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Abstract

Walking is an important motor task in everyday life of human beings. It requires the generation

of a basic locomotor movement and its continuous adaptation to external demands. Moreover,

the equilibrium needs to be maintained at all times while in motion. Accomplishing this

challenging motor task requires the contribution and cooperation of neural structures at

all levels of the central nervous system (CNS). Networks within the spinal cord have been

associated with the basic rhythm production while higher centers are suggested to be involved

in locomotor initiation, postural control and several movement modulations. It has been

demonstrated that anticipatory adaptations of the gait pattern required for precise foot place-

ment due to external demands (e.g. uneven terrain or obstacles) are mainly initiated by the

cortex.

Damage to neurons within the spinal cord is referred to as spinal cord injury (SCI) and can dis-

turb the locomotor system. An SCI can have several causes including trauma, vascular insults,

or in�ammation as for example in autoimmune-mediated processes in multiple sclerosis

(MS). Repair mechanisms (i.e. reconnection or remyelination) and consequently recovery

after SCI are limited. The major part of the limited recovery is mediated by reorganization in

neural networks, a process termed neuroplasticity. This process is to some extent task-speci�c

and can be induced during locomotor training (with body weight support if needed), probably

via afferent feedback. In incomplete SCI (iSCI), where some function is preserved below the

lesion, neuroplasticity during locomotor training together with functional compensation

can partially restore walking function. Nevertheless, gait de�cits are often seen in iSCI even

following intensive neurorehabilitation.

Project 1 of this thesis precisely characterized such gait de�cits in ambulatory individuals with

spinal lesions of different etiology after neurorehabilitation. Three groups of etiologies were in-

vestigated including individuals with traumatic and vascular lesions as well as with MS-related

in�ammatory lesions. All three groups exhibited to a similar extent reduced walking speed and

distance as assessed in clinical walking tests (i.e. gait capacity). Kinematic gait pro�les were

derived from motion capture measurements of treadmill walking and were used to describe

several aspects of the gait pattern. While there was high inter-individual variability of gait

pattern de�cits, disturbed coordination between joints within one leg (intralimb coordina-

tion), between the legs (interlimb coordination) and reduced dynamic stability were common
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de�cits across etiologies and individuals. Variability of gait de�cits after spinal lesions has

already been described by previous studies and might be rooted in the heterogeneity of lesion

characteristics (e.g. height and affected parts of the spinal cord). Findings of this thesis further

contributed to the understanding of this variability by elucidating the role of lesion etiology.

Several distinctive features of the gait patterns were observed between different causes of

spinal lesions. Individuals with vascular lesions generally walked with unaltered range of

motion (ROM) of the lower limbs but exhibited accentuated balance problems. Individuals

with MS showed higher levels of gait variability and more pronounced reductions in step

length as well as ROM of leg joints. Traumatic lesions did not exhibit a striking unifying feature

of gait de�cits. While the distinctive distribution of damage may explain the etiology-speci�c

gait de�cits in individuals with vascular lesions, the alterations in MS gait are probably owed

to the differences in the relative contribution of axotomy and demyelination compared to the

other pathologies as well as the presence of additional lesions in other neural centers includ-

ing supraspinal areas. These �ndings highlight that qualitative assessments (e.g. kinematic

gait pro�les) of gait yield a deeper insight into the locomotor pathology than simple clinical

walking tests and that they provide information on underlying mechanisms of gait capacity

impairments. Future studies should establish standardized outcome measures for qualita-

tive walking assessments and determine the possibility of such tests to guide the locomotor

rehabilitation process or assist clinical diagnosis with automated gait pattern classi�cation.

Given that several aspects of locomotion are impaired after SCI, there is high need of multi-

modal assessments of locomotor function for an objective quanti�cation. Animal and human

studies have suggested that challenging locomotor conditions can complement multimodal

locomotor assessments and deliver additional insights into the pathology. A measurement for

the integrity of corticospinal control of locomotion would be highly relevant for the evaluation

of rehabilitation and novel therapy approaches. A suitable task for the assessment constitutes

a locomotor condition with high demands on corticospinal control, as for example during

treadmill-based targeted walking. There, the participant is asked to place the feet according to

an external visual stimulus (i.e. crosses projected on the treadmill belt) in every step. Current

measurement tools of corticospinal control are dif�cult to apply in such a dynamic setting.

However, recent studies suggested that neuromuscular control can be explored with frequency

characteristics of muscle activity quanti�ed in electromyograms (EMG). Project 2 of this thesis

evaluated the potential of EMG recordings during a targeted walking task in the functional

assessment of corticospinal control. In control participants, large adaptations in EMG am-

plitude and frequency characteristics were observed during targeted compared to normal

walking. The most prominent adaptation was an increased activity of the semitendinosus

muscle shortly before the foot strike, probably involved in the precise placement of the foot.

This increased muscle activity was accompanied by intensity shifts in the EMG frequency

spectrum determined by wavelet analysis. Notably, there was a shift of relative EMG intensity

from higher frequencies to frequencies around 30 Hz, a range which has previously been

associated with corticospinal control. Overall, the observed alterations in EMG amplitude

and frequency characteristics re�ect anticipatory adaptations of the gait pattern, which are

most probably originating from the motor cortex. Fittingly, these alterations were reduced
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in individuals with iSCI. The extent of the EMG intensity shift was positively correlated with

the overall walking impairment level of iSCI participants. These �ndings suggest that the

evaluation of intensity shifts in the EMG frequency spectrum during targeted walking are a

candidate surrogate marker for the integrity of corticospinal control of locomotion after SCI.

The application of this method in dynamic settings would be much simpler than existing mea-

surement tools. However, further studies are needed to validate the method in comparison

with such esatblished measures of corticospinal control and assess its sensitivity in tracking

recovery. Additionally, it needs to be determined if the methodology is also applicable in other,

less complex, motor assessments and could therefore possibly contribute to the prediction of

rehabilitation outcome in the acute stage of an SCI.

Besides assessing and guiding the locomotor rehabilitation after SCI, the development of

assistive techniques that improve its outcome is highly relevant. In this context, neuromodu-

lation has come into the focus of research. Various stimulation techniques aim to increase the

possible level of locomotor training, which potentially promotes effects of neuroplasticity and

thereby improves the outcome of locomotor rehabilitation. Promising results were reported for

epidural spinal cord stimulation, which stimulates afferent �bers entering the lumbar spinal

cord with implanted electrodes. The afferent input is hypothesized to modulate excitability in

spinal locomotor networks and increase their responsiveness to the remaining supraspinal

drive. Several immediate effects of the technique on motor control were observed and results

suggest that locomotor rehabilitation can be supported with such stimulation-induced ef-

fects. However, eSCS is an invasive method and involves the risks associated with the surgical

procedure of electrode implantation. The same neural structures can also be stimulated

with skin electrodes (i.e. transcutaneous electrical spinal cord stimulation (tSCS)). While this

technique involves low risks and is easily applied, the stimulation of neural structures is less

speci�c compared to its invasive counterpart. Project 3 investigated immediate effects of tSCS

on motor control in individuals with iSCI. Although the technique immediately improved

active ankle ROM in single joint movements, no group effect was present during locomotion.

However, there was a trend that participants with higher walking impairment were treatment

responders showing effects like faster and more continuous stepping during stimulation. Of

note, project 3 was the �rst ever investigation of mechanisms of tSCS with neurophysiological

measures. Interaction of tSCS with spinal networks was evidenced by the modulation of spinal

re�ex activity. Consequently, tSCS may hold the potential to assist rehabilitation, considering

that interaction with spinal networks and a facilitatory effect on motor control were observed.

However, future studies need to establish if effects on locomotion can be further improved

with repeated administration (i.e. familiarization to the stimulation) or with individualized

stimulation parameters. Moreover, the relevance of the effects in assisting locomotor recovery

need to be investigated in training studies.
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This thesis generated new insights into the characterization of gait de�cits after spinal lesions

and provided contributions to the understanding of the high heterogeneity of gait pattern

alterations. Furthermore, an assessment tool to gauge corticospinal control of locomotion

in iSCI was suggested. Finally, new �ndings on immediate effects of tSCS contribute to

the exploration of non-invasive neuromodulation as therapy-assisting tool. Together, these

�ndings contribute to the advancement of locomotor rehabilitation after iSCI.
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Zusammenfassung

Das Gehen ist eine wichtige motorische Aufgabe im Alltag von Menschen. Es benötigt die

Generierung einer grundlegenden lokomotorischen Bewegung und deren konstanter Anpas-

sung aufgrund von externen Anforderungen. Zusätzlich muss das Gleichgewicht während

des ganzen Prozesses aufrechterhalten werden. Diese herausfordernde motorische Aufgabe

benötigt den Beitrag und das Zusammenspiel von neuronalen Strukturen auf allen Leveln

des zentralen Nervensystems (ZNS). Netzwerke innerhalb des Rückenmarks wurden mit der

Produktion des grundlegenden Rhythmus in Verbindung gebracht und es wird vermutet, dass

höhere Zentren für die Einleitung des Gehens, die posturale Kontrolle und für verschiedene

Modulationen der Lokomotionsbewegung verantwortlich sind. Es wurde gezeigt, dass bei

vorausschauenden Anpassungen des Gangmusters für die präzise Platzierung des Fusses

aufgrund von externen Anforderungen, der Cortex eine zentrale Rolle spielt.

Eine Schädigung von Neuronen im Rückenmark (Rückenmarksverletzung) kann die Kon-

trolle des Gehens stören. Eine solche Rückenmarksverletzung kann verschiedene Ursachen

haben. Dazu gehören Trauma, vaskuläre Insulte oder Entzündungen wie beispielsweise in

autoimmunen Prozessen bei der Multiplen Sklerose (MS). Reparaturmechanismen nach einer

Rückenmarkverletzung (z.b. eine Wiederverbindung von Neuronen) sind eingeschränkt und

die Erholung ist dadurch limitiert. Der hauptsächliche Teil der limitierten Erholung geschieht

aufgrund von Reorganisationen in neuronalen Netzwerken, genannt Neuroplastizität. Die-

ser Prozess ist zu einem gewissen Teil spezi�sch für ausgeführte motorische Aufgaben und

kann durch intensives Gangtraining (falls nötig mit Gewichtsentlastung) ausgelöst werden. In

inkompletten Rückenmarksverletzungen mit verbleibender Funktion unterhalb der Läsion

kann durch Neuroplastizität und allenfalls funktioneller Kompensation die Gehfähigkeit zu

einem gewissen Teil wiederhergestellt werden. Gangde�zite bleiben trotz intensiver Neuro-

rehabilitation meist bestehen.

Projekt 1 dieser Dissertation erarbeitete eine präzise Charakterisierung von Gangde�ziten

in Personen mit chronischen Rückenmarksverletzungen. Drei Gruppen mit verschiedene

Ätiologien wurden untersucht, dazu zählen traumatische und vaskuläre Läsionen, sowie ent-

zündliche Läsionen in Verbindung mit MS. Alle drei Gruppen zeigten in klinischen Gangtests

xi



Abstract

eine in gleichem Ausmass reduzierte Gehgeschwindigkeit und -distanz (Gehkapazität). Ki-

nematische Gangpro�le wurden mittels Marker basierter Ganganalyse auf dem Laufband

erstellt und verwendet um verschiedenste Aspekte des Gangmusters zu studieren. Eine grosse

Variabilität in Gangde�ziten zwischen Personen mit Rückenmarksverletzung wurde gefunden.

Gemeinsame De�zite der Personen und Gruppen waren gestörte Koordination zwischen Ge-

lenken innerhalb eines Beines, gestörte Koordination zwischen den Beinen und eine reduzierte

dynamische Stabilität. Grosse Variabilität in Gangde�ziten zwischen Personen mit Rücken-

marksverletzung wurde bereits in früheren Studien berichtet und ist wahrscheinlich auf die

Heterogenität der Läsionscharakteristika zurückzuführen (z.B. Läsionshöhe, betroffener Teil

des Rückenmarks). Resultate dieser Dissertation trugen zum Verständnis dieser Variabilität

bei und erläuterten die Rolle der Ursache der spinalen Läsion. Mehrere unterscheidende

Gangde�zite wurden zwischen den drei Ätiologien gefunden. Personen mit vaskulären Läsio-

nen zeigten ein unverändertes Bewegungsausmuss in den Gelenken der Beine, im Kontext

von höheren Balanceschwierigkeiten. Personen mit MS zeigten höhere Gangvariabilität und

eine ausgeprägtere Reduktion der Schrittlänge und der Bewegungsausmasse der Beingelenke.

Keine einheitliche Eigenschaft wurde für das Gangmuster nach traumatischen Läsionen gefun-

den. Die spezi�sche Verteilung des neuronalen Schadens bei vaskulären Insulten könnte die

charakteristischen Gangde�zite dieser Pathologie erklären. Die unterschiedliche Beteiligung

der Prozesse Axotomie und Demyelinisierung im Vergleich zu den anderen Pathologien, sowie

mehrfache Läsionen im ZNS und die Beteiligung von supraspinal Zentren, könnten Faktoren

für die spezi�schen De�zite in MS sein. Diese Resultate zeigen, dass Messungen von qualitati-

ven Aspekten des Gehens (kinematische Gangpro�le) zu zusätzlichen Erkenntnissen über die

Gangstörung führen als simple klinische Gangtests ermitteln. Sie können unterschiedliche

Mechanismen für eingeschränkte Gehgeschwindigkeit und -distanz aufzeigen. Zukünftige

Studien sollten die qualitative Ganganalyse weiter standardisieren und untersuchen, ob solche

Messungen die Gangrehabilitation unterstützen können indem sie die Erstellung von indivi-

dualisierten Therapieprogrammen erleichtern. Zusätzlich sollte untersucht werden, ob die

klinische Diagnosestellung von neurologischen Erkrankungen durch qualitative Ganganalysen

unterstützt werden kann.

Da mehrere Aspekte der Gangfunktion nach einer Rückenmarksverletzung eingeschränkt sind

(Gangkapazität und -qualität), sollten Ganganalysen immer multimodale Tests beinhalten. Da-

durch kann eine möglichst objektive Quanti�zierung erreicht werden. Studien in Tieren und

Menschen zeigen, dass verschiedene herausfordernde Gangkonditionen zusätzliche Hinweise

in der Quanti�zierung von Gangstörung liefern. Ein Messinstrument für die Integrität der

kortikospinalen Kontrolle des Gehens wäre relevant für die Evaluation der Therapie und von

neuen Gangrehabilitationsansätzen. Eine geeignete motorische Aufgabe für ein solches Mess-

instrument wäre das zielgerichtete Gehen auf dem Laufband. Dabei muss der Fuss bei jedem

Schritt gemäss einem visuellen Stimulus (z.B. projizierte Kreuze) platziert werden. Etablierte

Messmethoden für die kortikospinale Kontrollen können schwierig in solchen dynamischen

Aufgaben eingesetzt werden. Studien haben aber gezeigt, dass die Frequenzcharakteristika von
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Muskelaktivität, gemessen mittels Elektromyographie (EMG), möglicherweise Rückschlüsse

auf die neuronale Kontrolle zulassen. Projekt 2 dieser Dissertation evaluierte das Potential

von EMG Messungen während zielgerichtetem Gehen als Messinstrument für die funktionale

Integrität der kortikospinalen Kontrolle des Gehens. Es wurden spezi�sche Veränderungen

der Muskelaktivität währen des zielgerichteten Gehens verglichen zum normalen Gehen

in neurologisch intakten Personen gefunden. Die prominenteste Veränderung war eine er-

höhte Aktivität des Semitendinosus Muskels vor dem Fusskontakt, höchstwahrscheinlich in

Verbindung mit der präzisen Platzierung des Fusses. Dies wurde begleitet von EMG Intensi-

tätsverschiebungen im Frequenzspektrum. Eine Verschiebung von Intensität von höheren

Frequenzen zu Frequenzen um 30 Hz wurde beobachtet. Dieser Bereich von EMG Frequen-

zen wurde in früheren Studien mit der kortikalen Aktivierung von Muskeln in Verbindung

gebracht. Die beobachteten Veränderungen von EMG Amplitude und Frequenzcharakteristika

beschreiben vorausschauende Anpassungen des Gangmusters und mehrere Hinweise deuten

darauf hin, dass diese vom Kortex ausgehend sind. In Personen mit Rückenmarksverletzung

wurden diese Anpassungen nur in reduziertem Ausmass beobachtet, was diese Annahme

weiter bekräftigt. Das Ausmass der Verschiebung von EMG Intensität zu Frequenzen um 30 Hz

war zusätzlich positiv korreliert mit dem Level der Gehfunktion. Diese Resultate zeigen, dass

die diese Methode ein mögliches Messinstrument für die kortikospinale Kontrolle des Gehens

nach Rückenmarksverletzung ist. Weitere Studien sind nötig um die Technik zu validieren und

mit etablierten Messinstrumenten zu vergleichen. Zusätzlich sollte untersucht werden, ob

die Methodik auch auf simplere Bewegungen angewendet werden könnte, was die Prognose

des Rehabilitationsverlauf im akuten Stadium von Rückenmarksverletzungen unterstützen

könnte.

Nicht nur Messinstrumente der Gangfunktion sind wichtig, sondern auch die Entwicklung

von Techniken, welche das Rehabilitationsergebnis nach Rückenmarkverletzung steigern,

ist relevant. Neuromodulation ist in diesem Zusammenhanf in den Fokus der Forschung

geraten. Verschiedene Stimulationstechniken versuchen das Level von Gangtrainings zu er-

höhen, dadurch die Neuroplastizität zu verstärken und das Ergebnis der Rehabilitation zu

verbessern. Vielversprechende Resultate wurden für die epidurale Rückenmarksstimulation

gezeigt. Dabei werden afferente Nervenfasern, welche in das lumbale Rückenmark münden,

mittels implantierten Elektroden stimuliert. Diese afferente Stimulation soll die Erregbarkeit

der spinalen Netzwerke modulieren und sie zugänglicher für die verbleibenden supraspinalen

Ein�üsse machen. Verschiedene unmittelbare Effekte der Technik wurden beobachtet und es

wurde auch gezeigt, dass diese die Gangrehabilitation unterstützen können. Allerdings bein-

haltet die Technik das Risiko einer invasiven Elektrodenimplantation. Die gleichen neuronalen

Strukturen können auch mittels Hautelektroden stimuliert werden (transkutane elektrische

Rückenmarksstimulation). Diese Technik beinhaltet geringe Risiken und ist einfach in der

Anwendung. Die Stimulation der neuronalen Strukturen ist allerdings weniger spezi�sch als

bei der invasiven Variante. In Projekt 3 wurden die unmittelbaren Effekte der transkutanen

Rückenmarkstimulation auf die Motorik nach inkompletter Rückenmarksverletzung unter-
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sucht. Die Technik resultierte in einer Vergrösserung des aktiven Bewegungsausmasses im

Sprunggelenk bei isolierten Fussbewegungen. Es konnte allerdings kein Gruppeneffekt auf

die Gehfähigkeit beobachtet werden. Stärker betroffene Personen zeigten jedoch den Trend

eher von der Stimulation zu pro�tieren. Dabei wurden schnelleres und kontinuierlicheres

Gehen beobachten. In Projekt 3 wurden zum ersten Mal Mechanismen der transkutanen

Rückenmarksstimulation mittels neurophysiologischer Messungen untersucht. Die Stimu-

lation modulierte die Aktivität eines spinalen Re�exes und die Interaktion der Technik mit

spinalen Netzwerken wurde dadurch bestätigt. Dies und die Resultate von positiven Effekten

auf die Motorik zeigen, dass die transkutane Rückenmarksstimulation allenfalls die Rehabilita-

tion nach Rückenmarksverletzung unterstützen könnte. Weitere Studien müssen untersuchen,

ob mehrfache Anwendung (Angewöhnung an die Stimulation) oder individuelle Stimulations-

parameter die Effekte auf das Gehen vergrössern können. Schlussendlich müssen Trainings-

studien zeigen, ob die Effekte relevant genug sind um die Rehabilitation zu beein�ussen und

das Resultat zu steigern.

Diese Dissertation generierte neue Einblicke in die Charakterisierung von Gangde�ziten

nach Rückenmarksverletzung und trägt zum Verständnis der hohen Heterogenität von De�-

ziten bei. Weiter wurde ein mögliches Messinstrument für die Integrität der kortikospinalen

Kontrolle des Gehens nach Rückenmarksverletzung vorgeschlagen. Neue Resultate zu den

unmittelbaren Effekten der transkutanen Rückenmarksstimulation tragen zur Untersuchung

der nicht invasiven Neuromodulation als Unterstützung der Rehabilitaion bei. Alle diese Re-

sultate zusammen leisten einen Beitrag für die Weiterentwicklung der Gangrehabilitation

nach Rückenmarksverletzungen.
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Chapter 1. General introduction

1.1 Neural control of human locomotion

Locomotion is de�ned as the ability to voluntarily move from one place to another and is

crucial for the survival in a multitude of species. There are various forms of locomotion,

which are adapted to speci�c needs and different environmental media (i.e. land, water,

air) [1]. Active locomotion typically involves cyclic movements [2]. In humans, the main

locomotor modality is bipedal walking, which is based on rhythmic movements of the lower

limbs resulting in so-called step cycles. A step cycle comprises two steps – one step for

each leg - with each step consisting of a stance and a swing phase [3]. In order to perform

functional locomotion, not only the generation of the locomotor movement is important but

it also requires constant adaptation of the pattern to several environmental needs. Moreover,

the equilibrium needs to be maintained during the whole process [4]. This complex motor

task involves neural control centers at all levels of the central nervous system (CNS) [2].

Investigation of human neural control of walking is methodologically challenging and a major

part of knowledge is based on animal studies [2].

There is strong evidence that spinal interneuronal networks are involved in the generation of

the basic rhythmic pattern of locomotion. It has been demonstrated that spinal locomotor

networks have the potential to produce a rhythmic movement pattern including the alternat-

ing activation of �exor and extensor muscles independent of supraspinal or sensory input

[5–7]. While direct evidence for the existence of this independent pattern generation exists in

animals through transection studies (e.g. in the cat) [8], only indirect proof exists in humans.

Examples of such indirect evidence are the presence of step-like movements in newborns [9],

observation of involuntary, rhythmic movements of the lower limbs without supraspinal input

(complete spinal cord injury (SCI)) [10], and the fact that tonic electrical stimulation of the

afferents of the lumbosacral spinal cord results in stepping-like movements in the same neu-

rological condition [11]. The activity of spinal locomotor networks is modulated and shaped

by movement-related input from proprioceptive and skin afferents as well as by supraspinal

input [12]. The in�uence of supraspinal centers on the control of locomotion is more critical

in humans compared to lower vertebrates due to the higher demands of supraspinal input in

bipedal gait [13–15].

Various supraspinal centers contribute to the control of locomotion [14]. Centers in the

brainstem have direct descending connections to spinal locomotor networks and are involved

in the initiation of locomotion, postural control and the modulation of the spinal locomotor

rhythm by regulating muscle tonus [16–18]. Cortical centers including the motor, premotor,

and supplementary motor cortex are also involved in locomotor initiation and controlling leg

muscle activity possibly by modulating spinal circuits or alpha-motoneurons activity [2, 14, 19].

Signals from the cortex are transmitted via the corticospinal tract to spinal locomotor networks

or directly to motoneurons [20, 21]. In�uence of cortical centers on the locomotor movements

is phase-dependent during the step cycle [22]. Cerebellum and basal ganglia interact with

cortical and brainstem centers and in�uence the regulation of the basic locomotor pattern [17,

23, 24]. Some processing in the brainstem, the cerebellum, and the basal ganglia might occur
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1.2. Spinal cord injury

without requiring attention, which is probably critical for automated locomotion besides the

suggested automatic rhythm production within the spinal cord [18].

Adaptability of the gait pattern, which is e.g. required during obstacle avoidance or walking on

uneven terrain, is another important prerequisite for functional locomotion. Such conditions

require anticipatory adaptations of the gait pattern according to external demands in order to

precisely adjust the placement of the foot. Integration of proprioceptive and visual signals is

crucial for this behavior, for which the motor cortex has been shown to be the main initiator

[25–30]. In contrast to their anticipatory counterpart, reactive adaptations to e.g. external per-

turbations are rather associated with the brainstem and spinal centers [31–34]. These reactive

adaptations typically include stumbling reactions as during a collision with an obstacle in the

swing phase or slipping.

Besides extensive research, several aspects of locomotor control and detailed insights into

neural processes remain unknown. However, damage at any level of the locomotor control

system within the CNS can result in walking disturbances [35]. The manifestations of damage

highly depend on the underlying condition causing the damage as well as the location of

lesions or alterations [36, 37].

1.2 Spinal cord injury

Various pathologies can disturb the locomotor system by causing damage to neurons in the

spinal cord, which is referred to as SCI. An SCI can affect spinal circuits as well as afferent

and efferent connections from and to supraspinal centers [38]. Lesions in the higher spinal

cord affect upper and lower limbs (tetraplegia), whereas thoracic and lumbar lesions affect the

lower limbs (paraplegia) only [39]. Locomotor disturbances are caused by resulting sensori-

motor impairments in lower limbs, which depend on the location (height and cross-sectional

location) of the damage [40, 41]. Neurological impairment also depends on the number of

damaged neurons and is usually clinically classi�ed using the International Standards for

Neurological Classi�cation of Spinal Cord Injury [42, 43], which involves the following three

measures. The American Spinal Injury Association (ASIA) motor and sensory scores assess the

remaining function in myotomes or dermatomes, respectively. The sensory scores is addition-

ally divided into a light touch and a pinprick assessment, to establish a rough discrimination

of sensory tract systems. Light touch serves as surrogate marker for the integrity of the dorsal

columns and pinprick for the integrity of spinothalamic tract [44, 45]. The third assessment,

the ASIA impairment scale (AIS), classi�es the completeness of the injury according to the

remaining function and serves as a surrogate marker for the injury severity (A: motor and sen-

sory complete; B: motor complete, sensory incomplete; C & D: motor and sensory incomplete,

E: no neurological impairment). Injuries classi�ed as ASIA A are referred to as complete SCI,

whereas injuries with ASIA B-D classi�cation are incomplete SCI (iSCI). Besides sensorimotor

impairments, SCI can cause various other complications including pain, disturbed bladder

and bowel function, autonomic dysre�exia, pressure ulcers, and sexual dysfunction [39].
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Chapter 1. General introduction

SCI can have different etiologies, which are classi�ed into traumatic or non-traumatic. In

traumatic SCI (tSCI), external forces (e.g. an accident) damage the spinal cord. In non-

traumatic SCI, chronic disease processes cause spinal lesions, as in spinal stenosis or tumors

[38, 39]. Another major non-traumatic etiology is vascular SCI (vSCI) caused by complications

with spinal cord blood supply including ischemia or hemorrhage [46, 47]. Additionally, damage

to spinal neurons can also be caused by in�ammatory processes [48]. These can be caused by

viral or bacterial infections [49] but can also be autoimmune-mediated, as in neuromyelitis

optica [50] or multiple sclerosis (MS) [51]. In contrast to the other etiologies causing damage to

the spinal cord only, neuromyelitis optica additionally affects the optic nerve and in�ammatory

processes in MS are commonly disseminated over the whole CNS.

1.3 Locomotor recovery after spinal cord injury

After damage to neurons in the spinal cord, biological repair mechanisms (e.g. regeneration

or reconnection of �bers) are highly limited, thereby restricting the recovery of sensorimotor

function and locomotion [52, 53]. Improvements of function predominantly rely on the

formation of compensation strategies as well as on neuroplasticity, which is the process

of reorganization in neuronal circuits [54, 55]. As such, neuroplasticity alters the function

of neural networks with a possible subsequent optimization of their function and involves

mechanisms like collateral sprouting and synaptic rearrangement [56, 57]. Neurorehabilitation

keeps the amount and extent of compensation strategies as low as possible and aims to

maximally promote neuroplasticity. Some neuronal reorganization takes place spontaneously

after an SCI [58], however, use-dependent neuroplasticity can be promoted at spinal and

supraspinal levels by physical training [59–61]. Animal studies showed that use-dependent

neuroplasticity is induced by a general physical activity level (i.e. unspeci�c training) [62, 63],

but a major aspect of the process seems to be task-speci�c meaning that neural networks

associated with the executed task are predominantly optimized [64, 65]. In human SCI, task-

speci�c afferent input to spinal locomotor networks below the lesion promotes neuroplasticity

in the locomotor system and is induced during various forms of locomotor training [66, 67]. In

severe SCI, induction of neuroplasticity is achieved by providing body weight support (BWS)

and if needed additional stepping assistance [68]. Such stepping assistance can be provided

manually, or mechanically by exoskeletons [69]. While absent or insuf�cient remaining

function and scarce recovery in severe SCI results in permanent wheelchair dependency,

remaining function and recovery in iSCI injuries may allow the partial restoration of locomotor

function [70]. This thesis concern locomotor function after spinal lesions and consequently

focuses on iSCI with remaining walking function.
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1.4. Locomotor dysfunctions after spinal cord injury

Other than most causes of iSCI, which involve one insult with limited recovery and a subse-

quent stable chronic state, auto-immune pathologies causing spinal lesions such as MS also

involve disease progression with newly forming lesions in the spinal cord or in other CNS

areas [51, 54]. Either way, gait de�cits after an incomplete spinal lesion often persist even

following intense locomotor rehabilitation programs independent of etiology [71, 72].

1.4 Locomotor dysfunctions after spinal cord injury

Gait de�cits after iSCI are mainly caused by the resulting muscle weakness, sensory dysfunc-

tions and spasticity and concern several critical aspects of walking function [40]. While gait

capacity represents possible degrees of locomotion (e.g. speed and distance), functional

independence represents the amount of required assistance (i.e. walking aids or braces). Im-

pairments in both aspects are seen after iSCI and highly limit the independence of individuals

with SCI in everyday life [73, 74].

Another aspect of walking function is gait quality, which describes the properties of the

movements comprising the gait pattern. Gait quality impairments can be considered the

underlying mechanism of de�cits in gait capacity and functional independence [75]. Several

studies investigated kinematic properties of the gait pattern after iSCI and identi�ed a wide

range of de�cits. These included altered range of motion (ROM) of the leg joints, enhanced

gait variability, decreased gait symmetry and impaired intralimb coordination [41, 71, 76–

78]. Intralimb coordination represents the interplay of lower limb joints within one leg [76].

There is a large variability between individuals concerning the gait pattern de�cits, which

is probably caused by various lesion characteristics [41, 76] and might also differ between

different causes of SCI. This complicates the identi�cation of speci�c gait pattern de�cits

across the SCI population (i.e. an “SCI gait”). Alterations of the kinematic gait pattern are

mainly the emergence of changes in amplitude and timing of muscle activity, which was

further described in individuals with iSCI [79].

Besides gait quality, also gait adaptability is altered after iSCI. Previous studies have demon-

strated that iSCI individuals can adapt certain parameters to different walking speeds [71,

80]. Further, it has been shown that adaptions to uphill walking are possible within a certain

limit but different kinematic strategies than neurologically intact controls were used [81].

Anticipatory adaptations within a step cycle requiring the integration of sensory feedback and

corticospinal control, have been investigated using obstacle avoidance tasks. These studies

showed that iSCI individuals were able to adapt the pattern and could avoid obstacles within

a certain limit, however they again used different strategies than neurologically intact controls

[82, 83].
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1.5 Assisting locomotor recovery

Given the remaining impairments of walking function in SCI after intensive neurorehabili-

tation, the development of techniques that improve its outcome is highly relevant. Whereas

some approaches currently under investigation aim to enable neural repair and bridge the le-

sion (e.g. pharmacological approach [84]), others aim to enhance levels of locomotor training

and thereby achieve an increased effect of neuroplasticity [85]. For the latter, neuromodula-

tion techniques at various levels of the CNS have come into focus of research and have been

suggested or already reported to support locomotor rehabilitation after iSCI. These techniques

include transcranial direct current stimulation[86], repetitive transcranial magnetic stimu-

lation [87], functional peripheral nerve stimulation [76, 88], deep brain stimulation [89] and

electrical spinal cord stimulation (SCS) [90, 91]. Particularly the latter experienced recently

high attention in research and many advances in development.

One SCS technique involves constant direct current stimulation at low amplitudes applied

with skin electrodes, which is hypothesized to modulate excitability within the spinal cord

after a longer stimulation period (several minutes) [92, 93]. As in direct current stimulation of

the brain, the nature of the modulation depends on the type of stimulation (i.e. cathode or

anode over the target region) [94, 95]. Several modulatory effects have been demonstrated

after spinal direct current stimulation at thoracolumbar levels on lower limb re�ex activity and

corticospinal excitability [93, 94, 96]. First pilot results showed in one participant with a cross-

over design an increased outcome of a locomotor training in combination with the technique

[97]. However, main mechanism and target stimulation structures remain unknown.

Another SCS approach involves current pulses at higher amplitudes to directly depolarize

afferent �bers entering the lumbar spinal cord via the dorsal roots. This can be achieved with

epidural (eSCS) or with skin electrodes (transcutaneous SCS (tSCS))[98–100]. It is hypothesized

that the resulting multisegmental afferent input is able to increase the excitability of spinal lo-

comotor networks and to regulate segmental spinal circuitry activity. This modulation should

enhance the responsiveness of spinal locomotor circuits to the remaining descending input

resulting in improved motor control during stimulation, which possibly allows locomotor

training at a higher level with enhanced neuroplasticity [101–105]. Several immediate effects

eSCS or tSCS have been observed in individuals with SCI including the initiation or facilitation

of lower limb extension [106, 107] or locomotor-like movements [11, 99, 108, 109]. Further-

more, both stimulation modalities have been reported to attenuate spasticity [105, 110]. The

observed effects depended on the applied stimulation frequency. While these immediate

effects suggest an interaction of the techniques with spinal networks, speci�c knowledge on

excitability modulations and involved spinal networks remain absent. Nevertheless, eSCS has

recently been shown to promote locomotor recovery in chronic SCI in independent studies

[91, 111, 112]. The term SCS is hereinafter used for the direct electrical stimulation of lumbar

afferents (i.e. not spinal direct current stimulation).
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1.6 Assessing locomotor function after spinal cord injury

The development of new therapy assisting techniques in iSCI requires sensitive and reliable

outcome measures of walking function [75]. Furthermore, walking assessments are also

needed to guide and evaluate the locomotor rehabilitation process. The different aspects of

walking function require different types of assessments in individuals with spinal cord lesions.

1.6.1 Assessments of functional independence and gait capacity

Assessments of functional independence usually involve standardized questionnaires which

allow a rater to classify the amount of assistance needed for locomotion. In SCI, the Walking

Index for Spinal Cord Injury (WISCI) is a commonly used scale for functional independence

of locomotion [113]. Assessments of gait capacity include measures of speed and distance.

Maximal walking speed is commonly determined using the manually stopped time needed

to walk a certain distance. While a distance of 10 meters is commonly used in the SCI �eld

(10 meter walk test (10MWT)) [114], the application of 25 feet is more prevalent in individuals

with MS (timed 25-foot walk test (T25FW)) [115]. Walking endurance, another factor of

walking capacity, is usually assessed by the maximum distance walked within 6 or alternatively

2 minutes [114, 116]. Timed walking tests show high inter- and intra-rater reliability and

consequently allow the accurate tracking of gait capacity over time [117, 118]. Furthermore,

they require a low amount of equipment and almost no training of assessors. The main

disadvantage of these timed-walking tests is however that they do not provide information on

mechanisms underlying the actual impairments of gait capacity [75]. For this, assessments of

gait quality are required.

1.6.2 Assessments of gait quality

Qualitative aspects of walking function can be assessed in several ways. The simplest form is

the visual inspection by an expert. While this assessment requires a low amount of time and

equipment, it requires at the same time highly trained examiners and only slight to moderate

inter-rater reliability of such examiners has been reported [119]. Various questionnaires

attempt to standardize qualitative gait assessments (e.g. spinal cord functional ambulation

inventory [116]). Sensitivity of these tests however is limited due to the use of ordinal scales.

Another approach of standardized qualitative assessments are instrumented gait analyses.

Various measurement techniques can be used to quantify different aspects of gait quality.

Goniometers or marker-based motion capture systems allow the evaluation of kinematic

properties of the gait pattern. While goniometers capture the angular excursions, motion

capture analysis allows the calculation of a wide variety of kinematic parameters based on

the tracking of re�ective markers on anatomical landmarks [72, 109, 120, 121]. Wearable

sensors also allow the quanti�cation of gait kinematics, however, further standardization of

outcome measure extraction is needed [122–124]. A large advantage of wearable sensors is
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their application outside of a laboratory [125]. Walking kinetics can be studied using pressure

or force plates and ground reaction forces obtained with the latter allow the calculation of joint

moments through inverse dynamics [126, 127]. Surface electrodes can record electrical activity

related to the action potential generation and the resulting electromyograms (EMG) represent

the activity of skeletal muscles [128]. Depending on the aim, appropriate measurement

instruments can be selected or combined. While these techniques allow the precise and

reliable assessment of walking quality, large amounts of equipment as well as highly trained

examiners are required.

Some of these measurement techniques cover only a limited spatial volume making it a

challenge to record a suf�cient amount of step cycles for reliable analysis. Gait analysis on a

treadmill is a common solution to overcome this problem. Although the treadmill represents a

different sensory environment than over ground walking [129, 130], comparable gait patterns

have been observed for the two modalities, provided that an initial acclimatization phase for

treadmill walking is incorporated [131–133]. However, con�icting results were reported for the

duration of this acclimatization period [132, 134–138], which might be explained by different

acclimatization durations for different gait parameters.

1.6.3 Challenges in locomotor assessments after spinal cord injury

Assessments of functional independence, gait capacity and gait quality have two common

disadvantages. Firstly, the assessments require a form of locomotion. Consequently, it is not

possible to predict any outcome of recovery with these tests if locomotion is not yet possible,

e.g. in acute, severe SCI. For this purpose, the application of several surrogate markers for the

prediction of locomotor function were explored. Main surrogate markers comprise the injury

classi�cation, imaging or neurophysiological measures [139]. The latter includes the assess-

ment of the integrity of descending motor tracts using TMS or the examination of the integrity

of ascending sensory pathways with the elicitation of somatosensory evoked potentials [140,

141]. Additionally, the use of lower extremity motor scores [142] or the movement ability of

the ankle joints were suggested as surrogate marker and predictor of locomotor function [143,

144].

Secondly, the assessments are not able to discern spinal and supraspinal aspects of locomotor

de�cits and recovery, which could provide additional insights into underlying mechanisms

[75]. Recently, a spinal polysynaptic re�ex elicited by electrical tibial nerve stimulation has

been suggested as a marker for the functionality of spinal locomotor networks after an SCI

[59]. In neurologically intact individuals, the electrical stimulation of cutaneous afferents

of the tibial nerve results in an early (short-latency) re�ex activity around 60 – 120 ms after

stimulation. After severe SCI, a pathological late (long-latency) component develops at 120 –

450 ms after stimulation and gradually replaces the early component [59, 145–147]. It has been

suggested that the two re�ex components represent two different neural pathways within the

spinal locomotor networks and that excitability alterations and imbalances in these networks
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are the cause of the pathological strengthening of the late re�ex component following an SCI

[145, 148, 149]. Re�ex activity was furthermore found to differ between individuals with SCI of

different impairment levels and a more pronounced (dominant) early re�ex component was

associated with higher gait capacity. Consequently, the ratio of the two re�ex components was

suggested as a marker of the functionality of the spinal locomotor networks [59].

Another challenge is the assessment of the functional integrity of supraspinal contribution

to locomotion. Motor tasks with systematic demands on supraspinal aspects of locomotion

could be suitable for such assessments. Consequently, motor tasks requiring the anticipatory

adaptation of the gait pattern to external demands might be adequate for the functional

assessment of the integrity of corticospinal control [25–30]. Several possible measurement

techniques including functional magnetic resonance imaging (fMRI), electroencephalography

(EEG) or TMS would deliver valuable insights on corticospinal control during such a task,

however, their application in a dynamic setting is methodologically challenging or impossible.

[29, 150, 151]. Recent studies suggested that cortical contributions to movements can be

explored using frequency characteristics of EMGs. Synchronized motor unit action potentials

caused by descending drive have been shown by the presence of cortico-muscular coher-

ence (i.e. EEG-EMG coherence) in frequencies ranging from 20 – 60 Hz during voluntary

contractions and during locomotion [152–154]. Firing synchrony within or between muscles

in this frequency range measured as intra- or intermuscular coherence was also observed

and suggests a common neural input to a muscle probably originating from the motor cortex

(indicated by EEG-EMG coherence [155, 156]. This assumption was further evidenced by

�ndings of increased inter- or intramuscular coherence in voluntary gait pattern adaptations

requiring higher cortical contribution [28, 156, 157]. Additionally, decreased coherence was

present in voluntary movements in neurological diseases reducing corticospinal input (e.g.

SCI) [158–160]. Findings of a recent study indicate that not only synchrony but also the rela-

tive amount of EMG intensity in these frequency ranges could be indicative of corticospinal

control [161]. However, the potential of EMG frequency characteristics in the assessment of

the integrity of corticospinal control still needs to be further explored.

1.7 Aims and outline of the thesis

This thesis aimed at gaining new knowledge on the properties, the assessment, and the therapy

of locomotor dysfunction after iSCI. The three main projects of the thesis used qualitative

walking assessments including motion capture and EMG to explore the diverse aspects of

locomotor function after iSCI and to answer various research questions.

Project 1: Common and distinctive features of gait de�cits are seen in different
spinal disorders

Project 1 aimed at precisely characterizing the consequences of a spinal lesion on qualitative

aspects of walking function using kinematic gait analysis. The gait pattern was recorded during
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treadmill walking in 31 individuals with spinal lesions and a comprehensive set of kinematic

gait parameters was subsequently compared to a large pool of 80 control participants. Fur-

thermore, etiology-speci�c differences in gait de�cits were studied in individuals with spinal

pathologies including traumatic or vascular damage and in�ammatory lesions caused by MS.

The precise characterization of gait pattern alterations aids the understanding of the neural

control of locomotion, supports the development of tailored therapies and improves the

methodology of qualitative gait analysis with the identi�cation of sensitive outcome measures.

The �ndings of project 1 were summarized in a manuscript [162], which was submitted for

publication and is included as Chapter 2 in this thesis.

Project 2: Targeted walking in incomplete spinal cord injury: Role of corticospinal
control

The goal of project 2 was the characterization of gait pattern adaptations during a treadmill-

based targeted walking task, where the foot has to be placed in every step according to a

visual stimulus. The adaptations were investigated in control participants and in individuals

with iSCI using EMG recordings and kinematic gait analysis. With the characterization, the

study aimed at evaluating the potential of the task in combination with EMG recordings as

a functional assessment of corticospinal control of locomotion after iSCI. Concerning EMG

analysis, a special focus was set on speci�c EMG frequency characteristics revealed by intensity

analysis in time-frequency space (i.e. wavelet analysis), which were suggested as indicative

for corticospinal control demand by previous studies [161]. Project 2 resulted in a published

manuscript [163] , which is included in this thesis as Chapter 3.

Project 3: Immediate effects of transcutaneous spinal cord stimulation on motor
function in chronic, sensorimotor incomplete spinal cord injury

The third project of this thesis aimed to examine immediate effects of tSCS on motor control

in individuals with iSCI. For this, ten individuals with iSCI performed various motor tasks

without and with tonic tSCS. The investigated motor tasks were single joint ankle movements

and assisted over ground walking. Stimulation effects were evaluated for three different tonic

stimulation frequencies. Additionally, the underlying mechanisms of the stimulation were

investigated using a spinal re�ex as surrogate marker for the functionality of spinal locomotor

networks. This project extends the knowledge on tSCS and contributes to the investigation of

its potential as an assisting technique of locomotor rehabilitation after SCI. Project 3 resulted

in a manuscript submitted for publication [164] and is included in this thesis as Chapter 4.

Methodological projects

In addition to the three main projects, two methodological questions were addressed in the

framework of this thesis resulting in two publications [121, 165] . Findings of these two projects
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contributed to the methodological basis of the three main projects. They are not included

as full chapters in this thesis, but they are highlighted in the general discussion. For both

methodological projects, a part of the work was accomplished during my Master Thesis (i.e.

data collection and part of data processing).

The �rst methodological project involved the investigation of practice effects in key clinical

walking tests upon repeated administration. For this purpose, gait capacity assessments were

performed in control participants and in individuals with MS on three consecutive days and

additionally four weeks later to study retention of practice effects.

The second methodological project aimed at the determination of the acclimatization period

to treadmill walking in 40 neurologically intact control participants. They walked for 10

minutes on the treadmill while walking kinematics were continuously recorded with a motion

capture system.
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Chapter 2. Common and distinctive features of gait de�cits are seen in different spinal
disorders

2.1 Abstract

Spinal cord damage may arise from trauma, ischemia or in�ammation, all of which can lead

to impaired walking function and mobility. The functional consequences of distinct forms of

spinal pathology have been poorly characterized. This study compared gait impairments of 31

individuals with spinal cord lesions due to trauma (tSCI; n=16), vascular insults (vSCI; n=6)

and autoimmune-mediated in�ammation in multiple sclerosis (MS; n=9). Patients with spinal

cord damage showed reduced walking capacity in clinical walking tests (6-minute walking

test, timed 25-foot walk test), with the extent independent of lesion etiology. Gait analysis

assessing 38 kinematic parameters during free walking on a treadmill revealed impaired intra-

and interlimb coordination and reduced dynamic stability to be common to all etiologies.

Walking after vSCI was characterized by unchanged lower limb joint excursions in the context

of accentuated balance de�cits, while the MS group exhibited higher gait parameter variability

and reductions in step length and knee range of motion. Individuals with tSCI did not reveal

a distinctive feature. Based purely on the gait pattern, these three different lesion etiologies

could be distinguished with high accuracy (binary logistic regression; 100% for tSCI vs. vSCI

and vSCI vs. MS; 88% for tSCI vs. MS). While walking performance measures are unspeci�c to

the underlying condition, kinematic gait pro�ling revealed disease-speci�c walking patterns

and promises to assist the development of individualized locomotor therapies and the identi-

�cation of sensitive locomotor outcome measures for clinical trials. Automated separation of

gait patterns has the potential to support and re�ne clinical diagnosis.

2.2 Introduction

Locomotion is a complex motor task which relies on the integrity and interaction of neural

centers at different levels of the central nervous system (CNS)[2]. Locomotor function can be

impaired by lesions of the spinal cord, whereby spinal neurons and circuits are damaged and

both efferent and afferent connections between spinal and supraspinal centers interrupted

[38]. While such damage can arise from a host of pathologies, the most commonly encountered

etiologies are trauma, vascular events and in�ammation [166]. Spinal cord injury (SCI) may

result from trauma or direct compression by disc herniations [167] (tSCI) or as a result of

vascular pathologies such as ischemia or hemorrhage [46, 47] (vSCI). While autoimmune-

mediated in�ammatory processes, typi�ed by multiple sclerosis (MS), may cause lesions

anywhere in the CNS, lesions in the spinal cord are common and are frequently associated

with locomotor impairments [168, 169].

While severe spinal cord damage frequently leads to wheelchair-dependency, individuals

with partially-preserved function can remain ambulatory with a wide variety of gait pattern

disturbances [40, 170]. The speci�c impacts of different etiologies of spinal cord lesions in

terms of locomotor impairment are, however, substantially unexplored. Impaired intralimb

coordination, enhanced gait variability, altered leg joint range of motion (ROM), and decreased

gait symmetry have been reported in SCI cohorts consisting of tSCI, vSCI and other non-
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traumatic etiologies [41, 71, 76–78]. In contrast to the typically focal cord damage sustained

in tSCI or vSCI, MS-associated cord lesions often occur in combination with in�ammatory

foci across the CNS, including supraspinal areas [51]. Nonetheless, previous studies have

revealed gait de�cits common to MS and isolated spinal lesions, including reduced leg joint

ROM, increased gait variability and decreased gait symmetry [41, 71, 72, 76, 78, 171–173].

These apparent commonalities in walking impairments may re�ect spinal lesions of different

etiologies exerting a similar effect on walking function [30].

Precise characterization of common and divergent ambulatory de�cits in myelopathies of

different etiologies may assist in the development of tailored therapies and the identi�cation

of novel locomotor outcome measures in clinical and research settings. This study aimed to

comprehensively analyze the kinematic gait patterns of ambulatory patients with different

spinal cord lesions, comprising tSCI, vSCI and MS with veri�ed spinal lesions (spinal MS),

during treadmill walking.

2.3 Materials and methods

This study was approved by the cantonal ethics commission of Zurich (KEK-ZH 2014-0004)

and was conducted in accordance with Good Clinical Practice (GCP) and the Declaration of

Helsinki. All participants gave informed consent.

2.3.1 Participants

Individuals with chronic (> 12 months) tSCI or vSCI and individuals with spinal MS were

recruited at University Hospital Balgrist and University Hospital Zurich in Switzerland. A key

inclusion criterion was that individuals with tSCI and vSCI were required to have a lesion

level above T12 to ensure intact second order motor neurons innervating the lower limb

muscles and exclude peripheral lesions. All types of MS were included, with the restriction

that individuals had ¸ 1 spinal lesion and those with relapsing-remitting MS (RRMS) had to be

relapse-free for ¸ 2 months. Spinal lesions were veri�ed in individuals with MS using, clinical

MRI scans. All patients had to have a functional walking impairment (maximum overground

walking speed · 7 km/h due to speed matching requirements; see experimental procedure) but

needed to be able to walk on a treadmill without handrails. Patients with a second neurological

or orthopedic diagnosis were excluded from the study. All patients' neurological status was

evaluated using the Expanded Disability Status Scale (EDSS) as routinely assessed in MS [174].

The EDSS subscales of the pyramidal, sensory and cerebellar functional systems were used to

compare the neurological status between groups with different types of spinal lesions.

Eighty control participants from a large healthy cohort ( n Æ121) were distributed into four

control groups of 20 participants each based on age (younger: 20-49 years; older: 50-80 years)

and sex. Every individual with spinal lesion was assigned to the corresponding control group

out of the four. All control participants were medically screened by a neurologist to verify the
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absence of neurological or musculoskeletal disorders that could affect gait.

2.3.2 Experimental setup

Kinematic gait analyses on the treadmill were conducted in one of two gait laboratories.

Motion capture systems (Vicon, Oxford, UK) recorded treadmill walking with a sampling

frequency of 200 Hz. A set of 46 re�ective markers was placed on anatomical landmarks

according to a modi�ed Plug-in gait model [175]. All participants were secured with a non-

weightbearing harness. A monitor in front of the treadmill was adjusted to eye-height and

displayed a black cross on which participants were asked to focus while walking.

2.3.3 Experimental procedure

All participants completed two study sessions on different days. In a �rst session, participants

were familiarized to treadmill walking for about 40 minutes at different velocities. In the

second session (1-7 days after the �rst), maximal walking speed was determined using the

Timed 25-Foot Walk test (T25FW)[176]. After a second treadmill familiarization of more than

6 minutes [121], 30 seconds of unassisted, barefoot walking was recorded. Participants with

spinal lesions walked at 50% of their maximal overground walking speed rounded to intervals

of 0.3 km/h [161, 163, 177]. Control participants walked at absolute speeds ranging from 0.4

km/h up to 3.1 km/h rounded to the same intervals of 0.3 km/h for absolute speed matching

of controls to participants with spinal lesions. At the end of the second session, all participants

performed a six-minute walking test (6MWT).

2.3.4 Data processing

Motion capture recordings were processed using Vicon Nexus 2.5 (Vicon, Oxford, UK). Marker

data was labelled, gap �lled and �ltered (Woltring �lter, volume speci�c mean-square-error

value of 15) and modelled with the Plug-in-Gait model. Gait variables were calculated using

ProCalc 1.1 (Vicon, Oxford, UK) and Matlab (2017b, Mathworks Inc., Natick, MA, USA). Gait

events were automatically detected using zero-crossings of heel (foot strike) and toe markers

(foot off) [121, 178, 179]. Vectors calculated from the toe, ankle, knee and sacrum markers

and the modelled hip joint rotation center were used to calculate sagittal lower limb joint

angles [72, 121, 180]. Angular excursions were normalized to 0-100% for each step cycle (foot

strike to subsequent foot strike). The following 38 key gait variables (including both body sides

for bilateral variables) were extracted for each step cycle, averaged and grouped into de�ned

locomotor domains:
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(i) limb excursion: step length, minimum toe clearance, wrist trajectory length;

(ii) range of motion (ROM): hip ROM, knee ROM, ankle ROM;

(iii) symmetry: absolute hip asymmetry index (ASI; for ROM), knee ASI, ankle ASI according to

the equation (1) [72, 177, 181];

(1) ASI Æ
¯
¯
¯
³

le f t ¡ r i ght
max (le f t ,r i ght )

´¯¯
¯¤100

(iv) stability: step width, C7 trajectory length, length of the medio-lateral (ML) and the anterior-

posterior (AP) component of the trajectory of the center of mass (COM);

(v) interlimb coordination: phase dispersion as a measure of temporal coupling of leg and arm

movements [182, 183];

(vi) temporal: double limb support phase (DLS), stance phase;

(vii) variability: coef�cient of variation (COV) of step length, C7 trajectory length and step

width; consistency of hip-knee and knee-ankle cyclograms was characterized by the angular

component of coef�cient of correspondence (ACC) [76];

(viii) intralimb coordination: the square root of the sum of squared distances (SSD) [184] was

calculated between the cyclograms of hip-knee and knee-ankle and the corresponding mean

of the control groups as a measure for shape difference of inter-joint movements (cyclograms).

For participants with neurological disorders, bilateral parameters were assigned as a more

(MI) and a less impaired (LI) side as identi�ed by clinical examination. For every variable,

z-scores were calculated for patients according to their assigned control group walking at the

matched absolute speed according to formula 2.

(2) ZscoreÆ
¹ par t i ci pant ¡ ¹ control populat ion

SDcontrol populat ion

Z-scores represent the difference between the value of a participant with spinal lesion and the

control mean in standard deviations of the control distribution. The MI side was compared to

the right side of controls.

2.3.5 Data analysis and statistics

Data analysis and statistics were performed using IBM SPSS Statistics for Windows, version 25

(IBM Corp., Armonk, N.Y., USA) and R 3.6.1 (The R project for Statistical Computing, R Core

Team) with R Studio 1.2 (R Studio, Inc., Boston, MA, USA). Signi�cances were considered at an

®-level of 0.05. Datasets were tested for normal distribution using the Shapiro-Wilk test.

Individual gait pro�les were visualized with a heatmap, in which z-scores above 2 or below 2

were highlighted and considered as pathological (deviation of more than 2 standard deviations
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from the control mean). To compare clinical walking tests and gait variables between the

three patient etiology groups, one-way ANOVA (normally distributed) or Kruskal-Wallis (non-

normally distributed) tests were used, followed by post-hoc tests corrected for multiplicity

(Bonferroni, factor pathology).

Gait patterns of the three groups with spinal lesions were further examined and visualized by

principal component analysis (PCA) on the standardised dataset including all 38 kinematic

outcome variables. Scores on the �rst three components were compared between the three

etiology groups (ANOVA [normally distributed] or Kruskal-Wallis [non-normally distributed])

and the contribution of the original variables to the �rst three components (loadings) were

evaluated using Pearson correlation coef�cients.

To investigate differences across all gait variables between the 3 etiology groups, dichoto-

mous outcome classi�cations (binary logistic regression, Wald forward stepwise) with all 38

kinematic gait parameters were performed to identify the best separators. Binary logistic

regression was performed separately for each combination of two etiology groups (tSCI vs.

vSCI; tSCI vs. MS; vSCI vs. MS).

2.4 Results

2.4.1 Group characteristics and gait capacity

Sixteen individuals with tSCI, six with vSCI, and nine with spinal MS participated in this study.

Demographics were comparable between the groups with the exception of lesion level in tSCI

and vSCI (Table 2.1). In the vSCI group, three patients exhibited a con�rmed ischemic anterior

spinal artery syndrome (ASAS) [185] with another presenting with similar clinical symptoms

but no clear radiographic correlate.

All three groups exhibited reduced performance in the 6MWT and the T25FW compared to the

control cohort (Figure 2.1A; 6MWT [one-way ANOVA]: F[3,107] Æ52.301,p Ç 0.001,´ 2 Æ0.59;

post-hoc test: controls vs. tSCI, p Ç 0.001; controls vs. vSCI, p Ç 0.001, controls vs. MS,

p Ç 0.001; T25FW [Kruskal-Wallis test]; H [3] Æ61.573,p Ç 0.001; post-hoc test: controls vs.

tSCI, p Ç 0.001; controls vs. vSCI, p Ç 0.001, controls vs. MS, p<0.001). The three etiology

groups did not signi�cantly differ from each other in clinical walking test performance, nor

was there a difference between the three groups in the EDSS subscores for the pyramidal,

sensory or cerebellar functional systems (Figure 2.1B). EDSS subscores were not available for

one individual with tSCI and one with MS.
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Table 2.1: Group characteristics. Characteristics of the three populations of individuals with
spinal cord disorders (mean ± SD; median (range) for time since injury/disease duration).

Traumatic spinal
cord injury (tSCI)

Vascular spinal
cord injury

(vSCI)

MS with spinal
cord lesions

p-value

n 16 6 9 n/a

Gender [female : male] 3 : 13 3 : 3 6 : 3 0.05

Age [y] 51.0 ± 12.0 53.2 ± 6.1 48.9 ± 12.9 0.78

AIS [n] D (16) D (6) n/a n/a

Lesion level [n] cervical (10)
thoracic (6)

thoracic (6) n/a n/a

Time since injury (traumatic,
vascular) [y] / Disease

duration (MS) [y]

5.5 (1-37) 3.0 (1-18) 14 (4-23) n/a

Cause (traumatic, vascular)
[n] / Type of MS [n]

accident (12)
disc herniation (3)
tumor removal (1)

ischemic (4)
hemorrhage (1)
embolization (1)

RRMS (5)
PPMS(2)
SPMS(2)

n/a

P-values are for statistical comparisons between all three groups (one-way ANOVA for age, height weight;
Chi-square test for gender). MS, multiple sclerosis; n, number; y, years; n/a, not applicable; RRMS, relapsing

remitting multiple sclerosis; PPMS, primary progressive multiple sclerosis; SPMS, secondary progressive multiple
sclerosis.

2.4.2 Kinematic gait de�cits

Individual gait pro�les demonstrated both common and differential locomotor de�cits in the

three etiology groups (Figure 2.2A). De�cits in the pattern (SSD) and the consistency (ACC) of

intralimb coordination were pronounced in all three groups (representative examples shown

in Figure 2.2B). More individuals with MS showed de�cits in step length, toe clearance and gait

variability. Additionally, individuals with MS tended to demonstrate more variability increases

occurring simultaneously in multiple variables compared to the other two groups. Fewer

individuals with vSCI exhibited reductions in lower limb ROM compared to those with tSCI

and MS (representative examples showing lower limb excursion during swing are shown in

Figure 2.2C).

In a next step, gait de�cits were quanti�ed and compared between the different patient etiology

groups (Figure 2.3). Individuals with MS showed smaller step length in both limbs (one-way

ANOVA; MI: F[2,28] Æ6.028,p Æ0.015,´ 2 Æ0.26; post-hoc test: MS vs. vSCI, p Æ0.012; LI:

F[2,28] Æ4.953,p Æ0.025,´ 2 Æ0.23; post-hoc test: MS vs. vSCI, p Æ0.028) and smaller

knee ROM in the MI limb than individuals with vSCI (one-way ANOVA; F[2,28] Æ22.469,p Æ

0.047,´ 2 Æ0.20; post-hoc test: MS vs. vSCI, p Æ0.044). Closer inspection of changes in knee

angular excursions revealed that reduced knee ROM in individuals with MS was mainly caused

by reduced �exion during the swing phase (Figure 2.4). This was, to a lesser extent, also

present in tSCI but was absent for most individuals with vSCI. Additionally, individuals with

MS showed higher step length variability in both limbs than individuals with vSCI (MI [Kruskal-

Wallis test]; H [2] Æ6.928,p Æ0.031; post-hoc test: vSCI vs. MS, p Æ0.008; LI [one-way ANOVA]:
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F[2,28] Æ18.441,p Æ0.005,´ 2 Æ0.31; post-hoc test: tSCI vs. MS, p Æ0.023, vSCI vs. MS,

p Æ0.008) and signi�cantly lower consistency in intralimb coordination than the other two

groups (Kruskal-Wallis test; MI: H [2] Æ8.567,p Æ0.014; post-hoc test: tSCI vs. MS, p Æ0.014;

vSCI vs. MS,p Æ0.009; LI: H [2] Æ6.823,p Æ0.033; post-hoc test: tSCI vs. MS, p Æ0.037).

Individuals with vSCI showed signi�cantly higher disturbances of temporal coupling between

the arm and leg on the LI side than the MS group (LI upper lower phase dispersion; Kruskal-

Wallis test, H [2] Æ7.232,p Æ0.027; post-hoc test: vSCI vs. MS, p Æ0.008), signi�cantly longer

DLS than the tSCI group (one-way ANOVA; F[2,28] Æ7.986,p Æ0.012,´ 2 Æ0.27; post-hoc test:

vSCI vs. tSCI,p Æ0.010), and signi�cantly longer stance phase in the MI leg than the other

two groups (one-way ANOVA; F[2,28] Æ5.821,p Æ0.012,´ 2 Æ0.27; post-hoc test: vSCI vs. tSCI,

p Æ0.018, vSCI vs. MS,p Æ0.023).

Figure 2.1: Overground walking capacity and neurological assessments of individuals with
different types of spinal cord lesions. A) Gait function measured with the 6MWT and the
T25FW (boxplots [Tukey] with individual datapoints) for individuals with tSCI ( n Æ16), vSCI
(n Æ6) and MS (n Æ9) compared to control participants ( n Æ80). Asterisks indicate signi�cant
differences (® Æ0.05, one-way ANOVA for 6MWT and Kruskal-Wallis test for T25FW, both
followed by Bonferroni corrected post-hoc tests). B) Comparison of the EDSS subscores for
the pyramidal, sensory and cerebellar functional system of individuals with tSCI ( n Æ15), vSCI
(n Æ6) and MS (n Æ8). Individual datapoints are shown and bars represent the median. There
were no statistical differences in the EDSS subscores between individuals with spinal cord
lesions of different etiologies (Kruskal-Wallis test). EDSS Expanded Disability Status Scale;
tSCI, traumatic incomplete spinal cord injury; vSCI, vascular incomplete spinal cord injury;
MS, multiple sclerosis; 6MWT, 6-minute walk test; T25FW, Timed 25-Foot walk; m, meter; s,
seconds.
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Figure 2.2: Kinematic gait pro�les for individuals with different types of spinal cord le-
sions. A) Deviations from normal values for each individual with a spinal cord disorder and
each assessed gait parameter are indicated using z-scores. Blue color indicates a reduction of
more than 2 standard deviations from the mean of the control group and red color indicates
an increase of more than 2 standard deviations. B) Hip-knee and knee-ankle cyclograms of
every step of a single participant from the corresponding control group (speed-, age- and
sex-matched) and of individuals with spinal lesion. C) Stick �gures representing the mean
excursion of the lower limbs during the swing phase for the corresponding control group and
individuals with spinal lesion. tSCI, traumatic incomplete spinal cord injury; vSCI, vascular
incomplete spinal cord injury; MS, multiple sclerosis; MI, more impaired; LI, less impaired;
ROM, range of motion; ASI, asymmetry index; C7, 7 th cervical vertebrae; traj., trajectory; COM,
center of mass; ML, medio-lateral; AP, anterior-posterior; disp, dispersion; COV, coef�cient of
variation; ACC, angular component of coef�cient of correspondence; SSD, square root of sum
of squared distances; T25FW, timed 25-Foot walk; s, seconds; 6MWT, 6-minute walk test; m,
meter.
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Figure 2.3: Kinematic parameters of individuals with different types of spinal cord lesions.
Boxplots (Tukey with individual datapoints) display z-scores for each gait variable for indi-
viduals with tSCI ( n Æ16), vSCI (n Æ6) and MS (n Æ9). Gait variables are split into different
locomotor domains. Asterisks indicate signi�cant differences between groups ( ® Æ0.05, for
each variable and side separately: one-way ANOVA [normally distributed] or Kruskal-Wallis
test [non-normally distributed], both followed by Bonferroni corrected post-hoc tests). Light
gray indicates results for the control participants § 2 standard deviations, which can be con-
sidered the physiological range. tSCI, traumatic incomplete spinal cord injury; vSCI, vascular
incomplete spinal cord injury; MS, multiple sclerosis; MI, more impaired; LI, less impaired;
NL, no laterality; ROM, range of motion; ASI, asymmetry index; C7, 7 th cervical vertebrae; traj.,
trajectory; COM, center of mass; ML, medio-lateral; AP, anterior-posterior; disp, dispersion;
COV, coef�cient of variation; ACC, angular component of coef�cient of correspondence; SSD,
square root of sum of squared distances.
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Figure 2.4: Knee excursions of individuals with different types of spinal cord lesions. The
angular excursion of the knee joint is compared to control participants and indicated as
z-score for every percentage within the gait cycle (difference to control mean in standard
deviations of the control population). The extent of deviation from the physiological mean
is indicated by the opacity of blue (deviation towards extension) and red (deviation towards
�exion). tSCI, traumatic incomplete spinal cord injury; vSCI, vascular incomplete spinal cord
injury; MS, multiple sclerosis; MI, more impaired; LI, less impaired; SD, standard deviation.
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2.4.3 Clustering of gait variables using PCA

PCA revealed a contribution of etiology group to the overall variability in the dataset, resulting

in partial separation of individuals with tSCI, vSCI and MS in the �rst three components

(Figure 2.5A & B). Statistical comparison of the scores showed no group difference in PC1

(Figure 2.5C). Loadings of the PCA (Pearson correlation of original variables with components)

indicated that the greatest contributors to PC 1 were leg phase dispersion, stance phase of the

LI leg, pattern (SSD) and consistency (ACC) of intralimb coordination, stability markers and

asymmetry in knee excursion (Figure 2.5D). In PC2, individuals with vSCI differed signi�cantly

from the other two groups (Kruskal-Wallis test; H [2] Æ11.586,p Æ0.003; post-hoc test: tSCI vs.

vSCI, p Æ0.004; vSCI vs. MS,p Æ0.008). PC2 was a cluster mainly consisting of toe clearance,

ROM of lower limb joints, asymmetry of the knee joint excursion, temporal coupling of

arm and leg movements on the LI side, and DLS and stance duration in the MI leg. The

MS group was signi�cantly different from the other two groups in PC3 (Kruskal-Wallis test;

H [2] Æ11.232,p Æ0.004; post-hoc test: tSCI vs. MS, p Æ0.005, vSCI vs. MS,p Æ0.003), which

mainly consisted of step length in the MI leg, toe clearance in the LI leg and variability markers.

2.4.4 Separation of gait patterns

Binary logistics regressions (Wald, stepwise forwards) resulted in fully accurate separation of

all participants in the tSCI vs. vSCI ( n Æ22; Nagelkerke R2 Æ1.00) and vSCI vs. MS (n Æ15;

Nagelkerke R2 Æ1.00) comparisons using two of the 38 kinematic gait variables in each case.

While step length and stance duration in the MI leg successfully separated the tSCI and the

vSCI group, step length in the MI leg and DLS were separators for vSCI vs. MS. Separation for

tSCI vs. MS was based on knee ROM of the MI leg and the COV of the C7 trajectory length and

demonstrated 88% accuracy ( n Æ25; Nagelkerke R2 Æ0.67) with three misclassi�cations (one

for tSCI and two for MS).
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Figure 2.5: Gait patterns of individuals with different types of spinal cord lesions in the
principal component space. A) Three-dimensional representation of the gait pattern of
individuals with tSCI ( n Æ16), vSCI (n Æ6) and MS (n Æ9) in the �rst three components (PC 1
– PC3) of a PCA. Scores on the principal components are normalized to the maximum value of
the �rst three components. B) Two-dimensional representation of the �rst three components.
C) Scores for individuals with tSCI, vSCI and MS in the �rst three components separately
illustrated by boxplots (tukey). Asterisks indicate statistically signi�cant differences ( ® = 0.05,
one-way ANOVA for PC1 or Kruskal-Wallis test for PC2 and PC3, both followed by Bonferroni
corrected post-hoc tests). D) Correlation coef�cient (Spearman) of original variables with
the �rst three components (loadings). Correlation coef�cients above 0.5 are highlighted in
light (0.5 – 0.75) or dark blue (> 0.75) and indicate high contribution of an original variable
to the component. PCA, principal component analysis; tSCI, traumatic incomplete spinal
cord injury; vSCI, vascular incomplete spinal cord injury; MS, multiple sclerosis; a.u., arbitrary
unit; MI, More impaired; LI, Less impaired; NL, no laterality; ROM, Range of motion; ASI,
asymmetry index; C7, 7 th cervical vertebrae; traj., trajectory; COM, Center of mass; ML, medio-
lateral; AP, anterior-posterior; disp, dispersion; COV, Coef�cient of variation; ACC, angular
component of coef�cient of correspondence; SSD, square root of sum of squared distances.

25



Chapter 2. Common and distinctive features of gait de�cits are seen in different spinal
disorders

2.5 Discussion

This study investigated gait de�cits in individuals with different spinal lesions arising from

commonly encountered spinal etiologies; traumatic, vascular and in�ammatory. While the

three groups did not differ regarding their functional impairment in terms of walking capacity,

we found both gait de�cits common to all pathologies but also etiology-speci�c, distinctive

walking impairment pro�les. Pathology-speci�c differences in gait patterns permitted the

automated separation of the three etiologies.

2.5.1 Common gait pattern alterations in spinal lesions with different etiologies

Gait de�cits common to the three etiology groups were identi�ed using PCA and formed the

variable cluster PC1. The main contributors to this cluster were variables describing intra- and

interlimb coordination and dynamic stability. Given the various levels of spinal lesions in the

assessed cohort, a common mechanism of walking pathology across all groups is likely white

matter damage affecting the ascending and descending �bre tract systems [39, 186–188]. The

resulting disruption of connectivity between spinal and supraspinal centres causes muscle

weakness, spasticity and/or sensory dysfunction [40, 71, 189], which could account for the

observed common impairments across the groups. Pathological processes in spinal locomotor

networks deprived of supraspinal input could further in�uence common gait de�cits [59, 145],

however, direct damage to interneurons in lumbar spinal locomotor networks did not mediate

the observed commonality, since only tSCI and vSCI individuals with cervical and thoracic

injuries were included [11].

2.5.2 Distinctive gait pro�les in spinal lesions with different etiologies

Besides common de�cits, differences in gait impairments have been observed between the

three groups with spinal lesions resulting in etiology-speci�c, distinctive features of gait

de�cits. Distinctive gait features for individuals with vSCI were revealed by the second compo-

nent of the PCA and were unchanged ROM of lower limb joints as well as more pronounced

disturbances in gait phases and temporal coupling between the arms and legs than in tSCI or

MS. These variables were subsequently demonstrated to be optimal gait pattern separators

fully characterizing vSCI in contrast to the other two pathologies. In addition to these factors,

individuals with vSCI exhibited the lowest levels of gait variability and asymmetry. One media-

tor of these differences is likely the distinctive distribution of white matter damage between

the pathologies. Four out of the six individuals with vSCI in this study exhibited an ischemic

ASAS, the most common presentation of spinal infarction [46, 190, 191], whereby the anterior

part of the spinal cord is affected by ischemia with dorsal sparing [192, 193]. Gait variability is

known to result from the impaired proprioception resulting from injury to the dorsal columns

[194, 195]. Their preservation in ASAS may account for the lower levels of gait variability in

vSCI compared to the other two groups. More impaired balance in the vSCI compared with

the other groups is indicated by prolonged DLS [196, 197] and the temporal decoupling of
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arm and leg movements further support this assumption, as balance and particularly balance

recovery are supported by arm movements during locomotion [198, 199]. Direct damage to

the vestibulospinal tract, located in the anterior spinal [200], may contribute to these observed

accentuated balance de�cits [18, 31].

Distinctive features of the MS gait pattern were revealed in component 3 of the PCA. The MS

group showed more pronounced de�cits in variability markers, step length and toe clearance.

In keeping with the �ndings in vSCI, two of these key variables, step length and gait variability,

contributed to the optimal separation of the MS gait from that of the other pathologies.

An additional factor used for the separation was the ROM of the knee joint in the MI leg,

which showed more pronounced reductions in MS. Similar gait de�cits have previously been

described in individuals with MS [171–173]. Furthermore, reduced knee ROM has been

reported as a distinctive feature of gait in individuals with MS [72, 171, 201]. Differences in gait

de�cits between MS and the other pathologies can be explained by several aspects. In contrast

to tSCI and vSCI, MS often causes multiple lesions and can affect different regions in the CNS,

including supraspinal centers [51]. Lesions to interneurons of the spinal locomotor networks

may constitute another exclusive aspect of the MS cohort in this study [202, 203]. While all

three etiologies may involve axotomy and demyelination, the relative contribution of the two

processes in spinal lesions might differ between MS, where the driving force is demyelination,

and tSCI and vSCI [39, 204–207]. Increased gait variability can be caused by sensory de�cits,

but has also been reported for various pathologies affecting supraspinal centers, especially in

cerebellar disorders [208–210]. Furthermore, decreased step length was also found in several

conditions affecting supraspinal centers but has been reported as normal after spinal cord

injury, indicating that supraspinal circuits regulate step length [71, 211, 212]. These �ndings

may imply that the observed etiology-speci�c features, and especially the de�cits identi�ed

in the third component of the PCA, represent supraspinal aspects of MS. While vSCI and MS

showed striking characteristics, the tSCI group did not exhibit any fully distinctive features

and resembled in all aspects one of the other pathologies or placed between the two. This

might be explained by the known heterogeneity of tSCI lesions.

2.5.3 Possible applications of kinematic gait pro�ling

While clinical measures of gait capacity in individuals with spinal lesions of different etiolo-

gies did not reveal information on the underlying condition, our �ndings demonstrated the

successful pro�ling of pathology-speci�c gait patterns. This warrants the expansion of the

methodology to larger samples as well as a broader spectrum of neurological disorders to

increase the generalizability of the results. Such pro�ling improves the understanding of

the neural control of locomotion, assists the development of tailored locomotor therapies

and identi�es possible outcome measures for clinical trials involving locomotor therapies or

interventions. Furthermore, the demonstrated automated separation of gait patterns has simi-

larly been explored in several neurological disorders and may aid clinical diagnosis [213–216].

However, validated algorithms for a broad spectrum of neurological disorders have not yet
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been established and require large cohort trials with different diseases and impairment levels.

The number of participants in this study, especially in the vSCI group, is insuf�cient for the

evaluation of more advanced classi�cation algorithms.

2.5.4 Limitations

A limitation of the current study is that individuals unable to walk unassisted on the treadmill

were necessarily excluded from the analysis. Whereas this induced a bias towards good

walkers, the exclusion of individuals using handrail support during walking allowed us to

accurately compare gait patterns without differential and dif�cult-to-quantify compensatory

strategies confounding walking pattern characterization. Additionally, more thorough clinical

assessments including neurophysiological examinations and high-resolution imaging may

have provided further insights into the mechanisms underlying differences in gait de�cits

between etiologies, although this data is not always available in clinical practice.

2.5.5 Conclusion

This study investigated kinematic gait de�cits in individuals with different spinal lesions

caused by traumatic, vascular or in�ammatory insults. Besides common de�cits in intra- and

interlimb coordination and dynamic stability, distinctive pathology-speci�c gait impairments

were identi�ed. While individuals with vSCI exhibited intact lower limb ROM but increased

balance de�cits compared to the other groups, the MS group demonstrated higher gait vari-

ability and more pronounced reductions in step length and knee ROM. The observed group

differences highlight the need for individualized therapies as well as appropriate outcome

measures for clinical trials and underline the likely future bene�t of using automated gait

pattern classi�cations in clinical diagnosis.
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3.1 Abstract

Locomotor recovery after incomplete spinal cord injury (iSCI) is in�uenced by spinal and

supraspinal networks. Conventional clinical gait analysis fails to differentiate between these

components. There is evidence that corticospinal control is enhanced during targeted walk-

ing, where each foot must be continuously placed on visual targets in randomized order.

This study investigates the potential of targeted walking in the functional assessment of cor-

ticospinal integrity. Twenty-one controls and 16 individuals with chronic iSCI performed

normal and targeted walking on a treadmill while electromyograms (EMGs) and kinematics

were recorded. Precision (% of accurate foot placements) in targeted walking was signi�cantly

lower in individuals with iSCI (82.9 ± 14.7%, controls: 94.9 ± 4.0%). While the overall kinematic

pattern was comparable between walking conditions, controls showed signi�cantly higher

semitendinosus activity before heel-strike during targeted walking. This was accompanied by

a shift of relative EMG intensity from 90-120Hz to lower frequencies of 20-60 Hz, previously

associated with corticospinal control of muscle activity. Targeted walking in iSCI individuals

evoked smaller EMG changes, suggesting that the switch to more corticospinal control is

impaired. Accordingly, mildly impaired iSCI individuals revealed higher adaptations to the

targeted walking task than more-impaired individuals. Recording of EMGs during targeted

walking holds potential as a research tool to reveal further insights into the neuromuscular

control of locomotion. It also complements �ndings of preclinical studies and is a promising

novel surrogate marker of integrity of corticospinal control in individuals with iSCI and other

neurological impairments. Future studies should investigate its potential for diagnosis or

tracking recovery during rehabilitation.

3.2 Introduction

After incomplete spinal cord injury (iSCI), residual sensory and/or motor function below

the lesion may allow full or partial recovery of locomotor function [40, 170]. Locomotion is

a complex motor task that is controlled by different neural systems including cortical and

subcortical brain areas, spinal networks and afferent feedback [2]. It is assumed that relative

cortical contribution to locomotion in humans compared to animals is phylogenetically

greater due to demands of bipedal gait [14, 15].

Clinical walking tests and gait analysis of ordinary walking are used to assess locomotor

function and rehabilitation outcomes after iSCI. These assessments are, however, unable to

separately investigate spinal and supraspinal aspects contributing to de�cits and recovery

[75]. Assessments with systematic demands on different aspects of locomotor control promise

better characterization and monitoring of de�cits and treatment effects. In preclinical studies,

it has been shown that the contribution of the cortex during locomotion is increased during

anticipatory locomotor adaptations to imposed, external demands requiring visual integration

and that this adaptability is decreased after impairments of corticospinal structures (e.g. iSCI

or motor cortex lesions) [25–27, 30]. Similarly, increased corticospinal control (input from
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cortical centers on spinal networks via the corticospinal tract) to locomotion has been shown

in humans during anticipatory gait adaptations in visuo-motor targeted walking paradigms,

in which foot placement is guided by randomized visual cues [28, 29, 161]. Targeted walking

thus represents a suitable task for the assessment of corticospinal control of locomotion in

humans.

Gait adaptations in such a task are achieved by sensory integration and resultant changes

in muscle recruitment via descending pathways [217, 218], which can be quanti�ed using

electromyograms (EMGs). In cats, targeted walking was associated with enhanced activation

of the semitendinosus (ST) muscle involved in controlling hindpaw placement at the end of

swing phase, which disappeared after spinal cord hemisection and did not return despite 6

weeks of retraining, suggesting a supraspinal origin speci�c to targeted walking [26].

EMG time-frequency characteristics have been used to explore neural control mechanisms

of muscle activity by analyzing temporal aspects of motor unit action potentials [219]. EMG

activity within the range of 20–60Hz (corticospinal drive frequencies) has been associated with

corticospinal drive when investigated with corticomuscular and intermuscular coherence

analysis [152, 153, 156, 220]. Increased synchrony, suggesting common neural input, or shifts

in relative intensity of EMGs to corticospinal drive frequencies, have been observed during

voluntary gait pattern modi�cations [28, 157], including targeted treadmill walking [161]. In

contrast, decreased synchrony has been observed during voluntary movement in various

neurological disorders [159, 160], including iSCI [158]. These �ndings suggest that EMG

frequency characteristics may represent a useful tool for discerning cortical contribution to

dynamic muscle activity during gait. In dynamic movements, EMG frequency characteristics

can be investigated using intensity analysis in time-frequency space (e.g. wavelet analysis)

[221].

In this study, we build on recent �ndings to evaluate if a treadmill-based targeted walking

paradigm with EMGs could be used to assess integrity of corticospinal control in individuals

with iSCI. We hypothesize that control participants show more pronounced adaptations to

a targeted walking task than individuals with iSCI which will manifest in greater targeting

precision. We further hypothesize that these adaptations lead to measurable modulations

of EMG amplitude and frequency characteristics, speci�cally intensity shifts to corticospinal

drive frequencies. It is further investigated how changes in muscle activity are associated with

kinematic adaptations to targeted walking.

3.3 Materials and methods

This study was approved by the cantonal ethics committee of Zurich, Switzerland (KEK-ZH

2014-0004) and completed according to Good Clinical Practice (GCP) guidelines and the

Declaration of Helsinki. All participants gave informed, written consent.

31



Chapter 3. Targeted walking in incomplete spinal cord injury: Role of corticospinal
control

3.3.1 Participants

Individuals with chronic (> 12 months since injury) iSCI were recruited at University Hospital

Balgrist in Zurich, Switzerland, while control participants were recruited from the local area

via �yers. Control participants underwent detailed medical screening and were excluded if

they had neurological or musculoskeletal disorders which could confound movement analysis.

Control participants were matched to the iSCI group (age, sex, weight and height) from a large

pool of control participants ( n Æ121). All individuals with iSCI had to be able to walk on a

treadmill without the use of handrails.

3.3.2 Experimental setup

All study assessments were performed at the gait laboratory of the University Hospital Balgrist.

Kinematic data were recorded with infrared cameras (Vicon UK) sampling at 200 Hz. A

set of 44 re�ective markers was attached to each participant according to the Plug-in-Gait

model with additional technical locations [175]. Surface EMGs were recorded bilaterally with

wireless transmitters (Noraxon Inc., Scottsdale, AZ, USA and myon AG, Switzerland; 10Hz high-

pass hardware �lter; consistent transmitters within each participant) on the vastus medialis

(VM), tibialis anterior (TA), gastrocnemius medialis (GM) and ST muscles according to the

European recommendations for surface electromyography (SENIAM [222]). These muscles

were selected due to their contributions to sagittal angular excursions during locomotion

and their antagonistic relationship. EMGs were recorded at 1000 Hz and synchronized to the

kinematic data (correcting wireless transmitter delays). All walking tasks were performed on a

treadmill including a projector (Zebris FDM-T), which allowed the projection of target crosses

onto the moving treadmill belt (Figure 3.1A).

3.3.3 Experimental design

Assessments were performed in two sessions within one week. In a �rst session, all partic-

ipants underwent a neurological examination by a physician to ensure that inclusion and

exclusion criteria were met and to classify the neurological impairments in the iSCI group,

which included the American Spinal Injury Association impairment scale (AIS) [223] and

the assessment of lower limb vibration sensation with a tuning fork at 4 locations (anterior

superior iliac spine, patella, medial malleolus and dorsum of interphalangeal joint hallux), as

a measure of proprioceptive function [224]. Participants were then familiarized with treadmill

walking and the targeted walking task, while they were secured with a non-weight-bearing

security harness that did not impair natural movement. Treadmill speed was set at 50% of

the individual maximal walking velocity (V 50%max), determined with the timed 25-foot walk

test (T25FW, no walking aids or orthoses) and rounded to intervals of 0.3 km/h beginning

at 0.4 km/h (i.e. 0.4 km/h, 0.7 km/h, 1 km/h etc.). This relative speed was chosen to chal-

lenge participants on an equal level according to locomotor function and it corresponded to

a comfortable walking speed. The targeted walking task involved the projection of crosses
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(10 x 10 cm) onto the treadmill belt (Figure 3.1A). The distance between the crosses on the

treadmill was adjusted to the maximal step length and width of each participant, performed

in a measurement of about 10 “maximally long and wide” steps. Crosses were projected in

a randomized order (identical between participants) with an interval distance of 40-80% of

maximal step length/width around a mean of 60%. Approaching crosses were visible one step

in advance. In total, all participants walked in the familiarization session (session 1) for at least

40 minutes on the treadmill, including performance of the targeted walking task for around 1

minute. In session 2, an additional familiarization of at least 6 minutes treadmill walking was

performed [121]. Afterwards, kinematic data and EMGs of 30-45 seconds normal treadmill

walking and 1 minute targeted walking at V 50%max were recorded resulting in a minimum of

approximately 25 strides (gait initiation and termination taking place before and after record-

ing). Normal walking consisted of free treadmill walking while focusing on a cross on a screen

in front of the treadmill. No projection on the moving belt was provided during the normal

walking condition. Individuals with iSCI did not use walking aids, orthoses or the handrails

in both conditions. However, some individuals were dependent on walking aids in everyday

life. For the targeted walking task, participants were instructed to place the toe markers (on

the second metatarsal head) as accurately as possible onto the middle of the crosses with

each step, without endangering themselves. The targeted walking task was documented with

a digital video camera (30 Hz) for evaluation of stepping precision. A 6-minute walk test

(6MWT) was conducted at the end of session 2 as a quanti�cation of community walking

ability. Individuals with iSCI used their regular walking aids during the test.

3.3.4 Data processing and statistical analysis

Precision in the targeted walking task was evaluated manually from the video recordings. The

criterion for an accurate placement was met when the center of a projected cross was hit by

any part of a foot after contact of the whole foot (foot �at). The number of crosses accurately

hit across the duration of the task is reported as a percentage of all crosses presented during

the targeted walking task.

Gait events were identi�ed from the kinematic data and de�ned as zero crossings of the

heel (heel-strike) or toe marker velocity (toe-off) [72, 178]. Kinematic and EMG data were

normalized to the gait cycle (heel-strike to heel-strike, 0-100%), stance phase (heel-strike

to toe-off, 0-60%) and swing phase (toe-off to heel-strike, 0-40%). For control participants,

data of the left and right side were analyzed separately. For individuals with iSCI, data were

analyzed on the more (MI) and less impaired (LI) side, determined according to AIS motor

(�rst criterion) or sensory (second criterion: light touch; third criterion: pin prick) scores.

Stumbling steps (e.g. correction steps due to loss of balance in patients or adjustment of foot

placement after initial foot strike) were visually identi�ed using kinematic data and video

recordings and discarded from all analyses (except for precision).
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EMGs were bandpass-�ltered (4 th order Butterworth, recursive) with cut-off frequencies of

10 Hz and 500 Hz. After step normalization, every step was visually inspected and, in case

of periods of signal loss, excluded for further EMG analysis. Root mean square (RMS) values

were calculated for the swing and stance phase for each step cycle and muscle. To calculate

group means and for visualization purposes, EMGs for each participant were smoothed with a

moving average �lter (window size 20 ms) and amplitudes of both walking conditions were

normalized to the 95 th percentile intensity during normal walking before averaging over the

groups.

The EMG intensity of the �ltered but non-normalized data of every step was decomposed into

time and frequency components using a nonlinear wavelet transformation described in detail

by von Tscharner [221] and applied to the analysis of dynamic movements in various settings

[161, 225]. Brie�y, the wavelet transformation results in the EMG intensity (square root of

power) of every step being distributed across nine frequency bands around center frequencies

7, 19, 38, 62, 92, 128, 170, 218 and 271 Hz. The lowest frequency band was affected by the

hardware �lter in this study and interpretation in this band is therefore limited. After wavelet

transformation, EMG intensity in the frequency bands was time normalized to a gait cycle as

mentioned above and averaged across all steps. For averaging over the whole group, EMG

intensity in both walking condition was normalized to the 95 th percentile intensity during

normal walking for each individual. The resulting muscle activity patterns are represented as

heatmaps with time (% of gait cycle) on the x-axis, frequency band on the y-axis and the EMG

intensity color-coded. To quantify the amount of EMG activity in a frequency band in a certain

time window, EMG intensity can be summed over a period of the gait cycle. Summation in each

band separately results in a discrete wavelet intensity spectrum, which includes the intensity

quanti�cation of the chosen period of the gait cycle distributed across the nine frequency

bands. In order to make wavelet spectra independent from EMG intensity and consequently

allow the comparison between participants and the two walking conditions, relative intensity

in each frequency band is calculated as a percentage of the total intensity (sum of intensity

in all frequency bands). A higher relative amount of EMG activity in the 38 Hz band has

been associated to increased corticospinal control demands [161]. To compare frequency

characteristics of speci�c muscle activity and not noise, wavelet spectra were calculated for

windows of physiological muscle activity within stance (0-60%) and swing (60-100%), where

muscles were active in both walking conditions. The windows were determined manually

according to the group average heatmaps for controls and separately for each iSCI individual.

Of the measured muscles, TA is the only one exhibiting a two peak activity during one of the

considered phases. Previous studies have shown differences in cortical contribution to the two

peaks of TA activity during the swing phase [22, 161]. Consequently, the two peak activity of

TA during swing was analyzed in two separate windows. These criteria resulted in the wavelet

spectra of the following physiological muscle activities during normal and targeted walking in

control participants and similar individually adjusted windows for each iSCI individual: VM

stance: 1-20% of the gait cycle; VM swing: 85-100%; TA stance: 1-30%; TA swing 1: 60-80%; TA

swing 2, 85-100%; GM stance: 10-50%, ST stance: 1-10% and ST swing: 80-100%.
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To investigate if changes in relative EMG intensity in frequency bands were associated with

different impairment levels after iSCI, the difference between the two walking conditions was

calculated for individuals with iSCI for the frequency showing the greatest change in control

participants (38 Hz). This difference was compared to the delta in control participants (control

response). Furthermore, we investigated correlation of the difference in the 38 Hz band with

clinical scores describing the impairment level of individuals with iSCI (6MWT, accuracy in

targeted walking, light touch, LEMS, pin prick, vibration sensation score).

Kinematic data were processed with Vicon Nexus 2.5 (Vicon, Oxford, UK). Markers were

labelled according the Plug-in-Gait model and gaps in the trajectories �lled with appropriate

algorithms provided by the software. Data were �ltered with a Woltring �lter with a volume-

speci�c mean-square-error value of 15 and modelled with the Plug-in-Gait model. Data were

then extracted to Matlab (Matlab 2017b, Mathworks Inc., Natick, USA). Sagittal angles for the

lower limb joints were calculated with a vector-based approach using the marker positions

of the toe, ankle, knee and the sacrum as well as the modelled hip joint rotation center. After

normalization, range of motion (ROM) was calculated for every participant for swing and

stance. Endpoint trajectories were analyzed using the anterior-posterior and vertical position

of the toe markers. Vertical zero position of the marker was set to marker height at normal

stance and the anterior-posterior position was normalized to the sacrum marker.

Statistical tests were performed using SPSS (V25, SPSS Inc., CA, USA), Matlab (Matlab 2017b,

Mathworks Inc., Natick, MA, USA) and GraphPad Prism (V7, GraphPad Software, Inc., CA,

USA). As precision values were normally distributed (Kolmogorov Smirnov, Shapiro-Wilk tests

and visual inspection), the two groups were compared using an independent t-test, which was

also used to compare the more- and less-impaired legs of individuals with iSCI. The in�uence

of AIS motor and sensory scores on precision were investigated for each leg separately using

Spearman correlations (one-sided), due to the ordinal scale of the measures.

Because RMS, wavelet spectra and ROM datasets were not all normally distributed, the nor-

mal and targeted walking conditions were compared using Wilcoxon signed-rank tests with

Bonferroni correction for multiple comparisons across each group (corrected for number

of muscles and side for RMS and ROM; for number of frequency bands in wavelet spectra).

The delta between the walking conditions of relative EMG intensity in the band with the

most prominent change (38 Hz) was normally distributed and therefore compared between

groups using an ANOVA. Pearson (for continuous outcomes with normal distribution: age and

6MWT accuracy in targeted walking) and spearman correlation (for ordinal or non-normally

distributed outcomes: AIS light touch, lower extremity motor score (LEMS), pin prick score,

vibration sensation score and accuracy in % during targeted walking) were used to investigate

the relationship between this delta and variables describing the impairment level and the

possible confounder age.
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3.3.5 Subgroup analysis

The applied speed normalization resulted in different absolute walking speeds. To investigate

the in�uence of walking speed on EMG patterns, we performed a subgroup analysis with

a reduced dataset involving only the 6 fastest-walking individuals with iSCI and the 7 slow-

est control participants (several individuals walking at identical speeds resulted in a larger

subgroup for control participants). Given the relative speed (V 50%max), these participants

exhibited equal maximal walking speeds determined in the T25FW. RMS and the delta of

relative EMG intensity in the 38 Hz band were compared between the subgroups using Mann-

Withney-U-tests. Given the small sample size in the subgroups, the values for the two legs

were combined in both cohorts for the statistical analysis.

3.4 Results

3.4.1 Study population

Control participants and individuals with iSCI did not differ signi�cantly in terms of demo-

graphic or physical characteristics, while individuals with iSCI showed the expected neurolog-

ical de�cits and walked slower (Table 3.1). For the control group, EMG of 3 VM, 1 TA and 1 GM

were excluded due to inadequate data quality (absent signals due to technical issues or EMG

saturation in the majority of steps). One iSCI participant was excluded from the precision

analysis because of technical problems with the video recordings.

3.4.2 Precision

Individuals with iSCI had signi�cantly shorter maximal step length than controls and, there-

fore, performed the targeted walking task with shorter target distances (Table 3.1; independent

t-test, t (35) Æ3.86,p Ç 0.001). Stepping precision was signi�cantly decreased in individuals

with iSCI compared to control participants ( t (34) Æ ¡3.58,p Æ0.001, one individual with

iSCI excluded due to technical problems with video recordings). There was no signi�cant

difference between the more and less impaired leg of individuals with iSCI (independent

t-test, t (28) Æ ¡0.78,p Æ0.44). Precision in the iSCI group was positively correlated with com-

ponents of the AIS sensory scores (vibration: MI: r Æ0.51,n Æ15,p Æ0.026, LI: r Æ0.34,n Æ

15,p Æ0.108; pin prick: MI: r Æ0.64,n Æ15,p Æ0.001, LI: r Æ ¡0.05,n Æ15,p Æ0.431; light

touch: MI: r Æ0.45,n Æ15,p Æ0.046, LI: r Æ0.29,n Æ15,p Æ0.142) but not the AIS LEMS (MI:

r Æ0.39,n Æ15,p Æ0.075, LI: r Æ0.16,n Æ15,p Æ0.291).
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Table 3.1: Group characteristics. Characteristics of the two populations (mean ± SD or
median ± range for clinical scores).

Control group iSCI p-value

n 21 16 n/a

Gender [female : male] 9 : 12 5 : 11 0.47

Age [years] 53.4 ± 13.9 51.7 ± 8.6 0.67

Height [cm] 172.0 ± 6.9 167.3 ± 30.2 0.42

Weight [kg] 70.3 ± 9.9 80.8 ± 28.2 0.46

6MWT [m] 721 ± 87 483 ± 137 < 0.01

50% of maximal speed [km/h] 4.0 ± 0.5 2.7 ± 0.7 < 0.01

Maximal step length [cm] 154.7 ± 12.4 125.5 ± 31.8 < 0.01

Maximal step width [cm] 31.5 ± 3.0 30.3 ± 5.0 0.34

Precision [%] 94.9 ± 4.0 82.9 ± 14.7 < 0.01

AIS n/a D (16) n/a

Lesion level n/a cervical (7)
thoracic (9)

n/a

Cause n/a traumatic (8)
ischemic (4)

tumor (1)
surgical (1)

disc herniation (2)

n/a

Lower extremity motor score
both legs (max. 50) (MI/LI for

iSCI)

50 ± 0 49.5 ± 14
(24.5 ± 13/25.0 ± 6)

< 0.01

Sensory score light touch both
sides (max. 112) (MI/LI for iSCI)

112 ± 0 101 ± 52
(50.5 ± 26/48.5 ± 26)

< 0.01

Sensory score pin-prick both
sides (max. 112) (MI/LI for iSCI)

112 ± 0 87.5 ± 75
(39.0 ± 47/49.0 ± 32)

< 0.01

Vibration sense both lower
limbs (max. 64) (MI/LI for iSCI)

64 ± 11 47.5 ± 40
(23.0 ± 24/25.5 ± 21)

< 0.01

Position sense both lower limb
(max. 4) (MI/LI for iSCI)

4 ± 0 4 ± 4
(2 ± 4/2 ± 4)

0.33

Modi�ed Ashworth scale both
legs (max. 16) (MI/LI for iSCI)

0 ± 0 0 ± 7
(0 ± 7/0 ± 2.5)

0.06

P-values are for statistical comparisons between the groups (independent t-test for age, height weight, 6MWT,
speed, maximal step length, maximal step width, precision; Chi-square test for gender; Mann-Whitney U-test for

motor score, sensory scores (light touch & pinprick), vibration, position sense and modi�ed Ashworth scale).
6MWT, 6-minute walking test; n/a, not applicable.
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3.4.3 EMG amplitude and activity pattern

Control participants exhibited changes in muscle activity during the targeted walking task

compared to that observed during normal walking (Figure 3.1B & C). These adaptations were

similar irrespective of body side. During targeted walking, VM was more active during swing

(Wilcoxon signed-rank test, rVM swing: Z Æ3.85,p Ç 0.008,n Æ20,r Æ0.61; lVM: Z Æ2.94,p Æ

0.021,n Æ19,r Æ0.48) and stance (rVM stance: Z Æ2.61,p Æ0.072,n Æ20,r Æ0.41; lVM:

Z Æ3.34,p Æ0.008,n Æ19,r Æ0.54) compared to normal walking. Increased VM activity

occurred around heel-strike (i.e. in late swing and early stance phase). Compared to normal

walking, increased TA activity was only seen during the stance phase of targeted walking

(rTA swing: Z Æ0.93,p Æ1.0,n Æ20,r Æ0.15; lTA swing: Z Æ0.99,p Æ1.0,n Æ21r Æ0.02; rTA

stance: Z Æ3.85,p Ç 0.008,n Æ20,r Æ0.61; lTA stance: Z Æ4.02,p Ç 0.008,n Æ21,r Æ0.62).

This increase was caused by a prolongation of TA activity beyond heel-strike without an

increase in peak activity. GM exhibited a small, unilaterally (right side) signi�cant increase in

muscle activity during stance and a bilaterally signi�cant increase during swing (rGA swing:

Z Æ3.98,p Ç 0.008,n Æ21,r Æ0.61; lGA swing: Z Æ4.02,p Ç 0.008,n Æ21,r Æ0.62; rGA stance:

Z Æ3.84,p Ç 0.008,n Æ21,r Æ0.59; lGA stance: Z Æ2.49,p Æ0.104,n Æ21,r Æ0.38). This

was driven by earlier onset of muscle activity following heel-strike and a newly-occurring,

second burst during swing just before heel-strike. ST showed signi�cantly increased activity

during targeted walking in swing and stance (rST swing: Z Æ4.02,p Ç 0.008,n Æ21,r Æ0.62;

lST swing: Z Æ3.98,p Ç 0.008,n Æ21,r Æ0.61; rST stance:Z Æ4.02,p Ç 0.008,n Æ21,r Æ0.62;

lST stance: Z Æ3.70,p Ç 0.008,n Æ21,r Æ0.57). ST activity during stance was consistently

higher during targeted versus normal walking. The increase during swing was characterized

by a markedly higher peak muscle activity prior to heel-strike (80%-100% of the gait cycle).

Individuals with iSCI showed a lower amount of signi�cant changes in muscle activity in

response to the targeted walking task (Figure 3.1B & D). The activity of VM around heel-strike

was increased during targeted walking, similar to that observed in control participants (MI VM

swing: Z Æ2.69,p Æ0.056,n Æ16,r Æ0.47; LI VM swing: Z Æ2.79,p Æ0.040,n Æ16,r Æ0.49;

MI VM stance: Z Æ3.31,p Æ0.008,n Æ16,r Æ0.10; LI VM stance: Z Æ2.02,p Æ0.352,n Æ

16,r Æ0.36). Signi�cantly increased TA and GM activity during stance was only present on

the LI side (MI TA stance: Z Æ2.54,p Æ0.088,n Æ16,r Æ0.65; LI TA stance: Z Æ3.10,p Æ

0.016,n Æ16,r Æ0.55). Analogous to controls, GM showed a newly occurring activity before

heel strike (MI GM swing: Z Æ3.05,p Æ0.016,n Æ16,r Æ0.54; LI GM swing: Z Æ3.52,p Ç

0.008,n Æ16,r Æ0.62). Furthermore, a prolongation of ST activity after heel-strike resulted in

signi�cantly higher RMS values during the stance phase of targeted walking (MI ST stance:

Z Æ3.10,p Æ0.016,n Æ16,r Æ0.55; LI ST stance: Z Æ3.10,p Æ0.016,n Æ16,r Æ0.55).

38



3.4. Results

Figure 3.1: EMG patterns during normal and targeted walking in control participants and
individuals with iSCI. A) Experimental setup (University of Zurich, Information Technology,
MELS/SIVIC, Tara von Grebel). B) Mean power (RMS) of EMG activity for control participants
and individuals with iSCI during the stance and swing phases (mean ± standard error of the
mean). The targeted walking condition is presented relative to normal walking EMG activity
(blue line). Data for the control group right and left VM (r: n Æ20; l: n Æ19), TA (r: n Æ20;
l: n Æ21), GM (r: n Æ21; l: n Æ20) and ST (r: n Æ21; l: n Æ21) is shown together with
the same muscles for the more and less impaired side of the individuals with iSCI ( n Æ16).
Asterisks indicate a signi�cant difference between normal and targeted walking ( ® Æ0.05)
tested by Wilcoxon signed-rank tests with Bonferroni correction for multiple comparisons. C)
Recti�ed and averaged EMG activity of control participants during normal (mean ± 2 standard
deviations) and targeted walking (mean) for right and left VM, TA, GM and ST (for n see section
B). The EMG amplitudes were normalized to the 95 th percentile intensity during normal
walking. D) Recti�ed and averaged EMG activity of individuals with iSCI (n=16) during normal
(mean ± 2 standard deviations) and targeted walking (mean) for more and less impaired VM,
TA, GM, ST. The EMG amplitudes were normalized to the 95th percentile intensity during
normal walking. a.u., arbitrary unit; iSCI, incomplete spinal cord injury; RMS, root mean
square; R, right; L, left; MI, more impaired; LI, less impaired; SD, standard deviation; VM,
vastus medialis; TA, tibialis anterior; GM, gastrocnemius; ST, semitendinosus.
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3.4.4 Kinematics

Control participants showed kinematic adaptions which were also similar between the two

body sides (Figure 3.2A, C-E). During targeted walking, ROM was decreased for all leg joints

(swing > stance, Figure 3.2D). In the hip joint, this was caused by a reduced hip extension at

toe-off during targeted compared to normal walking (Figure 3.2A & D). The knee was more

�exed at heel-strike and during stance, while peak �exion during swing was reduced (Figure

3.2A). At the ankle, compared to normal walking, targeted walking was associated with less

plantar�exion at toe-off but more around heel-strike, while dorsi�exion in early stance was

increased (Figure 3.2A).

In contrast, individuals with iSCI showed neither a signi�cant change in hip extension at

toe-off nor altered ankle or hip ROM during stance or swing compared to normal walking

(2B & D). In the knee, similar changes were observed in the iSCI group to those in the control

group (2B & D). Besides more dorsi�exion at heel-strike and an earlier onset of plantar�exion

before toe-off in the MI leg, ankle joint excursion was unchanged during targeted compared

to normal walking in individuals with iSCI.

Whereas control participants performed shorter steps during targeted walking than in normal

walking (paired t-test; right: -12.8%, t (20) Æ5.252,p Ç 0.002,n Æ21,r Æ0.76; left: -10.9%,

t (20) Æ ¡5.104,p Ç 0.002,n Æ21,r Æ0.75), the iSCI group maintained their step length (MI:

+5.6%,t (15) Æ ¡1.699,p Æ0.220n Æ16,r Æ0.40; LI: +5.9%,t (15) Æ ¡1.945,p Æ0.14,n Æ16,r Æ

0.45). Control participants decreased their toe height in the early swing phase and at heel-

strike during targeted walking, while increasing toe height during mid and late swing phase

compared to normal walking. During targeted walking, the iSCI group only showed increased

toe height in mid and late swing phase compared to normal walking but no changes of toe

height in early swing phase and at heel-strike (Figure 3.2C).

3.4.5 EMG frequency characteristics

Non-linear wavelet transformation revealed changes in the relative contribution of muscle

activation frequencies at distinct points in the gait cycle during targeted walking in control

participants (Figure 3.3A, B). Changes between walking conditions were statistically not differ-

ent between the two body sides (Supplementary table A.1 & A.2); therefore only data of the

right side are shown. In the stance phase, there was a signi�cant increase of relative intensity

in the 38 Hz frequency band during targeted walking in TA and GM. Additionally, GM showed

signi�cant increases in relative intensity in the lowest two frequency bands and decreases in

intermediate frequency bands (92 & 128 Hz, Figure 3.3B). ST showed a signi�cant increase

of relative intensity in the 7, 19 and 38 Hz band during targeted walking in the swing phase,

whereas TA showed a signi�cant increase in the 19 Hz in the late swing phase (TA swing 2).

The increase of relative ST intensity in the 38 Hz band during the swing phase was the most

prominent change in frequency characteristics between the two walking conditions (Figure

3.3B, red arrow) and is also observable in the time-frequency-intensity heatmaps (Figure
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3.3A). This coincides with the increased activity of ST right before heel-strike during targeted

walking.

Individuals with iSCI showed fewer and less pronounced changes in frequency characteristics

of muscle activity (Figure 3.4). During stance, the only signi�cant changes were found in the

GM of the MI side with signi�cant increases in the highest two frequency bands (218 & 271 Hz).

In TA, there was a signi�cant increase in relative intensity in the 62 Hz band on the MI side in

the late swing phase during targeted walking. In the ST during swing, there was an increase

in relative intensity in the 38 Hz band during targeted walking, which was only statistically

signi�cant on the LI side. The shift of frequency in ST muscle activity during the swing phase

in the LI leg is observable in the time-frequency-intensity heatmaps. However, the delta of

relative EMG intensity in the 38 Hz band between normal and targeted walking in the ST

during the swing phase was on both sides statistically smaller than in controls (Kruskal-Wallis

test: H (3) Æ14.92,p Ç 0.001; r controls vs. MI iSCI: Z Æ3.758,p Ç 0.001,r Æ0.62; r controls vs.

LI iSCI: Z Æ2.429,p Æ0.045,r Æ0.40; Figure 3.5A).
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Figure 3.2: Kinematic patterns during normal and targeted walking in control participants
and individuals with iSCI. A) Average sagittal joint angles of controls ( n Æ21) for right and left
hip, knee and ankle during normal (blue, mean ± 2 standard deviations) and targeted walking
(red, mean). B) Average sagittal joint angles of individuals with iSCI ( n Æ16) for more and less
impaired hip, knee and ankle during normal (blue, mean ± 2 standard deviations) and targeted
walking (red, mean). C) 2D illustration of the average toe trajectories for control participants
(n=21) and individuals with iSCI ( n Æ16) during normal (blue) and targeted walking (red). The
anterior-posterior position was normalized to the sacrum. D) ROM (mean ± standard error
of the mean) of controls ( n Æ21) and individuals with iSCI ( n Æ16) for hip, knee and ankle
during the stance and swing phases. The targeted walking data is presented relative to normal
walking, which is indicated by a blue line. Asterisks indicate a signi�cant difference between
normal and targeted walking ( ® Æ0.05) tested by Wilcoxon signed-rank tests with Bonferroni
correction for multiple comparisons. E) Stick �gures during normal and targeted walking
for the right and left leg of control participants. F) Stick �gures during normal and targeted
walking for the more and less impaired leg of individuals with iSCI. iSCI, incomplete spinal
cord injury; R, right; L, left; MI, more impaired; LI, less impaired; SD, standard deviation; ROM,
range of motion.
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Figure 3.3: EMG frequency characteristics during normal and targeted walking in control
participants. A) Average time-frequency-intensity heatmaps (wavelet transformation) for
control participants right VM ( n Æ20), TA (n Æ20), GM (n Æ21) and ST (n Æ21). The EMG
intensity (amplitude) was normalized to the 95 th percentile intensity during normal walking
(over all bands) for each individual. The color scale of the heatmap ranges from 0 to the
maximal intensity of the 2 conditions for each muscle. The frequency band of the maximal
intensity during normal walking is indicated for both conditions with a dashed red line.
B) Average (mean ± standard error of the mean) percentage distribution of EMG intensity
across the 9 frequency bands (wavelet spectra) for physiological muscle activity within stance
and swing phases (see methods) of control participants right VM ( n Æ20), TA (n Æ20), GM
(n Æ21) and ST (n Æ21) during normal and targeted walking. Asterisks indicate a signi�cant
difference between normal and targeted walking ( ® Æ0.05) tested by Wilcoxon signed-rank
tests with Bonferroni correction for multiple comparisons. The most prominent shift in
intensity distribution is indicated with a red arrow. VM, vastus medialis; TA, tibialis anterior;
GM, gastrocnemius; ST, semitendinosus.
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Figure 3.4: EMG frequency characteristics during normal and targeted walking in individ-
uals with iSCI. A & C) Average time-frequency-intensity heatmaps (wavelet transformation)
for more (A) and less (C) impaired VM, TA, GM and ST of individuals with iSCI. The EMG
intensity (amplitude) was normalized to the 95 th percentile intensity during normal walking
for each individual. The color scale of the heatmap ranges from 0 to the maximal intensity of
the 2 conditions for each muscle. The frequency band of the maximal intensity during normal
walking is indicated for both conditions with a dashed red line. B & D) Average (mean ± stan-
dard error of the mean) percentage distribution of EMG intensity across the 9 frequency bands
(wavelet spectra) for individual muscle activity phases within stance and swing (see methods)
of more (B) and less (D) impaired VM, TA, GM and ST of individuals with iSCI ( n Æ16) during
normal and targeted walking. Asterisks indicate a signi�cant difference between normal and
targeted walking ( ® Æ0.05) tested by Wilcoxon signed-rank tests with Bonferroni correction
for multiple comparisons. iSCI, incomplete spinal cord injury; VM, vastus medialis; TA, tibialis
anterior; GM, gastrocnemius; ST, semitendinosus.
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3.4.6 iSCI impairment level and subgroup analyses for speed

For the whole iSCI group, the delta in relative intensity in the 38 Hz band in the ST during

swing was signi�cantly correlated with the performance in the 6MWT (MI & LI), the accu-

racy in the targeted walking task (MI) and the clinical vibration score (MI) (Figure 3.5B-D).

No correlations with further clinical scores (AIS light touch, LEMS, pin prick) or the con-

founding factor age were observed. Furthermore, no correlation was found in the control

group between the delta in relative intensity in the 38 Hz band in ST during swing and

accuracy in the targeted walking task (Spearman-correlation; r Æ ¡0.01,n Æ21,p Æ0.976),

6MWT performance (Pearson-correlation: r Æ0.03,n Æ21,p Æ0.9030) or treadmill speed

(r Æ0.11,n Æ21,p Æ0.635).

To investigate effects of walking speeds on our �ndings, we performed a speed-matched

subgroup analysis (Controls: n=7, 3.4 ± 0.3 km/h; iSCI: n=6, 3.4 ± 0.2 km/h). Speed and

maximal step length were not signi�cantly different in these two subgroups (Supplementary

table A.3), indicating that the targeted walking sequences were highly comparable between

group. Findings of muscle activity adaptations were in line with the overall cohorts (Figure

3.6A). Individuals with iSCI in this subgroup showed more pronounced changes in muscle

activity than the whole iSCI cohort and were more comparable to the control group. However,

there was only a trend towards an increase of the ST before heel-strike and it was signi�cantly

smaller than in the control participants (Figure 3.6A-C, Mann-Withney-U-test: U Æ27.00,p Æ

0.003,r Æ ¡0.58). Control participants in the speed-matched subgroup also demonstrated a

prominent increase of relative intensity in the 38 Hz band of ST during swing during targeted

walking, which was signi�cantly larger than the delta in individuals with iSCI (Figure 3.6D,

U Æ39.00,p Æ0.020,r Æ ¡0.45). In this speed-matched subgroup, control participants and

individuals with iSCI did not show decreased step length during targeted compared to normal

walking (Wilcoxon signed-rank tests; controls: right: -3.9%, Z Æ ¡0.734,p Æ0.926,n Æ7,r Æ

0.19; left: -1.5%, Z Æ ¡0.314,p Æ1.0,n Æ7,r Æ0.08; iSCI: MI: -4.0%, Z Æ ¡0.943,p Æ0.690,n Æ

6,r Æ0.27; MI: -4.0%, Z Æ ¡0.943,p Æ0.690,n Æ6,r Æ0.27).
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Figure 3.5: Comparison of the delta in the 38 Hz band (wavelet analysis) between controls
and individuals with iSCI and between different impairment levels within the iSCI group.
A) Boxplot (whiskers: range) of the delta (targeted-normal walking) in the 38 Hz band in ST
during swing for the control group ( n Æ21) and the iSCI group ( n Æ16). Asterisks indicate a
signi�cant difference between groups ( ® Æ0.05) tested by Post-Hoc comparisons of an ANOVA.
B) Scatter plots of the performance in the 6MWT and the delta in the 38 Hz band of the MI
and LI ST during swing for the iSCI group. Results of a Pearson correlation are indicated. C)
Scatter plots of the accuracy during targeted walking and the delta in the 38 Hz band of the
MI ST during swing for the iSCI group. Results of a Spearman correlation are indicated. D)
Scatter plots of the clinical vibration score (test for proprioception) and the delta in the 38 Hz
band of the MI and LI ST during swing for the iSCI group. Results of a Spearman correlation
are indicated. iSCI, incomplete spinal cord injury; RMS, root mean square; R, right; MI, more
impaired; LI, less impaired; ST, semitendinosus; 6MWT; 6-minute walking test.
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Figure 3.6: EMG characteristics during normal and targeted walking in two speed-
matched subgroups of control participants and individuals with iSCI. A) Recti�ed and av-
eraged EMG activity of the control subgroup during normal and targeted walking for right
and left VM (r: n Æ6; l: n Æ6), TA (r: n Æ7; l: n Æ7), GM (r: n Æ7; l: n Æ7) and ST (r: n=7; l:
n=7). The EMG amplitudes were normalized to the 95 th percentile intensity during normal
walking. B) Recti�ed and averaged EMG activity of the iSCI subgroup ( n Æ6) during normal
and targeted walking for less and more impaired VM, TA, GM and ST. The EMG amplitudes
were normalized to the 95 th percentile intensity during normal walking. C) Boxplots (whiskers:
range) of RMS swing of ST (both leg) for subgroup of controls ( n Æ7) and individuals with iSCI
(n Æ6). The asterisk indicates a signi�cant difference between the groups ( ® Æ0.05) tested by
a Mann-Whitney-Test. D) Boxplots (whiskers: range) of delta between normal and targeted
walking in ST during swing (both leg) for subgroup of controls ( n Æ7) and individuals with iSCI
(n Æ6). The asterisk indicates a signi�cant difference between the groups ( ® Æ0.05) tested by
a Mann-Whitney-Test. iSCI, incomplete spinal cord injury; RMS, root mean square; R, right; L,
left; MI, more impaired; LI, less impaired; SD, standard deviation; VM, vastus medialis; TA,
tibialis anterior; GM, gastrocnemius; ST, semitendinosus.

47



Chapter 3. Targeted walking in incomplete spinal cord injury: Role of corticospinal
control

3.5 Discussion

This study builds upon previous �ndings on corticospinal control during targeted walking

in controls [28, 29, 161] and applies the task to individuals with iSCI. While the overall kine-

matic gait pattern remained similar between walking conditions, control participants showed

distinct adaptations of EMG patterns and frequency characteristics during targeted walking.

As the targeted walking task depends on anticipatory adaptations to randomized visual cues,

differences between normal and targeted walking are likely caused by enhanced corticospinal

control of locomotion with considerable contribution of the primary motor cortex, as demon-

strated previously in animals [26, 30] and humans [28, 29, 161]. Locomotor adaptations were

impaired in individuals with iSCI and correlated with the respective impairment level in walk-

ing capacity and proprioception, probably re�ecting patients' integrity of corticospinal control

of locomotion.

3.5.1 Corticospinal control during targeted walking in control participants

The most prominent difference in control participants was an increased activity in the ST

during the swing phase in targeted compared to normal walking. As the ST extends the hip

and �exes the knee, this increased muscle activity was likely involved in decelerating and

controlling leg movement during the pendulum swing and thereby controlling foot placement

[3, 26]. Remarkably, this �nding replicates in humans those of Escalona et al, who observed ST

activation in the late swing phase during targeted walking in cats [26].

Corticospinal contribution to these prominent changes in ST activation during swing is further

supported by observations in the EMG time-frequency analysis in connection with �ndings of

previous studies. The most notable shift, observed in ST but also in TA and GM, was an increase

of relative intensity in the 38 Hz and also the 19 Hz bands during targeted compared to normal

walking. This was accompanied by a decrease of relative intensity in high frequency bands,

reproducing �ndings of a previous study and broadening these results to proximal muscles

[161]. The 19 Hz band overlaps with and the 38 Hz band is within the frequency range linked to

corticospinal drive (20 – 60 Hz, cortical drive frequencies), in which increased corticomuscular

coherence during targeted walking [28] and increased intermuscular coherence during gait

adaptations [157] have been observed. The results of this study further support the notion that

intensity shifts to the 20 – 60 Hz range and not only increased synchrony indicate different

corticospinal control demands with possibly higher contribution from the motor cortex [161].

Vastus medialis also showed increased activity during swing, underlining that VM together

with ST controls �nal foot position through co-contraction. All lower limb muscles exhibited

increased muscle activity either directly after foot strike or during stance phase. This is most

likely caused by more balance requirements during targeting or increased contribution of

the stance leg to the reaching of the swing leg [226, 227]. Increases in corticospinal drive

frequencies during stance were present in TA and GM but much more subtle than during

the swing phase in ST, possibly indicating different changes of corticospinal control. Since
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brainstem and spinal centers have an important role in adjustments of balance and postural

control [31–33, 228], it is very likely that they are involved in adaptations during stance

phase in targeted walking besides cortical centers. However, the applied EMG-based time-

frequency analysis is only able to gauge the involvement of corticospinal control in visually-

guided targeted walking and does not provide information on the contribution of alternative,

locomotor-relevant neural systems (e.g. descending brainstem areas, spinal networks, sensory

afferents).

Whereas the overall kinematic pattern remained comparable between walking conditions,

reduced ROM and altered toe height in swing during targeted walking likely represent antic-

ipatory strategies to increase time to react or retain options during targeting. Reduced toe

height before heel-strike was associated with increased plantar�exion during targeting, as

participants tended to approach the cross with the forefoot. This is further demonstrated by

an additional second burst of GM activity towards the end of swing phase during targeted

walking. Consequently, the rollover process was less pronounced, which is in line with a

reduced peak EMG activity in the TA muscle after heel-strike [229].

Previous studies have reported that corticospinal projections are pronounced in the �exor TA

and a prominent role of corticospinal control during locomotion has been demonstrated for

this muscle [20, 22, 230]. The results of this study similarly implicate increased corticospinal

control of TA around heel-strike during targeted walking. Nevertheless, our results suggest that

corticospinal control is more increased in the �exor ST than in TA during our targeted walking

task, in line with the reasoning that proximal muscles assist foot placement [26, 231]. GM is

a distal muscle which assists foot placement by in�uencing step length [232], however, our

�ndings similarly demonstrate higher adaptations in the leg in swing than in the contralateral

leg in stance phase. Other muscles that were not recorded in this study might also contribute

substantially to adjustments during targeted walking. This includes hip �exors for the control

of step length and hip abductors for step width [233].

3.5.2 Impaired corticospinal adaptations after iSCI

Although control participants and individuals with iSCI were able to hit the majority of crosses,

individuals with iSCI performed signi�cantly worse, replicating results from animal exper-

iments with similar tasks [26, 30]. The poorer precision exhibited by iSCI patients may, on

one hand, be caused by damage to descending motor tracts, leading to insuf�cient motor

adaptation. On the other hand, damaged ascending pathways may provide insuf�cient feed-

back for sensory integration [167]. Individuals with iSCI with greater sensory de�cits showed

a trend towards worse targeting precision, highlighting the importance of somatosensory

integration. No correlation was found between LEMS and precision, indicating that the two

measures represent different aspects of motor performance as previously shown with LEMS

and locomotion [234].
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Besides reduced precision, individuals with iSCI showed impaired adaptation in muscle

activity patterns during targeted walking, presumably re�ecting reduced corticospinal control

abilities. The prominent increase in ST activity demonstrated by control participants during

swing in targeted walking was impaired in individuals with iSCI. This result again echoes

Escalona et al, where the putatively cortical ST activation prior to paw placement disappeared

after cord hemisection [26]. The interpretation of impaired corticospinal adaptations is further

supported by the speci�c reduction of the shift towards corticispinal EMG frequencies in our

iSCI population, which was observed in control participants during targeted walking [161]. It is

unclear whether this is related directly to reduced corticospinal control (damaged descending

tracts or reduced sensory feedback for integration) or rather is due to corticospinal drive

being already at maximum during normal walking in individuals with iSCI due to higher

attentional demands required to compensate de�cits [235–237]. Besides the reduction of

corticospinal EMG frequency shifts, individuals with iSCI showed increased activity in GM

during stance phase in the higher frequency bands in direct contrast to the changes observed

in control participants. Less is known about higher frequency bands, but this may indicate

that individuals with iSCI activate more fast motor units during targeted walking [225, 238],

possibly representing a compensation strategy.

Our �ndings in EMG frequency characteristics suggest that changes in relative intensity of

corticospinal drive frequencies during targeted walking may be a marker of the integrity of

corticospinal control of locomotion, as has been observed for intermuscular coherence in

these frequencies [158–160, 239]. Less-impaired individuals showed greater increases in rela-

tive intensity of corticospinal drive frequencies during targeted walking than more-impaired

individuals. This suggests that this shift might allow the distinction of different levels of corti-

cospinal control and could be used for monitoring effects of rehabilitation and treatments on

corticospinal control, which would be of high clinical relevance. Synchrony between muscles

in corticospinal drive frequencies has already been shown to increase with training in individ-

uals with iSCI, suggesting the restoration of corticospinal drive [240]. Test-retest reliability of

EMG frequency characteristics is adequate enough for assessments in rehabilitation settings

[241, 242], however, as this study did not involve a direct measure of corticospinal control and

interpretations of frequency shifts were only based on literature, the validity needs further

investigations. Comparisons to more direct measurements of corticospinal control (e.g. tran-

scranial magnetic stimulation, electroencephalography) are required to con�rm our �ndings.

Besides this, large cohort trials with different lesion severities and at different stages of reha-

bilitation are required to evaluate the sensitivity of EMG time-frequency measures to gauge

corticospinal control and its possible inferences on community walking function. The marked

increase of corticospinal control during targeted walking in controls further suggests that

the task may represent a rehabilitation modality to challenge patients and perhaps promote

corticospinal control [26, 243].
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3.5.3 Limitations

The relatively good performance of individuals with iSCI during targeted walking despite

presumed impaired corticospinal control suggests that they may compensate with alternative

neuronal systems. Alternatively, this may relate to methodological limitations. We used a

binary classi�cation for precision as used in previous studies [26, 28, 30], but it remains

possible that the observed changes in gait control are responsible for precision on a higher

level. This issue could also explain similar accuracy between the MI and LI leg in individuals

with iSCI.

In wavelet analysis, fatigue has been associated with an increase in EMG intensities in lower

frequency bands (7-88 Hz) [244], an unlikely confounder for EMG results in this study as this

was in line with the effect observed in the control group, not the iSCI group more susceptible

to fatigue. However, fatigue might have negatively in�uenced concentration and consequently

the accuracy performance. The length of the treadmill limited the maximal projection step

length to 66 cm during targeted walking, leading to some participants walking with shorter

steps than during normal walking. However, as control participants and individuals with iSCI

of the speed-matched subgroups did not change the average step length between walking

conditions, it can be concluded that the observed differences between groups are not caused

by this issue.

3.5.4 Conclusion

Normal treadmill walking may not be demanding enough to allow the detection of differences

in corticospinal control in ambulatory individuals with iSCI, potentially masking treatment

and therapy effects and the distinction between spinal and supraspinal aspects of locomotion.

By analyzing EMG patterns and frequency characteristics, this study identi�es corticospinal

control strategies in control participants during targeted walking, which were most promi-

nently in ST. In chronic iSCI, these strategies appear to be disturbed and result in less precise

foot placement. Targeted walking may hold potential as an investigative and rehabilitative

locomotor modality for the detection and promotion of functional integrity of corticospinal

control in individuals with iSCI and other neurological impairments, which should be further

explored in future studies.
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Chapter 4. Immediate effects of transcutaneous spinal cord stimulation on motor
function in chronic, sensorimotor incomplete spinal cord injury

4.1 Abstract

De�cient ankle control after incomplete spinal cord injury (iSCI) often accentuates walking

impairments. Transcutaneous electrical spinal cord stimulation (tSCS) has been shown to

augment locomotor activity after iSCI, supposedly due to modulation of spinal excitability,

but effects on ankle control have not yet been assessed. This study investigated immediate

effects during single-sessions of tonic tSCS on ankle control, spinal excitability and locomotion

in ten individuals with chronic, sensorimotor iSCI. Participants performed rhythmic ankle

movements at a given rate and irregular ankle movements following a predetermined trajectory

without and with tonic tSCS at 15 Hz, 30 Hz, and 50 Hz. In eight participants, effects of tSCS

on assisted over-ground walking were studied. Furthermore, the activity of a polysynaptic

spinal re�ex associated with spinal locomotor networks was investigated to study the effect of

the stimulation on a dedicated spinal circuitry. Tonic tSCS at 30 Hz immediately improved

maximum dorsi�exion by +4.6 ° § 0.9° in the more affected lower limb during a rhythmic ankle

movement task resulting in an increase of +2.9 ° § 0.9° in active range of motion. Coordination

of the ankle joint, assessed by the ability to perform rhythmic ankle movements at target

rate and to follow an irregular trajectory, was unchanged during stimulation. tSCS at 30 Hz

modulated spinal re�ex activity re�ected by a signi�cant suppression of the pathological late

component of the assessed polysynaptic spinal re�ex. During walking, there was no group

effect of tSCS. Among the eight assessed participants, the three with the lowest as well as one

with the highest walking function scores showed increased maximum walking speed or more

continuous and faster stepping at self-selected speed. Future studies need to investigate if

familiarization and individual optimization of stimulation parameters can increase effects of

tSCS and if the technique can improve the outcome of locomotor rehabilitation after iSCI.

4.2 Introduction

Supraspinal input to spinal circuits is critical for initiation and control of human locomotion

[2, 14]. Especially the activation of ankle dorsi�exors in the swing phase is strongly related to

corticospinal transmission [22, 230]. After an incomplete spinal cord injury (iSCI), reduced

corticospinal input causes muscle weakness and spasticity, which impair voluntary ankle con-

trol [158, 245, 246]. De�cient ankle control after iSCI often accentuates walking impairments

and poses a challenge in regaining walking function [70, 144]. Assisting locomotor recovery

after iSCI and improving its outcome is of high relevance for affected individuals and would

considerably increase their quality of life [170, 247].

Intensive training in combination with electrical stimulation of the lumbar spinal cord using

epidurally implanted electrodes has been shown to improve or induce regains of voluntary

control over lower limb movements and over-ground walking capabilities in individuals

with chronic, severe SCI [90, 91, 101, 111, 112]. Epidural spinal cord stimulation (eSCS)

activates afferent �bers in the posterior roots and generates multisegmental input to spinal

networks [98, 99, 248–250]. Previous studies have demonstrated a variety of immediate (i.e.
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without training), frequency-dependent effects of eSCS on lower limb motor control after SCI.

Speci�cally, eSCS in the range of 5-15 Hz was shown to induce bilateral lower limb extension

and upright standing within single application sessions [90, 106]. At frequencies around 30

Hz, eSCS immediately generated rhythmic �exion-extension movements of the lower limbs of

individuals with motor complete SCI lying supine [11, 99, 251], enhanced rhythmic lower limb

muscle activities induced by proprioceptive input generated during assisted treadmill stepping

[90, 252], and enabled voluntary hip and knee �exion and extension [90] as well as ankle

dorsi�exion [101]. Stimulation at frequencies ¸ 50 Hz was associated with the attenuation of

lower-limb spasticity [110]. However, eSCS is an invasive procedure with the corresponding

risks for treated patients. The same neural input structures to the spinal cord can be less

speci�cally but non-invasively stimulated with surface electrodes [100, 253, 254]. Similarly to

eSCS, transcutaneous spinal cord stimulation (tSCS) has been shown to immediately induce

lower limb extension at 15 Hz [107, 255] and to attenuate spasticity at 50 Hz [105, 256, 257].

Furthermore, initiation of �exion-extension movements and an immediate augmentation

of locomotor activity was also reported for 30-Hz tSCS [109, 258, 259]. However, the effect

on more �nely controlled ankle movements, which could be an origin of improvements of

locomotor function, has not yet been assessed. Several mechanisms are suggested to be

responsible for the modulatory effects of electrical lumbar SCS, including an increase of

excitability of spinal locomotor networks [101–103] and the regulation of segmental circuitries'

activity [104, 105]. However, no study so far investigated underlying mechanisms of SCS and

the contribution of speci�c spinal circuits.

In this study, we investigated the immediate effects of a single application of tSCS at three

different frequencies (15 Hz, 30 Hz, and 50 Hz) on voluntary ankle control studied in the

supine position in ten individuals with chronic, sensorimotor iSCI. We hypothesized that

tSCS facilitates ankle control and that the characteristics of the facilitation varies between

stimulation frequencies. Moreover, we investigated whether the effects observed in the ankle

control task would transfer to over-ground walking with a body weight support (BWS) system

and if other stimulation-induced effects are present during locomotion.

Besides effects on motor control, this study explored for the �rst time the effect of tSCS

on dedicated spinal networks studying the electromyographic (EMG) representation of a

polysynaptic spinal re�ex elicited by electrical stimulation of the distal tibial nerve, hereinafter

termed spinal re�ex. Previous studies have suggested an association of this re�ex with spinal

locomotor circuits and their functional state after SCI [59, 145, 148]. In neurologically intact

individuals, the spinal re�ex is characterized by a dominant early EMG component occurring at

latencies of 60–120 ms, while in individuals with severe SCI, an additional late EMG component

at latencies of 120–450 ms gradually develops in the weeks post-injury [59, 145–147]. Dominant

late spinal re�ex components were associated with more impaired locomotor function[59].

We here hypothesized that afferent input generated by 30-Hz tSCS would interact with spinal

locomotor circuits, resulting in a facilitated early and a diminished late re�ex component

under tonic stimulation.
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4.3 Materials and Methods

4.3.1 Participants

Data were derived from ten individuals with chronic, sensorimotor iSCI classi�ed as grade D

on the American Spinal Injury Association Impairment Scale [43]. Details on the neurological

status of the participants and the assistance required for walking are provided in Table 4.1.

Participant 3 had additional lesions affecting the efferent system associated with his left

lower limb. None of the participants had previous experience with tSCS. Among the exclusion

criteria were neurological lesion levels caudal to T12 and active or passive implants at vertebral

level T9 or caudally, such as osteosynthesis material. The study was approved by the cantonal

ethics committee of Zurich, Switzerland (KEK-ZH 2017-00053), and conducted in accordance

with the Declaration of Helsinki. All participants signed written informed consent prior to

their enrollment into the study.

Table 4.1: Neurological status of the participants according to the International Standards for
Neurological Classi�cation of Spinal Cord Injury.

Nr. Sex Age
(y)

Neurol.
level of SCI

Time
post-SCI

(y)

LEMS total
(L/R)

PP sensory
score total

(L/R)

LT sensory
score total

(L/R)

WISCI II
score

FLOAT-
BWS
(%)

1 M 28 C5 8 5/25 32/32 32/32 13 7

2 M 53 C3 38 25/17 29/30 30/30 20 7

3 M 65 T10 15 16/20 47/49 45/45 20 7

4 M 40 C6 4 21/20 20/18 26/25 16 10

5 M 45 C7 15 14/15 29/26 28/27 20 6

6 M 48 C5 8 20/22 31/31 31/31 20 6

7 M 31 T4 13 19/19 40/36 40/40 13 45

8 M 40 C7 5 17/21 22/22 39/39 13 6

9 F 40 C4 4 23/21 31/31 31/31 9 NT

10 M 64 T3 6 25/23 39/37 44/45 13 NT

BWS, body weight support; FLOAT, Free Levitation for Overground Active Training [260]; LEMS, lower extremity
motor score (max. 25 per leg); LT, light touch (max. 56 per side); PP, pin prick (max. 56 per side); Neurol.,

neurological; Part., participant; WISCI, Walking index for spinal cord injury [261]; y, years.

4.3.2 Study protocol

Two independent study sessions were conducted on separate days (time between sessions:

1–21 days). In session 1, the participants' ability to perform controlled ankle movements was

investigated. In session 2, spinal re�ex activity and walking performance were assessed.

For the ankle control assessment, participants were lying supine with their thighs and shanks

stabilized by a vacuum pillow without restricting the full range of motion (ROM) of the ankle

joints. The assessment comprised two protocols. First, participants performed 25 cycles of

unilateral rhythmic ankle movements, from maximum dorsi- to maximum plantar �exion
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angles, at a target rate given by an auditory cue. Three different movement rates were tested,

in this sequence, 0.8 Hz, 1.6 Hz, and 2.4 Hz [262]. Second, participants performed a unilateral

irregular precision task. It consisted of unilateral ankle movements following a prede�ned,

irregular, sinusoidal trajectory projected on a screen. A motion capture system provided visual

feedback of the executed ankle movements in relation to the targeted trajectory. The maxima

of the trajectory were adjusted to 90% of the individual maximum ankle ROM. Each protocol

was repeated �ve times per side, �rst without tSCS (tSCS-off), followed by three repetitions

under tonic tSCS at 15 Hz, 30 Hz, and 50 Hz (applied in a randomized order), and �nally

without tSCS again (tSCS-offrep). Between repetitions, participants rested as needed.

Spinal re�exes were elicited by applying monopolar electrical stimulation to the distal tibial

nerve at the dorsal aspect of the medial malleolus through self-adhesive hydrogel surface

electrodes (Neuroline 700, Ambu, Ballerup, Denmark) with participants in the supine posi-

tion. A current-controlled stimulator (Dantec Keypoint Focus Workstation, Natus Medical

Incorporated, Pleasanton, CA, USA) was set to deliver trains of �ve (�ve participants) or eight

monophasic rectangular pulses, each with a duration of 1.0 ms and an interpulse interval of

4 ms. Total time of a stimulus was 17 ms (�ve pulses) or 29 ms (eight pulses). Stimulation

amplitude was gradually increased in 1-mA increments up to the re�ex threshold (spinal

re�exes with amplitudes > 20 &V in three out of �ve stimuli). Subsequently, �ve stimuli with

an amplitude of 1.5 times the re�ex threshold were applied. The protocol was conducted �rst

without and then under tonic 30-Hz tSCS in one limb and subsequently in the same order in

the other limb. For the �ve above-threshold stimuli, same stimulation amplitudes were used in

the tSCS-off and –on conditions. To minimize habituation, stimulation trains were delivered at

randomized intervals of 30–40 seconds [263] and participants were given a backward counting

task [264, 265].

For the gait assessments, participants were �tted with a harness to the BWS system (The

FLOAT, RehaStim Medtech AG, Germany) [260, 266, 267], set to the individual minimum that

allowed unrestricted overground walking over a distance of 7 m (Table 4.1; same BWS provided

for tSCS-off and tSCS-on conditions), but always ¸ 4 kg (fall detection limit). Participants

1, 7 and 8 additionally required a walker and participant 4 used two crutches. Walk tests

comprised the assessment (i) of the minimum time required to walk 7 m without tSCS as well

as under tonic 30-Hz tSCS, used to calculate the maximum walking speed (m/s); and (ii) of

gait kinematics and lower limb muscle activity without tSCS and during tSCS at 15 Hz, 30 Hz,

and 50 Hz (applied in a randomized sequence) while walking 7 m at a self-selected speed.

To avoid confounding effects, trials under tonic tSCS were repeated if self-selected walking

speed deviated by more than § 10 % from that of the tSCS-off condition. Two trials of each

assessment were conducted per condition. Participant 1-6 completed both assessment parts

and ful�lled the criterion of constant walking speed in the self-selected walking condition

(four trials repeated). Participants 7 and 8 showed signs of fatigue during walking, completed

the 7 m with major �uctuation of walking speed across all tSCS-off and tSCS-on trials, and were

unable to ful�ll the criterion of constant walking speed across repetitions. In both participants,

the maximum walking speed was not assessed, and self-selected walking speed under different
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tSCS conditions are reported instead. Walk tests were not conducted in participants 9 and

10 since no posterior root-muscle (PRM) re�exes [100, 254] were elicitable in the BWS- and

walker-assisted standing position (see below).

4.3.3 EMG and kinematic data

EMG activity was recorded from bilateral rectus femoris (RF), vastus medialis (VM), semitendi-

nosus (ST), tibialis anterior (TA), and medial gastrocnemius (MG) with surface electrodes

(Kendall H124SG, Covidien, Medtronic, Dublin, Ireland), placed in accordance with the Euro-

pean recommendations for surface electromyography (SENIAM [222]) and using the Aktos

system (myon AG, Schwarzenberg, Switzerland). Data were ampli�ed with a gain of 1000 over a

bandwidth of 10–500 Hz and digitized at 2000 samples per second and channel. For the spinal

re�ex protocol, the recti�ed EMG activity of bilateral TA was recorded using surface electrodes

(BlueSensor NF, Ambu, Ballerup, Denmark), and the Dantec Keypoint Focus Workstation over

a bandwidth of 20 Hz to 3000 Hz and digitized at 6000 samples per second. A copper strip

covered in a wet absorbent felt placed around the ankle joint was used as ground electrode.

Kinematic data were acquired using the Vicon motion capture system (Vicon Motion Systems

Ltd, Oxford, UK). For the ankle control assessment, three re�ective markers were placed

bilaterally on the �bula head, the lateral malleolus, and the �fth metatarsal head. For the

walk tests, a total of 42 markers were placed according to the Plug-in Gait model [175] with

additional locations for gap �lling purposes. Kinematic data were sampled at 100 Hz (ankle

control assessment) or 200 Hz (walk tests), labelled and gap �lled using Vicon Nexus 2.6,

and synchronized to the EMG data. Trajectories of the walk tests were additionally �ltered

(Woltring �lter, volume speci�c mean-square-error value of 15) and modelled with the Plug-in

Gait model [175]. Gait events were manually detected based on marker position data. Angular

excursions of the lower limb joints were calculated based on vectors using toe, ankle, knee,

sacrum markers as well as the modelled hip joint rotation center [121, 180].

4.3.4 Transcutaneous spinal cord stimulation

Lumbar tSCS was applied through a self-adhesive surface electrode (5 x 9 cm; RehaTrode,

Hasomed GmbH, Magdeburg, Germany) positioned longitudinally over the spine covering

the T11 and T12 spinous processes and a coupled pair of electrodes (7.5 x 13 cm each) placed

over the lower abdomen, in symmetry to the umbilicus [100, 254, 268]. A current-controlled

stimulator (RehaMove 3.0, Hasomed GmbH) was set to deliver charge-balanced, symmetric,

biphasic rectangular pulses of 1 ms width per phase. With reference to the abdominal elec-

trodes, the paraspinal electrode was the anode for the �rst and the cathode for the second

pulse phase [254]. Paravertebral electrode position over the lumbar and upper sacral spinal

cord was veri�ed by the elicitation of PRM re�exes in the L2–S2 innervated RF, VM, ST, TA

and MG bilaterally [100, 254]. Stimulation of afferent �bers was tested using a paired-pulse

paradigm with interstimulus intervals of 30 ms, 50 ms, and 120 ms [100, 254, 269–273]. In

58



4.3. Materials and Methods

session 1, the mean PRM-re�ex threshold § SD across participants was 31.0 § 18.8 mA (per

phase of the biphasic stimulation pulse), ranging from 15 mA to 70 mA. Tonic tSCS was applied

with a target amplitude of 0.8–1.0 times the individual PRM-re�ex threshold [101, 109], yet

always below a level causing discomfort, and amounted to 26.4 § 17.3 mA across participants

(13–65 mA; 0.84§ 0.10 x PRM-re�ex threshold). In session 2, the mean PRM-re�ex threshold

was 32.0§ 14.4 mA (14–65 mA) in the supine position (spinal re�ex protocol), and 40.6 § 13.5

mA (20–60 mA) in BWS-supported standing position with walking aids as used for stepping.

The mean stimulation amplitude of tonic tSCS was 28.8 § 14.7 mA (13–65 mA, 0.89§ 0.08 x

PRM re�ex threshold) for the spinal re�ex protocol, and 34.8 § 13.1 mA (16–60 mA, 0.85§ 0.10

x PRM re�ex threshold) for the walk tests. Maximum durations of tSCS application with the

target amplitude were approximately 5 minutes for the ankle control and walk tests and 15

minutes for the spinal re�ex assessment. Participants 4, 5, 8, and 10 reported paresthesia in

lower limb dermatomes during the tonic stimulation [105, 274].

4.3.5 Data analysis and statistics

Data were analyzed of�ine using Matlab 2017b (The Mathworks Inc., Natick, MA, USA), IBM

SPSS Statistics 26.0 for Windows (IBM Corporation, Armonk, NY, USA) and R 3.6.1 (The R

project for Statistical Computing, R Core Team) with R Studio 1.2 (R Studio, Inc., Boston, MA,

USA).®-errors of P < .05 were considered signi�cant. The two legs of each participant were

grouped into more and less affected sides based on the total lower extremity motor scores

(LEMS) per leg. In participant 7, total light touch sensory scores were additionally considered

as LEMS were equivalent in both legs.

For the unilateral rhythmic ankle dorsi- and plantar �exion movement, ankle ROMs, root-

mean-square (RMS) values of the EMG signals of TA during dorsi�exion and MG during plantar

�exion as well as deviations from the target movement rate were determined for 20 movement

cycles of each repetition of the task (the �rst �ve of the 25 cycles per repetition were omitted)

and averaged. Separate linear mixed models with movement rate (0.8 Hz, 1.6 Hz, and 2.4

Hz) and tSCS condition (tSCS-off, 15-Hz tSCS, 30 Hz tSCS, 50-Hz tSCS, tSCS-offrep) as �xed

effects and between-subject differences as random effect were �t to the data of the more

and the less affected lower limbs. Residuals of linear mixed models were visually screened

for normal distribution (QQ-plots) and input datasets were transformed if necessary (log or

square root transformations). Post-hoc tests were based on estimated marginal means and

Bonferroni-corrected to adjust for multiple comparisons. Effect sizes are reported by the

partial eta-squared ( ´ 2
p ). Participant 4 did not perform the tSCS-offrep condition (fatigue) and

participant 2 was unable to perform the highest movement rate with his more affected lower

limb. For the irregular ankle movements, deviations from the prede�ned target trajectory

were calculated as the RMS-error normalized to the total range of the trajectory (90% of the

individual maximum ankle ROM) and compared using linear mixed models. In participants

4 and 8, the irregular ankle movement test was not conducted due to fatigue. Across ankle

control assessments, data derived from the less affected lower limb of participant 1 were
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considered only (additional lesions affecting efferent system in more affected limb) and the

more affected leg of participant 1 was excluded from analysis because of 0 ° ankle ROM in all

conditions.

In the recordings of session 2, stimulation artifacts produced by tSCS were superimposed on

the EMG activities generated in TA during the spinal re�ex protocol and on that of the thigh

muscles during the walk tests. Prior to further analysis, the artefacts were removed of�ine by

adjustable blanking intervals of 3–6 ms, beginning with the leading edge of the stimulus and

covering any die-away effects of the falling stimulus edge [109]. Within the blanking intervals,

EMG traces were set to NaN. In the spinal re�ex protocol, the same procedure was applied to

the EMG recordings in the tSCS-off condition for an assumed 30-Hz stimulation train to avoid

confounding effects on the evaluation of the early and late re�ex components (see below).

For the walk tests, where only increased EMG activity was expected during stimulation, the

procedure was applied to the tSCS-on conditions only, thus rather under- than overestimating

the EMG activity of the thigh muscles generated in the trials with tonic stimulation.

Spinal re�exes obtained with above-threshold stimulation were analyzed for the occurrence

of early and late components [59, 145]. Time windows were set at 60–120 ms for the detection

of the early component and at 120–450 ms for the late component [145]. Maximum EMG

amplitudes within these windows were determined and noise-corrected RMS values (a period

of noise was manually selected for each recording) of the EMG within ± 25 ms of the maxima

were calculated. Values of 0 were assigned if no response was detectable within a given

time window (i.e., RMS noise ¸ RMS re�ex). EMG-RMS values of the early and the late

response components as well as spinal re�ex thresholds were compared by running separate

linear mixed models with stimulation condition (tSCS-off, 30-Hz tSCS) and lower limb (more

affected, less affected) as �xed effects and between-subject differences as random effect (see

above for further methodological details of applied linear mixed models). Data derived from

the less affected lower limb of participant 3 were excluded from analysis due to the regular

occurrence of non-stimulation related muscle twitches in TA that were superimposed on the

EMG and impeded re�ex threshold estimation. No spinal re�exes were recorded from the less

affected lower limb of participant 4 because of the perception of discomfort at the stimulation

amplitude required for their elicitation.

Maximum walking speed was compared between tSCS-off and tSCS-on at 30 Hz using a

Wilcoxon signed-rank test (correlation coef�cient as effect size). For the analysis of gait

kinematics at a self-selected speed, mean hip, knee, and ankle ROMs as well as relative

durations of double limb support phases, step lengths and stride times were derived for

the more and less affected lower limbs, separately for the different tSCS-off and tSCS-on

conditions. Lower limb muscle activity was characterized by mean EMG-RMS values per

muscle, separately for stance and swing phases. Each outcome was statistically compared

between conditions in participants 1-6 (constant self-selected speed) using a Friedman test

(Bonferroni corrected for more and less affected leg). Additionally, the results of the walk

tests are reported descriptively. For this purpose, data obtained under tonic stimulation
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were normalized to the respective values in the tSCS-off condition using z-scores (changes

in standard deviations from baseline). Given the high kinematic �uctuations in participants

7 and 8, the variability of double limb support phases, step lengths, and stride times was

additionally calculated as the coef�cient of variation (SD divided by the mean).

For the ankle control tasks as well as the walk tests, participants were asked to rate their

comfort and performance perception in the tSCS-off and tSCS-on conditions (all frequencies

combined) based on the visual analogue scale (VAS; 0–100, 0 being the lowest subjective score

and 100 being the highest subjective score). Data were not normally distributed (Shapiro-Wilk-

Test) and on-off conditions were consequently compared using Wilcoxon signed-rank tests

(correlation coef�cient as effect size).

4.4 Results

4.4.1 Voluntary ankle control

Tonic tSCS applied for few minutes had several immediate effects on voluntary alternating

ankle �exion and extension at three different movement rates (Figure 4.1A). In the more

affected lower limb, tSCS condition (tSCS-off, 15-Hz tSCS, 30 Hz tSCS, 50-Hz tSCS, tSCS-

offrep) had a signi�cant main effect on ankle ROM ( F4;89.016 Æ4.368,p Æ.003,´ 2
p Æ.164),

maximum dorsi�exion ( F4;89.011Æ6.779,p Ç .001,´ 2
p Æ.234) as well as plantar �exion angles

(F4;89.005Æ3.557,p Æ.010,´ 2
p Æ.138), EMG activity of MG during the plantar �exion phases

(F4;88.037 Æ3.290,p Æ.015,´ 2
p Æ.130), and on the deviation from the target movement rate

(F4;89.028Æ2.872,p Æ.027,´ 2
p Æ.114). Post-hoc pairwise comparisons revealed signi�cantly

larger ankle ROM during 30-Hz tSCS than tSCS-off (absolute mean difference: 2.9 ° ± 0.9°,

p = .013) and tSCS-offrep (3.4° ± 0.9°, p Æ.003). Additionally, dorsi�exion angles during 30-

Hz tSCS were signi�cantly increased by 4.6 ° ± 0.9° compared to tSCS-off (p < .001), by 2.7 °

± 0.9° compared to 15-Hz tSCS (p = .041), and by 3.8 ° ± 1.0° compared to tSCS-offrep (p =

.002). At the same time, absolute plantar �exion angles were smaller by 1.7 ° ± 0.5° during

30-Hz tSCS than tSCS-off (p = .008). MG-RMS values during plantar �exion were reduced

in tSCS-offrep compared to tSCS-off (5.7 ± 1.6 &V, p = .007). In the less affected lower limb,

tSCS condition had a signi�cant main effect on ankle ROM ( F4;123.011Æ2.522,p Æ.044,´ 2
p Æ

.076), plantar �exion angles ( F4;123.003Æ8.125,p Ç .001,´ 2
p Æ.290), as well as on TA activity

during dorsi�exion ( F4;123.005 Æ2.673,p Æ.035,´ 2
p Æ.080) and MG activity during plantar

�exion ( F4;123.017Æ8.127,p Ç .001,´ 2
p Æ.209). Post-hoc pairwise comparisons demonstrated

signi�cantly larger absolute plantar �exion angles during tSCS-off than during 15-Hz tSCS

(1.9° ± 0.4°, p Ç .001), 30-Hz tSCS (1.5° ± 0.4°, p Æ.001), and tSCS-offrep (1.8° ± 0.4°, p Ç .001).

MG-RMS values during plantar �exion were larger during tSCS-off than during 15-Hz tSCS

(8.5 ± 2.4 &V, p Æ.005) and tSCS-offrep (12.9 ± 2.5 &V, p Ç .001) as well as larger during 50-Hz

tSCS than during tSCS-offrep (9.8 ± 2.5 &V, p Æ.001). No signi�cant interaction between tSCS

condition and movement rate existed for any outcome measure derived from the more and

less affected lower limbs.
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tSCS did not modify the ability to follow a prede�ned, irregular sinusoidal trajectory (Figure

4.1B) as quanti�ed by the normalized RMS-error, neither in the more ( F4;17.259 Æ.541,p Æ

.708,´ 2
p Æ.111) nor the less affected lower limb ( F4;26.903Æ1.172,p Æ.345,´ 2

p Æ.148).

The measures derived from the more and the less affected lower limbs were separately an-

alyzed since the following measures were in the tSCS-off condition signi�cantly lower in

the more affected lower limb: (i) the median LEMS (more affected, 18.0 (interquartile range

(IQR): 15.5–20); less affected, 21.5 (19.75–25.0),z Æ ¡2.673,p Æ.008,r Æ.845), (ii) the ankle

ROM during active rhythmic movements ( F1;38.548Æ22.978,p Ç .001,´ 2
p Æ.373), (iii) the EMG

activities of TA during dorsi�exion ( F1;37.076Æ7.846,p Æ.008,´ 2
p Æ.175) as well as of MG

during plantar �exion ( F1;37.181Æ10.043,p Æ.003,´ 2
p Æ.213).

All group results are detailed in table B.1.
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Figure 4.1: Effect of tSCS on voluntary unilateral ankle control. (A) Unilateral rhythmic
dorsi- and plantar �exion movements. (i) EMG activities of TA and MG shown for �ve move-
ment cycles at a rate of 1.6 Hz during tSCS-off, tSCS at stimulation frequencies as indicated,
and tSCS-offrep for the more affected lower limb of participant 7. Shaded backgrounds mark
dorsi�exion phases identi�ed based on kinematic data. Under tonic tSCS, maximum ankle
angles and TA activity during dorsi�exion were increased, while clonus-like activity in MG
that was present in the tSCS-off condition was visibly reduced. (ii) Group results (mean ±
SE) across movement rates of ankle range of movement; maximum dorsi�exion angles (black
arrow indicates direction of dorsi�exion); maximum plantar �exion angles (black arrow indi-
cates direction of plantar �exion); TA EMG-RMS values during dorsi�exion; MG EMG-RMS
values during plantar �exion; and deviation from target movement rate during tSCS conditions
as indicated, separately shown for the more and the less affected lower limbs. (B) Unilateral
ankle movements following an irregular sinusoidal target trajectory. (i) Exemplary recordings
of performed ankle movements (purple line) relative to the prede�ned irregular target trajec-
tory (grey line); less affected lower limb, participant 10. (ii) Group results (mean ± SE) of the
normalized RMS-error, providing information on the deviation of the performed movement
from the target trajectory, across tSCS conditions, shown for the more and the less affected
lower limb. Asterisks mark signi�cant results of post-hoc pairwise comparisons. deg., degree;
EMG, electromyographic; MG, medial gastrocnemius; RMS, root mean square; TA, tibialis
anterior; *, p < .05; **, p < .001.
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4.4.2 Spinal re�ex activity

Tonic 30-Hz tSCS did not alter the spinal re�ex threshold ( F1;21.142 Æ0.493,p Æ.490,´ 2
p Æ

.023) nor the EMG-RMS of the early re�ex component ( F1;22.668 Æ0.775,p Æ.388,´ 2
p Æ.033;

Figure 4.2, table B.2). On the other hand, it signi�cantly reduced the EMG-RMS of the

late re�ex component ( F1;21.952 Æ6.337,p Æ.020,´ 2
p Æ.224). Lower limb (levels: more and

less affected) was no signi�cant factor for any of the three measures (threshold, F1;21.500 Æ

0.262,p Æ.614,´ 2
p Æ.012; early component, F1;23.935Ç 0.001,p Æ.988,´ 2

p Ç .001; late compo-

nent, F1;22.330 Æ0.037,p Æ.848,´ 2
p Æ.002). Further, no interaction between tSCS condition

(tSCS-off, 30-Hz tSCS) and lower limb (levels: more and less affected) existed (threshold,

F1;21.142Æ0.251,p Æ.621,´ 2
p Æ.012; early component, F1;22.668Æ0.009,p Æ.926,´ 2

p Ç .001; late

component, F1;21.952Æ1.272,p Æ.272,´ 2
p Æ.002). All data are reported in table B.2.

Figure 4.2: Effect of tSCS on spinal re�ex activity. (i) Recti�ed electromyographic (EMG)
responses of tibialis anterior (TA) to distal tibial nerve stimulation applied to evoke a spinal re-
�ex in the tSCS-off and the 30-Hz tSCS conditions in one participant. Early re�ex components
(purple lines) were identi�ed within time windows of 60–120 ms post-stimulation train onset
(stim.), and late re�ex components (blue lines) within 120–450 ms. Shown are four (tSCS-off;
one re�ex excluded due to pre-activation) or �ve repetitions superimposed; participant 5,
less affected lower limb. Note the shorter duration of the late re�ex component under tonic
30-Hz tSCS. (ii) Group results of spinal re�ex thresholds and TA EMG-root mean square (RMS)
values associated with the early and late re�ex component, respectively, during tSCS-off and
30-Hz tSCS conditions. The EMG-RMS of the late component was signi�cantly reduced under
tonic 30-Hz tSCS (asterisk; p Ç .05). Box plots represent medians by bold horizontal lines
within boxes that span the IQR. Whiskers extend to the smallest and largest values that are
not outliers (here, values between 1.5 and 3 times the IQR of the upper quartile; shown as
separately plotted points) or extreme values (>3 times the IQR of the upper quartile; white
asterisks).

4.4.3 Walking performance

Walking performance assessed using the FLOAT-BWS system and assistive device as needed

showed considerable inter-individual differences both in the baseline recordings without tSCS,

as well as with respect to the effects of tonic tSCS at the three stimulation frequencies tested

(individual values, see table B.3).

Maximum walking speed without tSCS as well as under tonic 30-Hz tSCS was assessed in

participants 1–6 (Figure 4.3A(i); not tested in participants 7 and 8, see Methods) and no
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signi�cant group-effect between conditions was found ( z Æ.734,p Æ.463,r Æ.212). Individ-

ual maximum walking speed was increased by 12.7% (+0.05 m/s) and 9.6% (+0.11 m/s) in

participants 1 and 2, respectively, and reduced during stimulation by 14.4% (-0.05 m/s) in

participant 6. Participants 3-5 showed no differences during tSCS-on compared to tSCS-off

(+0.9%, +0.01 m/s; +0.4%, 0.00 m/s; -0.2%, 0.00 m/s). In the assessment of gait kinematics

and lower limb muscle EMG activity, the six participants were able to maintain a constant ( ±

10%) self-selected walking speed across tSCS conditions (tSCS-off, 15-Hz, 30-Hz, and 50-Hz

tSCS; table B.3), while participants 7 and 8 completed the 7 m at variable, individually possible

speed in the different conditions. The self-selected speed was increased during tonic tSCS at

all three stimulation frequencies in participant 8, and reduced during 15-Hz and 30-Hz tSCS

and increased during 50-Hz tSCS in participant 7 (Figure 4.3A(ii)).

For participants 1-6 with constant self-selected walking speed, there was no group effect of

tSCS on kinematic and EMG outcome measures (for detailed statistics see table B.3), except for

the stride time in the more affected leg, which was shorter during tonic stimulation (tSCS-off,

median (IQR): 1.84 (1.36–3.22); 15 Hz: 1.75 (1.28–2.99); 30Hz: 1.78 (1.28–3.10); 50 Hz: 1.84

(1.27–2.85);Â2(3) Æ9.8,p Æ.041). An overview of kinematics and muscle activity is provided

for participant 1-6 in Figure 4.3B & C and revealed individual changes during tSCS, whereof

some are brie�y highlighted in the following. Participants 1 and 2 generally showed increased

ROMs in one or more lower limb joints under tonic stimulation and participant 1 additionally

demonstrated decreased double limb support and increased step length. Participants 3–5

exhibited decreases in ROM, step length, and stride time during tSCS. Double limb support

was additionally reduced in participant 5. Muscle activity of RF was enhanced during tSCS in

the swing phase in participant 2 and in the stance phase in participant 3. Participant 1, 5 and

6 also exhibited augmented activity in RF or the synergistic VM, however, closer inspection

revealed that the increase was attributable to stimulus triggered responses superimposed on

the naturally generated EMG activities. TA and MG activity was increased under tSCS during

stance in participant 5, whereas participant 1 exhibited decreased TA activity during swing.

Participant 4 showed clonus-like activity in the ankle joint of the more affected limb during

stimulation, resulting in increased muscle activity of TA and MG.

In participants 7 and 8 with �uctuations of self-selected speed, mean hip and knee ROMs as

well as phases of double limb support were reduced in both lower limbs under tonic tSCS

across stimulation frequencies (table B.3) and in participant 8, the mean step length was

additionally augmented. Both participants walked the 7 m with less variation in double limb

support, stride time, and step length across tSCS frequencies, except for the step length of the

more affected lower limb of participant 7 at 15 Hz and of his less affected lower limb at 30 Hz

(table B.3).
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Figure 4.3: Effect of tSCS on overground walking performance. (A) Walking speed assessed
on a 7 meter track using the FLOAT-BWS system. (i) Absolute maximum walking speed of
the six participants completing the assessment during tSCS-off and 30-Hz tSCS along with
relative changes. (ii) Self-selected walking speed across tSCS conditions as indicated of the two
participants unable to maintain a constant speed over 7 m (both did not perform maximum
walking speed assessment). (B) Changes in gait kinematics during 15-Hz, 30-Hz, and 50-Hz
tSCS given as multiples of the SD of the respective values in the tSCS-off condition (z-scores)
and illustrated by the opacity of blue (indicating an increase) and red (decrease) boxes. Shown
are data derived from the more and less affected lower limbs of participants 1–6 who walked
at a constant self-selected speed across tSCS conditions. (C) Changes in lower limb muscle
activation (RMS values) during stance (left) and swing phases (right). MG values of the less
affected lower limb of participant 1 and ST values of the less affected lower limb of participant
4 are missing data. BWS, body-weight support; FLOAT, Free Levitation for Overground Active
Training; MG, medial gastrocnemius; RF, rectus femoris; ST, semitendinosus; TA, tibialis
anterior; VM, vastus medialis.
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4.4.4 Subjective reports

tSCS at 15 Hz, 30 Hz, and 50 Hz with targeted stimulation amplitudes was generally well

tolerated by all participants with the exception of participant 7 in the �rst study session

(stimulation amplitude hence set to 0.65 times the PRM-re�ex threshold, a level clear below

the threshold of discomfort). In the second study session, participant 7 reported no discomfort

when being stimulated with the target amplitude. Across participants, no differences existed

between comfort as well as performance perception between ankle control tests without and

with tSCS (median VAS score (IQR), comfort: tSCS-off, 68 (55.8–84.5); tSCS-on, 73.5 (54.3–89.3);

z Æ.059,p Æ.953,r Æ.019; performance: tSCS-off, (70 (51.5–78.3); tonic tSCS, 77 (57.0–85.0);

z Æ1.487,p Æ.137,r Æ.470). During walking, comfort perception did not differ between tSCS-

off and tSCS-on conditions (62 (48.0–72.0) and 63 (53.0–82.5); z Æ1.461,p Æ.144,r Æ.653).

However, the performance perception during stimulation was signi�cantly increased under

tonic tSCS (65 (47.0–71.0) and 71 (61.0–79.5),z Æ2.023,p Æ.043,r Æ.905).

4.5 Discussion

Single sessions of tonic tSCS produced modulatory effects on lower limb motor activity within

minutes of application on group-level in individuals with chronic, sensorimotor iSCI. During

rhythmic voluntary ankle movements, maximum dorsi�exion was signi�cantly enhanced

in the more affected lower limb during 30-Hz stimulation compared to tSCS-off. Despite a

concomitant reduction of maximum plantar �exion, this resulted in an augmented active

ROM. No effects on rhythmic ankle movements were observed for 15-Hz and 50-Hz tSCS. Fur-

thermore, coordination of ankle joint movements was unchanged during stimulation across

frequencies. Electrophysiological recordings of a polysynaptic spinal re�ex demonstrated for

the �rst time an immediate interaction of tSCS and spinal interneuronal networks associated

with locomotion. There was no group effect of tSCS on locomotor function in a subset of eight

participants with high levels of inter-individual variability. Among the eight participants, the

three with the lowest (score 13) and one with the maximum WISCI II scores showed increased

maximum walking speed (participant 1 and 2) or more continuous (participant 7 and 8) and

faster stepping (participant 8) at a self-selected speed. Some participants exhibited reduced

ROM, step lengths and strides times during tSCS.

Target neural structures of tSCS applied over the lumbar spinal cord are large-to-medium

diameter afferent �bers in posterior roots originating in distant dermatomes and myotomes

and are comparable to target structures of eSCS [98, 248, 250, 253, 254, 275]. Here, stimulation

of these target structures was veri�ed by the elicitation of PRM re�exes with single stimulation

pulses and their suppression and gradual recovery when using a paired-pulse paradigm

[109, 276]. Stimulation at 15 Hz, 30 Hz and 50 Hz was applied with an amplitude below the

threshold for the elicitation of PRM re�exes at rest, thus not re�exively depolarizing alpha-

motoneurons while providing repetitive, multisegmental afferent input to the spinal cord [101,

109]. The stimulation of afferent structures within L2–S2 posterior roots during tonic tSCS was
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further supported by the occurrence of tingling sensations in the respective lower extremity

dermatomes reported by some of the participants [105]. Repetitive afferent input to spinal

networks generated by SCS is hypothesized to modulate spinal excitability, regulate activity

in segmental spinal circuitries [104, 105] and enhance their responsiveness to remaining

descending input, ultimately resulting in improved motor control after SCI [101–103].

In this study, we demonstrated that tSCS at 30 Hz improved voluntary control of the ankle

joint of the more affected lower limb of participants with chronic iSCI. Active ankle ROM and

voluntary dorsi�exion were immediately increased by 2.9 ° ± 0.9° and 4.6° ± 0.9°, respectively. A

previous study investigated the effects of one-month Lokomat training on voluntary ankle

movements in an iSCI cohort comparable to this study (11.80 ± 2.54 years post-injury, WISCI

II 9-20) [277]. Post-training, dorsi�exion movements were improved, re�ected by an increase

of the active ROM by 5.1 ° ± 1.6, which is in a similar range as the tSCS-induced improvements

in this study. Voluntary ankle control has been shown to be substantially improved with eSCS

at 25-30 Hz, which enabled ankle movements in paralyzed muscles after motor complete

SCI, including relatively �ne controlled dorsi�exion [101]. The lack of facilitation in the less

affected lower limb in the participants of the present study was likely related to the signi�cantly

higher LEMS on this side, with three participants scoring the maximum of 25 and another

�ve participants having scores ¸ 20. Additionally, in the baseline recording without tSCS,

ankle ROM and EMG activity of TA during dorsi�exion were greater than on the more affected

side. Together, this leads to the assumption that the participants had maintained a critical

level of control over voluntary ankle movements in their less affected lower limbs, holding

less potential for further improvement. Absolute plantar �exion angles were unchanged or

even decreased for both legs across stimulation conditions in this study. The plantar �exion

movement was in direction of gravity and EMG activities recorded from MG were at a relatively

low level across tSCS-off and tSCS-on conditions, suggesting that the participants did not

perform this movement phase at full voluntary capacity. This may also explain the lack of the

hypothesized facilitation of the plantar �exion phase by 15-Hz tSCS. No effects on rhythmic

ankle movements were also observed during 50-Hz tSCS, where previous studies demonstrated

an antispastic effect [105, 256, 257]. While we also observed signs of an antispastic effect (i.e.,

reduced clonus-like activity when stimulation was applied at 50 Hz in participant 7 (cf. Figure

4.1A)), stimulation at 50 Hz did not translate into functional improvements of ankle motor

control over the whole group in a �rst stimulation session. However, as clonus-like muscle

activity was not present in the majority of patients during initial tSCS-off, spasticity might not

have been a major problem for ankle control in the assessed cohort. Coordination of the ankle

joint was unchanged during tSCS across all frequencies. However, previous studies employing

similar tasks demonstrated that ankle dexterity is largely retained after iSCI, while the strength

of muscles acting on the ankle joint are constrained resulting in a reduced ROM [143, 262,

278].

This study showed for the �rst time a modulatory effect of electrical SCS on spinal locomotor

networks by means of electrophysiological measures of spinal re�ex activity. The activity of

this re�ex is substantially altered after SCI and was suggested to re�ect the functional state
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of spinal locomotor circuits [59, 145, 148]. While the physiological early re�ex component is

generally reduced after severe SCI, an additional late component gradually occurs after SCI and

dominance of this late component is associated with higher degrees of walking impairment [59,

145, 148]. However, if appropriate proprioceptive input is provided in individuals with chronic

motor complete SCI (e.g. in a physiological movement task) this effect can be temporary

reversed in a single session and the late re�ex component can be decreased while the early

component reappears [149]. Furthermore, locomotor training after SCI was shown to increase

the early and decrease the late re�ex component during walking [279] or at rest [59]. In this

study, the late re�ex component was decreased under tonic 30-Hz stimulation for more and

less affected leg, suggesting an interaction of the afferent input provided by tSCS with spinal

locomotor networks and a resulting modulation of their excitability. No signi�cant group

effect on the early re�ex component existed, yet, in some of the participants, it was increased

or reoccurred (the latter in participant 5 only) when the stimulation was applied (cf. Figure

4.2A). This probably re�ects inter-individual differences in initial spinal excitability levels and

may indicate that tSCS did not provide comparable input to the spinal cord to bring it on an

excitability level like movement related afferent feedback. Another mechanism involved in the

observed effect could be the spasticity reducing impact of tSCS. A previous study reported that

the late component in the TA EMG activity after cutaneous re�ex elicitation was reduced during

active plantar�exion in controls, and that this modulation was absent after iSCI, however,

only if spasticity was present [280]. Consequently, inhibitory effects of tSCS involved in the

known antispastic impact of the stimulation [105, 110, 256, 257] probably contributed to the

suppression of the late re�ex component. Since prolonged re�ex activity was observed in

individuals with spasticity [280], observations of shortened late re�ex components further

indicate that such mechanisms were involved in the re�ex modulation (cf. Figure 4.2A). An

antispastic effect for tSCS and eSCS has been reported for stimulation frequencies around

50 Hz [105, 110, 256, 257], but also for lower frequencies in eSCS [281]. As both tSCS and the

electrical stimulation to elicit the spinal re�ex share common stimulated neuronal structures

[105, 145], suppression of the spinal re�ex caused by antidromic volleys following the posterior

root stimulation may have led to decreases in amplitudes of re�ex components. Yet, likely

only to a minor extent considering the suppression of the late re�ex component only across

all participants as well as the facilitation or reoccurrence of the early component in some

participants.

There was no group effect of tSCS on walking ability and high variability between participants

was observed. The only statistical signi�cance across participants 1-6 involved a reduction of

the stride time in the more affected leg, which does probably not represent a relevant change as

the highest difference between two conditions was 0.09 seconds. Whereas some participants

showed enhanced maximum walking speed, increased joint ROMs as well as decreased double

limb support during tSCS and can hence be considered as treatment responders, others

showed only minor changes or even reduced ROMs. Speci�cally, the increase in ankle ROM

under tonic stimulation when participants were in the supine position did not generally

translate to a similar increase during walking, still, was present in responder participants 1 and
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2 who increased their maximum walking speed during 30-Hz tSCS by or beyond the minimally

clinically important difference of 0.05 m/s for individuals with SCI [282]. Participants 7

and 8 who walked with high kinematic variability and were unable to maintain a constant

walking speed across repetitions exhibited more continuous stepping when tSCS was applied.

Notably, participants 1, 7, and 8 had WISCI II scores of 13, i.e., the lowest scores among the

eight participants completing the walk tests indicating that individuals with higher walking

impairments are more likely treatment responders. Several other factors may have contributed

to the variable group results. Walking is a much more complex motor task than rhythmic single

joint movements and locomotor de�cits may be highly variable between participants [76]

and possible de�cit-speci�c improvements dilute group effects. Additionally, the stimulation

may not hold the potential to target each de�cit in an equally ef�cient manner. Furthermore,

all participants were in the chronic stage of recovery and likely had dif�culties to acutely

adopt their walking strategies during a single session and within the relatively short track

of 7 m. Four of the eight participants had maximum WISCI II scores of 20, with probably

even less space for further immediate improvement. It needs to be determined if individually

optimized stimulation parameters and multiple applications can enhance the effects of tSCS

on ambulation and increase the number of treatment responders [109, 283] as shown for

eSCS [91, 111, 112]. The higher subjective performance ratings during walking under tonic

stimulation may have been related to the co-activation of the paraspinal and abdominal

muscles, leading to a perceived increased stabilization of the trunk. Yet, in some participants,

this co-activation may have resulted in a more rigid gait, perhaps partially explaining the

�ndings of reduced ROM and highlighting the need of familiarization to the stimulation. Most

participants were additionally unexperienced with the BWS setup and familiarization to the

system was possibly not completed in a �rst session.

In participants 9 and 10, PRM re�exes could not be elicited in the BWS standing position with

additional assistance of a walker required to stabilize equilibrium. Both participants exhibited

a slightly forward bent posture during standing. It was previously shown that PRM re�ex

thresholds are generally higher in the standing than the supine position and that changes in

the volume conductor in between the paraspinal and abdominal electrodes, like a forward

bend, can substantially in�uence the effects of tSCS [284].

Despite applying stimulation amplitudes below PRM re�exes threshold in the standing po-

sition, stimulus-triggered responses were superimposed on the EMG signals of the thigh

muscles of participants 1,5 and 6 during walking. Additional afferent input and posture alter-

ations during the dynamic task possibly changed response thresholds as well as activation

sites of tSCS to the intervertebral foramina, where posterior and anterior roots approach each

other to form the spinal nerve [284, 285]. The clonus-like activity in TA and MG of participant

4 during walking under tSCS (not observed during ankle assessments) was probably caused by

the combination of afferent input from tSCS and the proprioceptive feedback related to the

motor task.
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A limitation of the current study – and a general challenge for clinical studies using tSCS –

is the lack of a sham intervention with con�rmed ineffectiveness [105, 256, 286]. Yet, in the

assessment of rhythmic ankle movements, effects were only observed in the more affected

lower limb with signi�cantly lower LEMS, indicating that placebo effects likely played a minor

role. A limitation of tSCS itself is the constrained target cohort among individuals with SCI

given by the exclusion criteria comprising osteosynthesis material at the site of stimulation as

well as caudal injury sites that are regularly accompanied by secondary peripheral lesions.

4.6 Conclusion

This study demonstrated that tonic tSCS can acutely facilitate residual voluntary ankle control

after chronic iSCI and modulates spinal locomotor networks, i.e. polysynaptic spinal re�ex

behaviour. Effects on locomotion were variable across participants, yet, the ones with lower

ambulatory function showed increased maximum walking speed or more continuous stepping

in the presence of tSCS. This indicates that effects on walking performance likely also depend

on the degree of impairment of the baseline walking ability. Individually tailored stimulation

parameter settings as well as multiple applications of the intervention together with task-

speci�c training paradigms may lead to enhanced clinical outcomes.
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This thesis investigated different aspects of locomotor function after iSCI and deepened the

understanding of the properties, the assessment and the therapy of gait de�cits post-injury.

Project 1 characterized gait de�cits after iSCI and established kinematic gait pro�les in individ-

uals with spinal lesions of different etiologies including traumatic and vascular damage as well

as in�ammatory-mediated spinal lesions related to MS [162]. While the intra- and interlimb

coordination and dynamic stability were disturbed in all pathologies, distinctive features of

gait pattern alterations speci�c for individual etiologies were discovered. Individuals with

vascular spinal lesions exhibited unchanged range of motion in the context of accentuated

balance de�cits and individuals with MS showed highest increases of gait variability and most

pronounced reductions of step length and lower limb ROM. In contrast, gait in traumatic

lesions did not reveal a unique feature to this pathology.

Project 2 revealed distinct differences in EMG characteristics between normal and targeted

walking in neurologically intact control participants [163] . The most prominent alteration was

an increased activity of the semitendinosus muscle before heel strike during targeted walk-

ing, which was accompanied by a prominent shift of relative EMG intensity in the frequency

spectrum from higher to frequencies around 30 Hz. Adaptations during targeted walking and

EMG frequencies around 30 Hz have previously been associated with corticospinal drive. Ac-

cordingly, these striking adaptations were reduced in SCI individuals and the extent correlated

to the overall walking impairment level. Thus, the �ndings suggest that targeted walking in

combination with EMG recordings may be a promising measurement approach of functional

integrity of corticospinal control of locomotion after iSCI.

Project 3 investigated the immediate effects of tSCS on motor control after iSCI [164]. While

there was increased ankle control during stimulation represented by an improved active ankle

ROM, no group effect on locomotion could be observed. For the �rst time, interaction of tSCS

with spinal networks was demonstrated using electrophysiological measures. Speci�cally, the

stimulation altered the activity of a polysynaptic spinal re�ex.

The following general discussion summarizes the properties of encountered locomotor de�cits

across all projects and compares the cohorts. The contributions of the thesis are embedded

and discussed into the context of assessing walking function and assisting the locomotor

rehabilitation process after SCI. Furthermore, possible inferences from the �ndings of the

projects on the neural control mechanisms of human locomotion are drawn.

5.1 Gait de�cits after spinal cord injury

Sensorimotor de�cits after a spinal lesion impair walking function. These impairments usually

persist even following rehabilitation and consequently decrease quality of life in affected

individuals [40]. Accordingly, regaining walking ability is of high importance for individuals

with SCI and is rated among the two most important functions in paraplegia and among the

three most important in tetraplegia [170, 247, 287].
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The different projects of this thesis highlight that spinal cord lesions in the chronic disease

stage yet impair various aspects of walking function. Reduced walking capacity, as it has been

described in earlier studies [73, 74, 288], was present in all assessed cohorts with spinal lesions.

Walking capacity is an important feature for community ambulation and several thresholds

for community ambulation have been discussed [289, 290], e.g. a minimum preferred walking

speed of 0.44 m/s for assisted (10MWT: 22.7 s; T25FW: 17.3 s) and 0.7 m/s for unassisted func-

tional walking (10MWT: 14.3 s; T25FW: 10.9 s) [73]. Regarding walking capacity and functional

independence, the cohorts in study 1 and 2, which also exhibited overlapping participants,

differed from the cohort assessed in study 3. The cohorts of study 1 and 2 exhibited high gait

capacity. Furthermore, all participants showed high functional independence and were able

to walk without aids if necessary. Nevertheless, some participants used canes or crutches for

everyday mobility. Accordingly, the preferred walking speed approximation (i.e. half of the

maximum speed) was for almost all participants above the threshold for assisted functional

walking. However, a clean comparison is limited since we did not directly evaluate preferred

speed in these two projects but used an approximation for standardization purposes. In study

3, participants generally exhibited greater reductions of gait capacity. The cohort presented

with less functional independence meaning that some participants depended on walking

aids. Despite remaining walking function, some individuals used the wheelchair for mobility

in everyday life. Accordingly, the self-selected walking speeds in this cohort were below or

around the threshold for assisted community ambulation for some participants especially the

ones using the wheelchair in everyday life. These observations further highlight that reduced

functional independence usually coincides with diminished gait capacity and that the use of

walking aids does not automatically compensate impaired gait capacity [74, 291].

Besides reduced gait capacity and functional independence, gait quality was decreased in

individuals with spinal lesions, identi�ed by kinematic alterations of the gait pattern. Results

from project 1 indicate that there is not a common gait pattern after lesions to the spinal cord

unlike suggested for other neurological disorders such as Parkinson's disease or unilateral

cerebral stroke [292, 293]. A large inter-individual variability of gait pattern de�cits in iSCI has

been described earlier [76] and is not surprising given the heterogeneity of lesion character-

istics (e.g. lesion height or affected tracts within the spinal cord). This thesis contributed to

the unraveling of the heterogenous gait pattern de�cits after iSCI by revealing novel etiology-

speci�c features. The gait patterns seen after traumatic, vascular and MS-related in�ammatory

spinal lesions could be accurately distinguished. Differences between the three pathologies

are likely mediated by the distinctive distribution of white matter damage in vascular insults

[192, 193], the different contributions of axotomy and demyelination [39, 204–207] and the

occurrence of additional lesions within the CNS in MS [51]. Despite the high heterogeneity

of gait de�cits, project 1 strengthens earlier �ndings that impaired intralimb coordination,

representing the coordination between the joints of the same leg, may be a speci�c feature in

gait after lesions to the spinal cord [71, 76, 184]. An explanation for this could be that intralimb

coordination can be affected by various consequences of an SCI including muscle weakness,

sensory dysfunction or spasticity [39], and consequently is disturbed across the cohort despite
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its heterogeneity. Gait pattern de�cits may be considered the underlying reason of impair-

ments in gait capacity and functional independence [75], and further investigation is needed

to examine which gait pattern de�cits in�uence these factors the most and consequently are

most crucial for community ambulation.

The results of project 2 further proved that also the ability to adapt the gait pattern to external

conditions is impaired after SCI, speci�cally voluntary adaptations to adjust precise foot place-

ment. Gait adaptability might be relevant for everyday mobility, since it allows locomotion in

uneven terrains involving obstacles [4]. De�cits in gait adaptability were observed in a cohort

with generally high walking function, indicating that this aspect of walking is very susceptible

to damage [82]. However, gait adaptability might only be important if some basic walking

function is present and may not be a priority in severe SCI [294] . Furthermore, the exact

relevance of gait adaptability for community ambulation remains unknown.

5.2 Assessing walking after spinal cord injury

The fact that a lesion to the spinal cord affects several aspects of walking function highlights

the need of multimodal gait assessments for the evaluation and guidance of rehabilitation

as well as for clinical trials. Such multimodal test protocols should contain gait assessments

for every aspect to accurately represent walking function and precisely capture alterations

over time (e.g. locomotor recovery or intervention-induced effects). This has already been

suggested by previous literature [75, 295] and is applied in clinical trials investigating locomo-

tor interventions after SCI [91]. Projects in this thesis used gait capacity tests and qualitative

walking assessments including motion capture and EMG. Several methodological aspects of

these techniques are discussed in the following sections.

5.2.1 Practice effects

Most gait assessments involve locomotion in an arti�cial test scenario. Like in every other

motor assessment, it is crucial that a stable performance is measured and that motor learning

and familiarization due to repeated task execution (e.g. longitudinal study) can be controlled

[296]. One methodological publication of this thesis investigated practice effects in widely

applied gait capacity tests (T25FW, 10WMT, timed up and go test, and the 2 minute walk

test) in control participants and in individuals with MS [165]. Considerable practice effects

were present in some of the tests when repeated on three consecutive days in both groups,

while individuals with MS generally showed higher amplitudes of practice effects. Highest

improvement with repeated testing in individuals with MS was present in the T25FW and

amounted up to half of the minimally clinically important change [297]. This highlights that

practice effects obstruct assessments of gait capacity in a highly relevant manner, especially

in longitudinal settings. Such practice effects have already been observed in some clinical

walking tests [298] and also for other clinical assessments of motor performance [299–301].

Our results further highlight that practice effects are mitigated by pre-training. Consequently,
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training trials before assessments of gait capacity are crucial and probably also advisable

for other walking tests (e.g. motion capture recordings during over ground walking at self-

selected speed). If repeated assessment could induce fatigue (e.g. in individuals with severe

walking impairments), an independent training session should be considered before an actual

measurement. Practice trials were provided for all assessments in the projects of this thesis. In

project 1 and 2, an independent pre-training session was conducted.

5.2.2 Treadmill or over ground walking

Assessments of walking quality with motion capture and EMG recordings can be performed

over ground or on a treadmill and both modalities have their advantages and disadvantages.

While over ground walking represents an everyday life condition, the recording of many

subsequent steps is a challenge due to the limited volume of recording devices. A �gure

eight walk has been suggested as a possible solution for continuous over ground walking

[302], however, it involves curved walking, which is dif�cult for some individuals with walking

impairments [303], especially with walking aids. The use of wearable sensors, which are not

bound to a measurement volume, might be another solution for the problem, but, they do

not yet allow the same range of extractable gait parameters as motion capture and further

standardization of outcome measures is required [122–124].

Another issue to consider while choosing one of the modalities is the control of the walking

speed. This can be accurately achieved on the treadmill but is dif�cult during over ground

walking. Several gait parameters depend on the walking speed [304]. Therefore, the precise

longitudinal or between group comparisons of the gait pattern might bene�t from the constant

speed of the treadmill. In project 3, pronounced speed �uctuations were present during over

ground walking within and between trials in two participants with higher walking impairments.

This affected the comparison of the kinematic gait pattern between the no stimulation and

stimulation condition. Treadmill-based gait analysis might have avoided such problems and

would have allowed a precise comparison. Nevertheless, the over ground condition allowed

us to observe that the participants generally walked faster and more continuously during the

stimulation. tSCS might have helped the participants to initiate or maintain locomotion, an

effect not observable on the speed dictating treadmill. This indicates that treadmill and over

ground walking may deliver complementary insights.

One of the main disadvantages of the treadmill is the fact that it constitutes an arti�cial

scenario with no direct counterpart in everyday life. Compared to over ground walking, it

involves a more passive hip extension and altered forward propulsion as well as a different

sensory environment [129, 305, 306]. Despite these differences, previous studies have shown

that the gait patterns of treadmill and over ground walking are comparable [131–133], generally

allowing inference on everyday life ambulation from treadmill-based analysis. However, an

initial acclimatization to the altered sensory environment has been identi�ed which needs to

be established before gait patterns are comparable. There are con�icting �ndings on the exact
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duration of this acclimatization period [132, 134–138]. A second methodological publication

in the framework of this thesis addressed this issue of acclimatization to treadmill walking

[121]. The acclimatization process was characterized in neurologically intact participants for

various kinematic gait parameters captured by motion capture during 10 minutes of treadmill

walking. While some parameters were stable from the beginning of treadmill walking, others

exhibited an initial acclimatization period with a subsequent stable plateau performance. All

variables were stable after 6-7 minutes of treadmill walking. Differences in acclimatization

periods between parameters could explain the con�icting �ndings of previous studies.

Project 1 and 2 involved treadmill-based gait analyses and acclimatization was accounted

for in a suf�cient manner in the protocol. The methodological project did not determine

treadmill acclimatization in neurologically impaired individuals and suf�cient acclimatization

can only be assumed from values of the neurologically intact participants. As the assessed

cohorts exhibited high walking function, differences might not be pronounced and one study

investigating treadmill acclimatization in individuals with stroke even suggested a shorter

duration than we observed in neurologically intact participants (probably again due to differ-

ences in investigated gait parameters) [307]. Of note, longer acclimatization periods might

introduce fatigue related gait pattern alterations. Future methodological work should address

the acclimatization period to treadmill walking in neurological disorders to further re�ne

treadmill-based gait analysis.

Participants in project 3 performed over ground walking in a BWS setting. Considering that

also the BWS setting is a new environment with possible sensory alterations (i.e. different

weight bearing) [267], we also provided an acclimatization. Since acclimatization to such

a setup is unknown, it remains possible that such processes were still ongoing during the

measurements, partially contributing to the large inter-individual variability.

5.2.3 Selection of kinematic outcome measures

Motion capture measurements record the trajectories of markers on anatomical landmarks

and allow the subsequent calculation of a wide variety of gait parameters [72, 120]. The selec-

tion of outcome measures is important, since different parameters represent different aspects

of the gait pattern and interventions might not target all aspects equally. Parameter selection

can be achieved in several ways. One method is to select outcome measures based on an

assumed relevance (e.g. step length as a major characteristic of the locomotor purpose, the

forward translation) or on previously reported �ndings of speci�c de�cits or treatment effects

in related settings. Such a method was used for project 3 of this thesis, where outcomes for

over ground walking were selected according to previously published effects of tSCS during

treadmill walking [109]. Project 1 used an integral approach. A large set of parameters was

selected in advance with the aim to extensively characterize most aspects of the gait pattern

[37, 72]. As a result, highly detailed kinematic gait pro�les were obtained. These gait pro�les

allow the investigation of speci�c de�cits without any presumptions, with the disadvantage
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that their interpretation can pose a challenge due to the abundance of information. Using

these kinematic gait pro�les, differences of gait pattern alterations between groups with spinal

lesions of different etiology but with equivalent gait capacity were revealed. This indicates that

walking quality assessments can provide more speci�c information on the underlying condi-

tion than walking capacity assessments [75, 295]. Furthermore, etiology-speci�c differences

suggest that extensive information on walking quality, e.g. kinematic gait pro�les, might even

hold the potential for automated gait pattern classi�cation with machine learning algorithms,

which could assist clinical diagnosis. Automated gait pattern classi�cation has been explored

in various studies, but no standardized algorithms for neurologically gait disorders exist [213–

216, 308]. Within these kinematic gait pro�les, project 1 further evidenced that parameters

describing intralimb coordination might be highly speci�c for de�cits in iSCI [71, 76, 184].

The parameter set for kinematic gait pro�les suggested here was prede�ned and based on

estimations of experts. It is important to mention that different parameter sets may be needed

for various locomotor impairment levels including the use of walking aids and also for over

ground and treadmill walking.

5.2.4 Reference values for walking quality assessments

Besides a careful selection of outcome parameters, also proper reference data for comparison

is essential. In the suggested kinematic gait pro�ling in project 1, reference values of a speed-

matched control group with neurologically intact individuals were used and each parameter of

an individual with spinal lesion could be classi�ed as either within or outside a physiological

range. Since walking speed in�uences several kinematic gait parameters [72, 304], it is crucial

that reference data is collected at equivalent speeds.

Another important matter for generating reference data for gait analysis in neurological disor-

ders is the use of walking aids. Walking aids in�uence kinematics in a substantial manner [309],

and therefore the comparison of assisted with unassisted walking might induce a bias. Collect-

ing data of assisted walking in control participants presumably is an unfavorable approach,

since the support provided by the walking aid is dif�cult to quantify or standardize and the

use might differ between neurologically intact and impaired individuals. Another possibility

could be standardized unloading with a BWS system, which however again introduces the bias

of an arti�cial situation [267]. A further approach could be to investigate which aspects of the

gait pattern are not affected by the use of walking aids and then establish gait pro�ling with a

reduced parameter set for individuals using walking aids [309].

A different approach to overcome the problem of reference data for walking with aids is the

intraindividual comparison of the gait pattern over multiple sessions, a method chosen for

project 3. However, this method only allows longitudinal evaluation of the gait pattern, while

the classi�cation of a distinct feature of gait as pathological is not possible. Furthermore, it is

dif�cult to interpret observed changes and to assess their relevance. If a tested intervention

improves individual de�cits, this methodology is also insuf�cient to fully evaluate it, since the
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speci�c de�cits of individual participants remain covered. This could be a methodological

shortcoming of study 3 explaining the large inter-individual variability in tSCS.

5.2.5 Walking conditions

Kinematic and EMG assessments of walking quality usually record the features of the gait

pattern during normal walking. While this is highly relevant for everyday life and gives an

estimate of the overall condition of locomotor control, inferences on the functionality of

speci�c aspects (e.g. spinal or supraspinal control) or on applied compensation strategies are

limited. Additional challenging walking conditions in animals (e.g. ladder walk) have been

shown to deliver further insights into locomotor pathology [26, 30]. Similarly, challenging

walking conditions were investigated in humans with and without neurological disorders.

Conditions such as slow walking, walking during a dual task or with an altered visual �eld or

gait adaptation tasks as obstacle avoidance or targeted walking, have been shown to deliver

additional insights into the neural control of walking and might be complement multimodal

assessments [28, 29, 37, 82, 161, 177, 310, 311] . Project 2 [163] of this thesis suggested that a

targeted walking task in combination with EMG recordings could complement multimodal

assessment protocols of walking function with information on the integrity of the corticospinal

control of walking. Speci�cally, shifts of relative EMG intensity in the frequency spectrum

from higher to frequencies around 30 Hz (EMG intensity shifts) were observed in control

participants during anticipatory gait adaptations compared to normal walking. Consequently,

this shift was associated with increased corticospinal control demand. This association is

further supported by previous studies, which associated EMG frequencies between 20-60 Hz

with corticospinal control [28, 152, 161, 220] . Accordingly, individuals with an iSCI showed a

reduced shift of relative intensity to this frequency band and the extent of the shift was further

positively correlated with the walking impairment level. These �ndings suggest the potential

of EMG intensity shifts during targeted walking as assessment of corticospinal control of

locomotion after iSCI but further research is needed in the establishment. The next steps in

this development have already been taken during this thesis and a successive project was

initiated.

5.2.6 Targeted walking training study

Based on results of project 2, a targeted walking training study with two major aims was

designed in the framework of this thesis. Parts of the data collection were conducted, but

�nal results are not yet available. The �rst aim of the study is to compare and validate the

approach of gauging corticospinal drive using EMG intensity shifts during targeted compared

to normal walking (i.e. wavelet analysis) with more established measures in this context

(i.e. inter- and intramuscular EMG coherence analysis) [28, 156, 157]. Furthermore, if EMG

intensity shifts should be used as a measure of corticospinal drive during rehabilitation, a

requirement is that the technique is sensitive enough to capture training-induced changes.

Increased intermuscular coherence has already been reported after treadmill training in iSCI
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[240]. Consequently, the second aim of the project is to investigate changes of EMG intensity

shifts after a demanding targeted walking training protocol. All participants (neurologically

intact controls, and individuals with iSCI) perform a targeted walking measurement at base-

line, then they complete 15-20 training sessions of targeted walking over a period of 4 weeks.

During the trainings, the same targeted walking task as during the assessments is used (crosses

with varying distances projected on the treadmill belt, see 3.3.2 for more details), however, the

sequences during the training are different from the assessment sequence. Thereby, the train-

ing should maximally challenge corticospinal control in participants. It was hypothesized that

in neurologically intact controls, the training results in a lower corticospinal control demand

during the task. Consequently, reduced shifts of relative EMG intensity and also reduced intra-

and intermuscular coherence are expected during targeted walking after the training com-

pared to baseline. In contrast, it was hypothesized that the training may increase corticospinal

control possibilities in individuals with iSCI and accordingly, increased relative EMG intensity

shifts and intra- and intermuscular coherence are expected during targeted walking after

training. Alternatively, the challenging training could also reduce the corticospinal control

demand during normal walking in individuals with SCI, and consequently result in the same

expected results.

Besides this training study, additional research is necessary to explore the possibility of tar-

geted walking in combination with EMG recordings as a measurement tool for corticospinal

control of locomotion. Firstly, measurements during the whole rehabilitation process after an

iSCI would deliver additional important information on the sensitivity of the method. Study-

ing other neurological disorders would broaden the insights in a substantial way, especially,

the comparison between the two body sides of individuals with cortical stroke involving the

motor cortex would be highly interesting. Although methodologically challenging, validation

of the suggested approach should be obtained with other measures of corticospinal control,

such as TMS or EEG-EMG coherence [29, 156]. Furthermore, it is necessary to establish if

EMG intensity shifts to frequencies around 30 Hz are also able to gauge corticospinal drive in

different and simpler (e.g. single joint) motor tasks. In order to be able to investigate shifts of

relative EMG intensity, different motor tasks always require a baseline movement and a subse-

quent motor task with presumably higher cortical involvement. Assessing the corticospinal

control in simpler motor task would highly contribute to the prediction of locomotor function

at the acute stage of SCI [53, 144, 262]. Furthermore, simpler motor tasks would facilitate the

validation of the method with other techniques associated with corticospinal control. Even a

comparison to functional magnetic imaging would be conceivable [151].

5.3 Assisting and guiding locomotor recovery

Besides assessing locomotor recovery, another aim is to assist it and improve its outcome.

Neuromodulation approaches seem promising to increase levels of locomotor ability, which

could enable locomotor training at higher levels and promote effects of neuroplasticity [91, 101,

112]. Project 3 showed that electrical SCS with skin electrodes immediately increased ankle
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motor control in individuals with chronic iSCI. Although no group effect was present during

locomotion, there was a tendency that individuals with higher walking impairments showed

bene�cial effects. It is possible that the technique only assists a basic level of locomotion and

that it is not able to tackle de�cits in individuals above a critical threshold of walking function.

Additionally, the stimulation could also require familiarization or individualized stimulation

parameters and effects could increase with repeated administration or optimized stimulation

parameters. Moreover, training studies have to evaluate if the extent of the effects is suf�cient

to support rehabilitation. Besides the application as therapy assisting tool for locomotor

recovery, spinal cord stimulation could also be used in the management of spasticity, since

various studies demonstrated an anti-spastic effect [105, 110, 257]. An attenuation of spasticity

was also reported for other neuromodulation approaches, such as repetitive TMS [312].

Project 1 of this thesis demonstrated overlapping gait de�cits in individuals with MS-related

spinal lesions and individuals with isolated iSCI. This �nding suggests that SCS to improve

motor control or attenuate spasticity could also be applied in individuals MS. Early studies

reported bene�cial effects of SCS on bladder function and spasticity in individuals with MS,

but different electrode positions were used than currently under investigation in SCI [313,

314].

Given that neuroplasticity is to some extent task-speci�c [64, 65], another important aspect

of locomotor rehabilitation after iSCI is the selection of training interventions. Whereas

individuals with high walking impairments might bene�t from simple, assisted locomotion,

individuals with higher walking function might require more speci�c training impulses to

promote neuroplasticity [315, 316]. Project 1 of this thesis showed large inter-individual

differences in gait pattern de�cits after spinal lesions. This underlines on one hand the

importance of tailored therapies and suggests on the other hand that detailed kinematic gait

pro�les could guide the locomotor rehabilitation. Speci�c interventions may be selected

according to the pro�le and therapy success could be monitored with high sensitivity. A major

challenge for this approach is the translation of gait pro�les into a de�cit-oriented training

program, which should be the focus of future research.

5.4 Insights into the neural control of walking

Despite extensive research in the past century, many of aspects of the neural control of human

locomotion remain unknown. Even tough the investigation of neural control of locomotion

was not the main topic of this thesis, several �ndings may contribute to its understanding.

Lesion studies have always played an important role in the understanding of the function

of the CNS [317, 318]. One of the most famous examples is patient H.M., who contributed

to the understanding of memory function by the extraction of a large part of his hippocam-

pus and amygdala to treat severe epileptic seizures. The resulting anterograde amnesia in

combination with an intact working memory allowed inferences on memory formation [319,

320]. Insights into the neural control of walking were generated in this thesis by studying
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gait de�cits after lesions in the spinal cord that spared the spinal locomotor networks and

mainly affected spinal and supraspinal connectivity (project 1 [162]). Additional insights were

revealed by studying the acclimatization period to treadmill walking (methodological project

[121]). Different acclimatization periods of gait parameters might be linked to different neural

control mechanisms of locomotion. It can be assumed that more spinally controlled aspects of

gait should be less affected by the acclimatization process to the altered sensory environment

since they depend less on the integration of visual, vestibular and somatosensory inputs.

Both investigations delivered insights into the control of gait variability. Firstly, this aspect of

gait required an acclimatization period to treadmill walking indicating that sensory integration

is important for its control. This is further supported by �ndings of increased gait variability

after spinal lesions and also by previous studies which reported that sensory feedback is

crucial for the control of gait variability [194, 195]. Secondly, increases in gait variability

were most pronounced in the spinal pathology also affecting supraspinal centers i.e. MS [51].

Supraspinal circuits have been previously associated with gait variability, especially circuits

involving the cerebellum [208–210]. Additionally, increased gait variability has also been

observed in Alzheimer's disease and was suggested as an early predictor of the condition [321,

322].

Both projects suggested that the ROM of proximal joints is a rather spinally controlled aspect

of locomotion. De�cits in this parameter were rare in individuals with spinal lesions and no

acclimatization to treadmill walking was present. This is in line with previous �ndings that

highlight the importance of supraspinal input in distal endpoint control [22, 151, 310]. In

contrast, supraspinal control of proximal muscles and joints was found to be important for

adaptations of foot placement in project 2. Further �ndings also indicate that corticospinal

control during gait adaptations is more pronounced in lower limb �exor muscles, in line with

previous �ndings indicating that the pyramidal tract has more pronounced in�uences on

�exor than on extensor muscles [22, 323].

Divergent �ndings were present for interlimb coordination and symmetry. While these param-

eters did not require an acclimatization to treadmill walking, de�cits were present after spinal

lesions. These contradictory �ndings could possibly indicate that these parameters do not

require sensory integration, but rather depend on some sort of descending supraspinal drive.

Several techniques applied in this thesis have already been used to explore the neural control

of locomotion. The modulation of spinal re�exes or PRM re�exes has been studied during

locomotion, and phase-dependent suppression of re�ex activity was interpreted as different

modulation activity either by supraspinal centers or by sensory afferents [324, 325]. Further-

more, tonic spinal cord stimulation was shown to elicit rhythmic lower limb movements in

complete SCI, which is considered strong evidence for the internal pattern generating poten-

tial of the spinal cord in humans [11]. This thesis extended the knowledge on techniques to

study the neural control of locomotion and delivered important insights into the role of EMG

frequency characteristics in gauging corticospinal control.
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5.5 Thesis contributions

Research �ndings of this thesis resulted in one peer-reviewed article (project 2, [163] ) and two

articles submitted to scienti�c journals (project 1 [162] and 3 [164] ). Preliminary �ndings of

the thesis projects were shared with the research community at international conferences in

form of three talks and two poster presentations. Additional methodological work resulted in

the publication of a peer-reviewed article [121] and personal viewpoint [165]. Both were not

included as chapters in this thesis but are mentioned in the general discussion.

Findings of the thesis resulted in a follow-up project (targeted walking training study), which is

in progress. Some of the established analysis procedures are applied in various other research

projects and clinical trials. One of this analysis procedures comprises an automated pipeline

for the generation of kinematic gait pro�les. This pipeline was further implemented into

clinical routine in the form of clinical gait analyses. The main purpose of these clinical gait

analyses is the monitoring of disease progression in individuals with MS. Furthermore, gait

pro�ling was also applied to assist diagnostic procedures.

5.6 Conclusion and outlook

Various aspects of walking function are affected by sensorimotor disturbances after lesions

to the spinal cord. Gait capacity and functional independence are reduced and a wide range

of gait pattern alterations is present. These gait pattern alterations highly depend on lesion

characteristics impeding the identi�cation of an uniform “SCI gait”. However, disturbed intral-

imb coordination seems to be a speci�c feature of gait de�cits after spinal lesions. The precise

characterization of gait patterns using kinematic gait pro�ling revealed that distinctive de�cits

are seen in different causes of spinal lesions. This indicates that the lesion etiology is a factor

which might help to understand and disentangle the inter-individual variability of de�cits.

These �ndings further highlight that gait quality assessments provide additional insights into

mechanisms of locomotor pathology and are more sensitive to the underlying condition than

simpler gait capacity tests. Consequently, multimodal walking assessments that cover gait

capacity and walking quality aspects are required for an objective quanti�cation of walking

function. Outcome measures, measurement modalities and walking conditions have to be

selected carefully and according to the aim of the assessment. Gait quality assessments (e.g.

kinematic pro�ling) further hold the potential to assist clinical diagnosis and the development

of tailored therapies. More studies are needed to establish standardized parameter sets for

kinematic gait pro�ling and to explore their possible translation into de�cit-oriented training

programs. Additionally, large cohort trials are needed for the development and the validation

of gait pattern classi�cation algorithms using machine learning.

Besides pattern de�cits, also voluntary adaptations of the locomotor movement to external

demands are impaired after an iSCI. Previous �ndings suggest that tests of gait adaptability

could complement multimodal walking assessments with additional insights into locomotor
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pathology. Here, a targeted walking task in combination with EMG recordings was suggested

as a functional measure of the integrity of corticospinal control of locomotion. Speci�cally,

shifts of relative EMG intensity in the frequency spectrum were suggested to be indicative

for increased corticospinal control during targeted walking. Future research should validate

this measurement tool using other assessment methods of corticospinal control (e.g. TMS as

well as intra- or intermuscular coherence analysis). It remains to be determined whether the

proposed EMG frequency characteristics are sensitive to capture training-induced changes

and if they can also gauge corticospinal control in other voluntary movements. This could be of

high interest for the prediction of locomotor function in an acute stage of the SCI rehabilitation.

A further application of measurements of EMG frequency characteristics is the exploration of

the neural control of locomotion in humans.

Not only reliable and sensitive locomotor assessment tools are important, but also the devel-

opment of techniques that assist locomotor rehabilitation in SCI is highly relevant. Spinal

cord stimulation shows promising results as such an assistive technique. Here, an immediate

facilitatory effect of tSCS on active ankle ROM during single joint movements was observed,

but no group effect on locomotion was present. Yet, individuals with lower walking function

tended to be treatment responders, showing faster or more continuous stepping. It needs to be

investigated if familiarization or stimulation parameter optimization increases the immediate

effects. Ultimately, it has to be evaluated whether such effects allow a locomotor training at

a higher level, possibly increasing effects of neuroplasticity and improving the outcome of

locomotor rehabilitation after iSCI.

This thesis provided new insights into the characterization of gait pattern de�cits after iSCI,

explored a putative assessment of corticospinal control of locomotion and described immedi-

ate effects of non-invasive spinal cord stimulation on motor control after iSCI. The addressed

research questions represent important aspects in the �eld and the scienti�c �ndings of this

thesis contribute to the improvement of locomotor rehabilitation after iSCI.
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Table A.1: Side differences of controls in EMG frequency characteristics during stance. Dif-
ference of relative intensity between normal and targeted walking in each frequency band of
controls during physiological muscle activity phases in stance.

VM TA

Difference
right [%]

Difference
left [%]

P-value Difference
right [%]

Difference
left [%]

P-value

7 Hz +1.4 § 2.4 +1.0§ 1.4 1.00 -0.2§ 2.0 -0.2 § 0.8 1.00

19 Hz +1.0 § 2.3 +1.2§ 1.6 1.00 +0.3§ 1.6 0.0§ 1.5 1.00

38 Hz +0.4 § 1.3 +0.6§ 1.3 1.00 +0.8§ 1.1 +0.6§ 1.3 1.00

62 Hz -0.3 § 1.2 -0.8 § 1.3 1.00 -0.1§ 0.9 +0.3§ 0.9 0.83

92 Hz -0.8 § 1.6 -1.0 § 1.3 1.00 -0.3§ 0.9 -0.2 § 1.0 1.00

128 Hz -0.6 § 1.4 -0.1 § 0.8 1.00 0.0§ 0.8 -0.1 § 0.9 1.00

170 Hz -0.5 § 0.7 -0.2 § 0.9 1.00 0.0§ 0.8 +0.1§ 0.8 1.00

218 Hz -0.3 § 0.5 -0.3 § 0.6 1.00 -0.2§ 0.7 -0.2 § 0.8 1.00

271 Hz -0.3 § 0.5 -0.4 § 0.8 1.00 -0.2§ 0.6 -0.2 § 0.5 1.00

GM ST

7 Hz +0.6 § 0.6 +0.8§ 0.4 1.00 +1.2§ 3.0 +1.3§ 2.6 1.00

19 Hz +0.9 § 1.1 +1.4§ 1.1 1.00 +0.8§ 3.4 +0.4§ 2.9 1.00

38 Hz +0.8 § 1.0 +0.7§ 1.2 1.00 +0.5§ 1.6 +1.1§ 2.9 1.00

62 Hz -0.3 § 0.6 -0.9 § 0.9 0.49 -0.8§ 1.6 -0.3 § 1.2 1.00

92 Hz -0.8 § 0.8 -1.0 § 0.8 1.00 -0.7§ 2.0 -0.8 § 1.6 1.00

128 Hz -0.7 § 0.6 -0.5 § 0.9 1.00 -0.4§ 1.9 -0.4 § 1.8 1.00

170 Hz -0.2 § 0.8 -0.2 § 0.9 1.00 -0.2§ 1.5 -0.5 § 1.6 1.00

218 Hz -0.1 § 0.7 -0.1 § 0.7 1.00 -0.2§ 1.0 -0.4 § 1.2 1.00

271 Hz -0.1 § 0.5 0.0§ 0.5 1.00 -0.4§ 0.9 -0.4 § 1.0 1.00

P-values indicate the results of Mann-Whitney-U tests to compare the two body sides and are Bonferroni
corrected (for 9 frequency bands per muscle). VM, vastus medials; TA, tibialis anterior; GM, Gastrocnemius; ST,

semitendinosus.
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Table A.2: Side differences of controls in EMG frequency characteristics during swing. Dif-
ference of relative intensity between normal and targeted walking in each frequency band of
controls during physiological muscle activity phases in swing.

VM TA 1

Difference
right [%]

Difference
left [%]

P-value Difference
right [%]

Difference
left [%]

P-value

7 Hz +0.2 § 0.9 -0.1 § 1.3 1.00 +0.5§ 1.1 +0.4§ 0.4 1.00

19 Hz +0.8 § 1.4 +0.6§ 1.5 1.00 0.0§ 1.3 +0.4§ 1.2 1.00

38 Hz +0.9 § 1.6 +1.0§ 1.5 1.00 0.0§ 1.2 0.0§ 0.8 1.00

62 Hz -0.5 § 1.5 +0.1§ 1.3 1.00 -0.2§ 0.9 -0.3 § 0.9 1.00

92 Hz -0.3 § 1.5 -0.3 § 1.6 1.00 -0.3§ 0.7 -0.3 § 1.0 1.00

128 Hz -0.1 § 0.8 0.0§ 1.2 1.00 0.0§ 0.8 -0.2 § 0.9 1.00

170 Hz -0.1 § 0.8 0.0§ 0.9 1.00 0.0§ 0.5 -0.0 § 0.7 1.00

218 Hz -0.4 § 0.7 -0.4 § 0.8 1.00 -0.1§ 0.5 +0.1§ 0.4 1.00

271 Hz -0.5 § 0.6 -0.5 § 1.0 1.00 +0.1§ 0.3 0.0§ 0.4 1.00

TA 2 ST

7 Hz +0.7 § 1.9 +0.4§ 1.0 1.00 +0.9§ 1.1 +0.6§ 2.0 1.00

19 Hz +1.5 § 1.9 +1.4§ 1.8 1.00 +3.3§ 2.2 +2.9§ 2.1 1.00

38 Hz +0.9 § 1.9 +1.2§ 1.4 1.00 +4.5§ 2.7 +5.2§ 3.0 1.00

62 Hz -0.2 § 1.1 +0.1§ 0.8 1.00 +1.0§ 1.7 +1.5§ 1.5 1.00

92 Hz -0.9 § 1.3 -0.7 § 1.3 1.00 -2.3§ 1.8 -2.0 § 1.2 1.00

128 Hz -0.6 § 1.5 -0.9 § 1.3 1.00 -2.4§ 1.5 -2.8 § 1.8 1.00

170 Hz -0.4 § 0.6 -0.5 § 1.1 1.00 -1.7§ 1.6 -2.1 § 1.8 1.00

218 Hz -0.5 § 0.6 -0.5 § 1.2 1.00 -1.7§ 1.0 -1.7 § 1.3 1.00

271 Hz -0.4 § 0.7 -0.6 § 0.7 1.00 -1.6§ 0.9 -1.6 § 1.1 1.00

P-values indicate the results of Mann-Whitney-U tests to compare the two body sides and are Bonferroni
corrected (for 9 frequency bands per muscle). VM, vastus medials; TA, tibialis anterior; GM, Gastrocnemius; ST,

semitendinosus.
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Table A.3: Subgroup characteristics. Characteristics of the two speed-matched subgroups
(mean ± SD or median ± range for clinical score).

Control group iSCI p-value

n 7 6 n/a

Gender [female : male] 3 : 4 2 : 4 0.72

Age [years] 62.4 ± 8.6 52.5 ± 11.3 0.09

Height [cm] 170.0 ± 7.7 173.2 ± 6.3 0.44

Weight [kg] 75.2 ± 12.5 76.8 ± 18.5 0.87

6MWT [m] 650 ± 84.1 625 ± 44 0.52

50% of maximal speed [km/h] 3.4 ± 0.3 3.4 ± 0.2 0.57

Maximal step length [cm] 141.6 ± 8.1 158 ± 18.2 0.05

Maximal step width [cm] 30.0 ± 2.9 30.2 ± 4.2 0.93

Precision [%] 95.2 ± 5.7 93.9 ± 6.1 0.87

AIS n/a D (6) n/a

Lesion level n/a cervical (3)
thoracic (3)

n/a

Cause n/a traumatic (3)
ischemic (2)

disc herniation (1)

n/a

Lower extremity motor score
both legs (max. 50)

50 ± 0 50 ± 2 0.46

Sensory score light touch both
sides (max. 112)

112 ± 0 102 ± 28 0.02

Sensory score pin-prick both
sides (max. 112)

112 ± 0 106.5 ± 29 0.02

Vibration sense both lower
limbs (max. 64)

60 ± 8 55 ± 34 0.12

Position sense both lower limb
(max. 4)

4 ± 0 4 ± 3 0.46

Modi�ed Ashworth scale both
legs (max. 16)

0 ± 0 0 ± 2.5 0.46

P-values for the statistical comparisons between the groups (independent t-test for age, height weight, 6MWT,
speed, maximal step length & width, precision; Chi-square test for gender Mann-Whitney U-test for motor score,
sensory scores (light touch & pinprick), vibration, position sense and modi�ed Ashworth scale). 6MWT; 6-minute

walking test; n/a, not applicable.
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Table B.1: Ankle control assessments.

(A) Rhythmic unilateral dorsi�exion-plantar �exion movements

Ankle range of motion (mean degree ± SE)

More affected lower limb Less affected lower limb

tSCS condition x movement rate F8;89.009Æ.121,p Æ.998,´ 2
p Æ

.011
F8;123.002Æ.164,p Æ.995,´ 2

p Æ
.011

tSCS condition F4;89.016Æ4.368,p Æ.003,´ 2
p Æ

.164
F4;123.011Æ2.522,p Æ.044,´ 2

p Æ
.076

tSCS-off 21.6 ± 2.4 30.2 ± 2.7

15-Hz tSCS 22.7 ± 2.2 28.6 ± 2.3

30-Hz tSCS 24.7 ± 2.3 29.8 ± 2.6

50-Hz tSCS 22.9 ± 2.3 30.3 ± 2.4

tSCS-offrep 20.7 ± 2.5 28.3 ± 2.6

Post-hoc pairwise comparisons (mean differences ± SE)

tSCS-off : 15-Hz tSCS 1.2§ 0.9,p Æ1.000 1.5§ 1.0,p Æ1.000

tSCS-off : 30-Hz tSCS 2.9§ 0.9,p Æ.013 0.4§ 1.0,p Æ1.000

tSCS-off : 50-Hz tSCS 1.4§ 0.9,p Æ1.000 0.1§ 1.0,p Æ1.000

tSCS-off : tSCS-offrep 0.5§ 0.9,p Æ1.000 2.7§ 1.1,p Æ.124

15-Hz tSCS : 30-Hz tSCS 1.7§ 0.9,p Æ.537 1.2§ 1.0,p Æ1.000

15-Hz tSCS : 50-Hz tSCS 0.2§ 0.9,p Æ1.000 1.6§ 1.0,p Æ1.000

15-Hz tSCS : tSCS-offrep 1.7§ 0.9,p Æ.663 1.1§ 1.1,p Æ1.000

30-Hz tSCS : 50-Hz tSCS 1.5§ 0.9,p Æ.854 0.5§ 1.0,p Æ1.000

30-Hz tSCS : tSCS-offrep 3.4§ 0.9,p Æ.003 2.3§ 1.1,p Æ.307

50-Hz tSCS : tSCS-offrep 1.9§ 0.9,p Æ.395 2.8§ 1.1,p Æ.096
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Maximum dorsi�exion angle (mean degree ± SE)

More affected lower limb Less affected lower limb

tSCS condition x movement rate F8;89.007Æ.114,p Æ.999,´ 2
p Æ

.010
F8;123.001Æ.148,p Æ.997,´ 2

p Æ
.010

tSCS condition F4;89.011Æ6.779,p Ç .001,´ 2
p Æ

.234
F4;123.005Æ1.390,p Æ.241,´ 2

p Æ
.043

tSCS-off -38.2 ± 3.4 -28.7 ± 3.4

15-Hz tSCS -36.8 ± 2.8 -28.4 ± 3.0

30-Hz tSCS -34.2 ± 2.9 -27.5 ± 3.2

50-Hz tSCS -36.7 ± 2.9 -27.8 ± 3.0

tSCS-offrep -38.5 ± 3.4 -28.2 ± 3.5

Post-hoc pairwise comparisons (mean differences ± SE)

tSCS-off : 15-Hz tSCS 1.8§ 0.9,p Æ.493 NA

tSCS-off : 30-Hz tSCS 4.6§ 0.9,p Ç .001 NA

tSCS-off : 50-Hz tSCS 1.9§ 0.9,p Æ.409 NA

tSCS-off : tSCS-offrep 0.8§ 1.0,p Æ1.000 NA

15-Hz tSCS : 30-Hz tSCS 2.7§ 0.9,p Æ.041 NA

15-Hz tSCS : 50-Hz tSCS 0.1§ 0.9,p Æ1.000 NA

15-Hz tSCS : tSCS-offrep 1.1§ 1.0,p Æ1.000 NA

30-Hz tSCS : 50-Hz tSCS 2.7§ 0.9,p Æ.052 NA

30-Hz tSCS : tSCS-offrep 3.8§ 1.0,p Æ.002 NA

50-Hz tSCS : tSCS-offrep 1.1§ 1.0,p Æ1.000 NA

Maximum plantar �exion angle (mean degree ± SE)

More affected lower limb Less affected lower limb

tSCS condition x movement rate F8;89.00Æ.745,p Æ.651,´ 2
p Æ.063 F8;123.001Æ.289,p Æ.968,´ 2

p Æ
.018

tSCS condition F4;89.005Æ3.557,p Æ.010,´ 2
p Æ

.138
F4;123.003Æ8.125,p Ç .001,´ 2

p Æ
.209

tSCS-off -59.6 ± 1.8 -58.9 ± 1.7

15-Hz tSCS -59.6 ± 1.5 -57.0 ± 1.6

30-Hz tSCS -58.9 ± 1.5 -57.3 ± 1.5

50-Hz tSCS -59.6 ± 1.5 -58.1 ± 1.7

tSCS-offrep -59.2 ± 1.8 -56.6 ± 1.7

Post-hoc pairwise comparisons (mean differences ± SE)

tSCS-off : 15-Hz tSCS 0.7§ 0.5,p Æ1.000 1.9§ 0.4,p Ç .001

tSCS-off : 30-Hz tSCS 1.7§ 0.5,p Æ.008 1.5§ 0.4,p Æ.001

tSCS-off : 50-Hz tSCS 0.5§ 0.5,p Æ1.000 0.8§ 0.4,p Æ.439

tSCS-off : tSCS-offrep 1.3§ 0.5,p Æ.147 1.8§ 0.4,p Ç .001

15-Hz tSCS : 30-Hz tSCS 1.1§ 0.5,p Æ.363 0.3§ 0.4,p Æ1.000

15-Hz tSCS : 50-Hz tSCS 0.1§ 0.5,p Æ1.000 1.1§ 0.4,p Æ.065

15-Hz tSCS : tSCS-offrep 0.6§ 0.5,p Æ1.000 0.1§ 0.4,p Æ1.000

30-Hz tSCS : 50-Hz tSCS 1.2§ 0.5,p Æ.210 0.7§ 0.4,p Æ.605

30-Hz tSCS : tSCS-offrep 0.4§ 0.5,p Æ1.000 0.3§ 0.4,p Æ1.000

50-Hz tSCS : tSCS-offrep 0.7§ 0.5,p Æ1.000 1.0§ 0.4,p Æ.151
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Tibialis anterior activity during dorsi�exion (mean RMS ± SE, &V)

More affected lower limb Less affected lower limb

tSCS condition x movement rate F8;88.024Æ.125,p Æ.998,´ 2
p Æ

.011
F8;123.001Æ.345,p Æ.947,´ 2

p Æ
.022

tSCS condition F4;88.042Æ2.004,p Æ.101,´ 2
p Æ

.083
F4;123.005Æ2.673,p Æ.035,´ 2

p Æ
.080

tSCS-off 58.8 ± 8.6 96.3 ± 14.3

15-Hz tSCS 54.0 ± 5.0 92.2 ± 12.8

30-Hz tSCS 60.3 ± 6.5 98.1 ± 14.4

50-Hz tSCS 55.9 ± 6.6 99.3 ± 13.9

tSCS-offrep 50.2 ± 6.4 91.3 ± 14.3

Post-hoc pairwise comparisons (mean differences ± SE)

tSCS-off : 15-Hz tSCS NA 4.1§ 4.0,p Æ1.000

tSCS-off : 30-Hz tSCS NA 1.8§ 4.0,p Æ1.000

tSCS-off : 50-Hz tSCS NA 3.0§ 4.0,p Æ1.000

tSCS-off : tSCS-offrep NA 8.6§ 4.1,p Æ.383

15-Hz tSCS : 30-Hz tSCS NA 5.9§ 4.0,p Æ1.000

15-Hz tSCS : 50-Hz tSCS NA 7.1§ 4.0,p Æ.766

15-Hz tSCS : tSCS-offrep NA 4.5§ 4.1,p Æ1.000

30-Hz tSCS : 50-Hz tSCS NA 1.2§ 4.0,p Æ1.000

30-Hz tSCS : tSCS-offrep NA 10.4§ 4.1,p Æ.125

50-Hz tSCS : tSCS-offrep NA 11.5§ 4.1,p Æ.056

Medial gastrocnemius activity during plantar�exion (mean RMS ± SE, &V)

More affected lower limb Less affected lower limb

tSCS condition x movement rate F8;87.943Æ.246,p Æ.981,´ 2
p Æ

.022
F8;122.997Æ.518,p Æ.841,´ 2

p Æ
.033

tSCS condition F4;88.037Æ3.290,p Æ.015,´ 2
p Æ

.130
F4;123.017Æ8.127,p Ç .001,´ 2

p Æ
.209

tSCS-off 27.1 ± 1.4 43.4 ± 4.2

15-Hz tSCS 23.6 ± 1.7 34.9 ± 4.2

30-Hz tSCS 23.6 ± 1.8 36.9 ± 4.1

50-Hz tSCS 24.7 ± 1.5 40.2 ± 3.9

tSCS-offrep 22.9 ± 1.0 33.0 ± 4.1

Post-hoc pairwise comparisons (mean differences ± SE)

tSCS-off : 15-Hz tSCS 3.4§ 1.6,p Æ.301 8.5§ 2.4,p Æ.005

tSCS-off : 30-Hz tSCS 3.2§ 1.6,p Æ.426 6.4§ 2.4,p Æ.078

tSCS-off : 50-Hz tSCS 2.3§ 1.6,p Æ1.000 3.2§ 2.4,p Æ1.000

tSCS-off : tSCS-offrep 5.7§ 1.6,p Æ.007 12.9§ 2.5,p Ç .001

15-Hz tSCS : 30-Hz tSCS 0.2§ 1.6,p Æ1.000 2.0§ 2.4,p Æ1.000

15-Hz tSCS : 50-Hz tSCS 1.1§ 1.5,p Æ1.000 5.3§ 2.4,p Æ.276

15-Hz tSCS : tSCS-offrep 2.3§ 1.6,p Æ1.000 4.4§ 2.5,p Æ.738

30-Hz tSCS : 50-Hz tSCS 0.9§ 1.6,p Æ1.000 3.3§ 2.4,p Æ1.000

30-Hz tSCS : tSCS-offrep 2.5§ 1.6,p Æ1.000 6.5§ 2.5,p Æ.098

50-Hz tSCS : tSCS-offrep 3.4§ 1.6,p Æ.348 9.8§ 2.5,p Æ.001
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Deviation from target movement rate (%)

More affected lower limb Less affected lower limb

tSCS condition x movement rate F8;88.944Æ.834,p Æ.575,´ 2
p Æ

.070
F8;122.945Æ.404,p Æ.916,´ 2

p Æ
.026

tSCS condition F4;89.028Æ2.872,p Æ.027,´ 2
p Æ

.114
F4;123.083Æ.820,p Æ.514,´ 2

p Æ
.026

tSCS-off 11.2 ± 1.4 8.3 ± 1.6

15-Hz tSCS 10.0 ± 1.6 6.9 ± 1.9

30-Hz tSCS 14.6 ± 2.5 7.0 ± 1.1

50-Hz tSCS 12.8 ± 2.1 7.4 ± 1.3

tSCS-offrep 15.0 ± 3.0 8.7 ± 1.5

(B) Unilateral ankle movements following an irregular sinusoidal trajectory

Normalized RMS-error (%)

More affected lower limb Less affected lower limb

tSCS condition F4;17.259Æ.541,p Æ.708,´ 2
p Æ

.111
F4;26.903Æ1.172,p Æ.345,´ 2

p Æ
.148

tSCS-off 5.0 ± 0.8 4.6 ± 0.6

15-Hz tSCS 5.5 ± 0.5 4.2 ± 0.5

30-Hz tSCS 5.6 ± 0.6 4.3 ± 0.4

50-Hz tSCS 5.2 ± 0.7 4.1 ± 0.4

tSCS-offrep 4.9 ± 0.5 3.9 ± 0.3

RMS, root-mean-square.
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Table B.2: Spinal re�ex activity.

Threshold (mA; median and IQR)

tSCS condition x lower limb (more/less
affected)

F1;21.142Æ0.251,p Æ.621,´ 2
p Æ.012

lower limb (more/less affected) F1;21.500Æ0.262,p Æ.614,´ 2
p Æ.012

tSCS condition F1;21.142Æ0.493,p Æ.490,´ 2
p Æ.023

tSCS-off 14.5 (8.0–22.39)

30-Hz tSCS 16.0 (10.0–23.5)

EMG-RMS of early re�ex component ( &V; median and IQR)

tSCS condition x lower limb (more/less
affected)

F1;22.668Æ0.009,p Æ.926,´ 2
p Ç .001

lower limb (more/less affected) F1;23.935Ç 0.001,p Æ.988,´ 2
p Ç .001

tSCS condition F1;22.668Æ0.775,p Æ.388,´ 2
p Æ.033

tSCS-off 0.7 (0.1–29.4)

30-Hz tSCS 1.6 (0.4–11.0)

EMG-RMS of late re�ex component ( &V; median and IQR))

tSCS condition x lower limb (more/less
affected)

F1;21.952Æ1.272,p Æ.272,´ 2
p Æ.002

lower limb (more/less affected) F1;22.330Æ0.037,p Æ.848,´ 2
p Æ.002

tSCS condition F1;21.952Æ6.337,p Æ.020,´ 2
p Æ.224

tSCS-off 62.9 (37.3–185.2)

30-Hz tSCS 41.2 (7.9–127.0)

EMG, electromyography; RMS, root-mean-square

121



Appendix B. Supplementary material to chapter 4 (Project 3)

Table B.3: Walk tests.

(A) Walking speed and walking kinematics

Maximum speed (m/s)

tSCS-Off 15 Hz 30 Hz 50 Hz

Participant 1 0.40 NT 0.45 NT

Participant 2 1.09 NT 1.20 NT

Participant 3 0.86 NT 0.86 NT

Participant 4 0.53 NT 0.54 NT

Participant 5 1.19 NT 1.19 NT

Participant 6 0.36 NT 0.31 NT

Participant 7 NT NT NT NT

Participant 8 NT NT NT NT

Self-selected speed (m/s)

tSCS-Off 15 Hz 30 Hz 50 Hz

Participant 1 0.18 0.19 0.19 0.19

Participant 2 0.90 0.93 0.93 0.94

Participant 3 0.77 0.78 0.78 0.77

Participant 4 0.42 0.42 0.41 0.45

Participant 5 1.07 1.13 1.16 1.10

Participant 6 0.30 0.32 0.32 0.29

Participant 7 0.08 0.07 0.06 0.10

Participant 8 0.09 0.12 0.10 0.10

Hip range of motion (degree; mean § SD)

Lower limb tSCS-Off 15 Hz 30 Hz 50 Hz

Participant 1 more affected 20.9 § 0.9 19.7§ 1.8 20.5§ 1.7 20.5§ 2.1

less affected 19.0§ 1.9 19.8§ 1.7 9.2§ 1.3 19.4§ 2.0

Participant 2 more affected 23.8 § 2.5 24.6§ 3.3 24.5§ 2.7 25.5§ 2.3

less affected 31.3§ 2.0 30.9§ 1.9 34.1§ 3.6 32.5§ 2.6

Participant 3 more affected 28.1 § 2.3 28.6§ 2.0 27.7§ 2.4 28.9§ 3.2

less affected 36.0§ 2.6 32.7§ 2.6 34.4§ 2.5 33.4§ 3.0

Participant 4 more affected 11.4 § 2.1 9.7§ 1.1 11.6§ 1.7 9.5§ 1.7

less affected 13.4§ 0.9 13.4§ 2.1 12.9§ 1.1 13.0§ 2.3

Participant 5 more affected 16.2 § 1.5 15.9§ 2.0 18.2§ 1.3 18.2§ 1.1

less affected 16.1§ 2.5 16.5§ 2.2 17.1§ 2.4 14.7§ 1.3

Participant 6 more affected 9.2 § 1.4 9.0§ 2.9 8.8§ 2.1 10.3§ 1.9

less affected 6.7§ 1.2 7.9§ 2.0 7.9§ 2.3 7.8§ 1.7

Friedman test more affected Â2(3) Æ2.6,p Æ0.916

less affected Â2(3) Æ1.4,p Æ1.000

Participant 7 more affected 10.0 § 0.9 6.4§ 1.5 7.9§ 1.3 6.8§ 1.1

less affected 9.9§ 1.2 6.8§ 1.3 8.9§ 1.3 9.2§ 1.5

Participant 8 more affected 23.0 § 2.1 20.6§ 2.1 18.8§ 2.1 19.4§ 2.8

less affected 31.3§ 2.3 23.7§ 2.5 23.5§ 2.7 26.4§ 1.8
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Knee range of motion (degree; mean § SD)

Lower limb tSCS-Off 15 Hz 30 Hz 50 Hz

Participant 1 more affected 50.3 § 1.5 51.3§ 1.9 50.0§ 1.4 50.7§ 1.4

less affected 39.4§ 2.2 38.2§ 3.2 41.3§ 3.0 43.7§ 2.3

Participant 2 more affected 37.3 § 3.5 36.6§ 3.1 34.6§ 3.2 34.7§ 1.3

less affected 47.0§ 3.5 51.1§ 5.0 51.6§ 3.1 53.5§ 2.7

Participant 3 more affected 59.9 § 2.1 56.0§ 4.2 56.9§ 2.9 51.6§ 3.6

less affected 59.4§ 1.7 59.4§ 1.8 59.7§ 1.8 58.7§ 1.5

Participant 4 more affected 42.1 § 2.3 36.6§ 2.7 38.5§ 4.1 36.5§ 4.1

less affected 44.4§ 6.9 38.9§ 4.0 40.2§ 3.3 36.0§ 3.3

Participant 5 more affected 38.1 § 2.8 40.9§ 1.9 36.4§ 3.5 38.7§ 2.7

less affected 46.5§ 2.2 46.7§ 1.3 42.4§ 2.1 41.7§ 1.8

Participant 6 more affected 15.6 § 3.2 15.4§ 2.5 16.8§ 1.6 17.4§ 2.3

less affected 24.1§ 4.0 27.3§ 2.1 26.7§ 4.3 26.3§ 3.4

Friedman test more affected Â2(3) Æ2.0,p Æ1.000

less affected Â2(3) Æ1.8,p Æ1.000

Participant 7 more affected 13.7 § 2.0 10.4§ 3.5 10.0§ 3.1 12.5§ 2.9

less affected 25.5§ 1.7 20.6§ 3.7 26.6§ 2.9 25.5§ 1.3

Participant 8 more affected 43.7 § 2.0 30.4§ 2.9 30.3§ 2.3 31.9§ 2.6

less affected 34.6§ 2.9 28.6§ 2.8 27.9§ 2.1 30.1§ 2.3

Ankle range of motion (degree; mean § SD)

Lower limb tSCS-Off 15 Hz 30 Hz 50 Hz

Participant 1 more affected 15.6 § 1.6 14.8§ 1.6 16.0§ 1.8 15.8§ 1.3

less affected 14.5§ 1.5 23.6§ 3.9 16.1§ 2.6 15.9§ 2.8

Participant 2 more affected 14.6 § 1.7 13.5§ 1.3 13.7§ 1.7 13.7§ 2.3

less affected 19.3§ 2.8 23.1§ 3.5 24.0§ 1.7 23.4§ 2.5

Participant 3 more affected 27.7 § 1.7 27.2§ 2.2 27.4§ 1.8 25.7§ 2.5

less affected 18.1§ 1.0 18.3§ 1.5 19.3§ 1.4 18.0§ 1.2

Participant 4 more affected 20.6 § 1.7 17.5§ 1.4 18.0§ 2.4 18.4§ 1.6

less affected 23.3§ 5.4 22.1§ 2.8 24.3§ 2.4 22.5§ 2.9

Participant 5 more affected 19.9 § 2.3 18.0§ 1.6 17.8§ 2.5 17.1§ 2.4

less affected 17.7§ 1.6 17.2§ 2.0 16.3§ 2.1 16.1§ 0.9

Participant 6 more affected 13.6 § 1.4 14.0§ 1.3 12.1§ 1.4 12.2§ 1.7

less affected 12.7§ 2.7 13.5§ 2.9 11.0§ 2.5 11.7§ 2.0

Friedman test more affected Â2(3) Æ5.4,p Æ0.290

less affected Â2(3) Æ3.0,p Æ0.784

Participant 7 more affected 9.4 § 1.4 12.4§ 2.7 9.5§ 1.4 9.9§ 1.4

less affected 6.2§ 1.2 8.7§ 1.8 7.4§ 0.9 7.2§ 0.8

Participant 8 more affected 32.1 § 2.5 25.0§ 3.9 22.3§ 2.9 19.0§ 3.3

less affected 38.2§ 1.1 32.9§ 3.6 34.0§ 2.2 38.2§ 1.4
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Appendix B. Supplementary material to chapter 4 (Project 3)

Double limb support (%; mean § SD (coef�cient of variation))

Lower limb tSCS-Off 15 Hz 30 Hz 50 Hz

Participant 1 more affected 68.9 § 3.7 66.2§ 4.3 64.0§ 2.5 60.9§ 3.2

less affected 68.9§ 4.1 66.4§ 3.4 64.3§ 4.2 60.1§ 3.4

Participant 2 more affected 29.6 § 3.3 28.0§ 2.2 28.6§ 1.7 28.1§ 4.2

less affected 29.6§ 3.0 29.0§ 3.5 28.7§ 2.7 28.3§ 4.4

Participant 3 more affected 35.4 § 2.7 33.7§ 2.5 33.2§ 2.5 33.4§ 2.7

less affected 35.6§ 3.2 33.8§ 2.5 33.4§ 3.1 33.7§ 2.7

Participant 4 more affected 45.5 § 3.1 44.4§ 5.1 46.6§ 2.5 40.9§ 2.7

less affected 45.4§ 4.0 43.4§ 4.6 46.8§ 2.7 41.5§ 2.9

Participant 5 more affected 27.1 § 3.2 23.6§ 1.0 21.0§ 4.3 23.3§ 2.2

less affected 25.9§ 3.2 23.1§ 1.6 21.1§ 3.0 22.1§ 3.2

Participant 6 more affected 43.7 § 4.1 43.8§ 3.0 41.7§ 4.7 44.6§ 3.2

less affected 43.9§ 5.6 43.7§ 2.8 41.7§ 4.9 44.7§ 2.6

Friedman test more affected Â2(3) Æ5.4,p Æ0.290

less affected Â2(3) Æ8.2,p Æ0.084

Participant 7 more affected 69.9 § 8.6
(0.12)

66.9§ 5.6
(0.08)

67.9§ 5.9
(0.09)

59.6§ 3.8
(0.06)

less affected 69.0§ 8.2
(0.12)

66.9§ 7.5
(0.11)

67.5§ 6.7
(0.10)

59.9§ 3.2
(0.05)

Participant 8 more affected 78.4 § 5.1
(0.07)

69.1§ 3.3
(0.05)

74.0§ 3.5
(0.05)

75.1§ 1.4
(0.02)

less affected 79.3§ 4.8
(0.06)

69.2§ 3.5
(0.05)

74.8§ 3.0
(0.04)

75.2§ 1.4
(0.02)

Step length (cm; mean § SD (coef�cient of variation))

Lower limb tSCS-Off 15 Hz 30 Hz 50 Hz

Participant 1 more affected 24.3 § 2.0 22.2§ 2.1 27.4§ 1.9 29.5§ 2.2

less affected 32.7§ 3.5 39.1§ 4.3 36.8§ 2.9 34.7§ 4.9

Participant 2 more affected 66.2 § 4.5 65.3§ 2.2 65.5§ 3.7 65.3§ 2.1

less affected 49.4§ 6.1 54.7§ 1.5 53.1§ 5.0 55.4§ 2.4

Participant 3 more affected 54.8 § 4.2 53.3§ 5.2 54.5§ 3.9 51.3§ 3.8

less affected 43.1§ 1.9 40.2§ 3.7 40.4§ 2.5 39.2§ 4.5

Participant 4 more affected 54.5 § 4.5 49.6§ 4.8 52.0§ 4.7 51.3§ 5.2

less affected 44.5§ 3.4 44.8§ 3.0 46.7§ 2.8 46.7§ 5.4

Participant 5 more affected 61.9 § 4.6 59.0§ 4.7 62.2§ 3.2 57.9§ 6.1

less affected 61.4§ 1.6 60.4§ 2.2 59.4§ 3.4 61.0§ 3.9

Participant 6 more affected 31.4 § 3.0 31.9§ 3.3 30.4§ 3.3 30.0§ 3.1

less affected 28.2§ 3.2 27.9§ 2.6 26.4§ 3.8 26.4§ 3.3

Friedman test more affected Â2(3) Æ6.8,p Æ0.157

less affected Â2(3) Æ0.2,p Æ1.000

Participant 7 more affected 18.9 § 5.3
(0.28)

15.6§ 6.6
(0.42)

19.9§ 3.7
(0.19)

18.9§ 3.6
(0.19)

less affected 20.2§ 6.1
(0.30)

17.8§ 5.1
(0.29)

11.6§ 6.4
(0.55)

17.1§ 5.1
(0.29)

Participant 8 more affected 36.4 § 5.1
(0.14)

45.3§ 2.7
(0.06)

46.4§ 4.1
(0.09)

40.4§ 2.1
(0.05)

less affected 29.5§ 3.1
(0.11)

38.6§ 4.0
(0.10)

35.4§ 2.0
(0.06)

32.5§ 2.5
(0.08)
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Stride time (s; mean § SD (coef�cient of variation))

Lower limb tSCS-Off 15 Hz 30 Hz 50 Hz

Participant 1 more affected 4.2 § 0.6 4.1§ 0.4 4.2§ 0.4 4.1§ 0.4

less affected 4.3§ 0.5 4.2§ 0.5 4.3§ 0.5 4.2§ 0.5

Participant 2 more affected 1.5 § 0.2 1.4§ 0.1 1.4§ 0.1 1.4§ 0.1

less affected 1.5§ 0.1 1.4§ 0.1 1.4§ 0.1 1.4§ 0.1

Participant 3 more affected 1.4 § 0.1 1.3§ 0.0 1.3§ 0.0 1.3§ 0.1

less affected 1.4§ 0.1 1.3§ 0.1 1.4§ 0.1 1.3§ 0.1

Participant 4 more affected 2.9 § 0.2 2.6§ 0.2 2.7§ 0.1 2.4§ 0.1

less affected 2.8§ 0.1 2.6§ 0.2 2.7§ 0.1 2.5§ 0.1

Participant 5 more affected 1.2 § 0.1 1.1§ 0.0 1.1§ 0.1 1.1§ 0.0

less affected 1.2§ 0.1 1.2§ 0.0 1.1§ 0.0 1.1§ 0.0

Participant 6 more affected 2.2 § 0.2 2.1§ 0.1 2.1§ 0.1 2.3§ 0.2

less affected 2.2§ 0.2 2.1§ 0.1 2.1§ 0.1 2.3§ 0.2

Friedman test more affected Â2(3) Æ9.8,p Æ0.041

less affected Â2(3) Æ8.4,p Æ0.077

Participant 7 more affected 5.0 § 1.6
(0.31)

4.9 § 0.7
(0.15)

5.3 § 1.1
(0.20)

3.7 § 0.5
(0.13)

less affected 5.0§ 1.5
(0.30)

4.9 § 0.7
(0.14)

5.1 § 1.0
(0.19)

3.6 § 0.4
(0.12)

Participant 8 more affected 7.4 § 1.2
(0.16)

7.1 § 0.7
(0.10)

8.0 § 1.0
(0.12)

7.6 § 0.4
(0.05)

less affected 7.4§ 1.1
(0.15)

7.3 § 0.8
(0.11)

8.1 § 0.9
(0.11)

7.6 § 0.4
(0.05)

(B) EMG-RMS self-selected speed

Rectus femoris RMS during stance phase ( &V; mean § SD)

Lower limb tSCS-Off 15 Hz 30 Hz 50 Hz

Participant 1 more affected 48.7 § 10.5 74.3§ 8.4 44.2§ 7.7 55.2§ 8.7

less affected 73.4§ 20.7 74.1§ 17.6 70.1§ 17.5 65.8§ 13.6

Participant 2 more affected 29.2 § 7.2 29.9§ 4.6 31.2§ 7.2 35.4§ 7.9

less affected 27.5§ 5.3 25.1§ 2.2 24.2§ 1.9 23.6§ 3.6

Participant 3 more affected 123.7 § 17.7 143.5§ 17.1 144.5§ 18.4 144.1§ 17.7

less affected 38.2§ 6.3 37.8§ 6.1 39.9§ 5.9 38.3§ 6.1

Participant 4 more affected 27.3 § 2.0 26.0§ 3.2 29.1§ 7.4 31.5§ 6.6

less affected 29.8§ 11.6 22.3§ 2.1 23.1§ 2.3 25.0§ 2.8

Participant 5 more affected 44.2 § 10.2 46.4§ 10.8 49.4§ 8.2 43.6§ 3.4

less affected 46.1§ 2.8 45.7§ 4.2 49.5§ 3.4 48.9§ 6.1

Participant 6 more affected 13.6 § 2.0 17.4§ 1.2 15.9§ 1.7 21.0§ 1.5

less affected 16.4§ 1.9 18.9§ 1.5 17.4§ 1.4 20.6§ 1.7

Friedman test more affected Â2(3) Æ5.6,p Æ0.266

less affected Â2(3) Æ0.6,p Æ1.000

Participant 7 more affected 6.7 § 0.7 8.6§ 0.8 9.8§ 0.7 8.7§ 0.5

less affected 8.0§ 0.9 12.3§ 1.4 10.7§ 1.2 10.9§ 0.8

Participant 8 more affected 21.9 § 3.1 19.3§ 2.5 17.5§ 1.7 21.0§ 3.7

less affected 39.0§ 6.1 39.8§ 4.1 38.2§ 4.5 37.7§ 5.6

RMS, root-mean-square
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Appendix B. Supplementary material to chapter 4 (Project 3)

Rectus femoris RMS during swing phase ( &V; mean § SD)

Lower limb tSCS-Off 15 Hz 30 Hz 50 Hz

Participant 1 more affected 6.1 § 0.7 11.7§ 1.1 6.4§ 0.7 6.9§ 0.9

less affected 41.3§ 10.2 33.1§ 20.4 40.9§ 9.2 47.8§ 17.6

Participant 2 more affected 30.8 § 2.2 36.6§ 6.8 35.1§ 3.7 33.6§ 2.6

less affected 13.7§ 4.8 11.9§ 2.4 13.0§ 3.5 12.0§ 2.4

Participant 3 more affected 35.9 § 15.8 41.3§ 12.1 43.8§ 15.1 40.8§ 9.7

less affected 27.8§ 10.3 31.7§ 11.4 29.6§ 9.9 30.5§ 17.2

Participant 4 more affected 13.0 § 3.1 9.6§ 1.5 10.4§ 2.4 12.8§ 4.1

less affected 11.9§ 3.0 15.8§ 4.9 14.4§ 5.1 14.7§ 2.1

Participant 5 more affected 30.1 § 11.3 31.4§ 5.2 37.2§ 3.8 40.1§ 9.8

less affected 25.8§ 7.5 29.1§ 5.3 34.3§ 7.6 33.7§ 3.6

Participant 6 more affected 14.3 § 2.3 23.4§ 2.7 20.6§ 2.7 27.2§ 2.4

less affected 29.4§ 2.7 32.1§ 4.4 28.1§ 3.4 28.6§ 2.7

Friedman test more affected Â2(3) Æ5.0,p Æ0.344

less affected Â2(3) Æ1.0,p Æ1.000

Participant 7 more affected 7.0 § 1.6 6.6§ 2.2 7.1§ 2.1 7.0§ 0.8

less affected 5.4§ 0.7 6.5§ 1.1 7.2§ 0.7 6.9§ 0.6

Participant 8 more affected 41.2 § 5.5 22.2§ 4.3 21.7§ 2.0 30.6§ 5.2

less affected 50.3§ 9.1 38.6§ 7.7 38.2§ 5.6 37.2§ 7.4

Vastus medialis RMS during stance phase ( &V; mean § SD)

Lower limb tSCS-Off 15 Hz 30 Hz 50 Hz

Participant 1 more affected 134.7 § 32.7 178.9§ 24.1 102.1§ 20.5 125.9§ 23.5

less affected 159.0§ 42.7 128.5§ 33.1 132.5§ 34.6 124.1§ 23.3

Participant 2 more affected 65.6 § 17.9 58.1§ 8.0 56.2§ 16.8 61.9§ 10.7

less affected 71.5§ 14.5 66.2§ 6.0 62.7§ 7.6 60.8§ 5.7

Participant 3 more affected 198.3 § 15.6 201.2§ 22.0 206.9§ 25.9 191.8§ 20.1

less affected 57.6§ 11.6 55.9§ 12.6 62.7§ 16.9 57.4§ 14.1

Participant 4 more affected 31.7 § 3.4 34.3§ 3.3 32.7§ 4.1 39.0§ 7.7

less affected 64.8§ 33.6 44.2§ 6.1 46.5§ 7.4 48.5§ 7.5

Participant 5 more affected 162.4 § 35.2 157.7§ 25.2 174.4§ 23.4 139.7§ 10.8

less affected 39.4§ 3.6 39.1§ 3.9 40.9§ 2.0 40.1§ 4.0

Participant 6 more affected 46.8 § 7.6 41.5§ 4.0 33.8§ 6.0 38.0§ 5.7

less affected 47.1§ 6.3 43.7§ 3.8 42.8§ 4.3 42.4§ 5.3

Friedman test more affected Â2(3) Æ1.6,p Æ1.000

less affected Â2(3) Æ7.2,p Æ0.132

Participant 7 more affected 16.2 § 0.9 20.8§ 1.9 20.6§ 1.6 17.5§ 0.7

less affected 17.5§ 2.5 19.8§ 3.5 16.9§ 3.0 18.7§ 2.7

Participant 8 more affected 25.7 § 3.6 21.8§ 2.4 21.0§ 2.2 22.6§ 2.1

less affected 35.9§ 5.4 31.9§ 2.4 32.6§ 5.2 35.0§ 4.0
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Vastus medialis RMS during swing phase ( &V; mean § SD)

Lower limb tSCS-Off 15 Hz 30 Hz 50 Hz

Participant 1 more affected 21.0 § 6.1 67.9§ 7.4 21.3§ 5.3 12.9§ 2.8

less affected 136.9§ 39.4 94.4§ 59.9 125.6§ 32.7 165.5§ 57.5

Participant 2 more affected 22.5 § 7.6 21.3§ 5.1 22.5§ 12.1 19.6§ 6.5

less affected 25.2§ 10.1 20.6§ 5.3 25.4§ 16.5 16.4§ 4.4

Participant 3 more affected 15.6 § 4.1 16.2§ 4.4 16.2§ 4.0 18.2§ 5.8

less affected 16.1§ 6.4 19.0§ 6.9 18.3§ 8.3 17.4§ 6.7

Participant 4 more affected 14.6 § 3.5 10.9§ 1.5 11.1§ 1.8 12.6§ 2.3

less affected 9.5§ 1.7 11.0§ 3.5 10.2§ 8.5 11.8§ 3.5

Participant 5 more affected 24.2 § 9.8 45.5§ 14.9 69.5§ 22.3 56.9§ 51.7

less affected 17.0§ 4.8 20.5§ 4.0 30.7§ 8.6 24.0§ 4.9

Participant 6 more affected 21.6 § 6.9 18.3§ 5.4 11.5§ 4.8 18.5§ 6.4

less affected 17.7§ 4.8 16.0§ 3.2 18.6§ 6.0 14.2§ 5.3

Friedman test more affected Â2(3) Æ0.6,p Æ1.000

less affected Â2(3) Æ2.6,p Æ0.915

Participant 7 more affected 12.1 § 4.2 7.8§ 1.2 7.1§ 2.4 10.3§ 1.4

less affected 4.3§ 1.2 3.9§ 1.4 4.7§ 2.2 3.6§ 0.8

Participant 8 more affected 12.1 § 1.8 11.4§ 0.7 13.3§ 1.0 11.5§ 1.0

less affected 15.4§ 7.4 12.9§ 2.7 12.8§ 2.5 10.4§ 0.6

Tibialis anterior RMS during stance phase ( &V; mean § SD)

Lower limb tSCS-Off 15 Hz 30 Hz 50 Hz

Participant 1 more affected 16.0 § 3.2 18.9§ 3.1 14.1§ 5.3 16.3§ 2.0

less affected 36.4§ 5.5 39.7§ 10.7 39.7§ 3.8 37.7§ 6.4

Participant 2 more affected 49.5 § 13.4 55.9§ 7.9 59.7§ 10.0 49.6§ 13.2

less affected 57.9§ 13.7 45.0§ 17.5 44.6§ 12.9 39.7§ 9.6

Participant 3 more affected 122.6 § 62.8 89.5§ 21.4 96.6§ 16.1 99.2§ 22.5

less affected 131.9§ 14.9 134.7§ 26.2 136.0§ 25.9 145.8§ 21.7

Participant 4 more affected 21.3 § 3.9 48.1§ 3.7 44.6§ 4.0 36.7§ 6.3

less affected 37.1§ 8.3 27.8§ 6.1 31.7§ 7.2 33.8§ 7.1

Participant 5 more affected 39.5 § 6.2 48.3§ 12.4 47.9§ 7.2 52.2§ 13.0

less affected 59.2§ 20.1 69.8§ 9.3 78.7§ 11.8 68.9§ 10.6

Participant 6 more affected 39.3 § 11.4 40.7§ 6.4 31.4§ 7.9 38.1§ 14.7

less affected 40.4§ 6.9 38.7§ 6.4 32.3§ 8.3 36.2§ 10.6

Friedman test more affected Â2(3) Æ3.0,p Æ0.783

less affected Â2(3) Æ0.2,p Æ1.000

Participant 7 more affected 11.3 § 2.2 11.0§ 2.7 13.2§ 3.6 12.5§ 2.3

less affected 8.3§ 3.0 15.0§ 5.4 14.9§ 5.0 11.4§ 1.8

Participant 8 more affected 16.4 § 2.3 18.9§ 1.1 17.2§ 0.7 16.1§ 1.3

less affected 10.9§ 0.8 10.9§ 05 10.8§ 0.4 10.6§ 0.5
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Tibialis anterior RMS during swing phase ( &V; mean § SD)

Lower limb tSCS-Off 15 Hz 30 Hz 50 Hz

Participant 1 more affected 40.4 § 7.9 35.6§ 7.2 35.7§ 8.5 24.9§ 5.7

less affected 59.9§ 6.7 39.7§ 7.7 52.2§ 5.8 52.6§ 4.0

Participant 2 more affected 53.8 § 8.2 62.8§ 10.3 65.8§ 9.8 59.4§ 7.7

less affected 50.2§ 5.6 51.2§ 5.1 52.8§ 8.5 49.7§ 8.4

Participant 3 more affected 114.7 § 25.6 111.6§ 27.5 116.6§ 22.0 131.5§ 21.2

less affected 207.8§ 68.5 230.3§ 18.9 235.6§ 23.6 240.0§ 24.2

Participant 4 more affected 73.8 § 7.3 72.9§ 7.9 72.6§ 8.5 76.7§ 5.6

less affected 123.8§ 21.3 121.3§ 17.3 124.9§ 16.5 118.0§ 8.9

Participant 5 more affected 84.9 § 14.6 83.9§ 10.5 89.3§ 14.6 90.2§ 11.7

less affected 106.6§ 10.0 116.3§ 16.2 133.3§ 17.5 109.4§ 14.5

Participant 6 more affected 70.6 § 11.8 68.3§ 7.9 58.1§ 9.3 66.5§ 9.9

less affected 63.8§ 12.0 64.6§ 5.9 60.7§ 9.7 62.7§ 7.2

Friedman test more affected Â2(3) Æ1.4,p Æ1.000

less affected Â2(3) Æ1.4,p Æ1.000

Participant 7 more affected 35.2 § 5.0 34.2§ 5.3 45.4§ 4.2 30.9§ 2.9

less affected 29.2§ 2.6 34.0§ 4.1 32.8§ 3.2 28.8§ 2.8

Participant 8 more affected 40.3 § 16.4 32.5§ 2.5 32.2§ 3.6 41.3§ 7.7

less affected 64.2§ 7.5 65.2§ 9.9 57.1§ 4.5 67.5§ 12.8

Medialis gastrocnemius RMS during stance phase ( &V; mean § SD)

Lower limb tSCS-Off 15 Hz 30 Hz 50 Hz

Participant 1 more affected 64.6 § 22.6 63.0§ 21.3 50.4§ 22.6 51.8§ 7.4

less affected NT NT NT NT

Participant 2 more affected 34.4 § 5.7 32.5§ 2.4 33.6§ 6.2 31.3§ 4.9

less affected 78.3§ 21.6 58.8§ 7.3 64.7§ 16.0 49.2§ 11.9

Participant 3 more affected 8.9 § 0.8 8.7§ 0.8 8.7§ 0.8 8.9§ 1.0

less affected 53.2§ 8.2 58.0§ 8.4 56.7§ 10.2 61.0§ 8.0

Participant 4 more affected 13.7 § 0.9 52.6§ 5.6 50.9§ 4.4 39.3§ 5.5

less affected 30.3§ 7.3 30.6§ 5.1 30.7§ 3.4 32.1§ 4.6

Participant 5 more affected 45.7 § 4.2 46.1§ 4.4 56.0§ 7.1 52.4§ 4.4

less affected 50.2§ 4.4 51.2§ 3.8 63.0§ 7.8 56.8§ 6.8

Participant 6 more affected 41.5 § 13.2 46.0§ 8.3 48.5§ 13.4 44.0§ 9.3

less affected 32.1§ 11.6 34.9§ 6.1 33.2§ 9.7 34.3§ 9.3

Friedman test more affected Â2(3) Æ0.8,p Æ1.000

less affected Â2(3) Æ2.4,p Æ0.987

Participant 7 more affected 7.7 § 1.5 9.3§ 0.6 8.5§ 1.1 8.5§ 0.6

less affected 6.9§ 1.5 5.7§ 1.2 7.4§ 1.5 6.3§ 0.8

Participant 8 more affected 25.6 § 3.2 24.3§ 1.5 24.0§ 1.5 26.0§ 1.5

less affected 27.1§ 2.9 26.9§ 3.0 27.6§ 4.2 27.7§ 2.9
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Medialis gastrocnemius RMS during swing phase ( &V; mean § SD)

Lower limb tSCS-Off 15 Hz 30 Hz 50 Hz

Participant 1 more affected 13.5 § 11.6 27.6§ 15.9 21.9§ 17.5 6.8§ 0.8

less affected NT NT NT NT

Participant 2 more affected 20.7 § 5.0 20.4§ 3.5 18.7§ 1.9 18.4§ 4.0

less affected 18.7§ 6.1 16.9§ 5.3 17.3§ 5.0 17.9§ 6.6

Participant 3 more affected 8.5 § 1.4 8.6§ 1.5 8.7§ 1.2 8.8§ 1.3

less affected 35.7§ 7.5 33.2§ 8.1 30.1§ 9.0 35.9§ 12.1

Participant 4 more affected 7.8 § 0.5 15.8§ 8.5 9.9§ 4.0 9.1§ 2.0

less affected 8.7§ 0.8 8.1§ 0.4 8.7§ 3.5 8.1§ 0.5

Participant 5 more affected 16.1 § 4.3 15.4§ 2.3 18.4§ 3.9 19.2§ 3.8

less affected 11.0§ 5.0 8.2§ 3.5 20.1§ 6.5 15.9§ 7.4

Participant 6 more affected 28.7 § 7.8 29.5§ 4.3 27.7§ 7.2 29.1§ 7.3

less affected 15.7§ 5.7 15.4§ 4.6 14.5§ 4.5 14.5§ 6.6

Friedman test more affected Â2(3) Æ1.8,p Æ1.000

less affected Â2(3) Æ2.0,p Æ1.000

Participant 7 more affected 7.8 § 3.8 3.0§ 0.2 4.5§ 1.6 3.1§ 0.1

less affected 4.5§ 1.3 10.5§ 11.2 9.3§ 11.4 4.4§ 0.9

Participant 8 more affected 11.8 § 2.0 9.8§ 0.2 9.4§ 0.3 10.2§ 1.1

less affected 15.6§ 2.0 13.3§ 1.6 13.2§ 3.0 15.8§ 2.8

Semitendinosus RMS during stance phase ( &V; mean § SD)

Lower limb tSCS-Off 15 Hz 30 Hz 50 Hz

Participant 1 more affected 45.1 § 4.8 42.3§ 101.5 41.0§ 4.9 37.3§ 6.9

less affected 33.3§ 6.8 28.9§ 2.7 38.4§ 2.7 37.3§ 2.1

Participant 2 more affected 32.0 § 2.5 25.7§ 0.6 28.3§ 1.0 23.8§ 1.3

less affected 78.8§ 1.5 70.5§ 5.7 70.6§ 4.1 62.7§ 6.7

Participant 3 more affected 52.3 § 0.8 45.7§ 0.8 47.7§ 0.8 44.7§ 1.0

less affected 17.5§ 8.2 29.7§ 8.4 26.8§ 10.2 20.9§ 8.0

Participant 4 more affected 60.0 § 7.5 61.5§ 5.4 62.7§ 4.3 60.9§ 5.2

less affected NT NT NT NT

Participant 5 more affected 31.1 § 4.2 27.8§ 4.4 35.1§ 7.1 30.0§ 4.4

less affected 56.6§ 4.4 50.2§ 10.3 74.5§ 7.4 55.5§ 7.3

Participant 6 more affected 35.0 § 6.2 35.7§ 7.4 35.4§ 4.2 34.5§ 12.3

less affected 46.3§ 12.6 42.0§ 2.3 39.2§ 1.0 38.7§ 0.9

Friedman test more affected Â2(3) Æ7.4,p Æ0.120

less affected Â2(3) Æ3.5,p Æ0.647

Participant 7 more affected 15.5 § 11.4 6.7§ 5.0 6.4§ 13.4 11.7§ 11.3

less affected 5.4§ 25.2 5.1§ 6.9 5.5§ 6.1 4.8§ 4.7

Participant 8 more affected 30.2 § 11.6 32.9§ 18.3 32.2§ 10.3 38.8§ 14.1

less affected 26.0§ 6.1 26.8§ 5.4 27.8§ 8.9 28.4§ 8.3
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Appendix B. Supplementary material to chapter 4 (Project 3)

Semitendinosus RMS during swing phase ( &V; mean § SD)

Lower limb tSCS-Off 15 Hz 30 Hz 50 Hz

Participant 1 more affected 34.6 § 6.2 32.6§ 123.3 31.1§ 5.8 21.2§ 6.6

less affected 13.9§ 3.3 15.9§ 5.1 12.2§ 6.1 14.9§ 4.0

Participant 2 more affected 57.7 § 0.3 63.5§ 1.8 53.9§ 1.9 53.4§ 1.5

less affected 54.5§ 5.1 50.3§ 7.3 53.5§ 8.0 52.2§ 6.2

Participant 3 more affected 76.0 § 1.4 82.8§ 1.5 81.4§ 1.2 77.1§ 1.3

less affected 85.4§ 7.5 111.8§ 8.1 106.0§ 9.0 93.2§ 12.1

Participant 4 more affected 37.3 § 4.9 35.0§ 9.5 37.2§ 5.7 38.2§ 7.5

less affected NT NT NT NT

Participant 5 more affected 38.7 § 4.3 36.4§ 2.3 38.1§ 3.9 38.4§ 3.8

less affected 53.0§ 8.3 55.3§ 12.1 63.2§ 14.2 56.9§ 14.2

Participant 6 more affected 29.8 § 7.1 25.9§ 9.4 28.5§ 6.5 29.0§ 6.0

less affected 36.3§ 1.9 38.0§ 2.5 35.5§ 3.2 34.2§ 2.8

Friedman test more affected Â2(3) Æ2.2,p Æ1.000

less affected Â2(3) Æ1.3,p Æ1.000

Participant 7 more affected 28.4 § 5.6 16.6§ 21.4 14.9§ 22.7 21.9§ 25.7

less affected 10.0§ 2.6 9.1§ 3.4 10.6§ 5.4 9.6§ 6.7

Participant 8 more affected 46.3 § 13.9 27.6§ 8.1 26.6§ 8.5 36.7§ 6.6

less affected 46.9§ 4.7 32.4§ 6.0 33.7§ 8.6 39.5§ 10.0
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