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General introduction and outline of the thesis

General introduction

Walking is one of the fundamental activities of daily living and allows us to move around and
connect with our environment. Beyond mere transportation from point A to B, it plays an
important role in numerous everyday tasks, including household, social, and leisure activities.
Consequently, walking plays a pivotal role in ensuring independence,’® promoting social
interaction,** and enhancing overall quality of life.** Moreover, it serves as a cornerstone in
sustaining physical activity, thereby maintaining general health.”®

Walking capacity

Successful walking in everyday life requires an optimal level of walking capacity. Walking
capacity refers to a person’s ability to walk and comprises, according to the tripartite model
of Balasubramanian, three fundamental elements: stepping, dynamic stability, and walking
adaptability (see Figure 1).°
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Figure 1 Theoretical framework illustrating the three fundamental elements
essential for achieving an optimal level of walking capacity.’
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Stepping

Stepping refers to the ability to use two legs, alternately, to progress forward. It requires
sufficient leg motor control, which involves interactions between the central nervous system
and the skeletal muscles through the peripheral nervous system. Signals from the brain are
transmitted through motor pathways to initiate and regulate leg movements. Various muscles
in the legs are activated in a coordinated manner to execute a step. Sensory feedback from
muscle proprioceptors provides information about the position, movement, and soft-tissue
tension of the legs, playing a crucial role in real-time adjustments to the leg movements.°

Dynamic stability

Dynamic stability refers to the ability of the body to maintain balance and equilibrium during
walking. It requires adequate balance control, which involves coordination of the center of
mass (COM) relative to the changing base of support (BOS). The brain estimates the COM
and BOS by integrating sensory information from three main modalities: the proprioceptive,
visual, and vestibular systems.!* The relation between the COM and BOS is typically modulated
by three main strategies: the hip, ankle, and foot placement strategy.'>*®> The ankle strategy
involves modulation of the ankle moment to displace the center of pressure in order to control
the COM within a given BOS.® The hip strategy involves rotations of body segments with
regard to one another to either counteract or assist gravity in angular accelerations of the body
segments in order to control the COM in relation to the BOS.**** The foot placement strategy
involves adjustments to the BOS by controlling the location and timing of foot placement.'23

Walking adaptability

Walking adaptability refers to the ability of an individual to modify his/her walking pattern in
response to environmental challenges. It involves the ability to adjust various aspects of walking,
such as step length, step width, walking speed, and foot placement, to accommodate different
terrains, obstacles, or unexpected disruptions of the gait pattern or the dynamic stability.*® For
example, when walking on an uneven surface, the body needs to make rapid adjustments to
maintain balance and prevent stumbling. Similarly, when navigating through crowded areas,
quick changes in direction and pace may be necessary. Additionally, unexpected disturbances
such as a sudden push or slip necessitate immediate adaptive responses to regain stability and
prevent a fall. Walking adaptability requires a complex interplay between leg motor control
and balance control to make real-time adjustments while walking.?’

Spinal cord injury

While most individuals have an optimal level of walking capacity, this capacity can be affected
by many pathologies. An example of a condition affecting walking capacity is spinal cord injury
(scl).

SCl is characterized by damage to the spinal cord, leading to impairments of motor, sensory,
and/or autonomic functions. The global incidence of SCI is estimated to range between
250,000 and 500,000 cases annually.® In the Netherlands, the estimated total number of
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persons living with SCI falls between 10,000 and 15,000.* Predominantly affecting males,
the SCI population maintains a global male-to-female ratio of 3:1.2%%* Trauma to the spinal
cord accounts for approximately 35-60% of the injuries,?*?* stemming from various sources
such as motor vehicle accidents, falls, acts of violence, and sports-related incidents.” On the
other hand, non-traumatic injuries arise from (gradual) internal damage to the spinal cord, for
instance due to spinal column degeneration, infections, and tumors.? SCI can result in various
levels and severities of impairment, depending on the location and extent of the damage to
the spinal cord.

Level and severity of injury

Injury to the spinal cord may occur at various locations. Generally, higher lesion levels lead to
more severe motor and sensory impairments.?” For example, injury to the lumbar spine affects
predominantly leg and autonomic functions of bladder and bowel, resulting in paraplegia and
decreased control of bladder, bowel, and sexual functions. Conversely, injury to the cervical
spine also affects arm and chest muscles, leading to concomitant tetraplegia and respiratory
problems.

The degree to which muscles below the injury are affected depends on the extent of spinal
cord damage. Partial damage results in incomplete loss of sensory, motor and/or autonomic
functions, defined as an incomplete lesion.?® Individuals with incomplete SCI commonly
experience muscle weakness, impaired muscle coordination, altered muscle tone, and loss of
sensation below the injury level.? A complete interruption of the spinal cord leads to the total
loss of both sensation and control over movement, defined as a complete lesion.? Individuals
with complete SCI experience paralysis in the affected muscles and complete loss of sensation
below the injury site.?®

Classification of spinal cord injury

The classification of SCI follows the International Standards for Neurological Classification of
SCI (ISNCSCI) established by the American Spinal Injury Association (ASIA).2° This classification
relies on the ASIA Impairment Scale (AlS) score and the neurological level of the injury (see
Figure 2). The AIS distinguishes between several types, ranging from AIS A to AIS E. AIS A
indicates a complete loss of both motor and sensory functions in the sacral segments S4-5. AIS
B signifies complete motor loss, but incomplete sensory loss below the lesion level, including
the sacral segments S4-5. AIS C and D indicate incomplete motor and sensory losses, with the
AlS score depending on the degree of preserved motor function below the lesion level. AIS E
signifies normal motor and sensory function after recovery from prior deficits. Determining
the neurological level of injury involves identifying the most caudal segment of the spinal cord
with intact sensation and antigravity muscle strength, provided normal sensory and motor
function above that level.*

11
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Figure 2 Schematic representation of the classification of spinal cord injury (SCI) following the
International Standards for Neurological Classification of SCI (ISNCSCI) established by the American
Spinal Injury Association (ASIA). This classification relies on the ASIA Impairment Scale (AIS) score

and the neurological level of the injury.

Rehabilitation after spinal cord injury

Rehabilitation plays a crucial role following SCI, aiming to improve functional recovery, prevent
secondary complications, and improve quality of life. Rehabilitation can be divided into three
phases: acute, subacute, and chronic. While the exact timing of these phases lacks consensus,
during the acute and subacute phases spontaneous neurological recovery is still possible,
whereas during the chronic phase this neurological recovery has plateaued.*

Theacute phase focuseson stabilizingthe patient’s neurological state, preventing complications,
and initiating early mobilization.?” The subacute phase involves intensive interdisciplinary
interventions to optimize functional recovery, aiming to promote independence and prepare
for discharge.?” Functional recovery may be the result of either ‘restitution” or ‘substitution’
of function. Restitution of function involves the recovery of sensorimotor functions
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comparable to preinjury movement patterns, whereas substitution of function involves the
use of compensatory movement patterns, behaviors, and/or use of assistive devices to regain
functioning.3 During the acute and subacute phases, individuals with SCI show functional
improvements due to both mechanisms.*

The chronic phase addresses the long-term needs and challenges of living with SCI. The most
important rehabilitation goal during this phase is enhancing and maintaining independent
mobility.?” As the neurological recovery has plateaued in the chronic phase,® rehabilitation
interventions mainly depend on substitution of function, including the learning of adaptive
balance and walking strategies and the use of assistive devices. Furthermore, it is important
to note that the suitable rehabilitation approach to enhance mobility varies between motor
incomplete and motor complete SCI, given the disparity in preserved functions between these
groups.

Motor incomplete spinal cord injury

While many individuals with motor incomplete SCI retain the ability to walk, their walking
capacity is often compromised.?® Rehabilitation interventions aimed at enhancing walking
capacity inthis group concentrate on either stepping, dynamic stability, walking adaptability, ora
combination of these elements. Currently, in clinical practice, most rehabilitation interventions
for people with motor incomplete SCI primarily focus on stepping to improve walking capacity.
These interventions, categorized as locomotor interventions, involve repetitive steady-state
walking. Examples of these interventions include overground or treadmill-based gait training
either with or without body-weight-support.?>3¢ Additional examples include technological
interventions such as robot-assisted gait training.®” This form of training assists stepping cycles
by providing body weight support and facilitating leg movements. Moreover, overground,
treadmill-based or robot-assisted gait training can be supplemented with functional electrical
stimulation to induce muscle contractions.?® While these interventions exhibit potential for
enhancing walking capacity, no single intervention has demonstrated superiority over the
others.3:3%

In the past decade, there has been a notable shift of rehabilitation interventions towards
emphasizing walking adaptability.3*“* This shift is due to an increased emphasis on tailoring
training to real-life walking scenarios. Walking adaptability training aims to enhance an
individual’s ability to adjust his/her walking pattern to various environmental circumstances. This
training can be conducted overground by manually placing targets and obstacles.* However,
advancements in technology have enabled the implementation of walking adaptability training
on treadmills within virtual reality environments.****** These innovative treadmills enable users
to interact with and respond to a simulated virtual environment that replicates real-life walking
scenarios, providing a safe learning environment. Although walking adaptability training has
shown promising results in people with motor incomplete SCI,** it remains uncertain whether
this type of training is more effective than conventional locomotor interventions.

13
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Addressing dynamic stability in individuals with motor incomplete SCl is also crucial. However,
interventions specifically targeting dynamic stability are lacking.*® The challenge lies in
separating training for dynamic stability from walking adaptability, given their interconnected
reliance on balance control. Perturbation-based balance training is one example that
targets dynamic stability while also addressing walking adaptability.*” Furthermore, research
investigating balance control during walking within this population is limited,**3 resulting in
limited knowledge about dynamic stability in motor incomplete SCI.

Motor complete spinal cord injury

Individuals with motor complete SCI have no preserved motor function below the injury level,
leading to a permanent loss of walking capacity and reliance on wheelchairs for mobility. Over
the past decade, wearable exoskeletons have emerged as potential assistive mobility devices
for this population.>® These motorized orthoses offer the ability for individuals with motor
complete SCI to maintain a standing position and facilitate stepping, both within the clinical
setting and beyond.

Although exoskeletons enable individuals with motor complete SCI to regain stepping capacity,
most exoskeletons do not contribute to dynamic stability, placing this responsibility on users.>*
However, people with motor complete SCI lack some or all proprioceptive information below
the injury level to estimate the COM and BOS. Furthermore, they are limited or unable to
use the hip, ankle, and/or foot placement strategy. Consequently, to maintain dynamic
stability while using an exoskeleton, individuals with motor complete SCI often rely on e.g.
crutches or a walker to control their COM-to-BOS relationship. Moreover, they may employ
sensory reweighting, relying more on alternative sensory modalities instead of proprioceptive
information to estimate their COM and BOS.>>*” One potential solution to help individuals
with motor complete SCI to enhance dynamic stability involves compensating for the loss
of proprioceptive information through sensory substitution. This principle, extensively
investigated among various patient groups who lack essential sensory input,*®*! has remained
unexplored in individuals with motor complete SCI controlling an exoskeleton.

In addition to dynamic stability challenges, current exoskeletons lack walking adaptability, as
they operate based on predetermined trajectories initiated by users.>* Consequently, these
devices do not adapt to environmental changes in daily-life scenarios, limiting their functional
use for people with motor complete SCI.5
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Outline of the thesis

The aim of this thesis is to explore possibilities for improving walking capacity in individuals with
SCI. The thesis is divided into two parts. Part | focuses on individuals with motor incomplete
SCI, while part Il centers on those with motor complete SCI.

Part | comprises three comprehensive chapters. Chapter 2 addresses a randomized controlled
trial to assess the efficacy of walking adaptability training compared to a similarly dosed
conventional locomotor and strength training for improving walking capacity in people with
motor incomplete SCI. Chapter 3 builds upon the insights gained from this trial, presenting
the follow-up findings of the randomized controlled trial, as it was a priori designed as a
two-armed cross-over study, allowing to examine the effect of two consecutive intervention
periods and possible sequence effects. Chapter 4 delves into balance control during walking
in people with motor incomplete SCI. More specifically, this chapter investigates if the foot
placement strategy is impaired in people with motor incomplete SCI.

Part Il consists of two chapters, shifting the focus to individuals with motor complete SCI.
Chapter 5 addresses the effect of limited visual and/or auditory information on exoskeleton
control in people with motor complete SCI, while chapter 6 investigates the effect of sensory
feedback on exoskeleton control in individuals with motor complete SCI.

Finally, chapter 7 summarizes and discusses the findings and implications showed throughout
this thesis, while chapter 8 provides a summary in Dutch.

15
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Abstract

Background

Balance and walking capacity are often impaired in people with motor incomplete spinal
cord injury (iSCl), frequently resulting in reduced functional ambulation and participation.
This study aimed to assess the efficacy of walking adaptability training compared to similarly
dosed conventional locomotor and strength training for improving walking capacity, functional
ambulation, balance confidence, and participation in ambulatory people with iSCI.

Methods

We conducted a two-center, parallel-group, pragmatic randomized controlled trial. Forty-one
people with iSCI were randomized to six weeks of (i) walking adaptability training (11 hours
of GRAIL training- a treadmill in a virtual reality environment) or (ii) conventional locomotor
and strength training (11 hours of treadmill training and lower-body strength exercises).
The primary measure of walking capacity was maximal walking speed, measured with an
overground 2-minute walk test. Secondary outcome measures included the Spinal Cord Injury-
Functional Ambulation Profile (SCI-FAP), the Activities-specific Balance Confidence (ABC) scale,
and the Utrecht Scale for Evaluation of Rehabilitation-Participation (USER-P).

Results

No significant difference in maximal walking speed between the walking adaptability (n = 17)
and conventional locomotor and strength (n = 18) training groups was found six weeks after
training at follow-up (-0.05 m/s; 95% Cl =-0.12 — 0.03). In addition, no significant group
differences in secondary outcomes were found. However, independent of intervention,
significant improvements over time were found for maximal walking speed, SCI-FAP, ABC, and
USER-P restrictions scores.

Conclusion

Our findings suggest that walking adaptability training may not be superior to conventional
locomotor and strength training for improving walking capacity, functional ambulation,
balance confidence, or participation in ambulatory people with iSCI.
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Background

Although most people with motor incomplete spinal cord injury (iSCI) can walk after inpatient
rehabilitation,* the quality and efficiency of ambulation are affected.? People with iSCl generally
walk at a lower preferred speed® and have an increased risk of falling.*® Furthermore, impaired
walking capacity often restricts people with iSCl in the performance of mobility-related daily
life activities (i.e., functional ambulation)’ and their participation in the community (e.g., work,
household, and social activities).®2 Hence, an important rehabilitation goal of people with iSCI
is to improve their walking capacity to successfully ambulate in their home and community
settings.’

Successful ambulation in daily life requires stepping, dynamic stability, and walking
adaptability.’® Stepping is necessary to progress forward, while dynamic stability ensures
an upright body position in space through control of the center of mass with respect to
the changing base of support. Walking adaptability is the ability to modify the gait pattern
when environmental circumstances change, encompassing both proactive and reactive gait
adaptations.!! Proactive adaptations, triggered by visual stimuli, entail activities such as walking
on irregular terrain or navigating through crowded areas, while reactive adaptations involve
responses to mechanical perturbations, such as stumbling over a doorstep or withstand a
strong crosswind. Currently, iSCI outpatient rehabilitation interventions mainly focus on the
aspect of stepping to improve walking capacity.’*** Examples of such locomotor interventions
are overground or treadmill-based gait training with or without body-weight-support, as well
as robotic-assisted gait training; either with or without manual assistance and/or functional
electrical stimulation.?*?* In clinical practice, these interventions are usually combined with
lower-body strength exercises to enhance muscle strength and the overall effectiveness of the
gait training. All these types of interventions show some potential for improving walking speed
but without established supremacy over another.?*3

In recent years, walking adaptability training has emerged as a potential rehabilitation
intervention for people with iSCI, as it is expected to enhance walking capacity beyond
the benefits of conventional interventions.'**> Walking adaptability training targets the
improvement of walking capacity by provoking gait adaptations through precision stepping,
obstacle avoidance, and/or reacting to perturbations.’>*® In the work of van Dijsseldonk and
colleagues,*> ambulatory people with iSCI improved walking speed, dynamic stability, and
balance confidence after six weeks of walking adaptability training in a virtual environment.
This training increased walking speed by a similar amount as reported in the literature for
conventional interventions.'*?° However, the number of training sessions for these conventional
interventions was more than three times higher compared to the walking adaptability training.
In a randomized controlled trial conducted by Yang and colleagues,** walking adaptability
training (consisting of overground walking over obstacles and targets) was compared
with treadmill-based gait training. This study reported significantly more improvement in
endurance after treadmill-based gait training, along with similar improvements in walking
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speed, functional ambulation, and balance confidence for both interventions. However, it
should be noted that the interventions were not directly comparable in terms of the number
of steps per session, favoring treadmill-based gait training.'* Previous research has indicated
that a higher dosage (i.e., the number of training sessions as well as the number of steps per
session) can positively influence the training effect.?! Hence, a study is needed to determine
the efficacy of walking adaptability training versus conventional training for improving walking
capacity, ensuring comparability in dosage between the interventions.

The primary objective of this pragmatic randomized controlled trial was to assess the efficacy
of walking adaptability training compared to similarly dosed conventional locomotor and
strength training for improving walking capacity in ambulatory people with iSCI. Walking
capacity was operationalized as walking speed due to its established correlation with
various functional ambulation skills, such as walking around curves, avoiding obstacles, and
performing dual tasks.?? We hypothesized that walking adaptability training would improve
walking speed more than conventional locomotor and strength training.'*#*>%2° |n addition,
we measured the effects of both interventions on secondary outcome measures, including
functional ambulation, balance confidence, and participation in the community.

Methods

Study design

A two-center, parallel-group, pragmatic randomized controlled trial was conducted at
the Sint Maartenskliniek (SMK) and the University Medical Center Groningen (UMCG)
in the Netherlands (trial register identifier: Dutch Trial Register; Effect of GRAIL training in
incomplete spinal cord injury). To ensure that both groups could benefit from the alternative
training approach as well, the initial group comparison (including a follow-up period without
intervention) was extended with a crossover design. The current article specifically focuses on
the initial randomized controlled trial of the overall study design. The study was approved by
the regional medical ethics committee Oost-Nederland (NL69379.091.19) and by the internal
review board of the Sint Maartenskliniek. All research activities were carried out in accordance
with the guidelines and regulations of the Medical Research involving Human Subjects Act
(WMO) and the Netherlands Code of Conduct for Research Integrity. Furthermore, the study
was reported according to the consolidated standards of reporting trials.

Participants

People with iSCI were recruited by their rehabilitation physician during visits to the outpatient
clinic, including check-up appointments or self-initiated appointments to discuss complaints
regarding their walking capacity. The following inclusion criteria were used: 1) being diagnosed
with motor incomplete spinal cord injury from a traumatic or non-traumatic origin (American
spinal injury association Impairment Scale (AIS) C or D), 2) minimally six months post-injury,
3) ability to walk at least ten meters with or without a walking aid, but without physical
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assistance, 4) ability to walk at a comfortable speed between 0.3 and 1.0 m/s, 5) having a
rehabilitation goal to improve walking capacity, 6) willingness and ability to cancel other
interventions (e.g., physiotherapy, botulinum toxin injections in the leg muscles) aimed at
improving walking capacity during the study period, and 7) age > 18 years. Exclusion criteria
were: 1) other impairments of the nervous system or lower limbs that might affect walking
or balance, 2) expected interference with one’s activity level by planned events such as an
operation or moving, 4) walking adaptability training within the previous six months, and
5) insufficient understanding or mastery of the Dutch language. Participant characteristics
(demographic, injury-related, and mobility-related) were registered at baseline. Demographic
characteristics included age, weight, height, and sex. Injury-related characteristics included
AlS, level of injury, time post injury, and cause. Furthermore, mobility-related characteristics
included the Functional Ambulation Categories and the use of walking aids outdoors and/or
ankle foot orthoses.

Procedures

Participants were randomly assigned to receive either walking adaptability or conventional
locomotor and strength training in a 1:1 allocation ratio. The randomization process was
performed using a computer-generated randomization schedule deployed in Matlab (R2019b,
MathWorks). To ensure balanced group assignments, the schedule employed permuted blocks
of varying sizes (4 and 6). Group allocation was revealed by the Matlab program only after
participant enroliment. The investigators enrolled and assigned participants to their respective
interventions. Participants, physiotherapists, and investigators were not blinded to group
allocation due to the nature of the intervention. In addition, assessors were not blinded due
to practical and organizational constraints. The assessment of the primary outcome measure
occurred at three time points: baseline, immediately post-intervention, and at follow-up. The
follow-up assessment took place at six weeks post-intervention and served as our primary
endpoint. The assessment of secondary outcome measures was conducted at baseline and
during the follow-up assessment.

Interventions

Both interventions consisted of 11 training sessions of 60 minutes over a period of six weeks
(on average two training sessions per week). The training interventions were designed to
contain approximately 20 minutes of active walking to ensure a similar number of steps per
session for both interventions. We chose a duration of 20 minutes based on clinical experience,
as 20 minutes of walking is physically demanding for most iSCl individuals with limited walking
capacity. The number of steps taken during a session was monitored with a pedometer (Polar
A360; Polar Electro (SMK) and Fitbit Zip; Fitbit, Inc. (UMCG)). The level of physical tiredness
before and after each training session was assessed using a 15-point scale ranging from
6 to 20 (similar to the Borg Rating of Perceived Exertion scale), where 6 represented ‘not
tired at all’ and 20 indicated ‘“fully tired’. The perceived intensity of each training session was
quantified as the difference between the physical tiredness ratings recorded at the end and
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the beginning of the session. Adherence was determined by counting the number of sessions
completed by each individual. Participants were allowed to make up for missed sessions with
a maximum of two sessions, which occasionally extended the training period to 7 weeks.
Participants’ experience was assessed with a visual analogue scale measuring the subjective
satisfaction of the received intervention on a range from 0 to 10, with higher scores indicating
more satisfaction. Participants completed the visual analogue scale directly after finishing the
intervention.

Walking adaptability training

The walking adaptability training was conducted using the Gait Real-time Analysis Interactive
Lab (GRAIL; Motek Medical B.V.). The GRAIL incorporates an instrumented split-belt treadmill
with adjustable pitch and sway, a ten-camera motion capture system (Vicon Motion
Systems), and a 180° semi-cylindrical screen for the projection of synchronized virtual reality
environments. The walking adaptability training was conducted by a physiotherapist certified
to work with the GRAIL. For safety reasons, participants wore a safety harness attached to a
rail on the ceiling without body weight support. During a training session, multiple walking
adaptability tasks were performed, including precision stepping, obstacle avoidance, and/or
reacting to perturbations. Precision stepping involved precise and accurate foot placement.
Obstacle avoidance required participants to effectively maneuver around or step over virtually
projected obstacles. Reacting to perturbations involved exposing participants to unexpected
disturbances, such as sudden surface pitch or sway. The physiotherapist selected the tasks
based on the participant’s goals and gradually increased the training complexity according
to the participant’s abilities. Based on a prior study® and clinical experience, we learned that
participants typically are able to engage in about 20 minutes of walking adaptability tasks
during a 60-minute session. Therefore, the physiotherapists were instructed to provide
approximately 20 minutes of walking adaptability tasks. In the remaining time available during
the session, physiotherapists could incorporate standing balance tasks, including weight
shifting and/or performing foot clearance exercises during standing. The duration of active
time performing standing balance tasks typically ranged from 0 to 10 minutes.

Conventional locomotor and strength training

The conventional locomotor and strength training consisted of treadmill training and lower-
body strength exercises and was conducted by a physiotherapist. The therapists were instructed
to provide approximately 20 minutes of treadmill training. The physiotherapist adjusted the
treadmill settings and walking speed to each participant’s individual physical and walking
capacity and the progress the participant made during the intervention. In the remaining time
available during the session, lower-body strength exercises were performed including leg press,
seated leg curl, hip abduction, and/or adduction. The physiotherapist selected the strength
exercises based on the participant’s abilities, and resistance of the strength exercises was
gradually increased according to the number of correctly executed repetitions based on van
de Goolberg’s strength-training rehabilitation system (KRS—Kracht Revalidatie Systeem).?® The
duration of active time performing strength exercises typically ranged from 10 to 20 minutes.
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Primary outcome measure

The primary outcome measure was maximal walking speed as measured with an overground
2-minute Walk Test (2mWT), which is a valid and reliable test to assess walking capacity in
people with iSCI.?* Participants were instructed to walk as far as possible, but safely, over an 18
meter course. An examiner accompanied each participant for safety reasons, walking behind
the participant to allow her/him to set the pace. Walking aids were allowed and kept constant
between all 2mWT assessments. Also short rest breaks were allowed, but without stopping
the time.

Secondary outcome measures

The Spinal Cord Injury Functional Ambulation Profile (SCI-FAP) was used as secondary outcome
measure to evaluate functional ambulation.? The SCI-FAP includes seven functional walking
tasks, such as overcoming obstacles, doors, and stairs. The score is based on the time and
assistance needed to complete the tasks at a comfortable pace. Higher scores indicate lower
functioning (more time or assistance needed to complete tasks) with a maximum score of
2100. The assistance needed by a participant to complete a specific task was kept constant
between all SCI-FAP assessments. This approach was chosen based on previous research
demonstrating a correlation between SCI-FAP time and overall score changes.?® Moreover, this
approach was adopted to prevent participants from modifying their required assistance at
follow-up assessment, as they were aware of being scored on the assistance needed.

Balance confidence was measured with the Activities-specific Balance Confidence (ABC)
scale.?’ This scale comprises 16 items regarding different daily life activities. The total score
ranges from 0 to 100, with higher scores indicating more balance confidence.

Participation was measured with the Utrecht Scale for Evaluation of Rehabilitation-Participation
(USER-P).% This scale comprises 31 items and covers three aspects of participation with three
separate scales: frequency, restrictions, and satisfaction. Each subscale ranges from 0 to 100,
with higher scores indicating higher levels of participation (higher frequency, less restrictions,
higher satisfaction).

Sample size

The required sample size was calculated for an analysis of covariance (ANCOVA).% This approach
takes into account the correlation (r) between baseline and follow-up scores at the end of the
treatment period, and it has been established that ANCOVA with n - (1-r?) subjects in each
group provides the same statistical power as a t-test with n subjects in each group based on
a conventional power calculation. To estimate the expected effect of the walking adaptability
training, we refer to the study by van Dijsseldonk and colleagues.’® Within their dataset, we
selected participants who met our current inclusion criteria (n = 9) and observed an increase in
walking speed of 0.23 m/s. For the expected effect of the conventional locomotor and strength
training, we examined two similar interventions among individuals with iSCl: treadmill-based
gait training!* and resistance training combined with aerobic training.'®* These interventions
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led to improvements in walking speed of 0.07 m/s and 0.13 m/s, respectively, with a mean
improvement of 0.10 m/s. Consequently, we expected a mean difference of 0.13 m/s (0.23
m/s minus 0.10 m/s) between walking adaptability training and conventional locomotor and
strength training. To estimate the expected standard deviation (SD) in walking speed and
the correlation between baseline and follow-up scores at the end of the treatment period,
we refer to the study by van Dijsseldonk and colleagues.'® Considering a statistical power of
80%, a 2-sided significance level of 5%, a correlation of 0.94, and a dropout rate of 10%, we
determined that our study would require an inclusion of 40 participants with iSCI (20 in each
group) to detect a mean group difference of 0.13 m/s (SD = 0.4 m/s) in walking speed.

Statistical analysis

All outcome measures at follow-up were compared between the group that received walking
adaptability training and the group that received conventional locomotor and strength
training using ANCOVA. The performance at baseline was included as a covariate. When the
assumption of normality was violated, data transformations were performed. No intention-
to-treat approach was followed, as we were primarily interested in the functional effects that
could truly be attributed to the interventions.

The effect of time on maximal walking speed was analyzed using repeated-measures ANOVA
(baseline, post-intervention, and follow-up) supplemented with post-hoc t-tests using
Bonferroni correction. The effect of time on secondary outcome measures was analyzed using
dependent t-tests. Data of both interventions were pooled if no significant group difference at
follow-up was found.

The mean number of steps taken during a session, the perceived intensity, and participants’
experience were compared between groups using independent t-tests, or with Mann-Whitney
U tests if the assumption of normality was violated.

All analyses were performed in SPSS version 25 (IBM Corp). The level of significance (a) was
set at 0.05.

Results

Participant enrollment commenced August 2019, and the last participant completed follow-up
in August 2022. In total, 41 participants were included (31 in the SMK and 10 in the UMCG), of
whom 21 were allocated to the walking adaptability training group and 20 to the conventional
locomotor and strength training group (see Figure 1). Thirty-five participants completed
post-intervention and follow-up assessments and were included in the analysis. Participant
characteristics at baseline are shown in Table 1.
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Assessed for eligibility (n = 88)

Excluded (n = 47)
* Not meeting inclusion criteria (n = 20)

¢ Declined to participate (n = 20)
¢ Medical problems (n = 2)
¢ Other reasons (n = 5)

Randomized (n = 41)

Allocated to walking adaptability training (n = 21)
Received allocated intervention (n = 21)

Allocated to locomotor and strength training (n = 20)
Received allocated intervention (n = 20)

Discontinued intervention (n = 2) Discontinued intervention (n = 1)
e Participant request (n = 1) e Covid-19 (n=1)
e Intervention too burdensome (n = 1)

Lost to follow-up (n =2) Lost to follow-up (n=1)
* Non-related adverse event (n = 1) e Personal circumstances (n = 1)
e Personal circumstances (n = 1)

Analyzed (n=17) Analyzed (n = 18)

Figure 1 Flow diagram of participants.
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Table 1 Participant characteristics at baseline @

Conventional locomotor

Walking adaptability

training group

and strength training group

N 17 18
Demographic
Age (yr)® 62 (56-71) 67 (60-72)
Weight (kg) 84 +16 79+13
Height (cm) © 176+ 11 173+11
Sex
Men 10 9
Women 7 9
Injury-related
AlS
Grade C 2 1
Grade D 15 17
Level of injury
Cervical 8 10
Thoracic 3 5
Lumbar 6 3
Time post injury (mth) ® 47 (20-120) 66 (20-135)
Cause
Traumatic 6 9
Non-traumatic 11 9
Mobility-related
Functional Ambulation Categories
Cat4 4 4
Cat5 13 14
Use of walking aids outdoors 12 13
Single-point cane or crutch 5 5
Two crutches 1 3
Walker 6 5
Use of ankle-foot orthoses 2 5

2 Values are reported as number of participants unless stated otherwise. ® Reported as median (interquartile

range). ¢ Reported as mean * standard deviation. AIS = American spinal injury association Impairment Scale.
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Participants’ adherence and experience

All participants attended nine or more training sessions of 60 minutes each, with the same
median of 11 (range 9-11) sessions for both the walking adaptability and the conventional
locomotor and strength training group. The number of steps per training session was
somewhat higher for the walking adaptability training group (median (interquartile range
(IQR)) = 2670 (2261-3352)) compared to the conventional locomotor and strength training
group (median (IQR) = 2400 (1490-2555)) (z =-2.18, p = 0.03). The walking adaptability
training group reported an average physical tiredness level of 9.0 (SD = 1.6) before the training
session, which increased to 14.3 (SD = 1.6) after the session. The conventional locomotor
and strength training group reported an average of 8.5 (SD = 2.2) before and 12.3 (SD = 2.0)
after the training session. Thus, the perceived intensity, defined as the difference between the
ratings of physical tiredness before and after, was higher for the walking adaptability training
group (mean + SD = 5.3 + 1.9) compared to the conventional locomotor and strength training
group (mean + SD = 3.8 + 2.0) (t(33) = 2.36, p = 0.03). One adverse event (foot pain) during
the walking adaptability training was reported, but did not lead to discontinuation of the
intervention. Participant experience was not different between both groups with a median
of 8.5 (range 7-10) for the walking adaptability training group and 9 (range 6-10) for the
conventional locomotor and strength training group (z = -0.45, p = 0.67).

Walking capacity

Maximal walking speed data at baseline, post-intervention, and follow-up are shown in Table 2
and Figure 2. ANCOVA showed no significant group difference in maximal walking speed at
follow-up (F(1, 32) = 1.48, p = 0.23). The mean group difference in maximal walking speed
at follow-up adjusted for group differences at baseline (adaptability- locomotor and strength
training group) was -0.05 m/s (95% Cl = -0.12 — 0.03).

Repeated-measures ANOVA showed an effect of time (F(1.66, 56.36) = 16.87, p < 0.01). Post-
hoc analysis showed significant improvement in maximal walking speed between baseline and
post-intervention (p < 0.01) and between baseline and follow-up (p < 0.01). Independent of
intervention, maximal walking speed increased by 0.07 m/s (95% Cl = 0.03 — 0.11) at post-
intervention and by 0.10 m/s (95% Cl = 0.06 — 0.14) at follow-up relative to baseline.

Functional ambulation, balance confidence, and participation

ANCOVA showed no significant group differences in any secondary outcome measures
at follow-up (Table 3; Figure 3). Independent of intervention, dependent t-tests revealed
significant improvements across time between baseline and follow-up for the SCI-FAP score
(median difference =-3.3 points, IQR =-6.0 —-0.3, p < 0.01), ABC score (mean difference =
4.9 points, 95% Cl = 0.6 — 9.2, p = 0.03), and USER-P restrictions score (mean difference = 6.2
points, 95% Cl = 1.8 — 10.6, p < 0.01).
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Figure 2 Raincloud plot of the changes in maximal walking speed with respect to baseline. Dots
represent the individual data points and bars the means with 95% confidence intervals.

Discussion

Contrary to our hypothesis, we did not observe a superior effect of walking adaptability
training over conventional locomotor and strength training for improving walking capacity —
operationalized as maximal walking speed during a 2mWT — in individuals with iSCI. When
comparing two gait training interventions, it is essential to ensure that they involve a similar
dose, as a higher dosage (i.e., number of training sessions and number of steps per session)
can positively influence the training effect.?! Therefore, both training interventions in our
study were designed to ensure the same number of sessions and a similar number of steps per
session. The number of sessions was the same for both interventions; however, we observed
that the mean number of steps taken during the walking adaptability training was about
10% higher compared to the conventional locomotor and strength training. It is interesting
to note that the randomized controlled trial conducted by Yang and colleagues® reported a
much greater group difference in the number of steps taken. Specifically, the number of steps
taken during walking adaptability training was three times lower than during the treadmill-
based gait training (400 vs. 1200 steps). Yet, despite this large difference, the treadmill-based
gait training only showed a significantly superior effect on one out of six walking capacity
measures. Therefore, it seems unlikely that the relatively small difference in the number of
steps in the current study has influenced our results.
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Figure 3 Raincloud plots of the changes in Spinal Cord Injury Functional Ambulation Profile (SCI-FAP)
scores (A), the changes in Activities-specific Balance Confidence (ABC) scores (B), and the changes
in Utrecht Scale for Evaluation of Rehabilitation-Participation (USER-P) scores (C) between baseline
and follow-up. Dots represent the individual data points and bars the medians with interquartile
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In addition to the dosage, the intensity of an intervention is an important determinant of
effectiveness.?*3° Although the average active time for the walking adaptability training
was lower compared to the conventional locomotor and strength training, we found that
the difference in perceived intensity was higher for the walking adaptability training than
for the conventional locomotor and strength training. Given the higher perceived intensity
for the walking adaptability training, a larger effect on maximal walking speed compared to
the conventional locomotor and strength training would have been logical but, instead, no
significant group difference was found. Thus, our findings suggest that we can reject our
hypothesis that walking adaptability training as provided in the current study is superior
to conventional locomotor and strength training for improving maximal walking speed in
ambulatory people with iSCI. This conclusion aligns with recently published research comparing
walking adaptability training to conventional training in other neurological populations.3132

Compared to conventional locomotor and strength training, walking adaptability training
yielded similar effects on functional ambulation, balance confidence, and participation. This
pattern of results is understandable given the non-differential effects of the interventions
on maximal walking speed. Moreover, in people with other chronic neurological conditions,
similar (non-differential) effects have been reported, such as after stroke.*

The lack of observed differences between the two interventions in our study may be attributed
to the incorporation of lower-body strength exercises within the conventional training. This
decision was guided by the common clinical practice of combining locomotor interventions with
lower-body strength exercises, aiming to improve muscle strength and overall effectiveness of
the gait training. However, it is worth noting that despite including both treadmill training
and lower-body strength exercises in the conventional training, the observed improvements
in walking speed after the intervention fell within the range of previously reported changes
following just treadmill training.**** Furthermore, a recent review by Hornby and colleagues
has highlighted inconsistent evidence regarding the potential benefits of lower-body strength
training on walking speed.?* This suggests that the addition of lower-body strength exercises
may not have yielded benefits beyond what is typically achieved with treadmill training alone.
An alternative cause of the non-differential results observed in this study may be attributed
to variations in participant motivation. Previous research has highlighted differences in the
improvement of physical function during rehabilitation between highly motivated and less
motivated stroke survivors.®®> However, it is noteworthy that participant experiences were
similar for both interventions, suggesting that motivation levels did not significantly influence
the study outcomes.

It is important to recognize that, independent of intervention, maximal walking speed
increased by 0.07 m/s after six weeks of training, which result was retained or even reinforced
at six-week follow-up with a 0.10 m/s improvement relative to baseline. The amount of
improvement at follow-up is clinically relevant, as it aligns with the reported minimal
clinically important difference (MCID) of 0.10 m/s for walking speed.3® Previous research on
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gait training in individuals with iSCI has revealed variable results concerning improvements
in walking speed, ranging from minimal changes (around 0.00 m/s) to significant increases
(up to 0.16 m/s).241920333738 Qur study’s findings on improvement in walking speed lie around
the midpoint of this range, suggesting a noteworthy effect on participants’ walking speed
compared to previous studies. Concurrently with the observed improvement in maximal
walking speed in our study, both functional ambulation and balance confidence increased
at follow-up compared to baseline, regardless of the intervention. Participants also reported
less participation restrictions in daily life activities, such as work, household chores, and social
activities. At an individual level, 15 out of 35 participants (43%) showed improvements in
maximal walking speed that exceeded the MCID of 0.10 m/s at follow-up.*®* No MCID values
for the secondary outcome measures in the iSCl population have been reported in the existing
literature. Therefore, we employed a distribution-based approach to determine the MCID for
the SCI-FAP, ABC, and USER-P restrictions scores, which was 0.5 SD of their baseline values,
according to a systematic review conducted by Norman and colleagues.®* Similar to the
observed improvement in maximal walking speed, 37% (13/35) of the participants exceeded
the MCID on the ABC scale (9.1 points) and 43% (15/35) exceeded the MCID on the USER-P
restrictions scale (8.5 points), indicating a clinically meaningful change. For the SCI-FAP score,
only 6% (2/35) of the participants exceeded the MCID (21.9 points).

Since we found no evidence that walking adaptability training is superior to conventional
locomotor and strength training, a rehabilitation professional may indicate both interventions
for an individual with iSCI to enhance walking capacity and functional ambulation in the home
and community setting. Based on participant experience, there does not seem to be an overall
preference either. The conventional locomotor and strength training in our study implicated a
treadmill and lower body exercise machines, which combination can be more easily integrated
into the community care system compared to walking adaptability training using the GRAIL
system. Therefore, we believe that conventional (locomotor and strength) training as provided
in our study holds the greatest potential for widespread use.

Our study had some limitations that should be considered when interpreting the results. First,
the sample size was calculated based on improvements in walking speed observed in previous
studies that were not directly comparable to our specific study design in terms of the number of
training sessions or timing and type of assessment. This may have introduced a source of error
in our sample size calculation. Therefore, we cannot rule out the possibility that a significant
group difference would have been observed with a larger sample size. Second, the study was
partly conducted during the Covid-19 pandemic, which may have influenced the results of the
USER-P frequency subscale, as participants were restricted in their ability to engage in leisure
and social activities. Third, both the SCI-FAP and USER-P restrictions subscales have a ceiling
effect,®? which may have reduced their responsiveness given the relatively high baseline
performance of our participants. Fourth, it is important to note that the assessors were not
blinded, which may have introduced bias into the assessment process. Fifth, a limitation of
this study is the notion that the dosing of the interventions may have been suboptimal for
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certain participants. To ensure consistency, we selected a duration of 20 minutes of active
walking based on clinical experience, aiming to achieve a comparable number of steps per
session for both interventions. However, it is possible that some participants may have been
capable of performing more than 20 minutes of active walking. Sixth, we did not evaluate the
effectiveness and quality of the participants’ gait performance during the walking adaptability
training. This limitation arises from the complexity inherent in assessing certain performance
outcomes on the GRAIL system. While some outcomes can be quantified by a single parameter,
such as completion time or the number of successful maneuvers, others involve multiple
measures or less objective assessments, such as reactions to perturbations or an application
combining precision stepping, obstacle avoidance and perturbations. Therefore, reporting
an outcome to indicate the effectiveness and quality of the participants’ gait performance
across all applications turned out to be unfeasible. Nevertheless, it is important to note that
the physiotherapists have extensive experience in tailoring interventions to the capacities of
individuals with iSCI, with the objective to adjust training sessions to the quality of participants’
gait performance. Finally, while the primary outcome walking speed has shown correlations
with various functional ambulation skills,?? it may overlook or fail to fully capture the concept
of walking adaptability. Unfortunately, at the start of our study, alternative outcome measures
more closely related to walking adaptability were either unavailable or too much reliant on a
certain level of walking proficiency.?® To address this limitation and better capture the concept
of walking adaptability in future studies, it is crucial to develop and incorporate outcome
measures more closely related to walking adaptability. One promising measure that could
be considered is the Walk Ladder Test, recently developed by Kuijpers and colleagues,*>*! as
it specifically assesses walking adaptability. Implementing such measures in future studies
would provide a more targeted evaluation of the efficacy and impact of walking adaptability
interventions in people with iSCI.

Conclusion

Our findings suggest that walking adaptability training may not be superior to conventional
locomotor and strength training for improving walking capacity, functional ambulation, balance
confidence, or participation in ambulatory people with iSCI. Yet, both interventions showed
improvements on all outcome measures at six weeks after the intervention. These findings
suggest that both walking adaptability training and conventional locomotor and strength
training can be considered viable options for enhancing walking capacity and functional
ambulation in the home and community setting in individuals with iSCI.
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Abstract

Background

Walking capacity is often impaired in individuals with motor incomplete spinal cord injury,
leading to limitations in performing mobility-related daily life activities (i.e., functional
ambulation) and participating in the community. To address these challenges, various
rehabilitation interventions have been developed with the aim to improve walking capacity.
This study aimed to assess the efficacy of two intervention sequences —including conventional
locomotor and strength training (CLS) and walking adaptability training (WA) — for improving
walking capacity, functional ambulation, balance confidence, and participation in ambulatory
people with motor incomplete spinal cord injury (iSCI).

Methods

We conducted a two-center randomized cross-over trial. Forty-one participants with iSCI (>
six months post injury) were randomized to the CLS-WA or WA-CLS sequence. CLS consisted
of treadmill training and lower-body strength exercises and WA consisted of treadmill training
in a virtual reality environment. Both interventions lasted six weeks with a six-week interval
in between. The primary outcome was maximal walking speed, assessed with an overground
2-minute walk test. Secondary outcomes included the Spinal Cord Injury-Functional Ambulation
Profile (SCI-FAP), the Activities-specific Balance Confidence (ABC) scale, and the Utrecht Scale
for Evaluation of Rehabilitation-Participation (USER-P).

Results

No significant difference in maximal walking speed or SCI-FAP score between the CLS-WA
(n=14) and WA-CLS (n=14) groups was found at six weeks after completion of the second
intervention. However, the CLS-WA group exhibited greater improvements in the ABC and
USER-P restriction scores compared to the WA-CLS group.

Conclusion

Administering CLS before WA led to similar improvements in walking capacity and functional
ambulation in individuals with iSCI compared to the reversed intervention sequence. However,
the CLS-WA sequence resulted in a superior effect in terms of improving balance confidence
and reducing participation restrictions compared to the WA-CLS sequence.
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Background

Individuals with motor incomplete spinal cord injury (iSCI) experience muscle weakness,
impaired muscle coordination, altered muscle tone, and loss of sensation below the injury
level. Consequently, their walking capacity is often impaired,*? leading to limitations in
performing mobility-related daily life activities (i.e., functional ambulation)® and participating
in the community.* To address these challenges, various rehabilitation interventions have been
developed with the aim to improve walking capacity in individuals with iSCI.>®

In clinical practice, most outpatient rehabilitation interventions for individuals with iSCl involve
repetitive practice of steady-state walking. We defined these interventions as conventional
locomotor interventions, including overground, treadmill-based, or robot-assisted gait
training,®” often complemented by lower-body strength exercises. However, in the last decade,
there has been a shift toward rehabilitation interventions that specifically target walking
adaptability.# This shift is driven by the integration of new technological innovations and
a stronger emphasis on tailoring training to real-life walking scenarios. Walking adaptability
training aims to enhance an individual’s ability to adapt his/her walking pattern to various
environmental circumstances, including walking on different surfaces, precision stepping,
overcoming obstacles, and effectively responding to perturbations.

A previous study has shown promising results of walking adaptability training in people with
iSCI.¥Building upon this evidence, we conducted a randomized controlled trial (RCT) to evaluate
the effectiveness of walking adaptability training compared to similarly dosed conventional
locomotor and strength training in individuals with iSCI.* Our findings demonstrated that both
training approaches yielded similar improvements in walking capacity, functional ambulation,
balance confidence, and participation. In this chapter, we present the follow-up findings of this
RCT, as it was a priori designed as a two-armed cross-over study, allowing to examine the effect
of two consecutive intervention periods and possible sequence effects.

Given that conventional locomotor and strength training and walking adaptability training
primarily target different aspects of walking capacity,”® the sequence in which these
interventions is administered might be important. The requirements for optimal walking
capacity encompass stepping, dynamic stability, and walking adaptability.’® Stepping, which
is crucial to progress forward, primarily relies on sufficient leg motor control, while dynamic
stability relies on adequate balance control.’” As walking adaptability refers to the ability to
adjust one’s walking pattern to environmental challenges, this requirement depends on a
complex interplay between leg motor control and balance control.” Conventional locomotor
and strength training predominantly targets stepping and dynamic stability under predictable
and fixed circumstances, whereas walking adaptability training targets both aspects under
unpredictable and changing circumstances. From this perspective, it might be beneficial to
train basic leg motor control (including muscle strength) and balance control before starting
with walking adaptability training instead of training in the reversed order. Indeed, previous
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research has suggested that good leg muscle strength is associated with successful walking
adaptability,*®* indicating that basic leg motor control and lower-body strength exercises
might have a potential conditioning effect for training walking adaptability.

The objective of this study was to investigate the effectiveness of two different intervention
sequences for improving walking capacity in ambulatory people with iSCI. The interventions
were conventional locomotor and strength training and walking adaptability training. We
hypothesized that administering conventional locomotor and strength training before
initiating walking adaptability training would be more effective to improve walking capacity in
people with iSCI than administering the interventions in the reverse sequence. Furthermore,
we evaluated the effects of intervention sequence on secondary outcomes, such as functional
ambulation, balance confidence, and participation.

Methods

Study design

The study was conducted at two medical institutions in the Netherlands: the Sint
Maartenskliniek (SMK) and the University Medical Center Groningen (UMCG). The study was
a two-armed, randomized cross-over trial and was registered in the Dutch Trial Register under
the title ‘Effect of GRAIL training in incomplete spinal cord injury’. Ethical approval for the study
was obtained from the regional medical ethics committee Oost-Nederland (NL69379.091.19)
and the internal review board of the Sint Maartenskliniek. The entire research process strictly
adhered to the guidelines and regulations outlined in the Medical Research involving Human
Subjects Act (WMO) and the Netherlands Code of Conduct for Research Integrity. Participants
provided written informed consent under the Declaration of Helsinki.

Participants

Participants with iSCI were enrolled in the study during their outpatient clinic visits, which
included check-ups or appointments initiated by the participants themselves to address
concerns related to their walking ability. The inclusion criteria were: 1) diagnosed with motor
incomplete spinal cord injury, classified as American spinal injury association Impairment Scale
(AIS) C or D, caused by either traumatic or non-traumatic origin, 2) at least six months post
injury, 3) ability to walk a minimum distance of ten meters without physical assistance, 4)
preferred comfortable walking speed ranging from 0.3 to 1.0 m/s, 5) expressing a personal
aim to enhance walking capacity, 6) willingness and ability to refrain from other physical
interventions (e.g., physiotherapy, botulinum toxin injections) targeted at improving walking
capacity during the study period, and 7) age 18 years or older. Exclusion criteria were: 1) other
impairments of the nervous system or lower limbs that might affect walking or balance, 2)
anticipated disruption of individual activity level due to scheduled events, such as surgery or
relocation of home situation, 3) having participated in walking adaptability training within the
past six months, and 4) inadequate understanding of the Dutch language.
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Participant characteristics, including demographic details (age, weight, height, and sex),
injury-related factors (AIS, level of injury, and time post injury), and mobility-related aspects
(Functional Ambulation Categories and usage of ankle foot orthoses and/or outdoor walking
aids) were recorded at baseline.

Procedures

The participants were randomly assigned following group allocation in a 1:1 ratio. One group
started with walking adaptability training (WA) and crossed over to conventional locomotor
and strength training (CLS) (WA-CLS group), whereas the other group started with conventional
locomotor and strength training and crossed over to walking adaptability training (CLS-WA
group). The second training intervention started six weeks after the completion of the initial
intervention. Outcome measures were evaluated at three time points: at baseline, six weeks
after the completion of the first intervention (at the beginning of the second intervention)
(T1), and six weeks after the completion of the second intervention (T2). See Figure 1 for
a schematic overview of the study design. Blinding of participants, physiotherapists, or
investigators to group allocation was not feasible given the nature of the interventions. In
addition, assessors were not blinded due to practical and organizational constraints.

Baseline T1 T2

6 wks 6 wks 6 wks 6 wks

Figure 1 Schematic overview of the study design. Assessments were performed at baseline, T1, and
T2. WA = Walking Adaptability training; CLS = Conventional Locomotor and Strength training.

Interventions

Both interventions comprised 11 training sessions, each lasting 60 minutes, conducted over a
six-week period (on average two sessions per week). Adherence to the training was assessed
by tracking the number of completed sessions for each participant. Individuals were permitted
to make up for missed sessions, with a maximum of two sessions, occasionally extending the
training period to seven weeks.
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Walking adaptability training

The walking adaptability training was conducted using the Gait Real-time Analysis Interactive
Lab (GRAIL; Motek Medical B.V.). The GRAIL incorporates an instrumented split-belt treadmill
with adjustable pitch and sway, a ten-camera motion capture system (Vicon Motion Systems),
and a 180° semi-cylindrical screen for synchronized virtual reality environments. Participants
were equipped with a safety harness attached to the ceiling for added safety during the
training sessions. A certified physiotherapist conducted the training, including multiple
walking adaptability tasks, such as precision stepping, obstacle avoidance, and reacting to
perturbations. Precision stepping involved precise foot placement on virtually projected
targets. Obstacle avoidance required maneuvering around or stepping over virtually projected
obstacles. Reacting to perturbations involved responding to unexpected disturbances such
as a sudden acceleration of one of the treadmill belts or mediolateral platform translations.
Training tasks were selected based on the participant’s goals and training complexity was
gradually increased according to individual ability. Typically, about 20 minutes of walking
adaptability training was provided during a 60-minute session. In the remaining time, standing
balance tasks, including weight shifting and foot clearance exercises, were trained. Due to
breaks, task explanation, and task setup, the total active training time typically varied between
20 and 30 minutes.

Conventional locomotor and strength training

The conventional locomotor and strength training included treadmill training on a regular
treadmill and lower-body strength exercises, supervised by a physiotherapist. The training
session comprised approximately 20 minutes of treadmill training during each 60-minute
session, in which the treadmill settings and walking speed was gradually increased over
sessions according to the participant’s ability. In the remaining time, lower-body strength
exercises, such as leg press, seated leg curl, hip abduction, and/or adduction exercises, were
performed. The selection of strength exercises was based on each individual’s abilities and
resistance was gradually increased based on the number of correctly executed repetitions,
following van de Goolberg’s strength-training rehabilitation system (KRS—Kracht Revalidatie
Systeem).? Due to breaks, task explanations, and task setup, the total active training time
typically varied between 30 and 40 minutes.

Primary outcome

The primary outcome was maximal walking speed, assessed with an overground 2-minute
Walk Test (2mWT), which is commonly considered to be a valid and reliable measure of walking
capacity in individuals with iSCI.?* Participants were instructed to walk as far as possible within
the given time across an 18-meter course. To maintain safety, an examiner accompanied each
participant, walking behind the person to allow him/her to set one’s own pace. During all 2mWT
assessments, participants were permitted to use walking aids, and the type of aids remained
consistent across all 2mWT assessments. In addition, short rest breaks were allowed without
stopping the timing. Maximal walking speed assessed at T2 served as the primary endpoint.
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Secondary outcomes

Functional ambulation was assessed with the Spinal Cord Injury Functional Ambulation Profile
(SCI-FAP).%2 This assessment includes seven functional walking tasks, such as walking on
different surfaces, overcoming obstacles, negotiating doors, and taking stairs. Participants were
scored based on the time and assistance required to complete these tasks at a comfortable
pace, with higher scores indicating lower functioning (i.e., more time or assistance needed to
complete the tasks) (maximum score 2100). To ensure consistency, the assistance needed to
complete a specific task was kept constant throughout all SCI-FAP assessments. This approach
was adopted to prevent any potential subjective influence from participants who might
otherwise modify their required assistance during the assessments, as they were aware of
being scored based on the assistance needed. In addition, previous research demonstrated a
correlation between the SCI-FAP time and overall score changes.?

Balance confidence was assessed with the Activities-specific Balance Confidence (ABC) scale.*
This questionnaire consists of 16 items related to various daily life activities. The total score
ranges from 0 to 100, with higher scores indicating higher levels of balance confidence.

Participation was assessed with the Utrecht Scale for Evaluation of Rehabilitation-Participation
(USER-P).% This questionnaire comprises 31 items and encompasses three aspects of
participation, each represented by a separate scale: frequency, restrictions, and satisfaction.
Each subscale ranges from 0 to 100, with higher scores indicating higher levels of participation
(i.e., higher frequency, fewer restrictions, and greater satisfaction).

Statistical analysis

To compare outcomes at T2 between the WA-CLS and CLS-WA groups, we performed an
analysis of covariance (ANCOVA) with baseline scores included as covariates. If the assumption
of normality was violated, data transformation was applied. If ANCOVA revealed a significant
group difference at T2, we conducted an additional ANCOVA to check for group differences at
T1, again with baseline scores included as covariates for each outcome. In the absence of group
differences, we evaluated the effect of time on each outcome for both groups together, using
a repeated-measures ANOVA, considering three time points: baseline, T1, and T2. Post-hoc
t-tests with Bonferroni correction were performed in case of a significant effect of time. We
did not adopt an intention-to-treat approach because our primary focus was on examining the
functional effects that could genuinely be attributed to the followed intervention sequence. All
statistical analyses were carried out using SPSS version 25 (IBM Corp), with a predetermined
significance level (a) set at 0.05.

Results

Participant enrollment started in August 2019, and the last participant finished in November
2022. A total of 41 participants were included (31 from SMK and 10 from UMCG). Among
them, 21 were allocated to the WA-CLS group, while the remaining 20 were assigned to the
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CLS-WA group. Six participants dropped out during the first intervention period, leaving 35
participants to proceed with the second intervention period (Figure 2). In the second period
of the CLS-WA group, two intervention-related adverse events occurred: shoulder pain and a
trip incident leading to an ankle injury. These events led to discontinuation of the intervention.
Additionally, five other participants dropped out during the second intervention period (Figure
2). Eventually, a total of 28 participants, evenly distributed between both groups completed
both T1 and T2 assessments and were included in the analysis. Of these, one participant from
the CLS-WA group did not complete the USER-P and ABC questionnaires due to non-response.
The baseline characteristics of the participants are presented in Table 1. Participants attended
a minimum of nine training sessions for each intervention, with a median of 11 sessions (range
9-11) for both interventions.

Walking capacity

Maximal walking speed data at baseline, T1, and T2 are presented in Table 2 and Figure 3.
ANCOVA showed no significant group difference in maximal walking speed at T2 (F(1, 25) =
1.05, p = 0.32) with a mean group difference of 0.07 m/s (95% Cl =-0.07 — 0.22; adjusted
for baseline values; CLS-WA minus WA-CLS). Irrespective of intervention order, repeated-
measures ANOVA indicated a significant effect of time (F(1.26, 33,88) = 19.31, p < 0.01). Post-
hoc analysis revealed significant improvements in maximal walking speed between baseline
and T1 (p < 0.01) and between baseline and T2 (p < 0.01). No significant difference was found
between T1 and T2 (p = 0.17). Irrespective of intervention order, maximal walking speed
increased by 0.12 m/s (95% Cl = 0.06 — 0.17) at T1 and by 0.15 m/s (95% Cl = 0.06 — 0.23) at
T2 relative to baseline.

Functional ambulation

ANCOVA showed no significant group difference in the SCI-FAP score at T2 (F(1,25) = 0.31,
p = 0.58) (Table 2). Irrespective of intervention order, repeated-measures ANOVA indicated
a significant effect of time (F(1.57, 42.48) = 6.66, p < 0.01). Post-hoc analysis revealed
significant improvements in the SCI-FAP score between baseline and T1 (median difference
=-1.6 points, interquartile range (IQR) =-4.9 —-0.8, p = 0.02) and between baseline and T2
(median difference =-1.9 points, IQR =-6.7 —-0.4, p = 0.03). No significant difference was
found between T1 and T2 (p = 1.00)

Balance confidence

ANCOVA showed a significant group difference in the ABC score at T2 (F(1, 24) = 845, p <
0.01). The CLS-WA group exhibited 13 points (95% Cl = 3.8 — 22.3; adjusted for baseline values)
more improvement in terms of the ABC score in comparison to the WA-CLS group (Table 2;
Figure 4). No significant group difference for the ABC score was found at T1.
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Assessed for eligibility (n = 88)

Excluded (n =47)
¢ Not meeting inclusion criteria (n = 20)

* Declined to participate (n = 20)
¢ Medical problems (n =2)
¢ Other reasons (n=5)

Randomized (n =41)

Allocated to WA-CLS (n = 21)
Started intervention WA (n = 21)

Allocated to CLS-WA (n = 20)
Started intervention CLS (n = 20)

Discontinued intervention WA (n = 2)
e Participant request (n = 1)
¢ Intervention too burdensome (n = 1)

Lost to follow-up (n = 2)
* Non-related adverse event (n = 1)
¢ Personal circumstances (n = 1)

Discontinued intervention CLS (n = 1)
e Covid-19 (n=1)

Lost to follow-up (n=1)
e Personal circumstances (n = 1)

Started intervention CLS (n = 17)

Started intervention WA (n = 18)

Discontinued intervention CLS (n = 3)
¢ Non-related serious adverse event (n = 1)
e Covid-19 (n=2)

Discontinued intervention WA (n = 4)
¢ Related adverse event (n = 2)
e Covid-19 (n=2)

Analyzed (n = 14)

Analyzed (n = 14)

Figure 2 Flow diagram of participants. WA = Walking Adaptability training; CLS = Conventional

Locomotor and Strength training.
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Table 1 Participant characteristics at baseline @

Included
WA-CLS CLS-WA
group group
N 21 20
Demographic
Age (year) ® 60 (53-67) 66 (62-72)
Weight (kg) € 84+14 79+13
Height (cm) © 177 £10 173 +11
Sex
Men 14 10
Women 7 10
Injury-related
AlS
Grade C 2 2
Grade D 19 18
Level of injury
Cervical 11 10
Thoracic 4 6
Lumbar 6 4
Time post injury (month) ® 50 (21-120) 66 (20-135)
Cause
Traumatic 6 7
Non-traumatic 15 13
Mobility-related
Functional Ambulation Categories
Cat4 6 6
Cat5 15 14
Use of outdoor walking aids 14 15
Single-point cane or crutch 5 5
Two crutches 2 4
Walker 7 6
Use of ankle-foot orthoses 3 6

Analyzed
WA-CLS CLS-WA
group group
14 14
61 (53-71) 66 (50-73)
82+14 80+14
176 £ 10 174 +£12
8 7
6 7
2 1
12 13
7 7
2 4
5 3
31(18-120) 62 (20-102)
6 4
8 10
4 3
10 11
10 9
4 4
1 2
5 3
1 4

2 Values are reported as number of participants unless stated otherwise. ® Reported as median (interquartile

range). ¢ Reported as mean + standard deviation. WA = Walking Adaptability training; CLS = Conventional

Locomotor and Strength training; AIS = American spinal injury association Impairment Scale.
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Figure 3 Changes in maximal walking speed over time with respect to baseline (A) and absolute
maximal walking speed over time (B). Dots represent the individual data points and bars the means
with 95% confidence intervals. WA = Walking Adaptability training; CLS = Conventional Locomotor
and Strength training. ** represents a significant time effect when data of both groups are pooled.
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Figure 4 Changes in Activities-specific Balance Confidence (ABC) scores over time with respect
to baseline (A) and absolute ABC scores over time (B). Dots represent the individual data points
and bars the means with 95% confidence intervals. WA = Walking Adaptability training; CLS =
Conventional Locomotor and Strength training. * represents a significant group difference as
measured with analysis of covariance.
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Participation

ANCOVA showed a significant group difference in the USER-P restrictions score at T2 (F(1, 24) =
4.80, p=0.04). The CLS-WA group exhibited 8 points (95% Cl = 0.5 — 16.0; adjusted for baseline
values) more improvement in terms of the USER-P restrictions score in comparison to the WA-
CLS group (Table 2; Figure 5). No significant group difference for the USER-P restrictions score
was found at T1. Furthermore, no significant group differences or time effects were found for
the USER-P frequency or satisfaction scores (Table 2).

60 - - *
B WA-CLS group

40 b CLS-WA group

20t §
0
[ ]
20+ [
T1

90+
85

| I
oo | I

65
60 &

o
@ §% o
—e—

A USER-P restrictions score

T2

USER-P restrictions score

Baseline T1 T2

Figure 5 Changes in Utrecht Scale for Evaluation of Rehabilitation-Participation (USER-P) restrictions
scores over time with respect to baseline (A) and absolute USER-P restrictions scores over time (B).
Dots represent the individual data points and bars the means with 95% confidence intervals. WA =
Walking Adaptability training; CLS = Conventional Locomotor and Strength training. * represents a
significant group difference as measured with analysis of covariance.

Discussion

Contrary to our hypothesis, conventional locomotor and strength training followed by
walking adaptability training did not yield superior improvement in walking capacity among
individuals with iSClI when compared to training in the reversed order. This unexpected result
might be attributed to the choice of our primary outcome measure of walking capacity,
which was operationalized as maximal walking speed during a 2mWT. While walking speed
is a widely accepted measure of walking capacity with established correlations to various
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functional ambulation skills,2> it may fail to fully capture all aspects of walking adaptability.
However, alternative outcome measures capable of measuring walking adaptability more
comprehensively were unavailable at the onset of our study. In an effort to evaluate walking
adaptability more comprehensively, we included the SCI-FAP as a secondary outcome of
functional ambulation. The SCI-FAP is a measure of functional walking skills including tasks
that require participants to overcome obstacles and adjust steps. Yet, similar to the 2mWT,
the SCI-FAP failed to reveal a significant difference between the two intervention sequences.
Consequently, our findings do not underscore a superior effect of the CLS-WA sequence on
walking capacity or functional ambulation in individuals with iSCI compared to the WA-CLS
sequence.

In addition to evaluating walking capacity and functional ambulation, we also assessed the
influence of the intervention sequence on balance confidence and participation. The CLS-
WA sequence resulted in a superior effect on balance confidence compared to the WA-CLS
sequence, perhaps due to a difference in mental focus of the interventions. While CLS primarily
promotes balance under predictable and fixed circumstances, WA is likely to boost balance
confidence under unpredictable and changing circumstances. If CLS is administered prior to
WA, individuals are exposed to an increasing level of task difficulty, which may help them to
progressively build up their confidence. In case of the reversed administration sequence, some
of the built-up confidence may be lost during the second intervention period and follow-up.

Similar to balance confidence, the CLS-WA sequence resulted in a superior effect on reducing
participation restrictions compared to the WA-CLS sequence. Previous studies have shown
that lower balance confidence and fear of falling are associated with reduced participation
among older persons,” individuals with SCI,* and unilateral lower-limb amputation.®!
Therefore, the finding of reduced participation restrictions is congruent with the larger
improvement in balance confidence in the CLS-WA group. Previous studies have also linked
low balance confidence and fear of falling to reduced physical activity in people with iSCI*
and other neurological impairments,3** potentially leading to a lower quality of life.3*3> Given
these associations, it would be interesting to investigate whether the greater improvement in
balance confidence after CLS-WA administration would translate into a larger increase in daily
life physical activity and better quality of life among people with iSCI compared to WA-CLS
administration.

Irrespective of the type of intervention, we observed increased maximal walking speed and
improved functional ambulation after the first intervention period. These improvements were
retained after the second intervention period, with merely a small (non-significant) further
enhancement of maximal walking speed or functional ambulation. Consequently, our findings
suggest that a second intervention period does not provide additional benefits in terms of
maximal walking speed or functional ambulation. The absence of further improvement during
the secondintervention periodissurprising, particularlyinlight of previous research highlighting
a positive relation between a higher number of training sessions and training effect.®® This
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result might be attributable to participants who had already attained their maximal functional
capacity during the initial six-week intervention. Reaching a plateau in functional capacity at
T1 may also have contributed to the absence of significant group differences between both
intervention sequences at T2.

Our study had several limitations that should be acknowledged. Firstly, it is important to note
that this study was explorative in nature, aiming to gain a preliminary understanding of the
effect of intervention sequence. Secondly, the study took place during the Covid-19 pandemic,
which might have impacted the outcomes of the USER-P frequency subscale due to limited
engagement in leisure and social activities. Thirdly, the Covid-19 pandemic resulted in a higher
drop-out rate than initially anticipated, which reduced the statistical power of our study.
Moreover, the SCI-FAP has a known ceiling effect,?2 which may have reduced its responsiveness
given the relatively high baseline performance of our participants. Indeed, at T2, 21% of the
participants achieved a SCI-FAP score lower than 9.6, which is the maximum score observed in
able-bodied individuals.? Similarly, the USER-P restrictions subscale has an established ceiling
effect®® and at T2, 26% of the participants had a USER-P restrictions score of 90 or higher.
Hence, although we observed a significant difference between intervention sequence on this
subscale, it is possible that the observed effect size is an underestimation. Finally, the lack of
blinding in the assessments may have introduced bias in the evaluation of study outcomes.

Conclusion

Administering conventional locomotor and strength training prior to walking adaptability
training did not lead to a superior improvement in walking capacity or functional ambulation
among ambulatory individuals with iSCI, compared to the reversed order of training. However,
the sequence of conventional locomotor and strength training preceding walking adaptability
training resulted in a superior effect on balance confidence and participation restrictions.
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Abstract

Background

Impaired balance during walking is a common problem in people with incomplete spinal cord
injury (iSCl). To improve walking capacity, it is crucial to characterize balance control and how it
is affected in this population. The foot placement strategy, a dominant mechanism to maintain
balance in the mediolateral (ML) direction during walking, can be affected in people with iSCI
due to impaired sensorimotor control. This study aimed to determine if the ML foot placement
strategy is impaired in people with iSCI compared to healthy controls.

Methods

People with iSCI (n = 28) and healthy controls (n = 19) performed a 2-minute walk test at a
self-paced walking speed on an instrumented treadmill. Healthy controls performed one extra
test at a fixed speed set at 50% of their preferred speed. To study the foot placement strategy
of a participant, linear regression was used to predict the ML foot placement based on the
ML center of mass position and velocity. The accuracy of the foot placement strategy was
evaluated by the root mean square error between the predicted and actual foot placements
and referred to as foot placement deviation. Independent t-tests were performed to compare
foot placement deviation of people with iSCI versus healthy controls walking at two different
walking speeds.

Results

Foot placement deviation was significantly higher in people with iSCI compared to healthy
controls independent of walking speed. Participants with iSCI walking in the self-paced
condition exhibited 0.40 cm (51%) and 0.33 cm (38%) higher foot placement deviation
compared to healthy controls walking in the self-paced and the fixed-speed 50% condition,
respectively.

Conclusion

Higher foot placement deviation in people with iSCl indicates an impaired ML foot placement
strategy in individuals with iSCI compared to healthy controls.
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Background

Impaired balance during walking is a common problem in people with incomplete spinal cord
injury (iSCI).* Indeed, individuals with iSCI experience reduced functional ambulation? and
increased fall risk.®> Hence, improving dynamic balance is essential to them. Characterizing
balance control during walking and how dynamic balance is affected in people with iSCI is
crucial for designing and improving effective intervention strategies. However, only few studies
have investigated balance control during walking in people with iSCI.*°

Balance control requires coordination of the center of mass (COM) relative to the base of
support (BOS). During walking, the relation between the COM and BOS is typically modulated
by a combination of the hip, ankle, and foot placement strategy.*!! Basically, the hip and ankle
strategies involve adjustments to the COM by rotating the body around the respective joints.**-1?
The foot placement strategy involves adjustments to the BOS by controlling the location and
timing of foot placement.’®!! The foot placement strategy modulates the relation between
the COM and BOS at relatively low actuation costs, because it only requires movement of the
swing leg. Consequently, foot placement is the dominant mechanism to maintain balance in
the mediolateral (ML) direction during walking in healthy subjects.'3

Literature suggests that ML foot placement is based on COM kinematics.’**® This was first
observed in simulations, where stable walking was achieved by positioning the foot at a fixed
distance lateral to the extrapolated COM (i.e., the COM position adjusted for its velocity).” The
relation between ML foot placement and COM kinematics was also observed in experiments
investigating foot placement modulation in healthy subjects.’*® For example, in the work of
Vlutters et al.,*® healthy subjects showed foot placement adjustments proportional to the ML
COM velocity when being perturbed in the ML direction during walking. Furthermore, Wang
and Srinivasan®® showed that ML foot placement can be predicted by the ML COM position and
velocity, suggesting that the ML foot placement strategy comprises a strong relation between
ML COM kinematics and ML foot placement.

Adjusting foot placement based on COM kinematics requires an adequate estimate of the
COM state and sufficient ability to move the swing leg. The COM kinematics must be estimated
using visual, vestibular, and proprioceptive information,** which inputs are used to control the
placement of the swing leg, for instance, by modulating the activity of the hip abductor muscles
to make step adjustments in the ML direction.?® Because iSCI potentially affects the afference
of sensory information as well as the conduct of efferent neural signals to the muscles,* it may
easily impact the ML foot placement strategy. Indeed, impaired foot placement after iSCI has
already been suggested by Day and colleagues.” Their results revealed higher variability in ML
foot placement relative to the COM position in people with iSCl compared to healthy controls.
Moreover, in the study of Arora et al.,” people with iSCI generated less soleus activation in the
swing leg after slip perturbations, suggesting impaired muscle control in balance-challenging
conditions. Cornwell et al. examined the effect of walking speed on gait stability and concluded

65




66

Chapter 4

that individuals with iSCI were able to maintain lateral stability when walking at a fast speed,
even when their lateral balance was challenged. Furthermore, their results suggested a weaker
coordination between COM state and lateral foot placement in people with iSCl compared to
healthy controls, implying an impaired ML foot placement strategy. However, they instructed
participants to maintain their COM within a narrow target lane, which may yield different
results than unrestricted walking. Therefore, more research is necessary to evaluate the ML
foot placement strategy in people with iSCI during regular straight walking.

The main purpose of this study was to determine if the ML foot placement strategy is impaired
in people with iSCI compared to healthy controls. More specifically, this study investigated
the relation between ML COM kinematics and ML foot placement during straight walking in
both populations. We hypothesized that the ML foot placement strategy would be impaired
in people with iSCI.®

Methods

Participants

Participants were people with iSCI that had been referred to GRAIL (Gait Real-time Analysis
Interactive Lab) training by a rehabilitation physician to improve their gait capacity and dynamic
balance. Inclusion criteria were: 1) a motor incomplete spinal cord injury with a traumatic or
non-traumatic cause (American spinal injury association Impairment Scale (AIS) C or D), 2)
six months post injury, 3) ability to walk in a self-paced mode on the GRAIL without using the
handrails, and 4) age > 18 years. Subjects were excluded if they had preinjury impairments
of the nervous system, or lower limbs, or any other impairment that might affect balance
control. Healthy controls were included if they were 18 years or older without a history of
neurological or musculoskeletal problems. The study was approved by the regional medical
ethics committee of Arnhem-Nijmegen (2019-5255). All participants provided written
informed consent under the Declaration of Helsinki.

Data collection

Participants were tested on an instrumented split-belt treadmill (GRAIL, Motek Medical BV,
the Netherlands). Kinematic data were acquired using an ten-camera motion capture system
(VICON, Oxford, United Kingdom). Reflective markers were placed on 19 anatomical landmarks:
7t cervical vertebra and left and right acromion process, humeral lateral epicondyle, ulnar
styloid process, Anterior Superior Iliac Spine (ASIS), Posterior Superior lIliac Spine (PSIS),
femoral lateral epicondyle, lateral malleolus, metatarsal I, and calcaneus. Marker data were
sampled at 100 Hz.
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Protocol

All participants performed a 2-minute Walk Test (2mWT) at a self-paced speed on the treadmill.
The participants with iSCI performed the 2mWT at the start of their first training session. The
speed of the belt was adjusted in real-time to the anterior-posterior position and velocity of
the pelvis to allow participants to walk at a self-selected walking speed (self-paced mode),
which is a suitable alternative to fixed-speed treadmill walking in gait analysis.?*?? In the self-
paced mode, walking on the front part of the treadmill results in acceleration proportional
to the difference between the pelvis position and middle of the belt, and to the velocity of
the pelvis. Likewise, walking on the back part of the treadmill results in deceleration. The
participants were instructed to walk at a comfortable walking speed. The healthy controls
performed one extra 2mWT at a fixed speed equal to 50% of their mean self-paced walking
speed (preferred speed) to analyze the effects of walking speed on their ML foot placement
strategy, and because this speed was presumed to be similar to the preferred walking speed
of the participants with iSCI.%2 A fixed speed was selected because walking in the self-paced
mode at 50% of the preferred speed is challenging, and previous research found no significant
differences between self-paced and fixed-speed walking.?*? Before the 2mWTs, participants
performed one to four one-minute practice rounds to familiarize themselves with walking on
the treadmill. To ensure safety, all participants wore a safety harness attached to a rail on the
ceiling, without body weight support.

Data analysis

Data were processed using MATLAB (R2019b, MathWorks). The first 20 and last 5 seconds of
each 2mWT were excluded from the analysis to remove the start and stop phases. Gaps in the
ASIS and PSIS marker data were automatically filled using the rigid body method as previously
described.?* Cubic spline fill was used for the remaining markers when a gap was no more than
10 samples. Marker data were filtered with a 4th order zero-phase low-pass Butterworth filter
with a cut-off frequency of 20 Hz.

Hip joint centers were estimated using the regression method reported by Dumas et al.?®
Marker data and hip joint centers were used to estimate the COM location of nine segments
(torso and head, upper leg, lower leg and foot, upper arm, forearm and hand) as described
by Tisserand et al.?® Whole-body COM location was computed using a weighted sum of the
segment COM locations. Gaps in the whole-body COM, resulting from gaps in the marker data,
were filled using the pattern fill method as described by Camargo et al.?* The average location
of the ASIS and PSIS markers was used as the donor pattern.

Marker data of the feet were used to detect gait instances.?” Heel strike was defined as
the instant at which the anterior-posterior velocity of the calcaneus marker reversed with
respect to the walking direction. Toe-off was defined as the instant at which the velocity of the
metatarsal Il marker reversed to the positive walking direction. Step width was defined as the
distance between the left and right calcaneus marker at the instant of midstance.
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To study the foot placement strategy of a participant, linear regression was used to predict the
ML foot placement (FP) based on ML COM position and velocity at heel strike.12%3 We used
the following regression equation:

FP=B -COM+pB -COM +¢

pos vel

in which Bpos and B
respectively, and € the model error. Foot placement was defined as the demeaned ML distance

L are the regression coefficients of the COM position and velocity,
between the left and right calcaneus markers at midstance. The COM position was defined
with respect to the calcaneus marker of the stance foot at mid stance, and both predictors
were demeaned.

Outcome measures

The accuracy of the foot placement strategy was evaluated by the root mean square error
(RMSE) between the predicted and actual foot placements. The RMSE was selected as primary
outcome measure and referred to as foot placement deviation.

To confirm adherence to the foot placement strategy, the goodness of the fit of the linear
regression model was evaluated with the coefficient of determination (R?), here referred
to as foot placement adherence. Substantial adherence to the foot placement strategy was
considered when the coefficient of determination was larger than 0.26.3! In addition, the
within-subject standard deviation (SD) of actual foot placement was determined, because foot
placement adherence is influenced by the dispersion of the actual ML foot placement.

Step width was selected as a secondary outcome measure, because wider steps have previously
been linked to instability during walking®**® and a reduced foot placement strategy.>*

Statistical analysis

Participant characteristics of both groups were compared with independent t-tests for
continuous variables and Chi-square tests for nominal variables. Foot placement deviation of
people with iSCl was compared with values obtained from healthy controls at different walking
speeds using independent t-tests, whereas a difference in foot placement deviation between
different walking speeds in healthy controls was tested with a dependent t-test. Likewise,
group differences in foot placement adherence, in the SD of actual foot placement, and in step
width were tested with independent t-tests, whereas differences between different walking
speeds within the healthy control group were tested with dependent t-tests. We performed
the Student’s independent t-test when the assumption of homogeneity of variance was met
and the Welch’s independent t-test when this assumption was not met (resulting in fractional
degrees of freedom). When the assumption of normality was violated, non-parametric
equivalent tests were performed. The level of significance (a) was adjusted for the number of
tests performed (3) and set at 0.017.
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Results

Participants

In total, 30 people with iSCl and 19 healthy controls participated. Two persons with iSCl were
not included in the analysis due to incomplete marker data resulting in 28 people with iSCI.
Participant characteristics are reported in Table 1. No significant differences in sex and age were
found between both groups. The weight and height of the iSCI group were higher compared
to controls, but no significant difference in body mass index (BMI) was found between groups
(t(45) = 1.94, p = .058). Walking speed of the participants with iSCI was significantly lower
compared to healthy controls walking in the self-paced (SP) condition (t(41.7) =-7.35, p <
.001), but not significantly different from their fixed-speed 50% (FS50) condition (t(32.0) =
1.61,p=.116).

Table 1 Characteristics of participants with incomplete spinal cord injury (iSCl) and healthy controls
(HC) (mean % SD or median [range])

iSCI HC p
N 28 19
Demographic
Sex (M/F) 18/10 9/10 .250
Age (yr) 58+ 13 60+9 611
Weight (kg) 85+ 13 75+13 010
Height (cm) 177+7.9 172+7.0 .034
BMI 27.2+3.7 251+33 .058
Walking speed
Self-paced 0.85+0.37 1.45+0.18 .000
Fixed-speed 50% 0.74 +£0.09 116"
iSCl characteristics
AlS (C/D) 2/26
Level of injury Thoracic 5 [Cervical 1-Lumbar 4]
Time post injury (month) 23 [6-212]
Cause (traumatic/non-traumatic) 3/25
FAC (3/4/5) 1/5/22

BMI = Body Mass Index; AIS = American spinal injury association Impairment Scale; FAC = Functional Ambulation
Categories. * Indicates the comparison between healthy controls walking in the fixed-speed 50% condition and
people with iSCI walking in the self-paced condition.
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Foot placement deviation

The actual ML foot placements and predicted ML foot placements of a representative
participant from both groups are shown in Figure 1. At group level, foot placement deviation
of people with iSCI walking in the self-paced condition was higher compared to healthy
controls independent of walking speed (SP: t(45) = 5.21, p < .001; FS50: t(45) = 4.06, p < .001;
Figure 2A, Table 2). Participants with iSCI exhibited 0.40 cm (51%) and 0.33 cm (38%) higher
foot placement deviation compared to healthy controls walking in the self-paced and the
FS50 condition, respectively. No significant difference in foot placement deviation was found
between healthy controls walking in the self-paced and the FS50 condition (z = 2.01, p = .044).

Table 2 Foot placement deviation (RMSE), foot placement adherence (R?), standard deviation (SD)
of the actual foot placement, and step width in people with incomplete spinal cord injury (iSCI) and
healthy controls (HC) walking in the self-paced (SP) or fixed-speed 50% (FS50) condition (mean +
SD or median [range])

iSCI SP HC SP HC FS50
Foot placement deviation (cm) 1.19+0.30 "1 0.79+0.18 0.86+0.22
Foot placement adherence 0.85[0.18-0.91] * 0.90[0.78-0.94] * 0.78 [0.50-0.95]
SD actual foot placement (cm) 2.78 +0.88 * 237+051%F 1.90 £ 0.62
Step width (cm) 18.17+5.65 "1 12.59 +2.65 11.44+2.73

Footnotes indicate significant differences (p <.017) between iSCI SP and HC SP (*), iSCI SP and HC FS50 (t), and HC
SP and HC FS50 ().

Foot placement adherence

All participants except one iSCI participant showed substantial foot placement adherence (R?
> 0.26). At group level, foot placement adherence of people with iSCI was lower compared to
healthy controls walking in the self-paced condition (z = 3.62, p <.001; Figure 2B, Table 2), but
there was no longer a significant difference when people with iSCl were compared to controls
in the FS50 condition (z =-1.19, p =.233). In addition, foot placement adherence was lower in
healthy controls walking in the FS50 condition compared to walking in the self-paced condition
(z=-3.67, p <.001).

Foot placement variability

No significant difference in the SD of actual foot placement was found between people with
iSCI and healthy controls walking in the self-paced condition (t(44.0) = 1.99, p = .053; Figure
3A, Table 2). When compared to healthy controls walking in the FS50 condition, participants
with iSCI exhibited 0.88 cm (46%) higher SD of actual foot placement (t(45) = 3.74, p < .001).
Moreover, healthy controls walking in the self-paced condition exhibited 0.47 cm (25%) higher
SD of actual foot placement compared to walking in the FS50 condition (t(18) = 4.18, p <.001).
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Figure 2 Raincloud plots of foot placement deviation (RMSE) (A) and foot placement adherence
(R?) (B) of people with incomplete spinal cord injury (iSCl) and healthy controls (HC) walking in the
self-paced (SP) or fixed-speed 50% (FS50) condition. Dots represent the individual data points and
bars the mean * standard deviation (panel A) or median and 25th and 75th percentile (panel B). *
p <.017.

Step width

Step width of people with iSCI was higher compared to healthy controls independent of
walking speed (SP: t(40.9) = 5.45, p < .001; FS50: t(41.4) = 5.44, p < .001; Figure 3B, Table 2).
Participants with iSCl walked with 5.59 cm (44%) and 6.73 cm (59%) wider steps compared to
healthy controls walking in the self-paced and the FS50 condition, respectively. No significant
difference in step width was found between healthy controls walking in the self-paced
condition and the FS50 condition (t(18) = 2.33, p =.032).

Discussion

In the current study, we found that — independent of walking speed — the accuracy of the ML
foot placement strategy during walking in people with iSCI was reduced compared to healthy
controls.

Foot placement deviation

Congruent with our hypothesis, people with iSCI showed significantly higher foot placement
deviation compared to healthy controls, indicating an impaired ML foot placement strategy.
This finding is in line with the results of Cornwell et al.® and Day et al.,* who found indications
of a weaker coordination between COM state and lateral foot placement in individuals with
iSCI. An impaired ML foot placement strategy in people with iSCl could be explained by
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Figure 3 Raincloud plots of the standard deviation (SD) of the actual foot placement (A) and step
width (B) of people with incomplete spinal cord injury (iSCI) and healthy controls (HC) walking in the
self-paced (SP) or fixed-speed 50% (FS50) condition. Dots represent the individual data points and
bars the mean + standard deviation. * p <.017.

two important underlying mechanisms. The first mechanism is the impaired proprioceptive
information from body structures below the lesion level® that could impede the estimation
of the COM state and the spatial location of the feet. Indeed, changes in ML foot placement
during walking have been observed in healthy subjects when proprioceptive information from
muscle spindles was manipulated through muscle vibration.? The second mechanism is the
decreased muscle coordination in people with iSCI,* which affects the ability to control the
swing leg and therefore limits the coordination of foot placement. In line with this notion,
previous research observed a smaller magnitude of soleus activation in the swing leg after
slip perturbations in people with iSClI compared to healthy controls,” implying impaired
muscle control in balance-challenging conditions. Moreover, decreased coordination of foot
placement has been observed in people with stroke performing a hip abduction tracking
task,*® suggesting that reduced control of the swing leg may limit coordination between COM
movement and foot placement. With the current study, we cannot determine to what extent
impaired proprioceptive information and/or decreased muscle coordination underly the
impaired foot placement strategy in people with iSCI. Therefore, future research should focus
on disentangling the role of both mechanisms on the foot placement strategy, which can help
design and optimize interventions for people with iSCI. Nevertheless, current interventions
could focus on provoking more lateral COM excursion and velocity to specifically train the
coordination between COM kinematics and ML foot placement. Examples of such interventions
are perturbation-based balance training®” or walking adaptability training.®®
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Foot placement adherence and variability

All participants except one participant with iSCI showed substantial adherence to the foot
placement strategy, indicating that both people with iSCI and healthy controls use the foot
placement strategy during walking. People with iSCI had significantly lower foot placement
adherence compared to healthy controls walking at a self-paced speed. However, when
corrected for walking speed, the significant group difference in foot placement adherence
disappeared. It should be acknowledged that foot placement adherence is influenced by the
within-subject SD of actual foot placement, i.e., a larger SD of actual foot placement results in
larger foot placement adherence. In line with previous research,* participants with iSCI walking
at a self-paced speed showed a significantly larger SD of actual foot placement compared to
healthy controls walking at 50% of their preferred speed (see Figures 1 and 3). As a result, a
valid comparison of foot placement adherence between both groups is hard to make.

Step width

Participants with iSCI had a larger step width compared to healthy controls. Increased step
width has previously been linked to instability during walking.3>*® Healthy subjects increased
step width when perturbed in the ML direction® or while walking on a destabilizing surface.*
In contrast, individuals with iSCI decreased step width when walking stability was increased
by external lateral stabilization.® Moreover, healthy subjects decreased modulation of foot
placement based on the COM state in response to an increased (imposed) step width.** These
results suggest that wider steps increase postural stability and therefore reduce the demand
for accurate foot placement modulation. Therefore, it is likely that people with iSCl increased
their step width to improve postural stability, thereby compensating for a decreased foot
placement strategy.

Effect of walking speed

The walking speed of the participants with iSCI was significantly lower compared to healthy
controls walking in the self-paced condition. Therefore, an effect of walking speed on the foot
placement strategy should be considered. Healthy controls showed similar foot placement
deviation while walking at 50% of their preferred walking speed compared to walking at a
self-paced (preferred) speed, suggesting no effect of walking speed on the ML foot placement
strategy. In the literature, conflicting results regarding the effect of walking speed on the ML
foot placement strategy have been reported. Wang and Srinivasan®® found no effect of walking
speed on the prediction of ML foot placement based on the upper body state. Likewise,
Stimpson et al.** observed that speed-dependent differences in the ML foot placement strategy
largely disappeared at the end of a step. In contrast, Cornwell et al.® and van Leeuwen et al.*®
found a stronger correlation between COM state and ML foot placement at fast walking speeds.
Of note, all studies assessed foot placement adherence (R?) to evaluate the foot placement
strategy. As mentioned before, foot placement adherence is influenced by the within-subject SD
of actual foot placement. Because this latter parameter increases at faster walking speeds,®14?
the effect of walking speed on foot placement adherence is hard to extrapolate.
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Limitations

Participants with iSCI were included if they were able to walk in a self-paced mode on the
GRAIL without using the handrails. This resulted in a group of individuals who were mild to
moderately affected. Therefore, the results cannot be generalized to all individuals with iSCI.
As a higher impairment level in iSCI potentially affects their sensorimotor control more, it can
be expected that the ML foot placement strategy is more severely impaired in individuals with
a higher impairment level. Further research is necessary to evaluate the relation between the
ML foot placement strategy and the level of impairment in people with iSCI.

Healthy controls walking in the FS50 condition exhibited 0.47 cm lower SD of actual foot
placement compared to walking in the self-paced condition. This decrease in SD of actual foot
placement when walking in the FS50 condition could be the result of a difference in treadmill
mode (i.e., fixed speed versus self-paced). Yet, Sloot et al.?* showed that step width variability
increased with only 1 mm when walking in a fixed speed mode compared to a self-paced
mode. Therefore, we anticipate that the treadmill mode itself had only little effect on the SD
of actual foot placement.

Finally, the healthy controls in this study were not sex- or age-matched to the participants
with iSCI. Nevertheless, we aimed to include healthy controls in a similar age category as the
majority of people with iSCI (age > 45 years).* Furthermore, we found no significant difference
in age and sex between both groups.

Conclusion

This study found a higher foot placement deviation in people with iSCl compared to healthy
controls independent of walking speed, indicative of an impaired ML foot placement
strategy. Moreover, our results suggested that people with iSCI tended to compensate for
this decreased foot placement strategy by increasing their step width. Future research should
focus on improving the foot placement strategy by targeted balance training.
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Abstract

Background

Despite the absence of somatosensory information from the lower extremities, people with
complete spinal cord injury (SCl) can maintain postural stability in an exoskeleton. This is partly
because humans are able to reweigh the relative dependence on each of the senses. However,
when the sensory environment is changed, people with complete SCI are limited in their
ability to reweigh their sensory organization towards more dependence on somatosensory
information. The aim of this study was to investigate the effect of limited visual and/or auditory
information on exoskeleton performance in people with complete SCI.

Methods

Three experienced exoskeleton users performed twelve walking trials in the ReWalk
Exoskeleton. In each trial, the presence or absence of visual and/or auditory information was
varied. Exoskeleton performance was operationalized as the walking distance covered and the
amount of crutch loading.

Results

In one participant, the distance covered decreased when visual information was limited. The
other two participants did not show substantial differences in distance covered between
sensory conditions. Two participants decreased crutch loading when visual information was
restricted, and one participant decreased crutch loading when auditory information was
limited.

Conclusion

The current study suggests a limited influence of the presence or absence of visual and auditory
information on the distance covered in people with complete SCI walking in an exoskeleton.
Interestingly, crutch loading seemed to decrease rather than increase when visual or auditory
information was limited.



The effect of limited sensory information

Background

People with complete spinal cord injury (SCI) lack motor function below their lesion level
and are, thus, wheelchair dependent. In recent years, wearable exoskeletons have emerged
as potential mobility devices for this population. They enable people with complete SCI to
support their standing and walking ability in and outside the clinical setting.?

Although exoskeletons generate the basic motions for ambulation (i.e., standing, walking, sit
to stand transfers), postural stability must be maintained by the user. Postural stability, also
referred to as ‘balance’, is the ability to control the body’s center of mass in relation to the
base of support.® It is a complex task derived from the interaction of multiple sensorimotor
processes.* In people with complete paraplegic SCI, the disruption of the sensorimotor
loop results not only in a lack of motor function but also in the absence of somatosensory
information coming from the lower extremities. As somatosensory perception is essential
for postural stability,® the ability of people with complete SCI to maintain postural stability
is affected.® Hence, maintaining balance in an exoskeleton is demanding and crutches are
necessary.

Nevertheless, people with complete SCI can successfully stand and walk in an exoskeleton
despite the absence of somatosensory information. This is partly because humans are able
to reweigh the relative dependence on each of the senses when the sensory environment is
changed®’ or one of the senses is affected.®*3 As people with SCI miss important somatosensory
information, they need a higher contribution of visual input to maintain postural stability
compared to healthy subjects.®° Moreover, experienced exoskeleton users with complete SCI
indicated that the sound of the exoskeleton was helpful during training.®**

Due to the absence of somatosensation, people with complete SCl are limited in their ability to
reweigh their sensory organization towards more dependence on somatosensory information
when the sensory environment is changed. Therefore, it was hypothesized that a reduction of
sensory information would affect exoskeleton performance in people with complete SCI. The
aim of this study was to investigate the effect of limited visual and/or auditory information
on exoskeleton performance in people with complete SCI. Exoskeleton performance was
operationalized as the walking distance covered and the amount of crutch loading. Limited
sensory information was expected to decrease walking distance covered and increase crutch
loading.

Methods

Participants

Participants were people with SCI that previously participated in the exoskeleton training
program of the Sint Maartenskliniek (i.e., twenty-four training sessions of 1.5-hour over an
eight-week period). Participants were included if they had 1) a motor complete SCI (American
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spinal injury association Impairment Scale (AIS) A or B), 2) an injury level between T1 and L1,
3) the ability to walk in the ReWalk Exoskeleton without assistance of a physiotherapist, and
4) age > 18 years old. Participants were excluded if they had visual or auditory problems that
could not be resolved with glasses or a hearing device. The study was approved by the regional
medical ethics committee of Arnhem-Nijmegen (2020-6868). All participants provided written
informed consent under the Declaration of Helsinki.

Exoskeleton performance

The ReWalk Exoskeleton (ReWalk™; Argo Medical Technologies, Inc, Marlborough, MA, USA)
has a fixed preset step length and step duration. However, the distance covered within a certain
time may be affected by involuntary stops due to incorrect exoskeleton use (i.e., insufficient
weight shift during the loading response causing high resistance during the initial swing and
subsequently interruption of gait). Exoskeleton performance can therefore be quantified as
the walking distance covered within a fixed time frame.* Moreover, the performance level of
participants using an exoskeleton has been associated with the amount of ground reaction
force underneath the feet.” Lower ground reaction forces in less-skilled participants were
attributed to higher crutch loading, presumably to increase postural stability. This was also
observed in elderly people using walkers,’* who increased their leaning onto the walker
to move the combined center of pressure (of the user and the walker) forward within the
(enlarged) base of support to improve postural stability. Therefore, in this study, exoskeleton
performance was evaluated both with walking distance covered and crutch loading (i.e., the
amount of force applied onto the crutches).

Instrumented crutches

Two forearm crutches were instrumented with a 6-component force-torque sensor (Sensix,
Biopdle, France). The force-torque sensors were each connected to a 16-Bit A/D converter
(USB-1608FS, Measurement Computing Corporation, Norton, MA, USA). The A/D converters
were synchronized to provide simultaneous sampling at 100 Hz. In addition, the A/D converters
were connected to a laptop for data storage.

Protocol

Participants performed twelve walking trials in the ReWalk. They walked without human
assistance, but for safety reasons, a physiotherapist walked behind them to provide support
when necessary. Each trial consisted of straight walking for 50 seconds. During the trials, the
presence or absence of visual and auditory information varied. A headphone playing white noise
was used to limit auditory information and a dribble goggle, blocking downward vision, was used
to limit visual information from the exoskeleton and the lower limbs. In total, there were four
sensory conditions, i.e., visual and auditory information available (Control); auditory and limited
visual information available (LV); visual and limited auditory information available (LA); and
limited visual and limited auditory information available (LV&LA). Each sensory condition was
repeated three times and the order of conditions was based on block randomization (3 blocks).
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Data analysis

The walking distance covered was defined as the distance between the rear heel in the starting
position and after 50 seconds. Force data were processed using Matlab (R2019b, MathWorks).
For each trial, a zero adjustment for each crutch was automatically performed. The algorithm
determined consecutive time frames when a crutch was unloaded (i.e., no force applied on
the crutch) and removed the first and last 10% of each period. Subsequently, the mean value
during these time periods was used as the offset to perform the zero adjustment. Force data
were filtered with a 4th order zero-phase low-pass Butterworth filter with a cut-off frequency
of 10 Hz. The total force was obtained from the summation of the force on both crutches.
A step was defined as the period where the total force was above 20 N. The first and last
two steps and involuntary stops were excluded from the analysis. Thereafter, the mean force
per step was determined and normalized to the percentage of body weight (% BW) for each
participant.

Statistical analysis

The walking distance covered was analyzed with descriptive statistics. Differences in the mean
force applied on the crutches between steps were analyzed using a two-way independent
ANOVA for each participant (a = 0.05), with the availability of visual information and the
availability of auditory information as independent variables.

Results

Participants

Three participants were included in the study. Participant 3 performed only 1 block (4 trials)
due to fatigue. Individual participant characteristics are reported in Table 1. All participants
had complete paraplegia with injury onset ranging from 11 to 30 years ago.

Distance covered

The walking distance covered in the different sensory conditions for all three participants is
shown in Figure 1. Participants 1 and 3 did not show substantial differences in walking distance
covered between the different sensory conditions, while in participant 2 it decreased in the
condition with limited visual information.

Crutch loading

The time course of the total force applied on both crutches of a single participant is shown
in Figure 2. The mean force applied on both crutches ranged from 10 to 50 % BW. The mean
force per step in the four sensory conditions for all three participants is shown in Figure 3.
For participant 1 there were no significant main or interaction effects. For participant 2, there
was a significant main effect for the presence of visual information (F(1,328) = 36.97, p < 0.01)
and the presence of auditory information (F(1,328) = 11.92, p < 0.01). The mean force on the
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crutches was higher in the conditions in which visual information was available (Control and
LA) compared to the conditions in which visual information was limited (LV and LV&LA). The
same effect was found for auditory information as the mean force on the crutches was higher
in the conditions in which auditory information was available (Control and LV) compared to
the conditions in which auditory information was limited (LA and LV&LA). For participant 3,
there was a significant main effect for the presence of visual information (F(1,126) = 7.35, p <
0.01). Specifically, the mean force on the crutches was higher in the conditions in which visual
information was available compared to the conditions in which visual information was limited.

Table 1 Participant characteristics

P1 P2 P3
Demographic
Sex M F M
Age (yr) 31 51 48
Weight (kg) 95 70 85
Height (cm) 183 180 193
Injury-related
AlS A A A
Level of injury T9 T6 T6
Time post injury (yr) 11 30 13

AIS = American spinal injury association Impairment Scale; T = thoracic vertebral level.

Discussion

This study investigated the effect of limited visual and/or auditory information on exoskeleton
performance in people with complete SCI. Exoskeleton performance was operationalized as the
walking distance covered and the amount of crutch loading. Two out of three participants did
not show considerable changes in the walking distance covered when visual and/or auditory
information was limited. In the other participant, the walking distance covered decreased
when visual information was restricted. With respect to crutch loading, two participants
decreased loading when visual information was limited, and one participant decreased crutch
loading when auditory information was limited.

Distance covered

To maintain balance, humans can rely on somatosensory, visual, and vestibular information.®
People with complete SClindicated thattheyalso used the rhythmic sounds of the exoskeleton as
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Figure 1 Walking distance covered in 50 seconds in the four sensory conditions, i.e., auditory and
visual information available (Control), auditory and limited visual information available (LV), visual
and limited auditory information available (LA), and limited visual and limited auditory information
available (LV&LA). Dots represent a single trial.

a source of information to maintain balance.® As people with SCI miss important somatosensory
information, they need a higher contribution of visual®° and auditory® information to maintain
postural stability. Therefore, it was expected that a reduction of sensory information would
significantly affect the distance covered when walkingin an exoskeleton. Surprisingly, our results
suggest a limited influence of visual and auditory deprivation. This implies that the available
somatosensation from segments above the spinal lesion (i.e., shoulders, arms, and partly the
trunk) and the vestibulum, remain the most important sources of information to maintain
balance. This is in line with healthy subjects who rely predominantly on somatosensory (70%)
and vestibular (20%) information for postural stability.>’
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Figure 2 Example of a recording of the total force applied on the crutches during walking expressed
as the percentage of body weight (% BW). The mean force per step was determined when the force
was higher than 20 N.

Crutch loading

Inaddition to the walking distance covered, crutch loading was used as a measure of exoskeleton
performance. Previous research found a lower amount of ground reaction force underneath
the feet in less-skilled exoskeleton users and suggested that more crutch loading was used
to increase postural stability.’> Thus, it was expected that limited sensory information would
result in increased crutch loading to achieve more postural stability. However, unexpectedly,
two out of three participants showed decreased crutch loading when visual or auditory
information was limited. A possible explanation of this decreased crutch loading might be
attributed to an impaired perception of body orientation (i.e., the perception of body parts
with respect to each other).

While using exoskeletons, the velocity-adjusted (or ‘extrapolated’) center of mass of the whole
system (user, exoskeleton, and crutches) is generally located closer to the posterior border of
the base of support, making users more prone to lose stability in the backward direction. When
visual and auditory information was available, participants were aware of arising backward
instability and presumably acted upon this by increasing the load on the crutches. On the
contrary, limited sensory information may have reduced the perception of body orientation,
resulting in a poorer estimation of the extrapolated center of mass with respect to the base
of support and therefore unawareness of increased instability in the backward direction.
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Figure 3 Raincloud plots of the mean force per step expressed as the percentage of body weight
(% BW), applied on the crutches in the four sensory conditions, i.e., auditory and visual information
available (Control), auditory and limited visual information available (LV), visual and limited auditory
information available (LA), and limited visual and limited auditory information available (LV&LA).
Dots represent the individual steps and bars the mean + standard deviation.
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Because the participants were unaware of increased instability in backward direction, they
presumably did not increase the load on the crutches. However, this poorer estimation of the
extrapolated center of mass appeared small enough not to significantly influence the walking
distance covered.

The decrease in crutch loading as a result of restricted visual information could also be
attributed to a change in posture. When visual information is available, exoskeleton users tend
to look downwards and bend more forward to visually monitor the spatial orientation of the
exoskeleton and their lower limbs. When visual information is limited, looking down becomes
ineffective and people may tend to optimize their remaining sensory input by walking more
upright. Finally, participants were aware that exoskeleton performance might be affected by
limiting visual and auditory information. Hence, they might have disproportionately focused
on their somatosensory information above the lesion when walking with restricted visual
and auditory information, causing an overperformance compared to the situation where all
sensory information was available.

Limitations

There are several limitations of this study. The sample size was small (n = 3), and all
participants had a high spinal lesion. Future research is necessary to learn if the results apply
to a larger population and whether lesion level is of influence. In addition, our participants
were all experienced exoskeleton users who may have learned to quickly reweigh their sensory
organization, but exoskeleton performance of unexperienced users may rely more on visual and
auditory information and less on somatosensory information above the lesion. Furthermore,
a physiotherapist was continuously walking behind the exoskeleton user to provide support
when necessary. This may have reduced the fear of falling causing less prominent effects of
limited sensory information.

Conclusion

The current study suggests a limited influence of the presence or absence of visual and auditory
information on distance covered in people with complete SCI walking in an exoskeleton.
Remarkably, crutch loading seemed to decrease rather than increase when visual or auditory
information was limited. However, more research is needed to learn if the results apply to a
larger population.



The effect of limited sensory information 93

References

10.

11.

12.
13.

14.

15.

16.

van Dijsseldonk RB, Rijken H, Nes IJW van, Meent H van de, Keijsers NLW. A framework for measuring the
progress in exoskeleton skills in people with complete spinal cord injury. Front Neurosci. 2017;11:1-12.

van Dijsseldonk RB, van Nes IJW, Geurts ACH, Keijsers NLW. Exoskeleton home and community use in people
with complete spinal cord injury. Sci Rep. 2020;10:1-8.

Shumway-Cook A, Woollacott MH. Motor Control: Translating Research Into Clinical Practice. Lippincott Williams
& Wilkins; 2007.

Horak FB, Macpherson JM. Postural orientation and equilibrium. In: Rowell LB, Stepherd JT, eds. Handbook of
Physiology: Section 12, Exercise Regulation and Integration of Multiple Systems. New York: Oxford University
Press; 1996:255-292.

Peterka RJ. Sensorimotor integration in human postural control. J Neurophysiol. 2002;88:1097-1118.

Muijzer-Witteveen H, Sibum N, van Dijsseldonk RB, Keijsers NLW, van Asseldonk E. Questionnaire results of

user experiences with wearable exoskeletons and their preferences for sensory feedback. J Neuroeng Rehabil.
2018;15:1-8.

Horak FB. Postural orientation and equilibrium: What do we need to know about neural control of balance to
prevent falls? Age Ageing. 2006;35:7—-11.

lonta S, Villiger M, Jutzeler CR, Freund P, Curt A, Gassert R. Spinal cord injury affects the interplay between visual
and sensorimotor representations of the body. Sci Rep. 2016;6.

Lee GE, Bae H, Yoon TS, Kim JS, Yi Tl, Park JS. Factors that influence quiet standing balance of patients with
incomplete cervical spinal cord injuries. Ann Rehabil Med. 2012;36:530-537.

Lemay JF, Gagnon D, Duclos C, Grangeon M, Gauthier C, Nadeau S. Influence of visual inputs on quasi-static
standing postural steadiness in individuals with spinal cord injury. Gait Posture. 2013;38:357-360.

Lin IS, Lai DM, Ding JJ, et al. Reweighting of the sensory inputs for postural control in patients with cervical
spondylotic myelopathy after surgery. J Neuroeng Rehabil. 2019;16:1-12.

Camicioli R, Panzer VP, Kaye J. Balance in the Healthy Elderly. Arch Neurol. 1997;54:976-981.

Bonan I V., Marquer A, Eskiizmirliler S, Yelnik AP, Vidal PP. Sensory reweighting in controls and stroke patients.
Clinical Neurophysiology. 2013;124:713-722.

Gagnon DH, Vermette M, Duclos C, Aubertin-Leheudre M, Ahmed S, Kairy D. Satisfaction and perceptions of
long-term manual wheelchair users with a spinal cord injury upon completion of a locomotor training program
with an overground robotic exoskeleton. Disabil Rehabil Assist Technol. 2019;14:138-145.

Fineberg DB, Asselin P, Harel NY, et al. Vertical ground reaction force-based analysis of powered exoskeleton-
assisted walking in persons with motor-complete paraplegia. Journal of Spinal Cord Medicine. 2013;36:313-321.
Costamagna E, Thies SB, Kenney LPJ, et al. Objective measures of rollator user stability and device loading during
different walking scenarios. PLoS One. 2019;14:1-13.






o
7
Chapter 6

Sensory substitution in exoskeletons
for people with motor

complete spinal cord injury:

Should we implement

vibrotactile feedback?

Eline Zwijgers

Joan Lobo-Prat
Patrick P.S.J. Koomen
llse JW. van Nes
Alexander C.H. Geurts
Katlin Kreamer-Tonin
Noél LW. Keijsers

Submitted



96

Chapter 6

Abstract

Background

Over the past decade, wearable exoskeletons have emerged as promising powered assistive
devices for individuals with motor complete spinal cord injury (SCI). Yet, exoskeleton motor
learning and motor control are challenging, notably due to somatosensory loss below the injury
level. The objective of this study was to investigate the impact of discrete vibrotactile feedback
related to weight shift and step initiation on exoskeleton motor learning and motor control
under both normal and sensory-deprived conditions in individuals with motor complete SCI.

Methods

Individuals with motor complete SCI underwent five training sessions and one evaluation
session with the ABLE Exoskeleton. After the first introductory training session, two training
sessions included feedback, and two were without. Progress during the training sessions was
assessed with three 50-second walking trials without feedback. In the evaluation session,
participants completed 24 50-second walking trials in four sensory conditions: 1) control,
2) limited visual, 3) limited auditory, and 4) limited visual and auditory. Half of these trials
included feedback. The primary outcome measure was walking distance covered. Secondary
measures focused on the center of mass trajectory in the double support phase: 1) reach
path ratio and 2) reach time. User experience with vibrotactile feedback was assessed through
questionnaires.

Results

Participants increased their walking distance by an average of 27% during the training
sessions. Five out of six participants showed no clear indication of larger improvements during
training with vibrotactile feedback compared to training without feedback. Furthermore, no
clear discernible effect of vibrotactile feedback was observed in three out of the four sensory
conditions. Only in the limited auditory condition, four out of six participants demonstrated
a meaningful improvement on two or more outcome measures with vibrotactile feedback.
The questionnaires indicated that most participants found the vibrotactile feedback beneficial
during their training.

Conclusion

Discrete vibrotactile feedback related to weight shift and step initiation may not significantly
enhance exoskeleton motor learning or motor control in individuals with motor complete SCI.
However, individuals with motor complete SCI were generally positive about the vibrotactile
feedback, particularly regarding its use during the training phase.
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Background

Motor complete spinal cord injury (SCI) leads to a loss of motor, sensory, and autonomic
functions below the injury level, resulting in lower-limb paralysis and subsequent reliance on
wheelchair mobility. Over the past decade, wearable exoskeletons have emerged as promising
powered assistive devices for this population, offering the ability to stand and walk, both
within the clinical setting and in daily life.X” However, individuals with motor complete SCI
require an intensive training period to effectively control an exoskeleton?®® and, even after
training, walking with an exoskeleton remains a challenging task.

The challenge in exoskeleton motor learning and motor control lies in maintaining dynamic
stability. While exoskeletons compensate for compromised leg motor control, most cannot
respond to postural instability, thus requiring users to rely on additional support such as
crutches or a walker.21® Moreover, maintaining dynamic stability relies on processing sensory
input from the visual, vestibular, and somatosensory systems.!! Yet, individuals with motor
complete SCI experience partial to complete loss of somatosensory information below the
injury level, which complicates balance maintenance. Additionally, the loss of somatosensory
information may intensify reliance on other sensory modalities, such as visual inputs!*** or
auditory cues from the exoskeleton.’>*® In noisy or busy environments, visual and/or auditory
information may not be readily available, presenting additional challenges for exoskeleton
walking.

When sensory information from a specific system is lost, one potential solution is to
compensate for this loss by providing extrinsic feedback through another sensory modality, a
concept known as sensory substitution. Sensory substitution has been the subject of extensive
investigation among diverse patient groups who miss essential sensory information aiming at
improving motor control. For instance, studies have demonstrated that vibrotactile feedback
can enhance motor control in users of leg prostheses'’*® and arm prostheses.*® Furthermore,
individuals with severe vestibular deficits showed improved balance control when provided
with extrinsic feedback in the form of vibrotactile, visual, or auditory cues.?>% Individuals
with motor incomplete SCI experienced improved posture and reduced dependency on visual
input in the presence of electrotactile feedback.?® Similarly, individuals with motor incomplete
SCI performed a more efficient spatiotemporal gait pattern when extrinsic feedback was
provided.?” Therefore, it has been hypothesized that sensory substitution could enhance
exoskeleton motor control in individuals with motor complete SCI.2¢ Additionally, extrinsic
feedback has been recognized as a significant contributor to motor learning,?®-*? suggesting that
the incorporation of sensory substitution could also enhance motor learning in exoskeletons.

When implementing sensory substitution into exoskeleton walking, the selection of the type of
extrinsic feedback is paramount. A gqualitative study® highlighted that individuals with motor
complete SCI considered feedback of mediolateral (ML) and anteroposterior (AP) weight shift
and step initiation as potentially beneficial. Furthermore, preferences leaned towards the

97




98

Chapter 6

use of vibrotactile feedback over auditory and visual cues, as well as discrete feedback over
continuous feedback.

The primary objective of this study was to investigate the impact of providing discrete
vibrotactile feedback related to weight shift and step initiation on exoskeleton use in individuals
with motor complete SCI. Our specific objectives were to evaluate the impact of vibrotactile
feedback on two key aspects: 1) exoskeleton motor learning, and 2) exoskeleton motor control
under both normal and sensory-deprived conditions. We incorporated sensory-deprived
conditions to enhance the difficulty of exoskeleton walking by limiting the sensory inputs that
participants typically rely on. Furthermore, we assessed the user experience with vibrotactile
feedback during exoskeleton walking. Based on the proven effectiveness of extrinsic feedback
on motor learning?3* and motor control,*”*” we hypothesized that providing vibrotactile
feedback would enhance exoskeleton motor learning and motor control in individuals with
motor complete SCI.

Methods

The study was conducted at the Sint Maartenskliniek (the Netherlands) and received ethical
approval from both the regional medical ethics committee Oost-Nederland (NL82999.091.22)
and the internal review board of the Sint Maartenskliniek. Prior to participation, all individuals
provided written informed consent in accordance with the Declaration of Helsinki.

The exoskeleton and vibrotactile feedback

In this study, we used the ABLE Exoskeleton (ABLE Human Motion, Barcelona, Spain), a
wearable powered lower-limb exoskeleton.®* To initiate a step with this exoskeleton, users
must shift their center of mass (COM) from the trailing leg to the leading leg in both AP and
ML directions during the double-support phase. A step is triggered once predetermined
thresholds for AP and ML are exceeded.

Participants wore a vibrotactile feedback belt around their chest to receive real-time feedback
during the double-support phase. This belt includes three tactors positioned on the sternum
and beneath the right and left armpits. Each tactor has a dimension of 70 by 50 mm and
encapsulates a vibration motor (VZ6DL2B0055211, Viybronics Inc., China), providing vibration
with an acceleration of 22 m/s? at a frequency of 55 Hz. During the double-support phase,
when the COM exceeds the AP threshold, the sternum tactor initiates vibrating. Similarly, when
the COM exceeds the ML threshold, the corresponding tactor under the armpit is activated.
When a step is initiated, the tactors cease vibrating. See Figure 1 for a visual representation of
the vibrotactile feedback belt and the activation pattern.

Participants

The participants in this study had previously taken part in the ReWalk Exoskeleton training
program at the Sint Maartenskliniek, conducted from 2016 to 2019.2 We targeted individuals
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Figure 1 Vibrotactile feedback belt. Left: A schematic depiction of the user wearing the vibrotactile
feedback belt. Right: A schematic representation of the vibrotactile feedback belt, consisting of
three tactors (vibrating motors) with one positioned on the sternum and two beneath the armpits,
along with an overview of the belt activation pattern. When the center of mass (COM) exceeds the
anteroposterior threshold, the sternum-based tactor initiates vibrations. Similarly, when the COM
exceeds the mediolateral threshold, the corresponding tactor beneath the armpit is activated. Once
the COM has exceeded both thresholds, a step is initiated, and both tactors cease vibrating.

with prior experience using a different exoskeleton to focus on improving walking skills.
Typically, exoskeleton training begins with standing skills and progresses to walking skills.?
Given the presumed transferability of standing skills across various exoskeletons, including
participants with previous experience using a different exoskeleton enabled us to bypass the
initial standing skill acquisition. With the distinctive control mechanisms for walking between
the ReWalk Exoskeleton, where the device continues stepping upon initiating a stop, and the
ABLE Exoskeleton, where users must initiate each step individually, we anticipated limited
transference of walking skills across these devices.

The inclusion criteria for the present study were: 1) being diagnosed with motor complete
spinal cord injury from a traumatic or non-traumatic non-progressive origin (American spinal
injury association Impairment Scale (AIS) A or B), 2) minimally six months post injury, 3) prior
experience with the ReWalk Exoskeleton (ReWalk Robotics, Marlborough, USA) demonstrating
the ability to walk independently in the ReWalk Exoskeleton, 4) age > 18 years. Exclusion
criteria were: 1) pre-existing somatosensory problems, 2) visual or auditory issues that could
not be corrected with glasses or a hearing device, 3) no sensation at the level of the tactors,
4) insufficient understanding or mastery of the Dutch language, and 5) contraindications
related to the ABLE Exoskeleton, such as severe spasticity (Modified Ashworth Scale = 4),
height > 190 cm or < 150 cm, body weight > 100 kg, orthostatic hypotension, or restricted

99




100 Chapter 6

range of motion in the lower extremities that might interfere with ‘normal gait’. Participant
characteristics, including demographic and injury-related data, were registered at the time
of inclusion. Demographic characteristics included sex, age, weight, and height, while injury-
related characteristics included the AlS classification, level and cause of injury, and time post
injury.

Protocol

The study protocol included six sessions of 90 minutes spread over three weeks (two sessions
per week with a minimum of 24 hours between sessions). All sessions were supervised by a
physiotherapist certified to use the ABLE Exoskeleton, and took place in the sports hall of the
Sint Maartenskliniek. The first five sessions were dedicated to training to assess the effect of
vibrotactile feedback on exoskeleton motor learning (i.e., training sessions). The last session
assessed the effect of vibrotactile feedback on exoskeleton motor control (i.e., evaluation
session). See Appendix 1 for a schematic overview of the study design.

Training sessions

The goal of the training sessions was to enable participants to independently walk with the
exoskeleton. The first session served as an introductory phase, involving customization of the
exoskeleton to each user’s body characteristics (i.e., height, weight, limb length) and their
initial experience of standing up and taking steps with it. In this session, physiotherapists had
the option to adjust the predetermined thresholds for AP and ML COM movements to initiate
a step, if deemed necessary. This introductory session did not yet involve vibrotactile feedback.

During the subsequent four training sessions, we implemented a structured approach
that alternated between sessions with feedback (FB) and sessions with no feedback (NFB).
Participants were divided into two groups: one group received vibrotactile feedback in the
second and fourth sessions (sequence: NFB — FB — NFB — FB — NFB), whereas the other group
received vibrotactile feedback in the third and fifth sessions (sequence: NFB — NFB — FB —
NFB — FB). This approach was adopted to mitigate the impact of a non-linear learning curve.?
Therapists were permitted to give verbal instructions to the participants, as this is a common
practice during exoskeleton training, but were instructed to provide approximately the same
amount of verbal content across all training sessions.

At the start of sessions two to six, a standardized assessment was conducted to evaluate the
participants’ progress with the exoskeleton. This assessment involved three walking trials
with the exoskeleton, without vibrotactile feedback. Each trial consisted of straight walking
for a duration of 50 seconds. Participants commenced each trial in a parallel stance and were
instructed to initiate a first step when the timer began. They were then directed to stop walking
after a duration of 50 seconds by refraining from initiating a subsequent step. To ensure safety,
the physiotherapist stood nearby, but refrained from direct assistance or verbal instructions.
Prior to the assessments, participants received five minutes of practice.
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Evaluation session

The sixth session was a final evaluation session, comprising 24 walking trials divided into three
blocks of eight trials. In each walking trial, participants walked straight for a duration of 50
seconds, similar as described before.

Within each block, participants were tested in four distinct sensory conditions: 1) the control
condition, 2) the limited visual condition, 3) the limited auditory condition, and 4) the limited
visual and auditory condition. To limit visual information, participants wore dribble goggles
that restricted their downward-oriented vision of their legs and the exoskeleton. For auditory
restriction, participants wore headphones that played white noise. Each sensory condition was
repeated twice within a block, once with vibrotactile feedback and once without. The order of
the sensory conditions and the presence or absence of feedback were randomized according
to a specific randomization protocol designed to mitigate the potential impact of fatigue (see
Appendix 2).

Outcome measures

Exoskeleton performance

The primary outcome measure was walking distance covered during a 50-second walking trial,
defined as the distance between the starting heel position and the trailing heel position after
the 50-second interval.

For a more detailed analysis of exoskeleton control, we included two secondary outcome
measures related to the COM-trajectory in the double support phase: 1) the reach path ratio,
and 2) the reach time. The COM trajectories were extracted from the ABLE Exoskeleton. The
reach path ratio for each step was determined by dividing the total distance covered by the
COM during the double-support phase by the length of a direct path from the COM position at
the onset of the double-support phase to the COM position at the end of that phase. A reach
path ratio equal to one represents a straight path, while a ratio greater than one represents a
more curved path. The reach time represents the time spent in double-support phase. A lower
reach path ratio and time was considered indicative of better exoskeleton control.

User experience

To assess user experience with the vibrotactile feedback, we administered three questionnaires
immediately after the final session, focusing on the system’s usability and user satisfaction.
The first questionnaire was customized to assess the specific user experience with the system,
considering key aspects related to exoskeleton motor learning and motor control. This
guestionnaire comprised five visual analogue questions employing a 5-point scale, ranging
from ‘strongly disagree’ to ‘strongly agree’ (see top panel of Figure 7A).
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The second guestionnaire was the Dutch version of the Quebec User Evaluation of Satisfaction
with assistive Technology (D-QUEST), only including the eight items related to user satisfaction
with the assistive device.®* Ratings are assigned on a scale of one to five, with higher scores
indicating greater satisfaction. The third questionnaire was the Dutch System Usability Scale
(D-SUS).* This scale ranges from 0 to 100, with scores above 70 being considered acceptable
usability.®

Analysis

Training
To assess participants’ activities during the training sessions, we extracted data from the ABLE

Exoskeleton on two key metrics: the percentage of time spent walking out of the total upright
time and the number of steps taken during a session.

Effect of vibrotactile feedback on exoskeleton motor learning

To evaluate the effect of vibrotactile feedback on exoskeleton motor learning, we used
descriptive statistics. Specifically, we calculated the changes (delta values) in walking distance,
reach path ratio, and reach time between subsequent sessions. For walking distance, we
averaged the results of the three trials conducted within each session. As for the reach path
ratio and reach time, we determined the median values across all steps taken during the
three trials within a session, given that both outcomes displayed non-normal distributions.
To mitigate the influence of start and stop phases in each trial, we excluded the first double-
support phase following the first step and the last double-support phase before the last step
of each 50-second walking trial. To assess the effect of vibrotactile feedback on exoskeleton
motor learning, we compared the delta values between sessions with feedback and those
without feedback. We considered a positive effect of vibrotactile feedback when both sessions
with feedback demonstrated a larger delta compared to both sessions without it. Conversely,
we considered a negative effect of vibrotactile feedback when both sessions without feedback
showed a larger delta compared to both sessions with feedback.

Effect of vibrotactile feedback on exoskeleton motor control

We conducted a descriptive comparative analysis of walking distance, reach path ratio, and
reach time across the four distinct sensory conditions, comparing the presence and absence
of vibrotactile feedback. Walking distances were averaged across trials with identical sensory
conditions and feedback presence. For the reach path ratio and reach time, we computed the
median values across all steps within trials with identical sensory conditions and feedback
presence. Again, we excluded the initial and final double-support phases of each trial. We
considered a change to be meaningful if the difference between the sensory condition with
feedback and the same condition without feedback exceeded 10% of the mean value across
all participants in each condition. In the case of the reach path ratio, we subtracted one to
account for the lowest possible score.
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Results

Participants

Participant enrollment commenced January 2023, and the last participant completed the
study protocol in June 2023. In total, seven participants were included, whose characteristics
are presented in Table 1. Participant 4 was excluded from the training data analysis due to an
iliness that prevented him from participating for more than two weeks between sessions 4
and 5. Therefore, data from six participants (participants 1, 2, 3, 5, 6, 7) were analyzed for the
training phase. Additionally, participant 5 was excluded from the evaluation data analysis due
to exoskeleton motor overheating issues, resulting in analysis of six participants (participants
1, 2,3, 4,6, 7) for the evaluation phase. Three out of six participants were unable to complete
the full 24 trials during the evaluation session due to fatigue. Specifically, participants 2, 4, and
6 completed trials up to the 20", 18", and 16™, respectively.

Table 1 Participant characteristics

P1 P2 P3 P4 P5 P6 P7
Demographic
Sex F F M M M M F
Age (yr) 47 33 30 33 31 47 55
Weight (kg) 52 75 62 70 77 86 60
Height (cm) 164 180 176 180 186 186 167
Injury-related
AlS A A B! A A A A
Level of injury T9 T4 T4 T12 T5 T12 T4
Time post injury (yr) 23 7 14 7 6 13 12
Cause TR TR TR TR TR TR TR

! Pain and touch sensation absent from thoracic vertebral level (T) 7 to sacral vertebral level 3. AIS =

American spinal injury association Impairment Scale; TR = Traumatic.

Training

During training sessions two to five, participants spent an average of 58 + 13 minutes upright
in the exoskeleton, with 36 + 10% of this time walking (Figure 2A), taking an average of 450
237 steps (Figure 2B). Participants 2 and 6 demonstrated trends of increased walking distances
during the 50-second walking trials, with respective increases of 47% and 84% from session 2 to
session 6, as illustrated in Figure 3A. In contrast, the remaining four participants demonstrated
limited or negligible progress in walking distance throughout the training sessions (-1 — 16%).
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Figure 2 Training session (S) characteristics for each participant (P). A Walking ratio defined as
walking time divided by walking and standing time. B Number of steps.

Improvements in reach path ratio and reach time during the training sessions were also limited
or negligible across participants (Figure 4A and 5A, respectively). However, it should be noted
that the majority of participants already had a reach path ratio close to one during session 2,
indicating limited room for further improvement.

Effect of vibrotactile feedback on exoskeleton motor learning

Participants 1 and 2 demonstrated larger improvements in walking distance after both
sessions with feedback compared to both sessions without, suggesting a positive effect of
feedback (Figure 3B). However, the other four participants did not show a discernible effect of
vibrotactile feedback on the improvement of walking distance.
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Participant 2 was the only person who showed a positive effect of vibrotactile feedback on the
improvement of reach path ratio (Figure 4B). For reach time, participants 1 and 5 displayed
a negative effect on the improvement of reach time with vibrotactile feedback. For the
remaining participants, no effect of vibrotactile feedback on the improvement of reach path
ratio or reach time during the training sessions was identified.

Effect of vibrotactile feedback on exoskeleton motor control

Figure 6 shows the walking distance, reach path ratio, and reach time across the four sensory
conditions with and without vibrotactile feedback. In the limited auditory condition, four out
of six participants demonstrated a meaningful improvement of walking distance with the
vibrotactile feedback. However, across the other three conditions, clear results regarding the
effect of vibrotactile feedback on walking distance was not evident.

All participants experiencing meaningful improvements in walking distance with the vibrotactile
feedback in the limited auditory condition also showed improvements in reach path ratio and/
or reach time. Conversely, across the other three conditions, clear results regarding the effect
of vibrotactile feedback on reach path ratio and reach time were not evident.

User experience

Most participants found the vibrotactile feedback beneficial during training and did not perceive
it as disruptive or distracting (Figure 7A). Additionally, the majority expressed a preference for
training sessions that included vibrotactile feedback. However, four out of seven participants
were reluctant to continue using the feedback after the training. The average satisfaction with
the sensory feedback system was rated at 3.8 + 0.5 out of 5.0 on the D-QUEST device subscale
(Figure 7B) and the system received an average usability of 75 + 14 out of 100 on the D-SUS
(Figure 7C).
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Figure 3 A Walking distance covered over time. Each dot represents the mean value, with bars
indicating the range from the minimum to maximum distance achieved. B Change in walking
distance covered across sessions (S). The figures on the left include participants (P) who trained
with feedback in S2 and S4, while the figures on the right include participants who trained with
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Figure 6 Walking distance covered, reach path ratio, and reach time in the four sensory conditions.
For walking distance covered, the dots represent the mean of all trials with the same condition.
For reach path ratio and reach time, the dots represent the median across all steps of trials with
the same condition. FB = feedback; NFB = no feedback. Solid lines indicate a meaningful change
between NFB and FB while dashed lines indicate no meaningful change between NFB and FB. The
asterisk (*) denotes that a participant performed 2 trials in both the NFB and FB conditions, rather
than the expected 3 trials.
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Figure 7 User experience with the vibrotactile feedback system. A Custom questionnaire comprising
five visual analog questions. The top panel presents the questions and answer options. The bottom
left panel displays distributions of the answers, while the bottom right panel displays individual
responses. B Dutch version of the Quebec User Evaluation of Satisfaction with assistive Technology
(D-QUEST) device score. C Dutch System Usability Scale (D-SUS) score.
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Discussion

The objective of this study was to investigate the impact of providing discrete vibrotactile
feedback related to weight shift and step initiation on exoskeleton motor learning and motor
control in individuals with motor complete SCI. Five out of six participants showed no clear
indication of greater improvements during training with vibrotactile feedback. This suggests
that the provided feedback did not significantly contribute to exoskeleton motor learning.

Regarding the impact of vibrotactile feedback on exoskeleton motor control, we also observed
no clear discernible effect when normal visual and auditory information was present, nor in
the conditions involving limited visual information, or limited visual and auditory information.
Notably, in the condition with limited auditory information, vibrotactile feedback appeared
beneficial. However, given the absence of a clear discernible effect in the condition with both
limited visual and auditory information, it is possible that the observed effect in the limited
auditory condition was coincidental. Another factor to consider is that, in the condition with
both limited visual and auditory information, participants may have directed greater attention
to the task of walking in the exoskeleton compared to the condition with only limited auditory
information. This heightened focus on their own sensory information could have imposed a
higher cognitive load. Additionally, previous research has highlighted that vibrotactile feedback
can introduce an extra cognitive burden.?”*° Therefore, it is possible that during the condition
with both limited visual and auditory information, participants reached their maximal cognitive
capacity, making it challenging for them to allocate cognitive resources effectively for the
processing of the vibrotactile feedback. Nevertheless, given the vibrotactile feedback’s effect
in only one of the four sensory conditions and the possibility of this effect being coincidental,
our findings suggest that the provided vibrotactile feedback did not significantly contribute to

exoskeleton motor control.

Our findings are in contrast to previous research suggesting that extrinsic feedback enhances
motor learning among both healthy and disabled individuals3*324041 and improves motor
control across various patient groups that lack essential sensory information."?” The goal of
sensory substitution is to compensate for the loss of specific sensory information to enhance
motor performance. However, when sufficient sensory cues are available or when the extrinsic
feedback conveys identical information as the existing sensory cues, substitution of sensory
information may become redundant. This notion finds support in Guémann’s study,*> which
demonstrated that while vibrotactile feedback improved myoelectric control of a virtual arm
in situations devoid of visual information, its addition alongside visual cues did not notably
enhance myoelectric control. In our study, it is plausible that somatosensory information
above the lesion level, particularly from the arms in contact with the ground surface via the
crutches or walker, along with inputs from other sensory modalities such as visual, vestibular,
and auditory systems, adequately provide the necessary information for effective weight
shifting and step initiation with the exoskeleton, making the extrinsic vibrotactile feedback
redundant. Therefore, we incorporated sensory-deprived conditions to enhance the difficulty
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of exoskeleton walking by limiting the sensory inputs that participants typically rely on. However,
only with limited auditory information, vibrotactile feedback appeared effective, which might
suggest that in the absence of auditory cues, vibrotactile feedback might have substituted for
the sound of the exoskeleton, thereby enhancing exoskeleton control. This aligns with previous
research indicating that experienced exoskeleton users with motor complete SCI found the
exoskeleton’s sound beneficial during walking.'>'® However, our observation of no clear effect
in the limited auditory and visual condition leaves unanswered whether vibrotactile feedback
loses its redundancy when auditory information is limited.

Another potential explanation for the absence of a clear effect of vibrotactile feedback on
exoskeleton motor learning could be the limited or negligible improvement demonstrated by
most participants during training, indicating restricted overall motor learning. We anticipated
limited transfer of walking skills due to the different control mechanisms for walking between
both exoskeletons and because our subjects had not walked in an exoskeleton for at least
three years since their participation in the ReWalk Exoskeleton training program. However,

participants in our study managed to cover a mean walking distance of four meters or more
unassisted within 50 seconds at the beginning of the second session. In contrast, previous
studies showed that most individuals with SCI new to exoskeleton use achieve unassisted
walking after multiple training sessions.?® These discrepancies suggest a certain degree of
transferability of walking skills between different exoskeleton devices, reducing the necessity
for extensive exoskeleton motor learning when transitioning between devices. Further
research is essential to better comprehend the potential impact of vibrotactile feedback
among inexperienced exoskeleton users with motor complete SCI.

Contrary to the limited effectiveness of vibrotactile feedback, the overall user experience was
largely positive. The majority of participants favored training with feedback, highlighting its
perceived value in the learning process. The positive user experience findings were further
supported by the results of the D-QUEST and D-SUS assessments, indicating an overall high
level of satisfaction and usability, respectively. Nevertheless, it is noteworthy that our system
received a lower D-SUS score (75) than two vibrotactile feedback systems designed for users of
leg prostheses, which achieved a mean D-SUS score above 80.Y* Furthermore, the majority
of participants expressed reluctance to continue using feedback after training, suggesting
limited perceived value of the feedback after the learning phase.

To the best of our knowledge, this is the first study exploring the effects of sensory substitution
in exoskeleton use in individuals with motor complete SCI. Given its exploratory nature, we
chose a small sample size, under the premise that a clear feedback effect would likely manifest
even within such a limited group, consistent with previous studies exploring extrinsic feedback
in prosthetic users or individuals with spinal cord injuries, which also had small sample sizes
ranging from 3 to 6.17%% Furthermore, we only studied the effect of vibrotactile feedback
related to weight shifting and step initiation. It is crucial to recognize that the absence of a clear
effect on these aspects of exoskeleton walking does not exclude the possibility that feedback
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related to other control aspects could be effective. Exploring alternative feedback parameters
might uncover aspects where vibrotactile feedback could have a more pronounced influence
on exoskeleton use.

Conclusion

Our study suggests that discrete vibrotactile feedback related to weight shifting and step
initiation does not significantly enhance exoskeleton motor learning or motor control under
both normal and sensory-deprived conditions in individuals with motor complete SCI. Still,
individuals with motor complete SCI were generally positive about the vibrotactile feedback,
particularly during the training phase.

113




114 Chapter 6

References

10.

11.
12.

13.

14.

15.

16.

17.

18.

Benson |, Hart K, Tussler D, Van Middendorp JJ. Lower-limb exoskeletons for individuals with chronic spinal cord
injury: findings from a feasibility study Article. Clin Rehabil. 2016;30:73—-84.

van Dijsseldonk RB, Rijken H, Nes IJW van, Meent H van de, Keijsers NLW. A framework for measuring the
progress in exoskeleton skills in people with complete spinal cord injury. Front Neurosci. 2017;11:1-12.

van Dijsseldonk RB, van Nes IJW, Geurts ACH, Keijsers NLW. Exoskeleton home and community use in people
with complete spinal cord injury. Sci Rep. 2020;10:1-8.

Bach Baunsgaard C, Vig Nissen U, Katrin Brust A, et al. Gait training after spinal cord injury: safety, feasibility and
gait function following 8 weeks of training with the exoskeletons from Ekso Bionics. Spinal Cord. 2018;56:106-116.
Tefertiller C, Hays K, Jones J, et al. Initial Outcomes from a Multicenter Study Utilizing the Indego Powered
Exoskeleton in Spinal Cord Injury. Top Spinal Cord Inj Rehabil. 2018;24:78-85.

Guanziroli E, Cazzaniga M, Colombo L, Basilico S, Legnani G, Molteni F. Assistive powered exoskeleton for
complete spinal cord injury: Correlations between walking ability and exoskeleton control. Eur J Phys Rehabil
Med. 2019;55:209-216.

Lee H, Ferguson PW, Rosen J. Lower limb exoskeleton systems-overview. In: Wearable Robotics: Systems and
Applications. INC; 2020:207-229.

Kozlowski AJ, Bryce TN, Dijkers MP. Time and Effort Required by Persons with Spinal Cord Injury to Learn to Use a
Powered Exoskeleton for Assisted Walking. Top Spinal Cord Inj Rehabil. 2015;21:110-121.

Platz T, Gillner A, Borgwaldt N, Kroll S, Roschka S. Device-Training for Individuals with Thoracic and Lumbar Spinal
Cord Injury Using a Powered Exoskeleton for Technically Assisted Mobility: Achievements and User Satisfaction.
Biomed Res Int. 2016;2016.

Asselin PK, Avedissian M, Knezevic S, Kornfeld S, Spungen AM. Training persons with spinal cord injury to
ambulate using a powered exoskeleton. Journal of Visualized Experiments. 2016;2016.

Bruijn SM, Van Dieén JH. Control of human gait stability through foot placement. J R Soc Interface. 2018;15:1-11.
lonta S, Villiger M, Jutzeler CR, Freund P, Curt A, Gassert R. Spinal cord injury affects the interplay between visual
and sensorimotor representations of the body. Sci Rep. 2016;6.

Lee GE, Bae H, Yoon TS, Kim JS, Yi Tl, Park JS. Factors that influence quiet standing balance of patients with
incomplete cervical spinal cord injuries. Ann Rehabil Med. 2012;36:530-537.

Lemay JF, Gagnon D, Duclos C, Grangeon M, Gauthier C, Nadeau S. Influence of visual inputs on quasi-static
standing postural steadiness in individuals with spinal cord injury. Gait Posture. 2013;38:357-360.
Muijzer-Witteveen H, Sibum N, van Dijsseldonk RB, Keijsers NLW, van Asseldonk E. Questionnaire results of

user experiences with wearable exoskeletons and their preferences for sensory feedback. J Neuroeng Rehabil.
2018;15:1-8.

Gagnon DH, Vermette M, Duclos C, Aubertin-Leheudre M, Ahmed S, Kairy D. Satisfaction and perceptions of
long-term manual wheelchair users with a spinal cord injury upon completion of a locomotor training program
with an overground robotic exoskeleton. Disabil Rehabil Assist Technol. 2019;14:138-145.

Crea S, Edin BB, Knaepen K, Meeusen R, Vitiello N. Time-Discrete Vibrotactile Feedback Contributes to Improved
Gait Symmetry in Patients With Lower Limb Amputations: Case Series. Phys Ther. 2017;97:198-207.

Vimal AK, Godiyal AK, Singh U, Bhasin S, Joshi D. Transfemoral amputee’s limit of stability and sway analysis

during weight shifting exercise with a vibrotactile feedback system. Somatosens Mot Res. 2019;36:31-41.



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Sensory substitution in exoskeletons 115

Raveh E, Friedman J, Portnoy S. Evaluation of the effects of adding vibrotactile feedback to myoelectric
prosthesis users on performance and visual attention in a dual-task paradigm. Clin Rehabil. 2018;32:1308-1316.
Wall C, Kentala E. Control of sway using vibrotactile feedback of body tilt in patients with moderate and severe
postural control deficits. J Vestib Res. 2005;15:313-325.

Dozza M, Chiari L, Horak FB. Audio-biofeedback improves balance in patients with bilateral vestibular loss. Arch
Phys Med Rehabil. 2005;86:1401-1403.

Chiari L, Dozza M, Cappello A, Horak FB, Macellari V, Giansanti D. Audio-biofeedback for balance improvement:
An accelerometry-based system. IEEE Trans Biomed Eng. 2005;52:2108-2111.

Dozza M, Wall C, Peterka RJ, Chiari L, Horak FB. Effects of practicing tandem gait with and without vibrotactile
biofeedback in subjects with unilateral vestibular loss. J Vestib Res. 2007;17:195-204.

Asseman F, Bronstein AM, Gresty MA. Using vibrotactile feedback of instability to trigger a forward
compensatory stepping response. J Neurol. 2007;254:1555-1561.

Kingma H, Felipe L, Gerards MC, et al. Vibrotactile feedback improves balance and mobility in patients with
severe bilateral vestibular loss. J Neurol. 2019;266:19-26.

De Castro MCF, Cliquet A. Artificial sensorimotor integration in spinal cord injured subjects through

neuromuscular and electrotactile stimulation. Artif Organs. 2000;24:710-717.

Amatachaya S, Keawsutthi M, Amatachaya P, Manimmanakorn N. Effects of external cues on gait performance in
independent ambulatory incomplete spinal cord injury patients. Spinal Cord. 2009;47:668-673.
Muijzer-Witteveen HJB, Nataletti S, Agnello M, Casadio M, Van Asseldonk EHF. Vibrotactile feedback to control
the amount of weight shift during walking- A first step towards better control of an exoskeleton for spinal cord
injury subjects. IEEE International Conference on Rehabilitation Robotics. 2017:1482-1487.

Moinuddin A, Goel A, Sethi Y. The Role of Augmented Feedback on Motor Learning: A Systematic Review.
Cureus. 2021;13.

Subramanian SK, Massie CL, Malcolm MP, Levin MF. Does provision of extrinsic feedback result in improved
motor learning in the upper limb poststroke? a systematic review of the evidence. Neurorehabil Neural Repair.
2010;24:113-124.

Jung KS, Bang H, In TS, Cho HY. Gait training with auditory feedback improves trunk control, muscle activation
and dynamic balance in patients with hemiparetic stroke: A randomized controlled pilot study. J Back
Musculoskelet Rehabil. 2020;33:1-6.

Schmidt RA, Lee TD. Motor learning and performance: from principles to application. 5th ed. Human Kinetics;
2013.

Wright MA, Herzog F, Mas-Vinyals A, et al. Multicentric investigation on the safety, feasibility and usability

of the ABLE lower-limb robotic exoskeleton for individuals with spinal cord injury: a framework towards the
standardisation of clinical evaluations. J Neuroeng Rehabil. 2023;20:1-18.

Wessels RD, De Witte LP. Reliability and validity of the Dutch version of QUEST 2.0 with users of various types of
assistive devices. Disabil Rehabil. 2003;25:267-272.

Ensink CJ, Keijsers NLW, Groen BE. Translation and validation of the System Usability Scale to a Dutch version:
D-SUS. Disabil Rehabil. 2022;0:1-6.

Bangor A, Kortum PT, Miller JT. An empirical evaluation of the system usability scale. Int J Hum Comput Interact.

2008;24:574-594.



116 Chapter 6

37.

38.

39.

40.
41.

42.

Lin C-C, Whitney SL, Loughlin PJ, et al. The use of vibrotactile feedback during dual-task standing balance
conditions in people with unilateral vestibular hypofunction. Otology & Neurotology. 2018;39:349-356.

Lin CC, Whitney SL, Loughlin PJ, et al. The effect of age on postural and cognitive task performance while using
vibrotactile feedback. J Neurophysiol. 2015;113:2127-2136.

Haggerty S, Jiang LT, Galecki A, Sienko KH. Effects of biofeedback on secondary-task response time and postural
stability in older adults. Gait Posture. 2012;35:523-528.

Huang H, Wolf SL, He J. Recent developments in biofeedback for neuromotor rehabilitation. 2006;12:1-12.
Moinuddin A, Goel A, Sethi Y. The Role of Augmented Feedback on Motor Learning: A Systematic Review.
Cureus. 2021;14:271-275.

Guémann M, Halgand C, Bastier A, et al. Sensory substitution of elbow proprioception to improve myoelectric
control of upper limb prosthesis: experiment on healthy subjects and amputees. J Neuroeng Rehabil.

2022;19:1-12.



Sensory substitution in exoskeletons 117

Appendix 1 — Study design
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Appendix 2 - Randomization protocol of the evaluation session

The evaluation session consisted of 24 walking trials, organized into three blocks of eight trials.
Within each block, participants were tested in four distinct sensory conditions.

In the first block, the order of the four sensory conditions was randomized, and each condition
was repeated twice: once with vibrotactile feedback and once without it. The order of the
presence or absence of feedback was randomized within each sensory condition.

In the second block, the order of the sensory conditions was shifted by one position compared
to the first block. Additionally, the order of feedback presence or absence for each sensory
condition was reversed from what participants experienced in the first block.

In the third block, the order of the sensory conditions was shifted by two positions compared
to the first block. Similar to the first block, the order of the presence or absence of feedback
within each sensory condition was randomized. See the table below for an example of the

randomization protocol.

Block 1 Block 2 Block 3
Trial 1 LA FB LV&LA NFB C FB
Trial 2 LA NFB LV&LA FB C NFB
Trial 3 LV&LA FB C FB Lv NFB
Trial 4 LV&LA NFB C NFB Lv FB
Trial 5 C NFB Lv FB LA FB
Trial 6 C FB Lv NFB LA NFB
Trial 7 Lv NFB LA NFB LV&LA NFB
Trial 8 Lv FB LA FB LV&LA FB

C = control condition; LA = limited auditory condition; LV = limited visual condition; LV&LA = limited visual and
limited auditory condition; F = feedback; NFB = no feedback.
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Summary

The aim of this thesis was to explore possibilities for improving walking capacity in individuals
with spinal cord injury (SCI). The thesis comprises two distinct parts: the first part targets
individuals with motor incomplete SCI, whereas the second part concentrates on those with
motor complete SCI.

Part | Rehabilitation approaches to improve walking capacity after motor incomplete spinal
cord injury

To improve walking capacity in individuals with motor incomplete SCI, multiple rehabilitation
interventions are available. In chapter 2, | investigated the efficacy of walking adaptability
training (WA) compared to conventional locomotor and strength training (CLS) for improving
walking capacity, functional ambulation, balance confidence, and participation among
ambulatory individuals with motor incomplete SCI. Conducting a two-center, parallel-group,
pragmatic randomized controlled trial (RCT), 41 participants were randomly assigned to
either six weeks of WA or CLS. The findings demonstrated similar improvements in walking
capacity (maximal walking speed measured with an overground 2-minute Walk Test (2mWT)),
functional ambulation (Spinal Cord Injury-Functional Ambulation Profile (SCI-FAP)), balance
confidence (Activities-specific Balance Confidence (ABC) scale), and participation (Utrecht
Scale for Evaluation of Rehabilitation-Participation (USER-P)) at six weeks follow-up for
both training approaches. | concluded that WA did not outperform CLS in enhancing these
parameters among ambulatory individuals with motor incomplete SCI.

In chapter 3, | presented the follow-up findings of the RCT reported in chapter 2, as it was
a priori designed as a two-armed cross-over study. This design allowed us to explore the
efficacy of two intervention sequences — CLS followed by WA or vice versa — to improve
walking capacity, functional ambulation, balance confidence, and participation in ambulatory
individuals with motor incomplete SCI. The findings revealed similar improvements in walking
capacity (maximal walking speed measured with an overground 2mWT) and functional
ambulation (SCI-FAP) regardless of the intervention sequence. However, the CLS-WA
sequence exhibited superior effects in enhancing balance confidence (ABC scale) and reducing
participation restrictions (USER-P restrictions) compared to the WA-CLS sequence.

Successful walking in everyday life requires an optimal level of walking capacity. Walking
capacity refers to a person’s ability to walk and comprises three fundamental elements:
stepping, dynamic stability, and walking adaptability. Chapters 2 and 3 addressed two
fundamental elements for enhancing walking capacity: ‘stepping’ and ‘walking adaptability’.
However, to comprehensively improve walking capacity, understanding ‘dynamic stability’
and how it is affected in individuals with motor incomplete SCI is imperative. Therefore,
in chapter 4, | explored the mediolateral (ML) foot placement strategy, a fundamental
mechanism for maintaining dynamic stability during walking, by comparing individuals with
motor incomplete SCI to healthy controls. The study involved a 2mWT on an instrumented
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treadmill, during which we analyzed foot placement deviation, specifically the error between
predicted ML foot placement, based on the center of mass position and velocity, and the
actual ML foot placement. The findings revealed that individuals with motor incomplete SCI
demonstrated significantly larger foot placement deviation, indicative of an impaired ML foot
placement strategy compared to healthy controls.

Part Il Rehabilitation approaches to improve walking capacity after motor complete spinal
cord injury

In recent years, wearable exoskeletons have emerged as promising assistive mobility devices
for individuals with motor complete SCI, offering the ability to regain walking capacity.
However, learning to use and control an exoskeleton poses challenges, notably due to the
loss of somatosensory information below the level of injury. Given the absence of essential
somatosensory information from the lower part of their body, individuals with motor complete
SCl must rely more on visual, vestibular, and auditory cues to effectively control an exoskeleton.
Therefore, chapter 5 delved into the impact of limited visual and/or auditory information
on exoskeleton control among experienced exoskeleton users with motor complete SCI.
Exoskeleton control was assessed by the walking distance covered during a 50-second Walk
Test (50sWT) and crutch loading. Our findings revealed that the presence or absence of visual
and auditory information had minimal influence on the walking distance of individuals using
an exoskeleton. Intriguingly, we observed a decrease rather than an increase in crutch loading

when visual or auditory information was limited.

When sensory information from a specific system is lost, one potential solution is to compensate
for this loss by providing extrinsic feedback through another sensory modality. In chapter 6, |
explored the impact of providing discrete vibrotactile feedback related to weight shift and step
initiation on exoskeleton motor learning and motor control in individuals with motor complete
SCI. Participants had six sessions, structured into one introduction session, followed by four
training sessions (either with or without vibrotactile feedback), and ending with one evaluation
session. The training sessions assessed the efficacy of vibrotactile feedback on exoskeleton
motor learning by comparing individuals’ progress between sessions with and without
feedback. The evaluation session assessed the efficacy of vibrotactile feedback on exoskeleton
motor control under both normal and sensory-deprived conditions when the training protocol
was finished. The study findings suggested that, in individuals with motor complete SCI, the
vibrotactile feedback did not significantly enhance exoskeleton motor learning or motor
control, as assessed by the walking distance covered during a 50sWT, and two outcomes related
to the center of mass trajectory during the double support phase: reach path ratio and reach
time. User experience with vibrotactile feedback was assessed using three questionnaires: a
customized visual analogue scale consisting of five items, the Dutch version of the Quebec User
Evaluation of Satisfaction with Assistive Technology (D-QUEST), and the Dutch System Usability
Scale (D-SUS). The questionnaires revealed that participants were generally positive about the
vibrotactile feedback, especially regarding its use during the training phase.
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General discussion

In this subchapter, | will introduce a theoretical framework that describes the recovery of
walking capacity in people with SCI. Subsequently, | will explore different approaches, clinical
implications, and future directions for enhancing walking capacity after both motor incomplete
and motor complete SCI.

A framework describing walking capacity in spinal cord injury

Successful walking in everyday life necessitates an optimal level of walking capacity which,
according to the tripartite model of Balasubramanian introduced in chapter 1, encompasses
three fundamental elements: stepping, dynamic stability, and walking adaptability.® While
this model provides a valuable distinction of the fundamental elements of walking, it lacks
the specification of the determinants that are necessary to recover these fundamental
elements after neurological injury. Furthermore, the heterogeneity within the SCI population,
stemming from variable lesion heights and completeness levels, underscores the necessity
for a more comprehensive model tailored specifically to people with SCI. Such a model
helps to select interventions aimed to enhance walking capacity in this diverse population.
Therefore, | introduce a theoretical framework describing walking capacity in persons with SCI,
encompassing the fundamental elements for an optimal level of walking capacity along with
the specific determinants to restore these elements after SCI (see Figure 1).

A comparable theoretical framework already exists for individuals post stroke, proposed
by van Duijnhoven,? to guide clinical decision-making. Van Duijnhoven’s model builds upon
Balasubramanian’s framework and integrates the three fundamental elements essential for
successful walking in everyday life —formulated as walking independence, walking pattern,
and walking adaptability— along with the specific determinants of these elements. Despite
both stroke and SCI being neurological conditions, the framework tailored to the stroke
population proves inadequate for SCI, primarily due to the bilateral nature of SCI, involving the
loss of both limb and trunk control on both sides, as opposed to the unilateral presentation of
most types of stroke. Therefore, in my theoretical framework outlining the recovery of walking
capacity after SCI, the foundations of van Duijnhoven’s framework served as the starting point
while the determinants were specifically adjusted to suit SCI.

To relearn walking under predictable and stable circumstances, walking independence and a
basic walking pattern are essential. Walking independence refers to the capacity to ambulate
independently, either unaided or with the assistance of a walking aid, without reliance on
another person for support or supervision.>* Previous studies found a high correlation
between walking independence and steady-state balance control, which involves maintaining
a stable equilibrium during static or steady-state conditions, such as standing or walking
on level ground.>® In these studies, walking independence was assessed with the Walking
Index for Spinal Cord Injury, while steady-state balance control was evaluated with the Berg
Balance Scale. The observed high correlation between walking independence and steady-state
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balance control suggests that, similar to the context of stroke, steady-state balance control
is a prerequisite for regaining walking independence after SCI. In the case of stroke, steady-
state balance control is mainly determined by sufficient trunk control and compensatory
motor control through the non-paretic leg.?” The notion that steady-state balance control
after stroke does not require refined motor control of the non-paretic and paretic leg stems
from the observation that the severity of hemiparesis does not reliably predict the recovery
of walking capacity.® Moreover, several posturographic studies have shown that balance
recovery after stroke takes place independent of motor recovery of the paretic leg,”* just
like many individuals with a lower-limb amputation achieve walking independence using a
passive lower-limb prosthesis. SCI, on the other hand, generally affects both sides of the body
and the trunk, which implies that there is no ‘unaffected side’ that is able to compensate for
the ‘affected side’. Hence, it is anticipated that steady-state balance control after SCI requires
the integration of trunk control and motor control of both legs. This perspective is supported
by previous studies highlighting the significance of bilateral leg motor control, especially lower
extremity motor scores, as the primary determinant of walking independence after SC|.341%12
Trunk control as a prerequisite for steady-state balance control has been less explored in the
context of SCI, yet one study identified trunk control as a predictor of walking independence
after SCI.23 Therefore, we assume that in people with SCI trunk control is a determinant of
walking independence through its effect on steady-state balance control, although further
research is necessary to solidify this assumption.

The walking pattern refers to the ability to generate a sequence of repetitive movements of
both legs in interaction with the trunk and arms. These rhythmic movements are orchestrated
by the spinal central pattern generator (CPG) for walking.®* The CPG consists of neuronal
networks in the spinal cord that generate the fundamental patterned motor outputs essential
for locomotion, operating to some extent independently of modulation from the brain or
sensory feedback.’ Indeed, research has demonstrated that individuals with SCI, lacking the
ability to generate voluntary lower limb muscle activity, can exhibit involuntary myoclonic
rhythmic movements of the lower limbs when placed on a treadmill®® or when in a supine
position.’*'® However, while the CPG plays a fundamental role in generating rhythmic and
coordinated movements at a spinal level, the CPG alone is insufficient for producing a truly
effective walking pattern in humans. The generation of an adequate walking pattern in humans
requires sufficient leg motor control, incorporating supraspinal neural processes, sensory
feedback, and muscle strength.®

Steady-state balance control leading to independent walking and generating a basic
walking pattern may be sufficient requirements for ambulating under predictable and fixed
circumstances. However, in daily life, individuals regularly encounter unpredictable and
changing circumstances that demand the modification of the walking pattern in response to
environmental challenges (i.e., walking adaptability). This requires adaptive balance control,
involving both proactive and reactive adaptations.?’ Examples of proactive adaptations in
response to visual stimuli include stepping over an obstacle, precisely placing the foot when



128 Chapter 7

navigating rough terrain, or making a turn around a corner. Reactive adaptations entail
responses to mechanical perturbations, such as stumbling over a doorstep or slipping on
a muddy surface. Dynamic balance control during walking requires the integration of both
steady-state balance control and adequate leg movement coordination by the spinal CPG.*

Motor incomplete spinal cord injury

Around 80% of the individuals with motor incomplete SCI achieve walking independence.*
However, their walking pattern may be significantly affected, for example characterized by
inadequate hip extension, limited hip flexion, limited knee flexion, excess of ankle plantar
flexion, and impaired foot contact.?! Furthermore, walking adaptability is often compromised,??
resulting in an increased risk of falling.2>%

Approaches to improve walking capacity

Improving walking capacity for individuals with motor incomplete SCI can be achieved through
assistive devices, training interventions or a combination of both. Examples of assistive devices
include mobility aids or lower-limb orthoses. Mobility aids such as canes, crutches, or walkers
broaden the base of support, facilitating hip stability, trunk control and steady-state balance
control, thereby promoting walking independence.?® Additionally, they alleviate stress on the
legs by allowing the transfer of some body weight onto the device and facilitating propulsive
forces.?” This may require less lower limb muscle strength for walking, which may improve the

walking pattern to some extent. Lower-limb orthoses are externally worn medical devices that
compensate for loss of function and prevent unwanted movements. They can be either passive
(e.g., ankle-foot orthoses or knee-ankle-foot orthoses) or active (e.g., wearable exoskeletons?,
soft exosuits?® or powered knee orthoses®®). Orthoses support leg motor control, thereby
promoting walking independence,?® the walking pattern,®*** and/or walking adaptability.3*

Training interventions aimed atimproving walking capacity inindividuals with motorincomplete
SCI can be classified into two primary categories: steady-state gait training and dynamic gait
training. Steady-state gait training involves walking under predominantly predictable and
stable circumstances, employing methods such as overground, treadmill-based, or robot-
assisted gait training.33# Such training focuses on walking independence and refining the
quality of the walking pattern. In contrast, dynamic gait training focuses on walking under
unpredictable and changing conditions, using approaches such as overground or virtual-
reality-based adaptability training, as well as perturbation-based balance training.>®° These
interventions primarily aim to enhance walking adaptability.

Despite their distinct emphases, both steady-state and dynamic gait training have
demonstrated effectiveness in improving walking capacity among individuals with motor
incomplete SCI.%3%4! Furthermore, emerging evidence (including findings presented in
chapter 2 of this thesis) suggests non-differential effects between steady-state and dynamic
gait training to enhance walking in everyday life for individuals with motor incomplete SCI*°
and other neurological conditions.*? This can be understood using the proposed theoretical
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framework. While dynamic gait training specifically targets dynamic balance control through
exposure to variable walking conditions, steady-state gait training indirectly enhances aspects
of dynamic balance control by promoting determinants such as leg motor control and steady-
state balance control. Conversely, dynamic gait training may indirectly enhance walking
independence and refine the walking pattern by promoting steady-state balance control and
stimulating the CPG.

To comprehend how assistive devices and training interventions enhance walking capacity, it
is essential to grasp the underlying mechanisms of functional recovery. Functional recovery
typically occurs through either ‘restitution” or ‘substitution” of function. Restitution of
function involves the recovery of sensorimotor functions comparable to pre-injury movement
patterns,® facilitated by repair mechanisms like remyelination/regeneration and reconnection
of damaged spinal tract fibers, alongside neural plasticity fostering the reorganization of
neuronal circuits.** Conversely, substitution of function involves acquiring new sensorimotor
strategies to accomplish tasks in an adapted manner.*® Assistive devices enhance walking
capacity through substitution of function as they enable individuals to compensate for
impaired or lost abilities by providing alternative means to perform tasks or activities. For

training interventions, the underlying mechanism can be attributed to both restitution and
substitution of function. In the (sub)acute phase both mechanisms may play an important
role as spontaneous neurological recovery still occurs and may be promoted by intensive
gait training. However, during the chronic phase, further functional recovery is primarily
dependent on substitution of function as the neurological recovery has mostly plateaued.*
Consequently, steady-state and dynamic gait training in the chronic phase may be effective by
promoting substitution of function. For instance, increasing one’s step width to compensate
for reduced balance represents a form of substitution of function that could be promoted
by training interventions. Growing evidence (including chapter 4 of this thesis) suggests
an impaired coordination between the center of mass state and lateral foot placement in
individuals with motor incomplete SCI.**” To compensate, individuals could widen their steps
to enhance postural stability and decrease the demand for precise foot placement modulation.
Another form of substitution of function, which could be developed during both steady-state
and dynamic gait training, could be the increased reliance on visual input to control gait to
compensate for proprioceptive deficits.*s>°

While substitution of function is most likely the underlying mechanism of functional recovery in
the chronic phase, recent research has shown that some restitution of function is still possible
during this period. For example, Donati and colleagues demonstrated that individuals with chronic
SCl improved sensorimotor functions after a twelve-month intensive multi-stage brain-machine-
interfaces-based gait neurorehabilitation intervention.®® They hypothesized that recovery
of function occurred as a result of cortical and spinal plasticity that changed and modulated
neurological circuits in the preserved area around the lesion. Thus, if neuroplasticity is still possible
during the chronic phase, steady-state and dynamic gait training might also promote restitution of
function in this phase to some extent, but further research is required to substantiate this notion.
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Other underlying mechanisms contributing to the enhanced walking capacity observed after
gait training may involve the general effects of training, namely increase in muscle mass
and improvements in cardiorespiratory fitness. Individuals with motor incomplete SCI often
exhibit low levels of physical activity compared to their non-SCI counterparts,®>*® potentially
leading to muscle disuse atrophy and diminished cardiorespiratory endurance. Therefore,
various types of gait training interventions have the potential to enhance both muscle mass
and cardiorespiratory fitness. This assertion finds support in prior research demonstrating
that locomotor training can effectively increase muscle mass and fiber size in individuals with
chronic motor incomplete SCI.>*°¢ Additionally, a comprehensive review cautiously concluded
that locomotor training may reach the minimum threshold of ‘moderate intensity’ necessary
for cardiovascular fitness benefits.>’

Clinical implications and future directions

The recently published Integral Care Agreement (Integraal Zorg Akkoord / IZA) in the
Netherlands propagates a transition from hospital-based healthcare to community-based
healthcare. This shift is driven by the recognition that community-based healthcare offers
several advantages, including proximity to citizens, shorter waiting times, and lower costs.
These advantages closely align with 1ZA’s vision of future healthcare, which emphasizes not
only high quality care, but also its accessibility and affordability.

When considering interventions aimed at improving walking capacity in individuals with
motor incomplete SCI, | believe that steady-state gait training is the most feasible option for
implementation in the community care system, as opposed to dynamic gait training. In terms of
effectiveness, findings from chapter 2 suggest no significant differences between steady-state
and dynamic gait training. Yet, steady-state gait training demands minimal resources, requiring
only a flat surface (or a treadmill) for overground (or treadmill-based) training, both of which
are commonly available in community-based physiotherapy practices. In contrast, dynamic
gait training requires an environment with unpredictable and changing circumstances, such
as dynamic obstacles, stepping stones, and perturbations, either in the real world or within
a virtual reality setting. Such resources are less commonly available in community-based
practices. Therefore, | recommend steady-state gait training in the community care system for
individuals with motor incomplete SCI that aim to improve their walking capacity.

Additionally, subsequent to steady-state gait training, | recommend dynamic gait training in
specialized clinical settings for people with motor incomplete SCI with higher training goals
aimed at outdoor walking. Chapter 3 suggests that commencing with steady-state gait training
before dynamic gait training yields superior outcomes in enhancing balance confidence and
reducing participation restrictions compared to the reverse intervention sequence. This
notion finds support in the theoretical framework describing the recovery of walking capacity
after SCI. Specifically, steady-state gait training focuses on improving walking independence
and refining the walking pattern by addressing determinants such as steady-state balance
control and leg motor control. In contrast, dynamic gait training focuses on dynamic balance
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control to improve walking adaptability. Effective dynamic balance control requires sufficient
steady-state balance control and leg motor control. Therefore, | believe that a sequential
approach, beginning with steady-state gait training followed by dynamic gait training, may
offer the greatest potential for improvement of walking capacity in those individuals with
motor incomplete SCI capable of outdoor walking.

To enhance future accessibility of dynamic gait training methods in community-based
physiotherapy practices, innovative approaches are required. One such example is the
HoloLens developed by the Microsoft Corporation (Redmond, WA, USA). The HoloLens is a
headset using mixed reality, enabling individuals to interact with both physical objects in the
real world and convincing virtual objects.>® Previous research has already demonstrated the
potential of the HoloLens for dynamic gait training.>® However, further research is needed to
determine its effectiveness and safety for individuals with motor incomplete SCI to improve
their walking capacity.

Motor complete spinal cord injury

Individuals with motor complete SClI rarely achieve walking independence,**>® leading to a
dependency on wheelchairs for independent mobility. However, a lifetime of predominant
sitting is associated with multiple secondary health problems. Therefore, regaining walking

capacity can play a crucial role in mitigating some of these secondary complications.

Approaches to improve walking capacity

Individuals with motor complete SCI currently face limited prospects of functional recovery,
making training interventions aimed at improving walking capacity ineffective. However, they
can use assistive devices to regain some walking capacity. Among these devices are passive
lower-limb orthoses like hip-knee-ankle-foot orthoses or knee-ankle-foot orthoses.*> Although
these aids can partially restore walking capacity, they typically come with a significant energy
expenditure,®2 thereby limiting the duration and distance of walking. A more promising
assistive device is a wearable exoskeleton, which serves as a motorized orthosis, enabling
individuals with motor complete SCI to stand and walk. By providing external support and
assistance for leg movements, wearable exoskeletons effectively compensate for compromised
leg motor control resulting from SCI. In this way, wearable exoskeletons enhance walking
capacity through substitution of function.

Wearable exoskeletons for individuals with motor complete SCI are intended to serve as
assistive mobility devices. However, previous research demonstrated that individuals with
motor complete SCI primarily use these exoskeletons for exercise and specific social interaction,
with minimal usage during regular daily activities.®® This observation aligns with the general
notion that while current exoskeletons hold great potential for exercise and social engagement
at eye level, they offer limited support for most daily activities.®*®> One key factor contributing
to this limitation is the user’s responsibility for maintaining steady-state balance control.®® While
exoskeletons compensate for compromised leg motor control, most lack the ability to detect
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and respond to postural instability. Individuals with motor complete SCI can contribute partially
to steady-state balance control through trunk movements. However, reliance on trunk control
alone proves insufficient for maintaining steady-state balance. Therefore, additional support
from crutches or a walker is necessary. This need for postural support through the upper
extremities restricts people in using their arms for other activities, like bringing a coffee cup
from the kitchen to the table or carrying groceries.

Another reason for the postural challenge in steady-state balance control after motor
complete SCl is the absence of essential somatosensory information from below the lesion
level. In chapter 6, | aimed to enhance steady-state balance control by compensating for
the loss of proprioceptive information through sensory substitution. However, the findings
indicated that incorporating vibrotactile feedback did not significantly enhance exoskeleton
motor learning or motor control. It is plausible that somatosensory information above the
lesion level, particularly from the arms that are in contact with the ground surface via the
crutches or walker, along with inputs from other sensory modalities such as the vestibular and
visual system, provide the necessary information to maintain steady-state balance, making
extrinsic vibrotactile feedback redundant. In chapter 5, | observed that proprioception from

above the lesion level is likely the most important form of sensory information when using an
exoskeleton. Therefore, | believe that the challenge in achieving steady-state balance control
with a wearable exoskeleton is not due to individuals with motor complete SCI lacking the
ability to perceive postural instability adequately. Instead, their limitation lies in their incapacity
to respond effectively. This limitation primarily arises from the absence of leg motor control
necessary for crucial balance strategies. Furthermore, they can only partially compensate by
trunk motor control. Hence, they strongly rely on the mechanical and sensory support from a
walker or crutches.

Another reason why the use of wearable exoskeletons is limited in many daily life activities
is the very low walking speed. Current exoskeletons maintain an average walking speed of
0.26 m/s (ranging from 0.03 to 0.71 m/s),%” whereas healthy able-bodied individuals prefer
walking speeds between 1.0 and 1.5 m/s.®® Moreover, when the comfortable walking speed
falls below 0.6 m/s, individuals with SCI typically prefer using a wheelchair for their daily
mobility needs.®® In addition to walking speed, other factors contributing to the limited use
of wearable exoskeletons for daily life activities include the need for a buddy,%" issues with
transportability®%> and comfort,’>’? concerns about weight,5’2 and limited battery life.®

Clinical implications and future directions

Individuals with motor complete SCI primarily use wearable exoskeletons for exercise,®
suggesting that current exoskeletons are most suitable for exercise training. When exoskeletons
are regularly used as a training device, they have the potential to enhance quality of life.”® This
is because exoskeletons can positively impact secondary health complications resulting from
reduced weight-bearing activity post SCI. Studies have shown improvements in bladder and
bowel function,”” reduced spasticity’>’® and neuropathic pain severity,’®”” increased bone
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mineral density,”® and enhanced joint mobility’® among exoskeleton users. Beyond physical
health benefits, the social implications of exoskeleton use are profound. By enabling individuals
with motor complete SCI to engage with peers at eye level, exoskeletons facilitate invaluable
social interaction and promote psychological well-being.®’ Considering the IZA, it would be
advantageous to offer the option of exercise training with wearable exoskeletons either at
home or in community-based physiotherapy practices. As a prerequisite for using a wearable
exoskeleton in either of these settings, individuals should have successfully completed a
training program with an experienced physical therapist in a specialized clinical setting. This
ensures that a basic skill level is achieved, allowing the exoskeleton to be safely used under
the supervision of a buddy, whether at home or in community-based physiotherapy practices.

In their current state, wearable exoskeletons are not yet ready to serve as assistive mobility
devices capable of replacing wheelchairs. Therefore, significant improvements are required.
In my view, the primary focus for improvement should be on shifting balance control from
the user to the exoskeleton, thereby freeing the user from reliance on a walker or crutches
for postural stability. This enhancement should be achieved without compromising the
exoskeleton’s weight, ensuring ease of transportability. Some progress has already been made
in this regard. For instance, previous research has demonstrated the successfulimplementation

of a momentum-based balance controller in a wearable exoskeleton, enabling it to effectively
counteract perturbations and maintain self-balance without external assistance during stance,
without a user wearing the exoskeleton.®* This development holds promise for enabling
wearable exoskeletons to autonomously maintain balance during standing, and possibly
during walking, when used by individuals with motor complete SCI.

Another crucial area for improvement is the development of an exoskeleton that is capable of
walking adaptability. Currently, exoskeletons operate on predetermined trajectories initiated
by users,®® thereby limiting their ability to respond to environmental challenges in everyday
scenarios. A first step would involve empowering users, through a control device, to adjust
step length, height, and/or timing to accommodate various situations, such as ascending a
sidewalk, navigating obstacles, or slowing down to avoid collisions with cyclists.

While wearable exoskeletons are promising as assistive mobility devices, the optimal
direction for SCI rehabilitation would be to focus on restoring leg motor control, thereby
enabling individuals with motor complete SCI to regain the ability to walk without the need
for orthoses. One potential strategy to achieve this goal is through neuromodulation of the
lumbar spinal cord. Previous research demonstrated that neuromodulation of the lumbar
spinal cord results in significant improvement in lower-limb motor control in both animal
models®28 and humans® with motor complete SCI. This suggests that neuromodulation could
play a pivotal role in restoring walking independence in this population. Moreover, a recent
breakthrough has been achieved: researchers successfully restored natural control over lower
limb movements through the use of a brain-spine interface (BSI), reinstating communication
between the brain and the spinal cord.®® This BSI enabled a paralyzed individual to walk
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on complex terrains solely through thinking about the activity at stake. Furthermore, the
neurological improvements mediated by this BSI persisted even after deactivation, suggesting
potential for functional recovery after SCI. Although this study was a case report involving only
one paralyzed individual with motor incomplete SCI, the authors suggest that this approach
holds potential for a wide population of individuals with paralysis, including motor complete
SCI. It is important to note, however, that before effectively using a BSI, extensive gait training
is necessary. In this context, there could be a role for the wearable exoskeleton to assist in
the initial BSI training, gradually tapering off the support and use of the exoskeleton as the
individual becomes proficient with the BSI technology. Therefore, the role of gait training with
or without robot assistance will remain significant in functional recovery after SCI, emphasizing
the importance of tailored rehabilitation programs.
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Nederlandse samenvatting

Mensen met een dwarslaesie hebben geen of een verminderde loopvaardigheid, afhankelijk
van de ernst en de hoogte van de laesie. Dit proefschrift behandelt mogelijkheden om de
loopvaardigheid van mensen met een dwarslaesie te verbeteren. Het eerste deel richt zich
op personen met een verminderde loopvaardigheid als gevolg van een motorisch incomplete
dwarslaesie. Het tweede deel richt zich op personen zonder loopvaardigheid als gevolg van
een motorisch complete dwarslaesie.

Deel I: Motorisch incomplete dwarslaesie

Voor het verbeteren van de loopvaardigheid van mensen met een motorisch incomplete
dwarslaesie zijn verschillende interventies beschikbaar. In hoofdstuk 2 heb ik middels
een pragmatische, gerandomiseerd gecontroleerde studie (RCT) de effectiviteit van twee
interventies vergeleken. De interventies werden beoordeeld op hun vermogen om de
loopvaardigheid, functioneel lopen, vertrouwen in balansvaardigheid en maatschappelijke
participatie te verbeteren. De ene interventie bestond uit een training gericht op het verbeteren
vanhetloopaanpassingsvermogen (WA), terwijldeandereinterventie bestond uit conventionele
loop- en krachttraining (CLS). Het onderzoek werd uitgevoerd in twee centra, waarbij 41
deelnemers willekeurig werden toegewezen aan zes weken WA of CLS. De loopvaardigheid
werd gemeten met een twee minuten looptest (2mWT), functioneel lopen met de Spinal
Cord Injury Functional Ambulation Profile (SCI-FAP), het vertrouwen in balansvaardigheid met
de Activities-specific Balance Confidence (ABC) schaal en de maatschappelijke participatie
met de Utrecht Scale for Evaluation of Rehabilitation-Participation (USER-P). Beide groepen
toonden vergelijkbare verbeteringen in alle uitkomstmaten zes weken na het voltooien van de
interventies. Hieruit concludeerde ik dat WA niet superieur is aan CLS in het verbeteren van
de loopvaardigheid, functioneel lopen, vertrouwen in balansvaardigheid of maatschappelijke
participatie bij mensen met een motorisch incomplete dwarslaesie.

In hoofdstuk 3 presenteerde ik de bevindingen van de vervolgstudie van de RCT. De RCT was
oorspronkelijk ontworpen als een cross-over studie, waardoor ik de effectiviteit van twee
verschillende interventievolgordes (CLS gevolgd door WA en vice versa) kon onderzoeken bij
mensen met een motorisch incomplete dwarslaesie. De resultaten van de studie toonden
vergelijkbare verbeteringen in de loopvaardigheid (gemeten met een 2mWT) en functioneel
lopen (gemeten met de SCI-FAP). Echter, de volgorde CLS-WA vertoonde superieure effecten
bij het verbeteren van het vertrouwen in de balansvaardigheid (gemeten met de ABC schaal)
en de maatschappelijke participatie (gemeten met de USER-P) in vergelijking met de WA-CLS
volgorde.

Naast het evalueren van verschillende interventies is het belangrijk om inzicht te krijgen in de
onderliggende oorzaken van een verminderde loopvaardigheid als gevolg van een dwarslaesie.
Daarom heb ik in hoofdstuk 4 het gebruik van de belangrijkste balansstrategie (zijwaartse
voetplaatsingsstrategie) tijdens hetlopenbijmensen meteen motorischincomplete dwarslaesie
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onderzocht. Volgens de zijwaartse voetplaatsingsstrategie wordt de voetplaatsing tijdens het
lopen bepaald op basis van de positie en snelheid van het massazwaartepunt. Voor deze studie
heb ik mensen met een motorisch incomplete dwarslaesie en een gezonde controlegroep op
een geinstrumenteerde loopband laten lopen. Vervolgens heb ik de voetplaatsingsstrategie in
beide groepen geanalyseerd door de voetplaatsingsfout te evalueren. De voetplaatsingsfout is
het verschil tussen de voorspelde zijwaartse voetplaatsing op basis van de positie en snelheid
van het massazwaartepunt en de daadwerkelijke zijwaartse voetplaatsing. De resultaten
toonden aan dat mensen met een motorisch incomplete dwarslaesie significant grotere
voetplaatsingsfouten vertoonden in vergelijking met de gezonde controlegroep, wat wijst op
een verminderd gebruik van de zijwaartse voetplaatsingsstrategie.

Deel Il: Motorisch complete dwarslaesie

Mensen met een motorisch complete dwarslaesie kunnen niet zelfstandig lopen en zijn
afhankelijk van een rolstoel. Een mogelijkheid om toch te kunnen lopen is door gebruik te
maken van een exoskelet. Lopen met een exoskelet is echter uitdagend voor mensen met
een dwarslaesie vanwege verminderde somatosensorische informatie als gevolg van de laesie.
Door het ontbreken van deze essentiéle informatie vertrouwen mensen met een dwarslaesie
vermoedelijk meer op visuele, vestibulaire en auditieve informatie tijdens lopen met een
exoskelet. In hoofdstuk 5 onderzocht ik daarom wat het effect is van verminderde visuele en/
of auditieve informatie op lopen met een exoskelet bij mensen met een motorisch complete
dwarslaesie. Lopen met het exoskelet werd geévalueerd aan de hand van de afstand die werd
afgelegd en de hoeveelheid krukbelasting tijdens een 50-seconden looptest (50sWT). De
resultaten van de studie toonden aan dat het verminderen van visuele en auditieve informatie
slechts minimale invlioed had op de afstand die werd afgelegd met het exoskelet. Wel was
opvallend dat de hoeveelheid krukbelasting afnam wanneer visuele of auditieve informatie
beperkt was.

Wanneer sensorische informatie van een zintuig ontbreekt, kan dit gecompenseerd worden
door feedback te geven via een ander zintuig. In hoofdstuk 6 onderzocht ik het effect van
feedbackop hetlopenenlerenlopen met een exoskelet bijmensen met een motorisch complete
dwarslaesie. De feedback betrof informatie over de voor- en zijwaartse gewichtsverplaatsing
tijdens de dubbele steunfase van het lopen en de initiatie van een stap. De feedback werd
geleverd door middel van trillingen op het bovenlichaam. Deelnemers volgden zes sessies,
bestaande uit één introductiesessie, gevolgd door vier trainingssessies (twee met en twee
zonder feedback), en eindigend met één evaluatiesessie. De trainingssessies waren bedoeld
om het effect van de feedback op het leren lopen met het exoskelet te beoordelen door de
vooruitgang van de deelnemers te vergelijken tussen sessies mét en zonder feedback. De
evaluatiesessie beoordeelde de effectiviteit van de feedback op het lopen met het exoskelet
onder verschillende omstandigheden, waaronder normale omstandigheden, alsook situaties
waarin het zicht en gehoor beperkt waren. Lopen in het exoskelet werd geévalueerd aan de
hand van de afgelegde afstand tijdens een 50sWT en twee uitkomstmaten gerelateerd aan
het traject dat het massazwaartepunt aflegt tijdens de dubbele steunfase van het lopen: de
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optimaliteit van het traject en de duur ervan. Daarnaast, werd de gebruikerservaring met
de feedback beoordeeld aan de hand van drie vragenlijsten: een visueel analoge schaal
bestaande uit vijf items, de Nederlandse versie van de Quebec User Evaluation of Satisfaction
with Assistive Technology (D-QUEST) en de Nederlandse System Usability Scale (D-SUS). De
resultaten toonden aan dat feedback geen significant effect heeft op het lopen en leren lopen
met een exoskelet bij mensen met een motorisch complete dwarslaesie. Deelnemers waren
over het algemeen positief over de feedback, vooral wat betreft het gebruik ervan tijdens de
trainingsfase.

In hoofdstuk 7 heb ik een theoretisch kader geintroduceerd dat het herstel van de
loopvaardigheid bij mensen met een dwarslaesie beschrijft. Dit kader belicht de fundamentele
elementen die nodig zijn voor een optimale loopvaardigheid, namelijk: onafhankelijk kunnen
lopen, een basaal looppatroon en loopaanpassingsvermogen, met daarbij de specifieke
determinanten van deze fundamentele elementen.
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