
with optical signal transmission has therefore already included in the second
generation device MARCOS II.

•

The appointment with the more severely affected stroke patient 1 substantiated the
indispensability of the assistance of a physical or occupational therapist who is
experienced in transferring hemi- or paraplegic patients, both for the safety and
comfort of the patient.

The investigation of brain activation during stepping in the less impaired stroke patient 2
revealed that the behavioral data recorded by MARCOS during the experiment allows
detecting differences in motor performance between the paretic and the non-paretic leg
(Figure 29).
Figure 29: Movement profiles of active stepping inside MARCOS in the investigated stroke
patient
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Comparison of averaged movement profiles in stroke patient 2 (solid lines) and a representative
control participant (dashed lines). The differences between the left (non-paretic) and the right (paretic)
leg during active stepping of stroke patient 2 become apparent as outlined in the results section,
whereas the movement profiles of the healthy control participant show a higher degree of accordance.
The red dot indicates the starting point of the movement. The curved arrows indicate the direction of
motion.
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Furthermore, brain activation could be recorded in this patient during stepping inside
MARCOS. The estimated head motion during the stepping experiment was above the usual
threshold of ½ voxel size in each spatial direction. The revealed activation was spatially
confined to bilateral medial superior parietal areas and medial primary sensorimotor cortex.
These areas have also been found to be activated in healthy participants during the same
movement conditions. Intriguingly, other areas of the motor network which are usually
activated in healthy participants, such as S2, SMAproper, CMA or the cerebellar vermis
were not found to be activated in this patient. The lack if this activation could be related to
head motion, the lesion in the posterior putamen, or to the inter-subject variability of fMRI
measurements (see Chapter 5). The activation found in this stroke patient is further in
agreement with known supraspinal areas of multi-joint lower limb motor control of gaitrelated movements in healthy participants [35, 39-41, 50-52, 122, 182, 183] and stroke
patients [27, 101, 184].
These results demonstrate that the combination of MARCOS with fMRI can be feasible
for studying brain activation related to the control of active and passive gait-like stepping
movements in neurologic patients. The presented pilot experiments are however only a first
step in the development of an experimental set-up that is feasible for the patient populations
of interest. In particular, patient fixation and head motion remain problematic; further
experiments are therefore required to optimize the approach. Profound information and
careful preparation of the patient as well as ample time to conduct the experiment are
critical.
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9 Overall conclusions & Outlook
The present thesis aimed at investigating the feasibility and reliability of experiments
combining MARCOS with fMRI. A clustered sparse temporal fMRI protocol was applied for
the standardized and repeatable investigation of the neural correlates of active and passive,
bilateral stepping. Activation of the sensorimotor network including cortical, subcortical and
cerebellar areas could be demonstrated. The congruence of the results with brain activation
during over-ground gait underpins the validity of the chosen investigational approach.
Furthermore, it was demonstrated that specific regions of the network are significantly more
engaged in active than passive stepping. The maintenance of limb passivity during
movements that are rendered by the robot was accompanied by activation in areas related to
motor inhibition, indicating that the maintenance of passivity is an active process is healthy
participants. The investigation of passive movements in patients is promising nonetheless.
Simulated ground reaction forces were not found to modulate brain activation in any of
the investigated areas, suggesting that the regulation of muscular activity in postural muscles
required for weight bearing in the stance phase of the gait cycle is regulated at a spinal level
rather than in the brain.
The comparison of brain activation across repeated fMRI experiments revealed fair to
excellent reliability of measurements. It could also be shown that the reliability depends on
the selected sub-regions and applied movement conditions. Reliability of brain activation in
experiments with MARCOS was comparable but not superior to other paradigms despite the
use of a robotic device to control and standardize task execution.
The conduct of fMRI experiments at the scanner was in general very time and energy
consuming both for the participants and the experimenters. Data from a high number of
participants (up to 50 %) had to be excluded from the analyses due to task-related head
motion. The motion capture experiments furthermore revealed that head motion depends on
the amount of leg movement, but also a plethora of other factors. The itemization of these
factors will be very complex.
Pilot experiments in one SCI and two stroke patients revealed that the applied fixations of
the upper body and the head can be perceived as overly restrictive and may potentially
induce discomfort and adverse reactions such as autonomous dysreflexia in SCI patients.
Therefore, the fixations of the upper body should be revised prior to any clinical studies in
patients
The high amount of discarded data and the patient discomfort render the stepping
experiments with MARCOS inefficient and the feasibility of the device for investigations in
patients at present is clearly limited. Subjecting patients to the exertions of the stepping
experiments is unethical if data from many of the conducted measurements must be rejected
from analysis. This finding in particular precludes the conduct of longitudinal studies at
present.
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In closing, it can be stated that the full potential of MARCOS can only be unlocked if the
issue of task-related head motion can be overcome. Once this is achieved, stepping
experiments with MARCOS will be a powerful tool for the standardized investigation of the
supraspinal process involved in lower limb motor control in the healthy as well as in a wide
range of patient populations and disorders. This will also open the unique opportunity to
conduct controlled longitudinal investigations of gait-impaired patients undergoing
locomotor rehabilitation. As such, these studies will undoubtedly reveal a new perspective
on the supraspinal neurophysiological processes underlying the restoration of gait.

9.1 Outlook
In order to fully capitalize on the assets of MARCOS, both the quantity and the quality of
the imaging data yielded by the stepping experiments inside the robot must be improved.
Future imaging studies with the robot should therefore incorporate prospective head motion
correction that is capable of accounting for slice-to-slice head-motion during image
acquisition. At the same time, the issue of discomfort and feeling of restriction observed with
the current upper body fixations, as well as the potential issue of autonomic dysreflexia in
SCI patients (e.g. pressure on urinary bladder by hip fixation, etc.) could be ameliorated,
since fixation of the upper body and the head of the participants could be applied less
restrictively.
After an improved imaging paradigm with motion correction has been established, pilot
experiments in SCI and stroke patients of a wide range of motor disability should be
investigated. This will help to further adapt the imaging paradigm to these specific patient
populations. The patients should be well informed and prepared for the experimental tasks,
and the procedures should be accompanied by a physical therapist with experience in the
handling of neurologic patients.
In a next step, controlled double-blinded interventional studies could then be conducted
in a number of different but in itself homogeneous samples of stroke patients, incomplete
SCI patients and matched control participants. Patient samples could be assembled according
to criteria such as location or size of the lesion. Brain activation should be monitored
repeatedly by stepping experiments with MARCOS over an extended period of functional
gait rehabilitation including precisely defined therapy protocols. The stepping parameters
such as knee amplitude, frequency and foot load should be determined according to the
individual patient. The results of clinical assessments as well as data of motor performance
collected by MARCOS could then be correlated with measures of brain activation.
The major challenge in the interpretation of these studies will be the transfer of the
findings to the clinic. This endeavor might be undertaken by the investigation and
comparison of different groups of patients undergoing the same therapy protocol, or
alternatively matched patient samples undergoing different therapeutic interventions. This
approach would allow differentiating the suitability of different therapy approaches as well
as judge on the efficacy of different therapeutic approaches. In any case, the translation of
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scientific findings to practicable therapeutic approaches will remain an arduous and complex
journey.
Once a refined imaging set-up is available MARCOS could be furthermore applied for:
•

The study of brain activation during tasks of lower limb motor learning or motor
tasks that are related to other aspects of the control of gait (e.g., balance or lower limb
dexterity).

•

The delineation of the reorganization of brain activation in the study of effect and
efficacy of novel pharmacological and surgical treatments aiming at the reconstitution
of lower limb motor functions in SCI patients.

•

Longitudinal studies monitoring brain activation in patients in the acute, as well as in
the sub-acute and the chronic phase of their disease could aim at developing novel
prognostic models to predict the potential benefit of specific therapies.

•

The investigation of single cases presenting with isolated focal lesions affecting
specific tracts of the spinal cord (i.e., due to a focal tumor or bleeding) might be
promising to further disentangle the specific contributions of motor and
somatosensory components, and thereby further deepen our understanding of basic
brain physiology. For example in patients with an anterior cord syndrome motor
losses are more prominent than somatosensory losses, whereas in patients suffering
from a dorsal cord syndrome the somatosensory losses are more prominent. Since the
prevalence of these patients is low, such studies would however remain of anecdotal
nature.

•

The investigation of other disorders leading to an impairment of functional gait. Such
a candidate could be amyotrophic lateral sclerosis, a neurodegenerative disorder
affecting specifically the motor neurons of the affected patients. Weakness of the
skeletal muscles is a symptom that is typical for the early stage of the disease. Also
the investigation of patients suffering from multiple sclerosis or traumatic brain
injury could proof valuable, and yield insights into the pathophysiology and alteration
of brain activation specific to these particular disorders.

Methodologically, the simultaneous application of EEG and fMRI during stepping inside
MARCOS could proof valuable. Since the hemodynamic response measured by fMRI is
slower than a typical gait cycle, the addition of an imaging modality with higher temporal
resolution will help to disentangle the within-gait-cycle dynamics of brain signals.
The conduct of analyses of structural and functional connectivity during the resting state
of the brain as well as during tasks of lower limb motor control might shed further light on
the interplay and hierarchical organization of the involved areas of the brain. Again, these
analyses require an imaging set up that is capable of acquiring artefact free data continuously
during task execution.
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