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ABSTRACT

New evidence in neuroscience has led to substantial innovations in the provision of
rehabilitation therapy, which includes new therapeutic possibilities for patients suffering from
central nervous system lesions. The goal of my dissertation is to understand the role of Robot-
assisted Gait Training (RAGT) within a multidisciplinary rehabilitation program for patients
suffering from outcomes of central nervous system lesions. In this dissertation, I studied
participants with traumatic brain Injury (TBI) to determine how cognitive function at
admission can interfere in functional improvement after RAGT training in a rehabilitation
program and the impact of gender, age and RAGT dose (sessions) on functional

improvement in subacute stroke patients.

In my first experiment, I studied a cohort of patients with severe traumatic brain injury (n=80
) to investigate the impact of the cognitive level at admission on recovery after RAGT within
a multidisciplinary rehabilitation setting. I found evidence that patients with a low cognitive
level at admission were mainly in the subacute phase of rehabilitation. Cognitive impairment
did not preclude recovery so that irrespective of the level of cognition, patients might benefit
from RAGT during a multidisciplinary program. Also, although other heterogeneous factors
(age, rehabilitation phase, severity) may have influenced recovery, the cognitive level at
admission influence the rehabilitation length of stay (LOS) and the time needed to receive

RAGT during the multidisciplinary rehabilitation programme.

In the second set of study in this dissertation, I analyzed a cohort of subacute stroke patients
(n= 236) who underwent RAGT in rehabilitation programs to determine the gender-related

response.

This approach allowed me to highlight that both genders can be subject to the same standards

of treatment beyond the differences in anatomical morphology. While I expected to have a



difference in recovery, instead, I found a significant positive correlation in clinical outcome.
Among subacute stroke patients, equal adherence and benefits were observed following
RAGT training in both genders. A conventional rehabilitation treatment empowered by
RAGT ensured good results in terms of gait recovery, without any gender differences for all

parameters considered.

In the third set of this thesis, I studied a subacute stroke population who were undergoing
RAGT training during multidisciplinary rehabilitation (n= 236). The principal aim was to
investigate the intensity of RAGT (dose) needed to reach the minimal clinical important
difference (MCID), measured with the Functional Independence Measure (FIM) and the
Functional Ambulatory Category (FAC). Also evaluate the clinical, demographic and

functional characteristics that can predict a good functional recovery.

I found, with a regression model, that a significant number of patients achieved MCID with
more than 14 sessions. Also, the independence of walking on discharge was influenced by the

patient's age and the severity of the damage on admission.



Riassunto

Nuove evidenze nel campo delle neuroscienze hanno portato innovazioni sostanziali in
neuroriabilitazione che includono nuove possibilita terapeutiche per i pazienti che soffrono di
esiti di lesioni del sistema nervoso centrale. L'obiettivo della mia ricerca e stato di
comprendere il ruolo della rieducazione robot-assistita del cammino(RAGT) all'interno di un
programma di riabilitazione multidisciplinare per pazienti affetti da esiti di lesioni del
sistema nervoso centrale. In questa dissertazione, ho studiato partecipanti con lesioni
cerebrali traumatiche (TBI) per determinare in che modo la funzione cognitiva al momento
del ricovero puo interferire nel miglioramento funzionale dopo RAGT in un programma di
riabilitazione. Ho valutato inoltre l'impatto del RAGT su sesso, eta e come la dose (sessioni)

potrebbe contribuire nel miglioramento funzionale per i pazienti in fase subacuta dell'ictus.

Nella mia prima serie di analisi, ho studiato una coorte di pazienti con grave trauma
cranico (TBI) per indagare l'impatto del RAGT a secondo del livello cognitivo al momento
del ricovero sul recupero, all'interno di un contesto riabilitativo multidisciplinare. Ho
concluso e che i pazienti con un basso livello cognitivo al momento del ricovero erano per lo
piu nella fase subacuta della riabilitazione e che il deterioramento cognitivo non precludeva
il recupero in modo che, indipendentemente dal livello di cognizione, i pazienti potessero
beneficiare di RAGT durante un programma multidisciplinare ed ottenere risultati
soddisfacenti. Inoltre, sebbene altri fattori eterogenei (eta, fase di riabilitazione) possano
avere influenzato il recupero, il livello cognitivo ha influenzato la durata della riabilitazione
(LOS) e il tempo necessario per ricevere RAGT durante il programma di riabilitazione

multidisciplinare.



Nella seconda serie di analisi in questa dissertazione, ho utilizzato il set di dati di una
coorte di pazienti con ictus subacuto sottoposti a RAGT nel programma di riabilitazione per
determinare la risposta correlata al genere. Questo approccio mi ha permesso di evidenziare
che al di la delle differenze di morfologia anatomica, entrambi i sessi possono essere soggetti
agli stessi criteri di trattamento. Mentre mi aspettavo di avere differenze nel recupero, invece
ho trovato una significativa correlazione positiva nel risultato clinico. Tra i pazienti con ictus
subacuto sono stati osservati uguale aderenza e benefici dopo RAGT in entrambi i sessi. Un
trattamento riabilitativo convenzionale potenziato da RAGT ha assicurato buoni risultati in

termini di recupero dell'andatura, senza differenze di genere per tutti i parametri considerati.

Nella terza serie di questo studio, ho utilizzato una popolazione di ictus subacuto che ha
ricevuto RAGT durante la riabilitazione multidisciplinare. Lo scopo principale e stato quello
di indagare l'intensita di RAGT (dose) necessaria per il raggiungimento della minima
differenza clinica importante (MCID), misurata con la Functional Independence Measure
(FIM) e la Functional Ambulatory Category (FAC). Inoltre valutare quali sono le
caratteristiche cliniche, demografiche e funzionali che possono predire un buon recupero
funzionale. Ho scoperto che un numero significativo di pazienti ha raggiunto la MCID con
almeno 14 sessioni. Inoltre, l'indipendenza nel cammino alla dimissione ¢ influenzata dall'eta

del paziente e dalla gravita del danno al momento del ricovero.
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Theoretical Background.

Neurorehabilitation definition

A neurological disease is not preventable unless it is congenital or largely hereditary. In
life and unexpectedly, one can become a victim to accidents leading to traumatic CNS
injuries, strokes, brain tumours and incurable diseases. A sudden event of this kind drastically
changes the victim’s quality of life and forces him/her to an involuntary total or partial loss of
body control and memory capacity. Neurorehabilitation refers to rehabilitation following
damage observed or after-effects due to pathologies and/or trauma associated with the
nervous system; the nervous system (NS) is one of the most diffuse structures in the body
through nerves that are inseparable from mobile organs and cells. It embodies the centre of
convergence and divergence, thus conditioning the functioning of several functioning and,
more particularly, the entire muscular system (National Research Council 1989). Human
Nervous System: convergence and divergence thus conditioning the functioning of several

organs of the body and more particularly the entire muscular system).

By this effect, neurorehabilitation encompasses a wide range of motor, cognitive, behavioural,
relational disabilities with significant economic consequences. Rehabilitation is restoring an
ability lost following a traumatic event or a vascular injury; this restitution can be partial or
total. Rehabilitation of behaviors and lost abilities is achieved through exercises and by
observing predefined therapeutic norms depending on the severity of the cases (Pernia e al.
2020; Huang et al. 2009). Rehabilitating an injured patient means teaching him/her to
capitalize on his/her residual capacities to a maximum extent to compensate for motor,

cognitive and behavioural deficits. To do this, the process can be associated with sensory-

14



motor stimulation and, if necessary, with the use of external biomechanical supports for the

musculoskeletal system (orthoses, prostheses).

The objective of the initiative is coherent; it consists in having valuable tools to contribute to
the improvement of the patient's life quality, by personalizing the rehabilitation plan, by
trying to make him/her aware of good behaviours and gestures as well as hygiene rules to be
followed even after his/her return home. In other words, the quantification and qualification of
neurorehabilitation care focus on physical independence (walking, taking care of oneself
without the help of a physical presence) and cognitive independence (making personal

decisions, having all these moral senses, and a pleasant mood).

Genesis of Neurorehabilitation

Knowledge and research on the brain are being examined from a scientific perspective; it has
long been the focus of attention in the medical profession and is presented as a slow, dynamic
experimental field with unclear conclusions. Despite the reticence and obstacles encountered,
we have moved from more or less demonstrative empirical positions that are more or less
explanatory but accepted by scientific evidence whose veracity is often questioned over time.
With research focused on improving well-being, nerve cells' regeneration remains at the heart
of the central nervous system's study (CNS). Neurological rehabilitation took off at the end of
the 19th century with Joseph Altman and Gopal D's work in 1965, when a hypothesis of
probable neuronal regeneration took place. At the beginning of the 20th century, the
pathologies and traumas of the CNS were on the increase, none of hereditary origin and
generally of unknown aetiology, and other traumas with increasingly disabling after-effects
on various parts of the body. This is the reason why research has been stimulated towards

solutions to the scourge of CNS cell degeneration. In the mid-20th century and precisely since
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2000, ambitious principles within the framework of the brain-injured patient’s well being are
emphasized by goals aimed at achieving active movement, gait training for patients with
paretic limitations, and the need for independence in basic daily living activities (Barrett et al.

2013).
Neurorehabilitation: story and evolution

The delay observed in neurorehabilitation results from static theory on the issue of neuron
regeneration; approach resulting from the work of the doctor and researcher Santiago
Raymond Cajal during the mid-20"™ century, which advocates the non-regeneration of nerve
cells (Santiago Ramon Y Cajal, 1928). The theories and visions of Cajal and al. froze the
search for nearly half a century. Thanks to Joseph Altman et al. 1965's works, a hypothesis of
probable neuron regeneration has taken place. Later, the experiment will further extend
demonstrating an actual cell replication process at the level of the dentate gyrus and the
olfactory bulb into mice by Kaplan. An additional, more precise confirmation of a possibility

of cellular replication in some parts of the brain of mice.

The analysis of the works done on birds has demonstrated behaviour, adaptation, and neurons'
differentiation by certain auditory and behavioural phenomena. In birds, adult cortex neurons,
the hypothesis of a possible replication of the adult cortex neurons has been confirmed (F
Nottebohm et al. 1984). These works led to the idea that the new neurons could occur and
recombine according to a learning process and growth. In the same footsteps as Ferdinand
Nottebohm, A. Beau Alward et al. 2013 have studied canary and have tried to prove that the
sound (tone and volume) of the canary is a phenomenon of neurological. This would mean
that there would probably be development, replication or differentiation of pre-existing

neurons. This instinctive transition from the canary to the mature state of singing will give
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room to think of a phenomenon of apoptosis (cerebral neuron programmed death) and a
cerebral neurons substitution obvious immediate (Alwards Beau 2013). Studies done only on
birds and mice will limit this evolutionary trend; after experiments in primates whose species
has after experiments in primates whose species have an anatomical and sometimes
physiological morphology close to humans, no obvious neuronal replication is observed
(Pasko Rakic 1985). However, Pasko RAKIC (1988) further pursuing its primate experiments
and using not only [3H] -Thymidine exceptionally used in previous experiences but also glial
markers [GFAP] (Glial Fibrillary Acid Protein). The finding will be a presence of stem cells
in the cerebral ventricles, spreading to different areas of the brain. Therefore, there would
probably be a set of genes controlling ventricular cell production. Understanding the
compression of adult stem cells will be deepened by in vitro culture using mice, an
experimental specimen easily accessible without strict ethical restriction (Alward et al. 2013;
Golmohammadi 2008). It will be observed that adult stem cells of mice have the capacity to
differentiate by their continuous growth (taking forms four times larger than their original
form). Although it was limited to mice, the experiment helped one understand that adult stem

cells could replace needs previously attributed only to foetal stem cells.

This discovery will stimulate experiments in vitro of stem cells adult of primate (Rakic in
1999) and human stem adult cells with satisfactory results. However, transplants could only
be performed on mice. These experiments could not be applied in vivo for primate and
specifically on human beings due to the likely toxic sequelae of the replication promoting
products (BrdU, 3H) and environmental conditions. The great hope in researching the process

on neuroregeneration without the effective perspective of application in the human brain.
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Brain Neuroplasticity

Plasticity is an essential characteristic of the nervous system; it implies a natural
developmental process favourably produced by knowledge and experiences (both positive and
negative) using the concepts of substitution, functional reorganization, and functional
flexibility (Shaw et al. 2001). Indeed, nervous system's capacity to change, modulate,
reorganize itself according to the residual capacities and experiences lived by the subject, and
the ability to compensate for an injury ( Robertson et al 1999). Depending on the external
stimuli and re-education techniques, the brain has a capacity to reorganize its synaptic
networks following a trauma. It is maximum during our young age but is continuous.
Therefore, stimulation may be necessary and essential after brain injury and in response to
therapeutic intervention in this process, the motor system quickly reacquires an ability to

mobilize inactive regions.

Using animal and human models, evidence of modulation of the human brain has been
established. All forms of external stimulation (physical exercise, electrical stimulation,
environmental impact and daily life activities) are indirectly involved in the brain's internal
self-regulation process that drives signals, leading to physiological and anatomical changes
(Kleim JA et al 2014). At the basis of the evolution of neurogenesis, it is necessary to
understand the complex process known as neuronal plasticity, which is an adaptation process
consisting of the reorganization of existing neuronal connections to restore altered cognitive
or behavioural functions. This does not fully reflect the plasticity process, although it
contributes to functional recovery. In brain damage and injury, it is crucial to consider the
axonal regeneration process's limitations and the relatively low levels of plasticity not
established (Fawcett 2009). Therefore, it is necessary to know how to dissociate the

reorganization of residual brain cells for cognitive and behavioral purposes from cell
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regeneration. In short, cerebral plasticity is based on all these functional recovery parameters
( Rakic 1999). A good evaluation of the type of brain injury and the patient's age at the time
of injury are the essential elements of a probable prediction of recovery. Several types of
research are currently going in this direction, and many discoveries are still to be made in this
field. In biology, plasticity covers many cellular phenomena that occur at very different
anatomical levels and on very different time scales. Recovery is a function of the type of
lesion and its severity. It can be done in a short time (spontaneous recovery) at the beginning
of the rehabilitation process or in a long time (induced recovery), depending on the severity of
the lesions, the area concerned and the age of the patient (Fawcett 2009) Indeed, learning is
based on neurons' ability to modify their synaptic transmission. It is therefore the connections
between neurons that are strengthened. How experiences and practices play a role in
increasing synaptic strength and cortical topography changes is now well established

(Pascual-Leone et al. 1995; Straudi et al. 2016).

However, the formulation of clinical recommendations for the practice of rehabilitation
following brain injury is necessary. Training, which is the practical form of induction of
stimuli generating the action of reorganizing the brain’s nerve connections, should be
precisely targeted and repetitive in circuits affecting well-defined motor maps; this would
avoid nerve simulations of unnecessary circuits (Robertson et al 1999; Swain RA et al. 2003).
Any motor movement resulting from an intensively repeated sensory impulse brings new
information to the NS, which re-establishes connections between the motor centres and the
sensory pathways. To this effect, it is established that repeated training and specific exercises
with sufficient intensity and well distributed would promote cortical and subcortical
reorganization in brain-injured patients (Nudo et al. 1996; Swaim 2003). For this reason, the
rehabilitation process requires a multidisciplinary approach with combinations of endurance
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exercises and multiple skills with varied treatment approaches and well distributed in time and

space.

The brain is highly plastic, and that plasticity represents evolution’s invention to enable the
nervous system to escape the restrictions of its genome (and its highly specialized cellular
specification) and adapt to rapidly shifting and often unpredictable environmental and
experiential changes. Plastic changes may not necessarily represent a behavioral gain for a
given subject. Instead, plasticity may be as much a cause of pathology and disease as it is the
substrate for skill acquisition, learning, environmental adaptation, and recovery from insult.
Plasticity is not an occasional state of the nervous system but is the nervous system's normal

ongoing state throughout the lifespan.

Multidisciplinary Rehabilitation
The nervous system is the most widespread system in the body and interacts with almost
every organ and tissue in the body. Independence and better living conditions is the entire
scope to reach among these treatments defined as conventional rehabilitation. The program
considers each patient's specificities relating to their disability and levels of affection (motor,
trouble of consciousness, deficit of language, etc...) and for these circumstances, different
professional qualifications are needed (occupational therapy, physical motor rehabilitation,

speech therapy and cognitive).

This study's specificity is to associate RAGT in rehabilitation for each patient with the
objectives of gait recovery and autonomy in life activities. Reason for organizing the
rehabilitation process by defining the temporal windows of training for optimization of
recovery. Defining a specific program according to the framework of the international

classification of functions (ICF) of the World Health Organization (WHO) is the goal (Lexell
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et al.2015). Multidisciplinary can be exercised individually or collectively; with objectives
and specificities well-targeted for each patient. However, RAGT training is comon for each
patient; at admission in rehabilitation, a specific program is determined according to the
WHO international classification of functions. At discharge, a clinical evaluation must be

made.

Neuroimaging and neurophysiology.

The introduction of medical neuroimaging will bring more precision in clinical diagnostic;
that facilitated the better understanding to the process of brain neurophysiology. From the
1980s neuroimaging onwards allows a clear differentiation of brain areas and consequently of
neurons damaged from trauma or brain pathology (Wilde et al. 2012; Seitz 2010). Thus, it
becomes possible to understand brain neurophysiology and consequently to predict
rehabilitation outcomes, monitor in vivo and adjust specific personalized neuroimaging and
neurophysiology techniques as needed (TMS, fMRI, EEG, fNIRS ), and observe the
behaviour of functional and structural hemodynamic factors that influence recovery (Seitz

2010; Mountz 2007).
Figure 1: Representation of normal intracranial appearances.

Coronal T1 Sagittal T1 Axial ADC Axial Flair AxialT2

21



Coronal T1
The whole ‘sha-bang’ of non-contrasted sequences for an MRI brain.

Normal intracranial appearances.

https://radiopaedia.org/cases/normal-mri-brain-adult.

Therefore, the non-invasive tomography method is widely used in the clinical
diagnostic system (Maas et al. 2007; Kemp 2000). However, despite the synthetic
approach of the image representation, there are still some shortcomings, such as the
lack of precision on the location of lesions, their size and position. The introduction of

MRI will complement this deficiency (Medical Advisory secretary 2006; Kemp 2000).

Figure 2: CT and MRI representation

Hemorrhage Infarct Penumbra Occlusion

(Shams M et al. 2020) https://images.app.goo.gl/Y2xUMC2fthahovx7T6
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GAIT Training

To date, neurorehabilitation has remained a constantly evolving challenge and the subject of
questioning for human beings. The introduction of new therapies and tools in neuroscience
offer hope for people with central nervous system damage. (Warraich et al. 2010). Internal
self-regulation that generates physiological and anatomical changes is the consequence
(Kleim et al. 2004; Nudo et al. 1996). Functional recovery after CNS injury is supported by
exercise and rehabilitation interventions. However, the paradigms defined above are still not

well defined; the dose and exercise modalities are not established.

In patients survivors of traumatic brain accident or brain neuropathologies, the mobility is
often limited by the walking impairment (Taveggia et al. 2016; Eng JJ et al. 2007) and
restoration of walking ability and gait rehabilitation is highly relevant objectives of the

rehabilitation process (Bohannon et al. 1991).

Gait analysis
Gait analysis is a growing field of interest to clinicians. It is an effective tool for assessing
patient ability, detecting abnormalities in hemiparetic patients (loss of motor strength or
selective alteration of motor deficit) and also for rehabilitation of patients who have lost
normal gait or have gait disorders. It is therefore no coincidence that walking is one of the
most studied forms of biomechanical movement. Its study and understanding presuppose

three fields of research:
- Movement of the body with the articular amplitudes.
- The constraints of support on the ground.

- Spatial-temporal parameters such as speed, pace, length and step symmetry.
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Walking can be defined as a displacement consisting of a translation of the whole body,
following articular rotational movements (Kuo et al. 2010). It uses a repetition of body
segment sequences to move the body forward while maintaining balance (Shin-Min et al.

1987).

Technological evolution and modernity have led walking laboratories to delineate walking
movement phases using a technique known as quantitative walking analysis (QWA). This
clinical evaluation tool allows a better discernment and understanding of the anomalies
encountered and to adapt treatments (Kay et al. 2000; Bogard et al. 1981). Walking is made
up of repetitive cycles, and each cycle is normalized and symmetrically comprises two
consecutive steps performed by each of the lower limbs (left-right) (Perry. 1992). For a good

analysis and thorough reading, the division into cycles is indicated.

1.4.2. Gait Cycle

The gait cycle consists of several critical elements performed by each of the lower limbs.
Usually, it is the contact of one foot on the ground until the same event occurs (for example,
the left fooleft foot's full contact on the ground until the next contact of the same foot). It is
true that in the normal gait process, the heel should, in principle, first come into contact with
the ground. In some cases, pathologies such as digitigrades gait are observed in which the toes
make contact with the ground of the feet make the contact with the ground of the feet; hence
the importance of considering that the full contact of the foot represents 0% (beginning of the
cycle) and that the contact of the same foot represents 100% (end of cycle). The gait cycle can
also be broken down into two steps, each step corresponding to 2 main phases; the supporting
phase and the oscillating phase, which alternates for each limb during the gait. The support

phase lasts about 60% of the cycle, and the oscillating phase about 40% of the cycle for each
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of the lower limbs (Carollo et al. 2002; Troje 2002). While both limbs are resting on the
ground, it is called bipodal or double support; when one of the two limbs is in the support

phase, and the other is in the oscillating phase, it is called unipodal support (Troje 2002)

(figure3).
Figure 3: Gait cycle representation
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Gait and Neurorehabilitation
Movement Neurophysiology
Physiological movements are coordinated by the nervous system, which is a complex
biological structure consisting of the Central Nervous System (CNS) and the Peripheral

Nervous System (PNS).

The CNS itself is composed of the brain (brain and cerebellum) and the spinal
cord (SP). In this structural organization of the CNS, the brain can be equated to the upper
level of movement control and the spinal cord to the lower level. Specific movements are
generated in the spinal cord only (case of the reflex arc observed in some decerebrate

animals). Other movements, on the other hand, are modulated by the upper level.

Figure 4: CNS: Median sagittal section
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Peripheral Nervous System (PNS)

The PNS is made up of a set of nerves attached to the central nervous system: afferent nerves
(sensory nerves) coming from peripheral receptors responsible for perceiving sensations
(mechanical, thermal, painful, chemical, etc.), effectors nerves (motor nerves) responsible for

controlling peripheral receptors, including muscles. The PNS consists of two sub-systems:

- The vegetative nervous system (autonomous or visceral nervous system) regulates the

automatic functions of the body (digestion, breathing, the heart and its activities ...).

- The Somatic Nervous System (SNS); which is responsible for voluntary and
involuntary movements as well as sensations; corresponds to both the Motor Nervous

System (MNS) and the Sensory Nervous System (SNS). (Figure. 5)
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Figure 5: Function of peripheral Nervous System
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Movement and walking rehabilitation are based on the SNS and SNM, i.e. the sensory
perception of movement, which responds to the stimulus received. It is the system operated by
robotics that capitalizes on external (sensory) stimulation through physical and visual
exercises to optimize the adaptation of brain-injured patients to walking and specific mobility

tasks for a return to activities of daily living.
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Figure 6: Human Nervous System: convergence and divergence thus conditioning the
functioning of several organs of the body and more particularly the entire muscular system.
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New Technologies and Interventions in Neurorehabilitation.
New technologies are perfectly conceived to improve the development of complex learning,
and to this end, neurorehabitation is the basis of many expectations. The first is to develop an

understanding of the ingredients to be included in training programs to promote generalized
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learning. Studies based on neural stimulation, patient motivation and reward processing show

promise in this regard.

Second, while the type of improvement desired is usually clear, such as when educators or
rehabilitation therapists state their goals for a patient, identifying the cognitive component of

a training program to achieve these goals is not always that simple.

Gait studies in animals have proven effective; the system advocates repeated and prolonged
training to activate the automatic gaiting by a central pattern generator (De Leons RD et al.
1998; Levely RGE et al. 1986). An essential avenue of scientific exploration experimentally

successful in animals, although the fact remains a challenge in humans (Duysens et al. 1986).

Constrained-induced movement therapy (CIMT) is a new therapeutic approach that offers
great potential for neurorehabilitation. However, functional recovery improvement would be
more effective through non-invasive brain stimulation associated with (CIMT) (Liew SL et al.
2014). Neuronal plasticity has become an interesting phenomenon for the robotics; it is based
on learning mechanisms that pave the way to better understand the adaptation phenomena of
injured brain patients. These categories of interventions and techniques based on the
principles of activity-dependent neuroplasticity and motor recovery mechanisms after CNS
injuries are emerging as potential tools to increase functional recovery (Warraich and Kleim
2010). However, well-established evidence from large-scale clinical trials on the effectiveness
of these interventions is still lacking, and further research is essential to draw definite

conclusions.
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Robotics in Neurorehabilitation

In recent years, the introduction of robotics showed interesting rehabilitative outcomes for
CNS survivors (Van Peppen et al. 2004; Mehrholz J et al. 2017), offering an alternative to
conventional rehabilitation (Laffont et al. 2014). Robotic rehabilitation provides intensive,
task-oriented, repeated therapy among different phases of rehabilitation (acute, sub-acute and
chronic). Robotic devices might assist human movements providing additional guidance
(passive, active, assisted) according to cognitive and motor impairments (Veerbeek et al.
2014; Duncan et al. 2011) and personalized work for favouring recovery and the plasticity-
dependent response of brain trauma survivors (Cho JE et al. 2018; Wolpert et al. 2011). Also,
the robotic system, allowing partial or total body weight bearing, enables the enrolment of
non-ambulatory patients (Iosa et al. 2011) and the prevention of falls during the training
sessions (Cho JE et al. 2018). During robotic sessions, to monitor online performances and
acquire kinematic and patio-temporal parameters (i.e. speed, smoothness) can be recorded to
monitor online performances and obtain clinical information on baseline subjects’
characteristics. Effectiveness of robotic training was reported on non-ambulatory rather than
for ambulatory stroke patients (Bast BA et al. 2007), suggesting that this approach might
represent a rehabilitative strategy for targeted populations. Robotic aims in a clinical setting
is clearly defined: the robot can offer massed motor practice, high dose of exercise, the
numbers of repetitions of tasks needed to induce neuroplastic changes and post-injury
recovery. These materials are also designed to train patients in specific motor tasks (i.e.
Lokomat for gait training) and potentially contributes to reduce rehabilitation costs or increase

profitability by reducing the workload of therapists.
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Robotic therapy is that of constraint-induced movement, favourable for the acquisition of new
motor skills. However, in chronic stroke, TBI patients and other neurologic diseases studies
failed to demonstrate a more favourable impact of electromechanically or technology-assisted
gait training on recovery compared to conventional over ground gait training (Wall A et
al.2019; Hsu CY et al. 2019) or its effectiveness in combination with physiotherapy to

achieve independent autonomy.

Gait Training with Robotics

Robotic-assisted gait training bows out of experiments conducted on cats with complete
thoracic spinal cord injury (Philippson, 1905; Sherrington, 1910; Engberg and Lundberg
1962; Engberg and Lundberg, 1969; Grillner , 1975; Grillner and Zangger, 1979; Forssberg et

al, 1980; Rossignol et al., 1982; Lovely et al. 1986).

Robots designed for gait training have these two characteristics in common: treadmill use and
body weight support. The Bodyweight Support Training on a Treadmill (BWSTT) is one

example.

Body weight support Training on a treadmill (BWSTT)

In the beginning, we had Bodyweight Support as a tool for gait training. Later, we realized
that we would have to adapt the walking speed according to the patient's voluntary control
(Berra et al. 2019). This was when the BWS was combined with the treadmill to form
BWSTT (Park HS et al. 2011) (Fig. 7). With this approach, the therapists could treat patients
objectively in a more realistic atmosphere and setting. The equipment for BWSTT is
composed of a standard treadmill fitted with the weight supporting apparatus (Noramco

Fitness and Spino Flex, USA). The patient wears a modified mountain climber’s harness with
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an adjustable belt around the pelvis and thigh and an adjustable belt above to support their
body weight. A therapist assisted with leg propulsion if the patient could not lift his/her
paretic leg. At the beginning of training, some subjects need two therapists to guide the
pelvis's movement forward and to flex and extend the hemiplegic leg during the swing and
stance phases of gait. The initial body weight support was set at 30%~40%. The speed of the
treadmill's speed was set at 0.5 mph (miles per hour). The duration of training is defined
between 20 to 40 minutes, depending on the patient’s performances. As treatment progress,
the body weight support will gradually decrease, and the velocity will gradually increase
(Bohannon RW et al. 2013). BWSTT is a high-intensity, task-oriented intervention to restore
locomotors functions in people who suffered from CNS lesions (Berra et al. 2019; Robin et al.
2020). However, this training can be highly physically demanding for physical therapists and
subjects, especially when subjects with severe gait impairments and markedly reduced
mobility are trained (Kwakmanet et al. 2020) (see figure 7). To bypass the limitations of
BSWTT to improve motor learning and walking training, new robotic devices inspired by
BSWTT will be designed. We currently have in the field of neurorehabilitation walking

robots with end effectors and exoskeletons such as the Lokomat (Hocoma Switzerland).
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Figure 7: Body Weight Support Training on a treadmill (BWSTT)
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Exoskeleton robot as gait instrument training in neurorehabilitation

The most popular exoskeleton device in used i the market is Lokomat; subjects wear a harness
attached to a system to provide body weight support and walk on a treadmill. The patient is

secured with three cuffs per leg to the orthosis. The hip and knee joint of the device is

actuated (Figure 8).

Figure 8. Structure of LOKOMAT (Hocoma Switzerland)

The robotic control uses an adjustable (impedance controller) with adjustable predefined
trajectories for hip and knee joints. Elastic straps provide dorsiflexion assistance to the feet.

The Lokomat system can be adjusted from 100% to 0%. To get the best possible fit for each
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patient development include a freed mode, new control mechanisms and innovative virtual
scenarios (Hubertus et al. 2018) (see figure 9). The treadmill's speed was set from 0 to
approximately 3 km/h, and body weight support ranged from 0% to 100%. As training
progressed, adjustments in the guidance, the amount of body weight support and treadmill
speed are made according to subject performance. A therapist can use games providing bio-
feedback for increasing the patient’s motivation. The Lokomat can be considered a humanoid
robot enhanced by its stability and balance against falling during physical interaction with
humans. This gives it the pre-eminence in gait rehabilitation because the interaction of the
human with the ground through the dynamic sensory-motor loop gait movement is rhythmic,
synchronized and adapted to the control of the robot (Faugloire et al. 2006). This pre-
established dynamic coupling allows both the robot and the lower limbs to generate
locomotors rhythms and control posture. Thus, lower limb movement and upper body balance

control are coordinated by Lokomat (MC Cra et al. 2008; Cattaert et al. 2001).

Figure 9: Lokomat during gait Training
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Numerous studies in neurorehabilitation in primates have shown substantial functional
reorganization after repeated training exercises (Nudo et al. 1996; Kwakkel et al. 1997). The
repetition of a particular task would promote cortical and subcortical reorganization of brain-
damaged patients. The Lokomat is one of the robotic instruments best suited to the principle
of repeated training and optimal with the nursing economy. Patient's participation is active or
passive, depending on the degree of damage. The robot accompanies the movement and
adapts the task's difficulty to the patient's functional level. The active and progressive sensor-
motor (re)learning through repeated and prolonged simulation of the different walking phases
nourishes the proprioceptive re-afferences. This sensory-motor learning consists of working
on the reorganization, through practice and sensory stimulation, of the spinal and supra-spinal
circuits that can be reached during a lesion. This reorganization is built on a constant
circuit/loop afference-efference-reference whose principle is based on the idea that any

movement brings new information to the nervous system, mainly of a sensory nature.

Therefore, the movement is in synergy with the sensory pathways, thus allowing an
optimization of the movement to be performed. By intensive repetition of the same
movement, the circuits involved in the realization of locomotor movements will be activated,
allowing the nervous system to establish or re-establish connections between the motor
centers and the sensory pathways affected to varying degrees depending on the lesion. A brain
- robot interface is established during the RAGT. During the rehabilitation process, resulting
biomechanical manifestations are evident (reinforcement of the hip flexors, symmetry of the
step, control of the support transfer) and walking with a near-normal pattern). However, this
strategy, which relies more on motor function, by no means satisfies the expectations of

morbid patients and those who cannot engage in active therapy movement.

37



AIMS OF THE STUDY

This study aims to highlight the impact of Robot-assisted Gait Training within a
multidisciplinary rehabilitation program. Several therapeutic approaches have been introduced
to facilitate the process of functional and gait recovery. New technologies such as robotic
devices have been introduced in a clinical setting (Poli et al., 2013; Bradley et al. 2020; Moon
et al. 2017; Brook et al. 1991) with objective better functional outcomes. The development of
robot-assisted devices offers great potential for modern neurorehabilitation, based on
exercise-related neuroplasticity principles (Moon et al.2017; Warraich et al. 2010). The
Lokomat exoskeleton known to the general public in walking rehabilitation allows an
intensive and repetitive practice of walking movements reproducing specific articular gestures
of the lower limbs (hip, knees, and ankle). Its use has been tested in patients suffering from
CNS injuries of different etiologies, such as stroke (Veerbeek 2014; Duncan 2011), brain

injuries (Esquenazi 2016).
To this effect,

(1) I investigated the impact of the cognitive level at admission on functional recovery in a
cohort of patients with severe TBI who received RAGT training within a multidisciplinary

rehabilitation setting.

(2) Considering the known sex differences in occurrence and severity of a stroke, as for
therapies (Sohrabji et al.2017), also rehabilitation should consider possible sex differences in
treatment. The retrospective study also focuses on presenting the results attained in terms of
functional recovery in a cohort of subacute stroke patients who received RAGT during a
multidisciplinary rehabilitation program. Specifically, to report females' response to

understand the impact of RAGT as possible targeted strategy in stroke rehabilitation.
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(3) A question remains to know how the number of RAGT sessions associated with
conventional rehabilitation could have an impact on the functional outcome and what could be
the influence of parameters of care (length of stay at the hospital and the time elapsed since
the stroke to RAGT training), if they are correlated or not with the dose; nothing yet clearly
indicates the relationship about this aspect (Mehrholz et al. 2017). Recently, it has been
hypothesized how the dose of RAGT training may influence functional recovery in patients
who have undergone a multidisciplinary program (Straudi et al. 2020). In this project, we
also identify the optimal dose of RAGT that can lead to a favourable outcome in a sample of

subacute stroke survivors.

Patients were retrospectively collected within ten years and were assessed before and after
RAGT using conventional qualitative and quantitative clinical scales. (FAC, FIM, DRS,

GOSE, LCF etc....).
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Abstract

There is still no clear evidence available on the role of robot-assisted gait training (RAGT) as
part of a multidisciplinary rehabilitation programme in patients with severe traumatic brain

injury (TBI) and on the relationship between this intervention and cognitive impairment.

Aims: This study investigates the impact of cognitive level at admission on functional
recovery in a cohort of patients with severe TBI who received RAGT training within a

multidisciplinary rehabilitation setting.

Methods: In this observational study, we included patients with gait disturbance due to a
severe TBI who undergone an inpatient multidisciplinary rehabilitation at Ferrara University
Hospital and received a robot-assisted gait rehabilitation (Lokomat: Hocoma, Switzerland)
between January 2007 and December 2017. Participants were grouped into three classes
according to their level of cognitive functioning (LCF) at admission (LCF 2-3; LCF 4-5-6;
LCF 7-8). We collected demographics (sex, age), clinical data, and a set of outcome measures

at admission and discharge.

Results: In this study, we registered 80 patients, 19 females and 61 males, 35.3 + 14.85 years.
The analysis showed that patients with a low cognitive level at admission were mostly in the
subacute phase of rehabilitation (p = 0.001). Cognitive impairment did not preclude functional
recovery after RAGT training in terms of level of cognitive function (R* = 0.68; p < 0.0001),
functional independence (R* = 0.30; p < 0.0001) and overall disability (R* = 0.32; p <

0.0001).
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Conclusion: Patients with severe TBI might benefit from RAGT during a multidisciplinary

program, irrespective of their level of cognition.

Key words: Traumatic brain injury, Robot-assisted gait training, Cognition, Multidisciplinary

rehabilitation, Recovery, Exoskeleton, Disability.
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INTRODUCTION

Traumatic brain injury (TBI) is a common cause of neurological damage and disability that
affects the medical, social and economic spheres. To date, according to recent
epidemiological studies, TBI incidence rate in Europe is estimated between 83.3 and 849 per
100.000 of the population per year (regional-level studies) (Brazinova et al.2018).Cognitive
impairment is usually also a consequence of brain trauma. In the case of moderate and severe
TBIs, statistics indicate cognitive sequelae in approximately 65% of patients, and physical
sequelae in 40% of patients. Even in cases of mild TBI without visible physical sequelae,
43% of people suffer from cognitive impairments (Benedictus et al. 2010; Rabinowitz et al.
2014). The parts of the brain that are most commonly affected in traumatic brain injuries are
the frontal and temporal lobes (Stuss et al. 2011); the frontal lobe is considered the crucial
neural substrate for cognitive and social behaviour. For this reason, assessment of patients
following a severe TBI maintains a focus on disorders of consciousness outcomes

(Rabinowitz et al. 2014).

Pilot studies have shown that patients with TBI have good cognitive and functional recovery
through rehabilitation, especially young patients in the acute phase (Fraser et al.2019). Other
studies have shown high correlation between cognitive recovery and functional improvement
in these patients (McLafferty et al. 2016; Smania et al. 2013). The past two decades have seen
the introduction of new rehabilitation interventions that are based on the use of robotics.
RAGT is intended to allow the patient to practice more ‘normal’ gait patterns. Robotic
exoskeletons can provide the user with intensive, goal-directed movement repetition and
stability and balance during gait, compared to conventional physical therapy. Robot-assisted

therapy helps patients to accelerate functional recovery (Nolan 2018 et al.; Esquenazi et al
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2012). The use of robotic technology combined with conventional rehabilitation is an added
value that not only improves patients’ mobility, but also allows health professionals to
organise their work better (Delhem 2017; O’Brien 2016; Straudi 2020). Moreover, RAGT can
potentially improve the gait pattern and to increase the volume of patients' exercise while
relieving the therapist’s physical load, and shortening the duration of hospitalization
(Equenazi 2017). So far, studies have reported a potential beneficial effect of RAGT in
patients with TBI, both in terms of walking function and of gait symmetry (Nolan et al.2014;
O’Brien 2016; Esquenazi 2013). Moreover, this intervention seems to be safe and feasible
even in patients with severe TBI with disorders of consciousness, with positive effects on

cognition.

The main objective of this observational study is to investigate the influence of the cognitive
level at admission on a variety of outcomes including disability, walking function, cognitive
level, and independence of daily living in a cohort of patients with severe traumatic brain

injury who received RAGT within the context of multidisciplinary rehabilitation.
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MATERIALS AND METHODS
We retrospectively analysed a database that includes patients with severe TBI admitted to an
inpatient multidisciplinary rehabilitation programme of the University of Ferrara and who
received robot-assisted gait rehabilitation between January 2007 to December 2017. Ethics
committee approved the study, but written informed consent was not collectable from all

patients since part of them was no longer attending the rehabilitation clinics.

Subjects

The criteria of inclusion for the study were: i) male or female aged over 18; ii) severe or
moderate traumatic brain injury (TBI) according to the Glasgow Coma Scale (GCS) (Teasdale
1974).Patients with medical instability, aggressive behavior and skin lesions were excluded
from the use of RAGT. We collected the following demographic and clinical data: age; 2)
sex;

3) Glasgow Outcome Scale Extended (GOSE) at admission and discharge; 4) physical
limitations (paraosteoarthropathy, limb fractures, spasticity); 5) Level of Cognitive
Functioning (LCF) at admission and discharge; 6) motor impairment (right hemiplegia, left
hemiplegia, tetraplegia, motor disorders); 7) rehabilitation phase (sub-acute, defined as < 6
months and chronic, defined as > 6 months from the acute event); 8) Functional
independence measure (FIM): total score (tFIM), motor subscore (mFIM) and cognitive
subscore (cFIM) at admission and discharge;9) Functional Ambulatory Classification (FAC)
at admission and discharge. Moreover, a set of measures related to rehabilitation training
protocol were collected, including 1) the length of stay in the hospital (LOS), ii) the number

of RAGT sessions, iii) the period since TBI event and RAGT training

In our analysis, we focused on the impact of the cognitive level at admission measured by the

Level of Cognitive Functioning (LCF) score. It is a scale used to classify cognitive and
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behavioral disorders caused by TBI. It is structured in eight levels, characterizing the level of
cognitive damage from a coma to the full recovery of consciousness (Conigan et al. 1997;
Smith-Knapp et al.1996). We divided our sample in three main classes according to their LCF
level at rehabilitation admission. The first group includes patients with disorders of
consciousness that are scored as LCF 2 or 3; the second group is characterized by patients
with moderate to severe cognitive and behavioral disorders (LCF score of 4, 5 and 6); the

third group presents mild to moderate cognitive and behavioral disorders (LCF score 7 and 8).
Interventions

All patients of the program received robot-assisted gait rehabilitation. RAGT was performed
using a robotic exoskeleton system (Lokomat: Hocoma, Switzerland) that can guide hip and
knee flexion through braces connecting the patient’s legs to the machine. It also provides
body weight support (0-100%) through a harness, along with the level of assistance provided
by the device. The entire device (including the harness and the motorized exoskeleton
orthosis) can be adjusted according to the requirements of the process of treadmill
rehabilitation. Motorized exoskeleton orthosis have a biomechanical role, which is to guide
movements at the hips and knees that mimic a physiological gait pattern (Riener
2010).Parameters are defined based on the functional characteristics of the patient, starting
with a 50% reduction in body weight and 100% of the guidance provided by the robot. Over
the sessions, adjustments can be made in increments or decrements of 10%. The RAGT
session lasts approximately 45 minutes to an hour, including patient preparation. The
treadmill speed can vary from 0.1 to 3 km/h (Artic 2018). In addition to RAGT, patients

benefited from a multidisciplinary rehabilitation programme defined according to the
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individual's needs (conventional motor rehabilitation, occupational therapy, speech therapy

and cognitive rehabilitation).

Multidisciplinary rehabilitation

Rehabilitation is the act of restoring health and function of body and mind. For this purpose,
specialized care for a variety of deficiencies due TBI help patients to regain their
independence and the better living conditions. Among these treatments defined by
conventional rehabilitation, we distinguish occupational therapy, speech therapy, physical and
manual rehabilitation, psychological therapy. In addition to RAGT, each patient received
multidisciplinary rehabilitation and as individual needed. At the admission, patient was
assessed by a rehabilitation team who defined a specific program according to the framework
of the international classification of functions of WHO (Lexell 2014; Silva 2015); and at
discharge, a clinical evaluation was made to determine the functional improvement of

patients.
Statistical analysis

We completed statistical comparisons for each of the demographic and clinical parameters
mentioned above. The analysis is based on the Kruskal Wallis rank test for continuous
variables and on the Chi Square value for categorical variables. Correlations among variables
were tested with the Spearman correlation coefficient (rho) and linear regression models were
used to test the impact of cognitive status ad admission on functional recovery. A significance

level of p< 0.05 was set.
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RESULTS
We included 80 participants with TBI: 19 (23.75%) were females (34.55+14.59 years old) and
61 (76.25%) were male (35.82+15.23 years old).The three classes (LCF 2-3, LCF 4-6, LCF 7-
8) at admission were comparable for sex, physical limitations (limb fractures, spasticity,
paraosteoarthropathy) and motor impairment (right hemiplegia, left hemiplegia, tetraplegia
and motor disorders . Conversely, we observed differences across the groups with respect to
age (p = 0.024), GCS score (p = 0.005), phase of rehabilitation (p = 0.001) and clinical
outcome (FAC, LCF, GOSE, tFIM score, mFIM, cFIM) (p = 0.001). Specifically, the more
cognitive impaired group (LCF 2-3) was younger, with a lower GCS score after the TBI, was
mostly admitted for rehabilitation in the subacute phase and presented poorer clinical score at
admission. Differences among groups were highlighted even considering the time when
RAGT was delivered respect to the admission to the rehabilitation (p=0.001). The LCF 2-3
group received RAGT later compared to the other groups during their rehabilitation stay. (See

Table 1).
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Table 1: Clinical and demographical characteristics

LCF 2-3 | LCF 4-6 | LCF 7-8 | total (n=80) p
(n=24) (n=42) (n=14)

Age 29.83 (14.77) | 37.87(15.09) |37.21(12.43) |35.32(14.84) | 0.024
Sex (F/M) 8/16 6/36 5/9 19/61 0.192
GCS score 4.33 (1.73) 5.78 (2.03) 6.78 (2.63) 5.52(2.22) 0.004
Rehabilitation phase: 0.001
subacute 18 18 1 37

chronic 24 13 43

Physical limitations: 0.21
limb fractures 8 15 4 27

spasticity 14 20 6 40

POA 1 7 2 10

Motor impairment: 0.546
right hemiplegia 5 7 1 13

left hemiplegia 4 9 3 16

tetraplegia 13 22 6 41

movement disorders | 2 4 4 10

LCF 2.5(0.51) 5.19 (0.74) 7 (0.00) 4.7 (1.7) 0.001
GOSE 2.37(0.49) 3.45(0.8) 4.21 (0.58) 3.26 (0.94) 0.001
FAC 0.17 (0.64) 0.67 (1.12) 2.78 (1.25) 0.88 (1.36) 0.001
tFIM 18.58 (2.04) 41.95 (23.3) 63.71 (17.47) | 28.38 (22.74) 0.001
mFIM 13.12 (0.45) 2533 (18.09) | 63.71(17.47) | 28.38 (22.74) 0.001
cFIM 6.04 (3.02) 16.52 (7.66) 31.86 (3.93) | 16.06 (10.1) 0.001
Rehab-RAGT (days) | 100 (78) 52 (50) 23 (27) 61 (63) 0.001
RAGT (sessions) 17.66 (11.6) 17.13 (9.45) 12.92 (5.61) | 16.65(9.78) 0.397
LOS (days) 184.55(92.49) | 157.44 (99.71) | 73.30(38.30) | 153.18 (96.84) | 0.001

GCS=Glasgow Coma Scale; POA=paraosteoarthropathy; LCF=Level of Cognitive Functioning;
GOSE=Glasgow Outcome Scale Extended; FAC=Functional Ambulatory classification;
FIM=Functioning Independence Measure: tFIM (total score), mFIM (motor domain), cFIM
(cognitive domain). RAGT=Robot-Assist Gait Training, LOS= Length of Stay

The analysis showed that participants with a lower cognitive level at admission were

mostly in the subacute phase of rehabilitation (p = 0.001) and had the better functional
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recovery. Specifically, we found an improvement not only with regards to cognition (p =

0.001), but also in walking function (p = 0.037), independence of daily living (p = 0.001), and

disability (p = 0.034). These findings were not statistically different in subacute and chronic

subgroups, except in relation to cognition (with p =0.0001). See Table 2.

Table 2: Functional improvements according with cognition level at admission and

rehabilitation phase.
LCF 2-3 | LCF 4-6 | LCF 7-8 | total (n=80) p
(n=24) (n=42) (n=14)
ALCF subacute | 3.56(1.25) 1.29 (0.77) 0(0.1) 2.35(1.52) 0.001
chronic 2(1.1) 0.58 (0.72) 0 (0) 0.60 (0.9) 0.0018
total 3.16 (1.37) 0.88 (0.80) 0.00 (0.00) | 1.41 (1.52) 0.001
AGOSE subacute 2.56 (1.5) 1.6 (0.98) 1(0.1) 2.1(1.3) 0.12
chronic 1.67 (1.51) 0.42 (0.78) 0.23 (0.44) | 0.53(0.93) 0.0495
total 2.33 (1.17) 0.92 (0.77) 0.34 (0.47) | 1.24 (1.36) 0.034
AFAC subacute | 2.44 (1.5) 1.89 (1.53) 2(0.1) 2.16 (1.5) 0.47
chronic 1 (0.6) 0.71 (0.62) 0.92 (0.64) | 0.81 (0.63) 0.532
total 2.08 (1.47) 1.21 (1.24) 1 (0.68) 1.43 (1.30) 0.037
AtFIM subacute | 57.06(29.46) | 45.11(25.14) | 23(0.1) 50.32 (27.67) | 0.22
chronic 26.83 (22.78) | 9.25 (9.63) 731(8.01) | 11.12(13.14) | 0.168
total 49.5(30.54) | 24.62(25.23) | 8.43(8.76) | 29.25(28.76) | 0.001
AmFIM subacute | 39 (24.15) 33.83(21.24) | 21(0.1) 36 (22.39) 0.62
chronic 18.33 (18.4) | 6.17 (6.56) 7 (7.44) 8.12 (9.86) 0.24
total 33.83(24.25) | 18.02(20.27) |8.96(8.06) | 21.01 (21.81) | 0.001
AcFIM subacute | 17.94 (7.53) | 11.22(6.86) | 2(0.1) 14.24 (8.04) 0.012
chronic 8.5 (6.28) 3.08 (4.54) 0.31(0.63) |3 (4.76) 0.0163
total 15.58 (8,24) | 6.57 (6.90) 0.43 (0.75) | 8.2 (8.56) 0.001
LCF=Level of Cognitive Functioning; GOSE=Glasgow Outcome Scale Extended;

FAC=Functional Ambulatory classification; FIM=Functioning Independence Measure: tFIM
(total score), mFIM (motor domain), cFIM (cognitive domain).A=Symbol of variation
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Evidence of greater gains was demonstrated in patients in the subacute rather than
chronic rehabilitation phase in all clinical outcomes: LCF (p =0.001); GOSE (p=0.003); FAC

(p=0.038) and FIM (p=0.001). (See Fig 10)

Figure 10: Clinical variation in function of Rehabilitation Phase

The level of cognitive function at admission was strongly correlated with the increase
in the level of cognitive function at discharge (rho = - 0.83; p = 0.001), moderately with
AGOSE (tho =-0.57; p=0.001), AtFIM (rho = - 0.56; p = 0.001), AcFIM (rho = - 0.65; p =
0.001) fair with AmFIM (rho = - 0.46; p = 0.001) and AFAC (rho = - 0.33; p = 0.003). We
concluded that the level of cognition at admission can explain the 68.15% of the cognitive
improvement (R* = 0.68; B = - 0.74, p = 0.001); 32.74% of the disability improvement (R* =
0.33; B =- 0.34, p = 0.001); 30% of functional ability improvement (R*=0.3; f=-9.31,p =
0.001) including 22% motor and 42% cognitive ability, and also responsible for 11% of the

improvement in gait (R* = 0.11; = - 0.25, p = 0.003). See Table 3.
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Patients with disorders of consciousness have had longer period to recover and longer
period to receive the RAGT. More the level of cognition was lower, longer was the period of
recover and the period to receive the RAGT (p=0.001). The total number of RAGT sessions
did not have influence on the level of consciousness of different patients (p=0.397) (Table 1);
and a weak correlation has been observed between RAGT sessions and FIM recovery (rho=

0.2).

Table 3: Impact of the cognitive level at admission on functional recovery.

DF rho R-Square B t P
AGOSE |79 -0.568 0.3274 -0.337 -6.16 0.000
AFAC |79 -0.329 0.1081 -0.251 -3.07 0.003
ALCF |79 -0.8259 0.6815 -0.74 -12.92 0.000
AtFIM |79 -0.5558 0.3033 -9.31 -5.83 0.000
AmFIM |79 0.45;§4 0.2159 -5.956 -4.63 0.000
AcFIM |79 0.652- 0.4259 -3.283 -7.61 0.000

R-Square = coefficient of determination; DF = degree of freedom; B= slope of regression=
probability; rho= coefficient of correlation; rho: coefficient of correlation.
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DISCUSSION

The sequelae resulting from a severe TBI are not only those related to function but
also to cognitive, mental and emotional aspects. For this reason, all these elements must be
considered by the rehabilitation processes (Barman et al. 2016; Lapitskaya et al. 2011; Leary
2018). The aim of this work was to produce a comprehensive analysis using demographic and
clinical parameters to investigate the impact of the LCF at admission on RAGT and the
functional recovery in terms of walking independence, cognitive level, independence of daily
living and disability. With the RAGT introduction in rehabilitation as option for delivering a
high-intensity for persons affected for severe Brain injury (Esquenazi 2012; Straudi 2020;
Esquenazi 2013), nothing is not clear concerning the level of consciousness of patients with

TBI and the RAGT practice.

Following the outcomes observed, patients with disorders of consciousness at
admission has a greater improvement at discharge, particularly in cognitive function (p =
0.001). However, we noticed that they were relatively younger (under 30 years old) and age is
an important factor in functional recovery during TBI rehabilitation (Flanagan 2005;
Rothweiler 1998; Testa 2005). Several studies have shown the ability of young patients to
integrate new knowledge and learning skills (Fraser 2019; Testa 2005). Patients of this age
class seemed more exposed; they were severely injured during the TBI event. The GCS
which is an indicator of the severity of the event and which reflects the violence of the event
TBI was more accentuated versus other age groups (p = 0.004) (Teasdale et al. 1974). This
aspect justify the large period of these patients in the hospital (LOS) (p=0.001) and the large
timing between the event to RAGT training (p=0.001) (Elwood et al. 2009). This crucial
period is necessary to overcome biological and psychological insufficiencies that could
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negatively condition any progress in the recovery process. Moment especially dedicated to
multidisciplinary rehabilitation and in which is highlighted the impact targeted for each

patient.

In addition, we observed an important difference in relation to the phase of
rehabilitation, as previously highlighted, patients who receive RAGT during a
multidisciplinary rehabilitation in the subacute phase of recovery had a more favourable
outcome in terms of functional recovery (Straudi et al. 2020). In our TBI sample, among
patients with disorders of consciousness there were more in their first 6 months since injury
(75%) than others (41.85 and 7.13%). The consciousness disorder seems not to be an obstacle
to the RAGT; but an asset to cognitive relearning especially in young patients in the subacute
phase after of course a period of patient stabilization. The high percentage of patients in
subacute with disorders of consciousness would have influenced the improvement of clinical
parameters especially in this highly impaired population and moderately in the other groups,

except for the level of cognition.

However, a slow recovery of consciousness can be detected even in a longer period
(Andelic et al. 2012); these outcomes explain the role of RAGT in the recovery of patients in
the subacute phase with varying cognitive levels at admission. Conversely, we did not find
differences among groups in chronic TBI. This is explained by the fact that during the
rehabilitation, chronic patients experience difficulties in relearning new behavior; because

habits that have already developed are difficult to be replaced (Leary et al. 2018).

To date, few studies indicate the feasibility of RAGT during rehabilitation of severe
TBI with disorders of consciousness (Lapiskaya 2011; Williams 2019) further investigations

arc necessary.
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Establishing its positive impact on the functional improvement of patients with severe TBI
would be one of the indicators of its usefulness. Cognitive impairments are present in a high
proportion of patients following a TBI (Benedictus 2010; Rabinowitz 2014); conventional
treatment combined with RAGT would be a possible solution for improving functional,

mental, physical and emotional impairments (Leary 2018; Zarshenas 2019).

In our cohort, the cognitive level at admission influenced the rehabilitation length of stay
(LOS) and the time needed to receive RAGT during the multidisciplinary rehabilitation
programme.As previously reported, patients with disorders of consciousness need longer
period to recover and similarly, a longer period to be able to safely receive the RAGT was
necessary (Zarshenas 2019; Novak 2001; Kavusipur 2013; Katz 2009). Regarding the RAGT
intensity parameters, no significant effects on the dose were reported (p=0.397), reflecting
how the level of cognitive impairment does not modify the number of RAGT sessions
received; contrary to what we would have liked on the basis of previous studies in terms of
motor functional recovery concerning other types of brain injury (Straudi et al 2020;

Lapitskaya et al. 2011).

This observational study is limited by the fact of his retrospective aspect firstly, and the fact
that we cannot clearly establish a direct cause-effect relationship between RAGT and the
cognitive level on functional improvement in patients with severe TBI. Nonetheless, with this
work we highlight the feasibility and positive effects of RAGT combined with a
multidisciplinary rehabilitation program in these patients, especially those with a disorder of
consciousness at admission. Therefore, the level of consciousness could delay the
accessibility of severe TBI patients to the RAGT, but, we hypothesize that the patients’
consciousness at admission would not interfere in the process of functional recovery as well

as in the RAGT training protocol. This study suggests the need for further analysis by
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Prospective and clinical studies to better understand impact cognitive level at admission on
functional recovery and RAGT training in patients with severe TBI in multidisciplinary

rehabilitation.

CONCLUSION
Robot assisted gait training offers an intensive training and a deeper understanding of
its outcomes can help define its clinical applicability. There is some evidence of a change in

functional patterns at discharge. We observed, over time, functional improvement principally

in cognitive function, which may indicate a broader improvement, although other
heterogeneous factors (age, rehabilitation phase) may have influenced recovery. The cognitive
level at admission influence the rehabilitation length of stay (LOS) and the time needed to
receive RAGT during the multidisciplinary rehabilitation programme. The number of RAGT
sessions received is not correlated to the level of cognitive impairment. However the
cognitive level at admission without heterogeneous factors seems to be an important indicator
of functional recovery. These supports do not exclude the role of RAGT or the impossibility
of functional recovery in the rehabilitation of subacute patients with severe TBI with loss of
consciousness; contrary, these findings support the multidisciplinary process and the

possibilities of functional gain in these patients.
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Abstract

Objective: This study aims to determine the gender-related response to robot-assisted gait

training in a cohort of subacute stroke patients.

Design: Two-hundred thirty six participants (145 males) admitted to a rehabilitation facility
after stroke, performed a robot-assisted gait training (RAGT) within a multidisciplinary
rehabilitation program. Functional independence measure (FIM) and Functional Ambulatory
Category (FAC) were assessed at admission and discharge to determine gender-related
outcomes.

Results: At baseline no significant difference among genders in terms of clinical and
demographic parameters (FAC, FIM, type of stroke and age) were observed. At the end of
rehabilitation both males and females exhibited significant improvements for both FIM (71%
males and 80% females reaching the MCID cutoff value; p = 0.15) and FAC (Ascore: males
1.9£1.0; females 2.1+1.1; p=0.11) where a greater, still not significant improvement was
observed for women. Among the factors related to a clinically significant improvement,

gender was never retained in regression models.

Conclusion: Among subacute stroke patients equal adherence and benefits were observed
following RAGT training in both gender. These data support the use of gait robotics for female

patients to favor participation and functional recovery.

Key words: gender, Stroke, multi-disciplinary rehabilitation, robot-assisted gait training
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What is known?

After stroke, women experienced higher level of disability with a perceived poorer quality of
life compared with males. Similarly, gender differences among rehabilitative interventions

should be explored in order to propose highly personalized treatments.
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What is New?

Despite of women tended to experience more frequently physical impairments and limitation
in activities after stroke, no gender differences were highlighted in subacute stroke patients
who underwent robot-assisted gait training during a multidisciplinary rehabilitation program

in terms of walking and functional independence.
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Introduction

Stroke, a leading cause of death and long-term disability (Mehrholz et al. 2020) poses a great
burden on women. After stroke, women showed better survival but more disability and poorer
quality of life compared with males (Carcel et al. 2019). Similarly, in the presence of
conflicting data on functional recovery (Gargano JW et al. 2007; Gall SL et al.2012), more
frequent presence of physical impairments and limitations in activities of daily living (Gal SL
et al.2012), depression (Erikson et al. 2004), fatigue (Glader et al. 2002) and worse cognitive

outcomes were reported in women (Gargano JW et al 2007; Gall SL et al. 2012).

In stroke survivors the mobility is often limited by the walking impairment (Taveggia et al.
2016; Eng JJ et al. 2007) and restoration of walking ability and gait rehabilitation are highly

relevant objectives of the rehabilitation process (Bohannon et al. 1991).

In recent years, the introduction of robotics (Warraich et al. 2010; Mehrholz et al. 2017)
showed interesting rehabilitative outcomes for stroke survivors (Kwakkel et al. 1991; Van
Peppen et al.2004) offering an alternative to the conventional rehabilitation (Lafont et al
2014). Robotic rehabilitation provides intensive, task-oriented, repeated (Veerbeek et al.
2014; Duncan et al 2011) and personalized work for favoring recovery and plasticity-
dependent response of stroke survivors (Cho JE et al. 2018; Wolpert et al. 2011). In addition,
the robotic system, allowing partial or total body weight bearing, enables the enrolment of
non ambulatory patients (Iosa et al. 2011) and the prevention of falls during the training
sessions (Cho JE et al. 2018). In chronic stroke patients (as for other neurologic diseases
(Straudi et al. 2020), studies failed to demonstrate a more favorable impact of
electromechanically- or technology-assisted gait training on recovery compared to

conventional over ground gait training (Wall et al. 2019; Hsu Cy et al 2019) or its
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effectiveness in combination with physiotherapy to achieve independent walking ( Mehrholz
et al. 2017; Moncheboeuf G et al. 2020). However, an effectiveness of robotic training was
reported on non ambulatory rather than for ambulatory stroke patients (Mehrholz et al. 2017,
Cho JE et al 218), suggesting that this approach might represent a rehabilitative strategy for

targeted populations.

Rehabilitation is a critical issue for women. A lower response or adherence to rehabilitation
for various chronic diseases (Arthur et al. 2013; Foy CG et al. 2001) has been reported,
possibly due to interest, comorbidities, or rehabilitation strategies (Dorenkamp et al. 2016;
Gommons et al. 2019; Manfredini R et al. 2019; Hyun et al. 2020). After stroke, sexwas
associated to lower post-stroke physical activity (Thilarajah et al. 2017) and different
improvements in physical function following home-based rehabilitation among home-
dwelling patients (Chi NF et al. 2020). Interestingly, in a randomized trial comparing RAGT
versus conventional training in a population of neurologic patients including also stroke
patients, walking recovery in RAGT group was significantly improved among females
compared with males (Morone et al. 2014). Being a woman was also a significant predictor
of clinically significant changes in robot assisted stroke rehabilitation for upper arm [Hsieh et

al. 2014).

Considering the known sex differences in occurrence and severity of stroke, as for therapies
(Sohrabji et al. 2017), also rehabilitation should consider possible sex differences in

treatment.

The retrospective study aims to present the results attained in terms of functional recovery in a

cohort of subacute stroke patients who received RAGT during a multidisciplinary
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rehabilitation program. The study specifically aims to report the response of females to

understand the impact of RAGT as possible targeted strategy in stroke rehabilitation.

Methods.

We retrospectively analyzed a prospectively collected dataset of patients with subacute stroke
and admitted to an inpatient multidisciplinary rehabilitation at the Department of Physical and
Rehabilitation Medicine at University Hospital of Ferrara, Italy. Ethics committee CE-AVEC
approved the study, but written informed consent was not collectable from all patients since

part of them was no longer attending the rehabilitation clinics.
Subjects

Subacute stroke patients that underwent a multidisciplinary rehabilitation program between

May 2007 and April 2018 were studied.

Inclusion criteria were: male and female patients aged > 18 years; ischemic or hemorrhagic
stroke onset within 180 days from rehabilitation admission; Functional Ambulatory Category

(FAC) and Functional independence measure (FIM) at the entry <3 and <90 respectively.

Exclusion criteria were: impossibility to perform RAGT due to medical instability, severe

cognitive impairments, and severe lower limb spasticity or skin lesions.
Interventions

All patients during the hospital stay underwent RAGT using Lokomat treadmill (Hocoma AG,
Volketswil, Switzerland). During these sessions subjects wore a harness attached to a system

to provide body weight support and they walked on the treadmill with the help of a robotic-
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driven gait orthosis. The legs are guided according to a physiological gait pattern with the
possibility to adjust the torque of the knee and hip drives. Each training sessions lasted for an
hour with 30-min of real walking time due to the setup time. During the first treatment
session, the parameters are set according to the patient’s functional characteristics, however,
for the patients included in the study, a 50% relief of body weight and 100% of assistance
provided by the robot were scheduled (Artic 2018). Treadmill speed, body weight support and
guidance force were progressively adjusted during training progression. Training lasted for a

minimum of 7 sessions, with variable frequencies (1-5 times/week).

Concomitantly, all patients benefited from a multidisciplinary rehabilitation program defined
according to patient individual’s needs (conventional motor rehabilitation, occupational

therapy, speech and cognitive therapy).

Outcomes

A dataset containing information about patients’ demographic, stroke characteristics, days

from stroke to rehabilitation, length of hospital stay, number of RAGT session was compiled.

The outcomes of the study were the FIM, considering both its total score (FIMtot) and the
motor (FIMmot) and cognitive (FIMcogn) domains, and the FAC. The FIM is an 18-item,
clinician-reported scale that assesses function in six areas including self-care, continence,
mobility, transfers, communication, and cognition. Each item is rated on a 7-level
classification by an experience therapist (Linacre et al. 1994). To the purposes of this study,
the minimal clinically important difference (MCID) for FIM total score was 22 according to

Beninato et al (Beninato et al. 2006).
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The FAC is a functional walking test that evaluates ambulation ability through a 6-point scale
by determining how much human support the patient requires when walking (Mehrholz et al

2007). Both scales were collected at admission to the rehabilitation facility, and at discharge.

Statistical analysis

The data distribution was verified through the Shapiro-Wilk test. The baseline comparison
between the two groups (male and females) was obtained through a chi-squared test for
categorical variables, or an independent samples t-test or Mann-Whitney test for continuous
variables. Within-group comparison was performed via paired samples t-tests or Wilcoxon
tests and between-group comparisons for all outcomes were obtained again with independent
samples t-tests or Mann-Whitney tests according to data distribution. A p value < 0.05 was
considered statistically significant. Data analyses were performed with MedCalc statistical

software version 19.2 (MedCalc Software Ltd, Ostend, Belgium).

Results
322 stroke patients admitted in the rehabilitation clinics from 2007 to 2018 who received
RAGT were assessed for eligibility. Eighty-six patients were excluded because they did not

matched the inclusion criteria (Figure 11).
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Figure 11: Flow Diagram of participants

Clinical records assessed
(n=322)
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> 180 davs after stroke (n=61)
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Included in the analyses
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Within the analysed sample of patients, 91 were females (39%) and 145 males (61%).

Clinical and demographic characteristics at admission of rehabilitation

At the admission, the two groups were not different in terms of demographics nor
clinical characteristics. Also the outcomes measures FIM and FAC were balanced between the

two groups. (Data are reported in Table 4).
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Table 4: Characteristics of the two groups of patients at the hospital admission

Males Females
(n =145) (n=91) P
Age, years 63+10 62+ 14 0.74
Ischemic stroke, n (%) 90 (62) 56 (60) 0.68
Hemorrhagic stroke, n (%) 55 (38) 35 (40) 0.72
Days since stroke 80+41 82+48 0.69
FIM, total score 47+19 45419 0.54
FIM, motor component 24+12 25«11 0.94
FIM, cognitive component 22+10 2149 0.46
FAC 0.4+0.6 0.3+0.7 0.16

Abbreviations: FIM: functional independence measurement;

ambulatory classification.

Differences in rehabilitation treatment

FAC: functional

Both groups showed a comparable length of hospital stay, calculated at 108+60 days for

males and 102456 days for females (p=0.41). In addition, a similar number of RAGT sessions

were executed between groups, with a mean of 15£8 for males compared to 14+8 for females

(p=0.22).

Finally, both groups showed the same RAGT frequency per week of 2+1 sessions (p = 0.65)

suggesting that a comparable amount of RAGT rehabilitation was given to both groups of

patients.
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Comparison of outcomes

Both groups significantly improved all the mobility scales considered in the study (Table 5).
No between-group differences were observed for all outcomes, except for females that

exhibited a higher FAC variation, approaching statistical significance (p = 0.11) (Figure 12).

In addition, the MCID for FIM scale, exhibited no gender differences, with 71% of man and

80% of women reaching the cutoff value (p = 0.15).

Finally, at the end of rehabilitation, 28 (19%) males and 17 females (19%) reached the gait

independence (defined as FAC >4), again without any between-group difference (p=0.90).

Table 5:Clinical Outcomes of the study for the two groups

Males Females Between-
(n = 145) (n=91) group p
Admission  Discharge  Admission  Discharge
FIM, total 47+19 82424 %** 45+19 814+26** 0.75
FIM, motor 24+£12 544+20%* 25+11 54+20%* 0.81
FIM, cognitive 22+10 20+£7%* 21419 28£7** 0.97
FAC 0.4+0.6 2.3+1.4%* 0.3+0.7 2.4+41.3%* 0.11

Abbreviations: FIM: functional independence measurement; FAC: functional ambulatory

classification.

Legend: paired-samples t-tests or Wilcoxon tests, as appropriate: *p < 0.05; **p <0.01
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Factors related to functional improvement after RAGT

Logistic regression models carried out in the entire population never retained gender
as a significant variable. In particular, for the MCID variations in FIMtot score, a weak
significant model was observed (R* = 0.13; p < 0.001) with only age (odds ratio: 0.95; 95%
CI 0.92 to 0.98) and days from stroke to rehabilitation (odds ratio: 0.98; 95% CI 0.98 to 0.99)

as the only variables retained.

A similar model was observed for FAC values > 4 at the end of rehabilitation (R*= 0.28; p <
0.001) again with age (odds ratio: 0.91; 95% CI 0.87 to 0.94) and days from stroke to

rehabilitation (odds ratio: 0.98; 95% CI 0.97 to 0.99) as the only variables included.
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Discussion
This 10-year single-center retrospective study carried out in a large population of subacute
stroke survivors admitted to a rehabilitation facility highlighted a good adherence to robot-
assisted gait training and a favorable response in terms of gait parameters without any gender

difference.
The study offers several points of discussion to be addressed.

Scientific literature report conflictive findings in relation to functional and quality of life
recovery after stroke in women. In particular, several papers reported a worst outcome for
women after rehabilitation (Garganoet al. 2007; Persky et al. 2010; White BM e al. 2018),
while other observed similar or better improvements for females compared to males (Khattab
et al. 2020; Scrutinio et al. 2020). Our study confirmed the most recent observations with
superimposable results between the two sexes for all FIM scores, and also for FAC scores,
where a slightly better results, despite not significant (p = 0.11), was noted for women. In this
regards, it is noteworthy that in our study the total variation in FAC score was almost 4-fold
greater than the mean variation of 0.51 reported in a recent meta-analysis (Moncheboeuf et al.
2020), again without any gender difference. Several aspects may have influenced this finding,
as a lower FAC level at baseline in our population, or the different number of RAGT sessions
completed in the different trials, or simply the fact that in our study the FAC variation was
determined at the admission and at discharge from a rehabilitation unit, instead of

immediately before and after RAGT treatment.

Concerning robot-assisted gait training, in the 2016 AHA guidelines (Wintein CJ et al. 2016)

RAGT achieved an IIb class of recommendation with an A level of evidence to improve
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motor function and mobility after stroke in combination with conventional therapy. In our
study, in absence of objective measures of physical functioning, RAGT proved to be effective
with a 75% of subacute stroke that reached the minimal clinically important difference for
FIM total score, and with 19% of patients that reached an autonomous ambulation, defined by
a FAC score > 4, confirming previous results reported in several literature reviews [Cho JE et
al. 2018; Moncheboeuf et al 2020; Tedla et al. 2019). Also for the number of subjects that
reached the MCID, no gender differences were reported and gender was never retained as
significant factors in multiple regression models. Anyway, rehabilitation remains an important
issue to be studied in women, because if on the one hand physical exercise and rehabilitation
are extremely effective for functional recovery, on the other hand, women showed
significantly lower adherence to the rehabilitation proposed in several disease, including
stroke (Arthur et al. 2019; Gommons et al. 2015; Hyun etal. 2020). In particular, in chronic
obstructive pulmonary disease and cardiovascular diseases including peripheral artery disease,
women are less likely to engage in, or sustain, regular physical activity ( Dorenkamp et
al.2016; Gommons et al. 2015). In some of these study women showed also worst outcomes,
whereas in others, especially when the exercise was carried out home-based, similar
improvements were observed compared to males (Manfredini R et al. 2019). This aspect
opens another important field of discussion, as the rehabilitation in chronic stroke survivors
that have to ensure the maintenance of the mobility and functional independence after the in-
hospital phase. Both home-based and community-based intervention has proved their
effectiveness, (Thilarajah et al 2017; Lamberti N et al. 2017; Malagoni et al. 2018; Saunders

et al. 2020) but in this context, the gender differences need to be further investigated.

The study presents several limitations. At first, it is a retrospective study that encompassed a
concomitant rehabilitation treatment in addition to RAGT during the hospital stay; in
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addition, the outcome measures were collected only at the entry and at discharge, and

objective measures of physical functioning were not reported.

In conclusion, a conventional rehabilitation treatment empowered by RAGT ensured in
subacute stroke patients good results in terms of gait recovery, without any gender differences
for all parameters considered. Further prospective study is needed to confirm the presented

results.
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2.3 Is Robot-assisted Gait Training Intensity a Determinant of Functional Recovery Early after Stroke?
A Pragmatic Observational Study of Clinical Care. Lissom LO, Lamberti N, Manfredini F,Lavezzi S,
Basaglia N, Straudi S. IJRR. Article original Submitted.

Abstract:
The aims

In this study, we wanted to identify clinical and demographic determinants of functional
recovery early after Stroke that can lead to a favourable outcome in a cohort of patients with

subacute stroke.
Methods:

Two-hundred thirty-six participants in subacute phase of stroke with gait disturbance (145
males) were observed during their rehabilitation. All of them underwent a full time recovery in
the Unit of Physical and Rehabilitation Medicine and performed a robot-assisted gait
rehabilitation (RAGT) program (Lokomat) during hospital stay. To determine effectiveness of
intensity of RAGT, clinical impact (Functional Independence measure, Functional ambulatory
category) were assessed at admission and discharge. In addition the type of stroke, lesion side,
stroke location, duration of treatment and age, were factors of our examination in this
multidisciplinary context of rehabilitation. By the MCID set for FIM on the basis of the
difference between input and discharge FIM score and FAC admission (FAC<4) and in
demission (FAC>4). We established and stratified according to the number of sessions

received, the proportion of good responders (GR) and newly independent patients.
Results:

Between the 236 patients included (140 ischemic and 96 hemorragic) 61.44% male and
38.56% female, 63+12 years. Ischemic other than haemorrhagic at baseline were older

(p=0.019), they were early admitted in rehabilitation (P=0.013) they had less days of
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hospitalisation (p=0.001) and functionally we noticed a significant difference in tFIM
(p=0.005)and cFIM (p=0.001). However no significant difference were observed at discharge
between-group (p>0.05) excepted at cFIM (p=0.02).With total number of sessions >14,
74,58% totalFIM, 74.15% motorFIM, and 65.25% cognitiveFIM of patients reached MCID

with regression model significant and GR: 83.5% totalFIM.

Conclusion:

Ischemic other than haemorrhagic at baseline are more functional, older and earlier, less days
of hospitalization but both recover without differences except for cognitive FIM where
haemorrhagic recover more. The recovery factors include the number of sessions, age and

earliness.

Key words: Rehabilitation, Subacute phase, RAGT stroke, Intensity, Early rehab.
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Introduction
Stroke represents, one of the most common cause of worldwide long-term disability (Penycott
A et al 2012, Heshmatollah et al 2020, Kim J et al. 2019). A large number of stroke survivors
have sensory motor and cognitive impairments responsible for multiple activity limitations
and reduced quality of life. The burden of stroke continues to increase globally and more
effective management strategies are needed to give life independence for survivors (Feigin
VL et al 2015). Recurrently impairments caused by stroke are limb weakness, cognitive
dysfunction, impairment of language and spatial perception. However, gait and mobility
impairments represent one of the more documented sequeale (Heshmatollah et al 2020; Sheng
L et al 2018; Eng JJ et al. 2007). In the last decades, several new therapeutic approaches such
as robotics have been introduced in clinical practice to facilitate gait recovery. (Poli P et al
2013; Bradley et al 2020). The development of robot-assisted gait devices offered great
potential for modern neurorehabilitation, based on the principles of exercise-related
neuroplasticity (Warraich et al. 2010).So far Robot-assisted gait therapy have been tested

successfully in patients with stroke (Hidler J et al. 2009; Duncan et al. 2011; Riener R et al

2016; Morone 2018) and is recommended in addition to a multidisciplinary rehabilitation
(Melrholz 2017; Conesa L et al. 2012). Even though intensity, measured as time spent in
rehabilitation activities, seems to be relevant for optimizing functional recovery (Penycott A
et al 2012; Lohse 2014). Scarce evidence is available on the role of RAGT dose for functional
outcomes. Recently, it has been hypothesized how dose of RAGT training may influence
functional recovery in patients who undergone a multidisciplinary program (Straudi et al
2020). The aim of this pragmatic observational study was to identify the optimal dose and

timing of RAGT that can lead to a favourable outcome in a sample of subacute stroke
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survivors. We hypothesized that patients who received a higher RAGT dose at an early stage

of recovery will recover better than the others.

Materials and Methods
This is a 10 years retrospective, pragmatic cohort study that carried out at the Department of
Physical and Rehabilitation Medicine at University Hospital of Ferrara, Italy. The study
included patients with stroke admitted to an impatient multidisciplinary program and received
a robot-assisted gait between January 2007 to December 2017. Local Ethics committee
approved the study and written informed consent was not collectable from all patients since
part of them was no longer attending the rehabilitation clinics. The STROBE guidelines were

used to ensure a proper reporting of this observational study (Von Elm et al., 2008).
Subjects

The inclusion criteria for the study were: male or female older than 18years, with gait
impairment due to an ischemic or hemorrhagic stroke occurred within 6 months from the
onset. A set of demographic, clinical and functional parameters were retrospectively collected
from digital medical records: i) age; 11) sex; iii) time since stroke; 1iv) Functional
Independence measure (FIM): total score FIM (tFIM), motor subscore FIM (mFIM), and
cognitive subscore FIM (cFIM) at admission and discharge; v) Functional Ambulatory
Category at admission and discharge. In addition, we considereda set of measures related to
the rehabilitation training protocol: 1) length of rehabilitation stay (LOS); i1) number of RAGT

sessions; ii1) time since stroke event to rehabilitation.
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The patients with severe anomalies of lower limbs (osteoporosis, skin injuries, and aggressive
behaviour) and those who had any adverse event related to use Lokomat were excluded before

or during RAGT training.

We evaluated the effect of sessions RAGT with exoskeleton Lokomat in multidisciplinary
rehabilitation by their MCID set for FIM on the basis of the difference between imput and
discharge FIM score and FAC admission and in demission. The MCID set for FIM is defined
on the basis of the difference between the admission and discharge FIM score considering 22
points for the global FIM, 17 points for the motor FIM and 3 points for the cognitive FIM as
MCID (Beninato et al. 2006). FIM is an appropriate measure, used in post-stroke patient on
admission and discharge in rehabilitation (Brown et al. 2015). This clinical approach makes
possible to determine improvement; and its specificity is based on the analysis of the patient's

synthetic data, on his residual abilities and to those acquired (Sangha H et al. 2005).

We established and stratified according to the number of sessions received (sessions >14 and
sessions < 14), demographic and clinical parameters the proportion of good responders (GR)
as well as that of independent patients at the end of the rehabilitation program. At admission
participants were defined by FAC scale between 0-3 because assisted either physically and or
verbally (Smith M C et al 2017). The ability to walk independently is defined by FAC > 4 (no
physical and or verbal) assistance is the goal rehabilitation post stroke (Akulwar et al. 2019,
Viosca E et al 2005). FAC is an instrument which has proved to be reliable and valid for the
classification of the level of gait of patients after stroke. This instrument distinguishes among
6 levels ranging from dependence to independence (Perry J et al. 1995); in this study, it was

assessed at admission of rehabilitation and then again at discharge.
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Interventions

All patients received robot-assisted gait rehabilitation with a robotic exoskeleton system
Lokomat (Hocoma Switzerland) that can guide hip and knee flexion through braces
connecting the patient’s legs to the machine. It also provides body weight support (0-100%)
through a harness along with the level of assistance provided by the device. The entire device
(including the harness and the motorized exoskeleton orthoses) can be adjusted according to
the requirements of the process of treadmill rehabilitation. Motorized exoskeleton orthoses
have a biomechanical role, which is to guide movements at the hips and knees that mimic a
physiological gait pattern (Riener et al., 2010). Parameters are defined based on the functional
characteristics of the patient, starting with a 50% reduction in body weight and 100% of the
guidance provided by the robot. Over the sessions, adjustments can be made in increments or
decrements of 10%. The RAGT session last approximately 45 minutes to an hour, including
patient preparation. The treadmill speed can vary from 0.1 to 3 km/h (MehrholzJ et al. 2017,
ARTIC 2018). In addition to RAGT, patients benefited from a multidisciplinary rehabilitation

programme.

Multidisciplinary rehabilitation

A multidisciplinary programme is defined according to each individual's needs (conventional
motor rehabilitation, occupational therapy, speech therapy and cognitive rehabilitation). For
this reason intervention cannot be the same for all patients. The program considers
specificities for each patient relating to his disability and for these circumstances different
professional qualifications are required. Multidisciplinary can be exercised individually or
collectively; however with objectives well targeted for each patient. At the admission, patient

was assessed by a rehabilitation team who defined a specific program according to the
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framework of the international classification of functions of WHO (Lexell et al. 20014); and
at discharge, a clinical evaluation was made to determine the functional improvement of

patients (Lexell et al., 2014; Silva et al., 2015).
Statistic analysis
The data distribution was verified with the Shapiro-Wilk test.

The baseline comparison between the groups was obtained through a chi-squared test for
categorical variables, or an independent samples t-test or Mann-Whitney test for continuous
variables. Within-group comparison was performed via paired sample t-tests or wilcoxon tests
and between-group comparisons for all outcomes were obtained again with independent
sample t-test or Mann-Whitney test according to data distribution. Multivariate and logistic
regression models were employed to determine the impact on the FIM scale variations and on
gait independence (FAC score >4). When needed, independent variable were opportunely
dichotomized as follows: age ( <60 years), length of stay (>100 days), RAGT sessions ( > 14),

days since stroke ( < 6 weeks), stroke location and hemisphere.

A p value < 0.05 was considered statistically significant. Data analyses were performed with

MedCalc  software version 19.2 (MedCalc Software LtD. Ostend, Belgium

94



Results
322 patients with stroke that underwent a RAGT during a multidisciplinary rehabilitation

program at University Hospital of Ferrara were assessed. Eighty-six patients were excluded
because they did not meet the inclusion criteria. Specifically we excluded patients with
chronic stroke (n=76), and those who interrupted RAGT training for medical condition (n=10)

(See figure 13)
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Figure 13: STROBE flow chart.

Patients post stroke in rehabilitation program
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STROBE, Strengthening the Reporting of the Observational Study of RAGT’s dose necessary in a multidisciplinary program of

rehabilitation
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Sample characteristics

We included 236 participants with a mean age of 62.73+11.82 year old; 91 (38.44%) were
female and 145 (61.44%) were male. We highlighted a peak in the distribution for age at 60-
70 years that represented the 33.4% of the entire population: whereas, only 25% of the sample
was older than 75years. Ischemic stroke were 140 (59.32%) and hemorrhagic 96 (40.68%).
The analyzed patients spent an average of 105.49 + 58.88 days in the inpatient rehabilitation

units.

Ischemic and hemorrhagic stroke differed for age, time since stroke, LOS, FIM total and
cognitive score at admission. Specifically, hemorrhagic patients were younger (p=0.019)
received rehabilitation later (p=0.013) and had a lower FIM score at admission (p=0.005)

especially the cognitive domain (p=0.001) (See table 6).
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Table 6: Sample characteristics

Ischemic stroke Hemorrhagic stroke | Total (n=236) | P value
n=140 (59.32%) n=96 (40.68%)
Age, years 64.22 +11.83 60.55 + 11.52 62.73+11.82 | 0.019
Male sex, n (%) 87 (62.14%) 58 (60.42%) 145 (61.44%) 0.78
Time since stroke (days) 45.49 + 38.56 59.22 +45.57 51.08 +42.01 0.013
Stroke location:
subcortical 46 (32.90%) 54 (56.20%) 100 (42.40%) 0.42
cortical-subcortical 63 (45.00%) 30 (31.20%) 93 (39.40%) | <0.001
cortical 11 (7.90%) 3 (3.10%) 14 (5.90%) 0.033
brainstem 17 (12.10%) 7 (7.30%) 24 (10.20%) 0.041
cerebellar 3 (2.10%) 2 (2.10%) 5(2.10%) 0.65
Side lesion:
Right hemisphere 73 (52.10%) 38 (39.60%) 111 (47.00%) | 0.009
Left hemisphere 67 (47.90%) 58 (60.40%) 125 (53.00%) 0.42
LOS (days) 95.05 + 53.97 120.71 £ 62.60 105.49 £58.88 | 0.001
FAC at admission 0.43+0.73 0.26 £0.58 0.36 +0.68 0.07
tFIM at admission 48.89 + 18.10 41.79 £ 19.90 46.00+19.13 | 0.005
mFIM at admission 25.63 £11.81 2270+ 11.30 2444 £ 11.66 0.06
cFIM at admission 23.61 +8.81 19.22+£10.44 21.82+9.73 0.001

LOS: Length of Stay; FAC: Functional Ambulatory Category; FIM: Functional Independence

Measure.

Each participant included in this study completed at least 7 RAGT sessions, with a median

value of 13 sessions (interquartile range 7-21), without any adverse event related to the

training. Training lasted a median of 44 (28-71) days, with a mean number of 2.1 + 0.6

sessions per week (median 2 IQR 1.6-2.5).
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After rehabilitation, all patients improved respect to baseline (p<0.001) without any

differences among different type of stroke except for the cognitive domain (p=0.020) (see

table 7).

Table 7: Clinical Outcome after RAGT training

Ischemic stroke (n=140) Hemorragic stroke (n=96)
Baseline Discharge P value | Baseline Discharge P value | Between-
group p value
mFIM | 25.63 £ 11.81 | 5537+19.17 | <0.001 |22.70+11.30 51.01 +£20.65 | <0.001 | 0.51
cFIM | 23.61 +8.81 29.27+£5.81 <0.001 19.22 £ 10.44 26.95+8.06 | <0.001 | 0.020
tFIM | 48.89+ 18.10 | 84.44+22.17 | <0.001 | 41.79+19.90 77.96 +£27.02 | <0.001 | 0.81
FAC 0.43+0.73 241 +1.31 <0.001 | 0.26+0.58 2.16+1.32 | <0.001 |0.60

Predictors of functional recovery

Linear regression models highlighted predictive effects of some variables on functional
independence. For total FIM score, a significant model (R* = 0.26 p < 0.001) included age,

baseline total FIM score and time since stroke.

For motor FIM score a similar significant model was observed (R* = 0.25 p< 0.001) that

included age, baseline motor FIM score and time since stroke.

For cognitive FIM score a fitting model was observed (R2 = 0.565 p= < 0.001) that only

included baseline cognitive FIM score and time since stroke.

A logistic regression model predicted the chance to become independent at discharge from
rehabilitation, reaching a FAC level (Smith et al., 2017). It was significant (R* = 0.30 p <
0.001) and included age < 60 (OR: 5.43 95% CI 2,44-12.11) and baseline total FIM score >

40 (OR: 7.27 95%CI 3.34-15.83).
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Considering the MCID value described by Beninato et al. (Beninato 2006), we categorize our
sample in good responders and poor responders revealing how the 74.57% was considered
good responders for total FIM, 74.15% for FIM motor domain and 62.25% for FIM cognitive

domain.

Next, we evaluated the differences in the % of responders respect to RAGT dose, age and
time since stroke, confirming the positive effects of these factors on functional recovery.
Patients that received at least 14 RAGT sessions, had 15.83% more chance to be responders
compared to those that receive less sessions (p=0.006). Similarly, younger patients (<60
years) were more prone to be responders (+15.1%). Lastly, an early rehabilitation was found

to be more efficient (+21.09%) in determining responsiveness (p <0.001).

Becoming newly independent for gait, that refers to a FAC score > 4, was related only with

age (p=0.001) (see table 8).
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Table 8: Factors influencing functional recovery after RAGT (dose, age, time since stroke)

>14 sessions | <14 sessions | p value | < 60 years old | > 60 years old | P value | <6weeks >6weeks P value Total (n=236)
n=(103) (n=133) (n=88) (n=148) (n=138) (n=98)
tFIM GR, n (%) 86 (83.5%) 90 (67.67%) 0.006 74 (84.1%) 102 (68.9%) 0.010 115 (83.33%) | 61 (62.24%) | <0.001 176 (74.58%)
mFIM GR, n (%) | 83 (80.58%) | 92 (69.17%) 0.048 71 (80.68%) 104 (70.28%) | 0.08 114 (82.61%) | 61 (62.24%) | <0.001 175 (74.15%)
cFIM GR, n (%) | 75(72.82%) | 79 (59.4%) 0.032 65 (73.86%) 89 (60.13%) 0.033 90 (65.22%) | 64 (65.31%) | 0.99 154 (65.25%)
Newly 15 (14.56%) | 30 (22.56%) 0.13 27 (30.68%) 18 (12.16%) <0.001 |31(22.46%) | 14(14.29%) | 0.12 45 (19.07%)

Independent,n

(%)

GR= good responder
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Discussion

Over the past two decades, robotic-assisted gait training (RAGT) has been introduced in
clinical practice as a valuable option to increase training intensity and foster functional
recovery in patients with stroke (Hidler J et al 2011; Fazekas G et al 2019).Thus, international
guidelines for stroke management recommended its use for patients with severe gait
impairments (Winstein et al 2017; Schwartz et al . 2009). In this pragmatic study, we explored
the role of RAGT dose on functional recovery in a large cohort of patients with stroke and
dependent walking. Our sample characteristics were similar to other pragmatic studies
(ARTIC 2018) where patients with stroke that received RAGT were usually younger than the
age when stroke more often occurs (Roy-O'Reilly et al 2018; Kelly-Hayes et al 2010) and
with a higher % of hemorrhagic stroke (40%) compared with the worldwide representation
(Feigin 2015). This can be explain by the fact that hemorrhagic stroke usually are severe with
motor and cognitive deficits (Appelros p et al 2007; Elwood D et al. 2009). In our cohort,
compared with ischemic stroke, hemorrhagic patients were younger, started rehabilitation
later, had longer rehabilitation length of stay and were more impaired at admission, above all
respect to cognition. Length of stay reflects both stroke severity, presence of comorbidities
but also social and personal factors (Miyoshi S et al 2018, Morone et al 2018).However, both
type of stroke recovered in the same manner, without any differences, as previously reported
(Dierick 2018). Our pragmatic study confirmed several factors that can be determinant for

functional recovery after stroke: age, time since stroke and the intensity of training.

In our sample, 37.3% of patients had <60 years and they significantly recovered more after
rehabilitation with greater chance to be newly gait independent at discharge. This findings

confirmed the hypothesis that a younger age is related with a better outcome (Roy-O’ Reilly
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et al 2018; Lui SK et al 2018; Xue Long et al 2016; Palnum KD et al 2008; Bagg S et al

2002).

Similarly, we found higher functional gains in patients that received RAGT earlier (within 6
weeks). Indeed, a specific time-window for spontaneous recovery exists, that can be set
within the first 6-12 weeks for gait recovery (Smith 2017; Nilsson, A. E al 2014; Bjorn R et
al. 2016), when gait robotics are recommended to optimize functional gains (Mehrholz et al.

2017).

Regarding RAGT training intensity, defined by the rehabilitation time, in our sample a wide
range of training sessions was reported (between 7 to 21). However, a minimum of 14 RAGT
sessions have been set to obtain a favourable outcome at discharge. This value is slightly
lower that the 16-18 sessions reported by the ARTIC network (ARTIC 2018). We should bear
in mind that other parameters of training (i.e. velocity, guidance, body-weight support, heart
rate, perceived exertion) should be considered when exploring the dose-response relationship
of RAGT training. The importance on intensity in stroke gait rehabilitation has been elegantly
proved by Klassen et al. (Klassen 2020) that confirmed how higher doses of training

determined long-lasting functional effects in subacute stroke patients.

This pragmatic study was a unique opportunity to open a window on the use of robot-assisted
gait training into clinical practice for stroke survivors, overcoming the limited generalizability
of the clinical randomized controlled trials. However, several limitations have to be taken into
account. Firstly, we cannot establish a direct cause-effect relationship between the analyzed
factors (RAGT dose, age and time since stroke); the retrospective nature of the study limited

the availability of the clinical data.
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Conclusion
Patients with stroke (ischemic and hemorrhagic) reported similar recovery after a
multidisciplinary rehabilitation that included a robot-assisted gait training program. An higher
dose of RAGT (> 14 sessions), as well as a younger age (< 60 years old) and an early
rehabilitation (< 6 weeks since stroke) are determinant factors of favourable recovery.
However, only age seems to influence the chance to be a newly independent walker at

discharge.
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3. CONCLUSION

109



In my thesis, I explored the main determinants of recovery after RAGT training within a
multidisciplinary program in a cohort of severe traumatic brain injury and subacute stroke
patients. In addition to the RAGT, patients benefited from a program defined on individual
needs (convention