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GENERAL INTRODUCTION AND OUTLINE OF THE THESIS

General introduction

1

Spinal cord injury
History
The first references to spinal cord injury (SCI) date back to 2500 before Christ (BC),
in a manuscript systematically describing injuries of the human body.1-3 This
document was named the Edwin Smith Surgical Papyrus after the Egyptologist
Edwin Smith who discovered it in 1862. 2 The author, believed by some to be
Imhotep, provides a detailed description of the symptoms of SCI: paralysis, urinary
incontinence, vasodilation, abdominal distention and priapism. According to the
author, the prognosis for this injury was that it cannot be treated, which remained
the attitude of physicians for centuries.4
Hippocrates (460–377 BC), who is considered both the father of medicine and
orthopaedics, developed an extension bench, the scamnun, to aid in the reduction
of spinal deformities by administering traction.3 In the subsequent centuries, great
advancements in the understanding of SCI were made through the work of Galen
(150 BC).1,3,5 Through his studies of traumatic injuries to the human body in both
gladiators and corpses, he showed that SCI leads to paralysis and a loss of sensation
below the lesion.5 Furthermore, he found that longitudinal incisions of the spinal
cord had little to no effect, while transverse incisions of the cord led to a loss of
function below the level of incision. Regarding the treatment of SCI, Galen endorsed
the traction and reduction theory of Hippocrates, which was accepted through the
following centuries.1,3,5
Paulus of Aegina (625–690) was the first person to hypothesise the concept of
decompressive surgery of the spinal cord, or laminectomy.1,3 This was the first time
that surgery was described as a potential treatment for SCI; however, approximately
1.000 years passed before the first decompressive surgery was performed by
Fabricius Hildanus (1646).4 He introduced the open reduction of cervical fractures
or dislocations after failure to perform a closed reduction. Despite these advances,
the prognosis after SCI remained unfavourable.
During the 18th and 19th centuries, opinions regarding surgery in SCI patients
vacillated greatly.4 Many examples of positive and negative surgical experiences
were reported for SCI patients in this period. For example, Geraud (1753) and Louis
(1762) both reported the removal of bullet fragments and the decompression of the
lumbar spine, which resulted in improved lower extremity function.4 On the other
hand, Henry Cline (1814) reported no clinical improvement in the condition of a SCI
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patient after he performed a decompressive laminectomy, with the patient dying
nine days after the operation.1 Shortly after this, Bell (1824) described the concept
of spinal shock and bowel and bladder dysfunction associated with SCI,3 while the
work of Pasteur in bacteriology, as well as the developments in anaesthesia, resulted
in surgery becoming more routine and safer.4 Infection, which was once the main
cause of perioperative death, could now be prevented, while anaesthesia allowed
for more precise surgery without the patient suffering in pain.3 This resulted in the
development of improved surgical approaches for use on the spine, as well as the
development of the instrumentation required to stabilise the injured parts of the
spine. Neurodiagnostic techniques also evolved during this period, from X-rays to
modern Computer Tomography (CT) and Magnetic Resonance Imaging (MRI)
scans. Moreover, advancements in prehospital care and rapid transport to hospitals
led to decreased morbidity and mortality rates in SCI patients.4
Furthermore, developments within physical therapy and rehabilitation techniques
following SCI have led to an increased number of SCI patients regaining some
lower limb motor function and returning to their communities.6 A pioneer in the
field of rehabilitation after SCI was Ludwig Guttmann, who founded the Spinal Cord
Unit at Stoke Mandeville Hospital in Aylesbury, England, in 1944. Guttmann was
among the first to indicate that early rehabilitation after SCI was important for
maximal functional recovery. Furthermore, he developed therapies to prevent
pressure sores and ascending urinary tract infections, which often lead to sepsis
and death.7,8 Pillow packs and turning the paralysed patients every two hours
reduced the rate of decubiti, while intermittent catheterisation combined with early
antibiotic treatment avoided (recurrent) urinary tract infections, which used to lead
to renal failure. These developments resulted in the increased survival of patients
after SCI, which resulted in Guttmann advocating physical rehabilitation to restore
the patient’s motor functions and allow them to regain their independence and
working capacity and to reintegrate into society.7,8 This formed the foundation of
rehabilitation therapy as we know it today.

Anatomy of the spinal cord and column
The spinal column can be divided into five segments: the cervical, thoracic and
lumbar spine, and the fused sacrum and coccyx (Figure 1). Each segment has
unique biomechanical features, making the transitional areas between the
segments (the cervicothoracic, thoracolumbar and lumbosacral junctions) more
vulnerable to injury.9 The spinal cord is part of the central nervous system, and
extends from the base of the brain through the vertebral canal of the spinal column.
The spinal cord is a major pathway for signals from the brain to and from the body,
carrying sensory (pain, touch, pressure, temperature), functional (motor function,
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posture control, muscle tone) and autonomic information (cardiovascular, digestive
and respiratory systems, involuntary muscles).10

Figure 1 Segments of the human vertebral column

During embryonic development, the spinal cord extends through the full length of
the vertebral column. From the third month of gestation, the vertebral column
lengthens faster than the spinal cord. This results in the spinal nerves stretching
downwards, and the spinal cord extending only to the level of the second lumbar
vertebra in adults.11 Below this point, the nerve roots continue caudally and exit the
vertebral canal via the intervertebral foramina. Since this resembles the tail of a
horse, it is called the cauda equina (Figure 2).12 The spinal cord is covered by three
membranes called the spinal dura, arachnoid meninx and pia mater. The pia mater
is a highly vascularised membrane directly in contact with the spinal cord. The
arachnoid meninx connects the pia mater to the spinal dura, which is separated
from the vertebrae by the epidural space.13
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Figure 2 The spinal cord and the spinal nerves

Pathophysiology
Globally, the incidence of new SCI varies between 13 to 220 per million people per
year, while the prevalence of SCI lies between 440 and 526 per million people. SCIs
most commonly result from trauma due to a variety of loads and stresses applied to the
spinal column and cord, such as compression, torsion and flexion-distraction loads.
Trauma mechanisms that can cause a SCI are automobile or motorcycle crashes,
falls, sport-related accidents, and gunshot or stab wounds.14 Motor vehicle accidents
and falls are the most common causes of SCI.15 Other non-traumatic causes of
SCI include vertebral spondylosis and disc herniation (spinal stenosis), tumorous
compression and vascular ischemia.15,16
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Due to SCI, the brain is disconnected from the cord below the damaged level of the
cord. The injury can be complete or incomplete depending on the severity of the
damage to the cord. Complete SCI entails that there is no function below the level
of injury, as the damage obstructs all signals between the brain and cord below the
injury level. Incomplete injury means some motor and sensory function is retained
below the injury. Tetraplegia, or quadriplegia, is the complete or partial loss of
function in all four extremities, as well as the chest and abdominal muscles. This
occurs when the SCI is located in the cervical spine. Paraplegia is complete or
partial loss of function in the legs, with more or less normal function in the arms,
chest and abdominal muscles. This occurs when the SCI is located below the
cervical spine (i.e., in the thoracic or lumbar spine).10
In addition to impairments to both motor and sensory function, SCI can lead to
pulmonary complications, autonomic dysreflexia, osteoporosis and fractures, spasms,
neuropathic pain, cutaneous diseases, and bladder and bowel dysfunction.16,17
Advancements in both trauma and rehabilitation care have resulted in higher
survival rates after SCI and more patients with incomplete injuries.6 The recovery of
walking function is one of the main goals in the rehabilitation after SCI. Improved
walking ability after SCI may increase cardiovascular health, muscle function and
psychological well-being, as well as reducing pain and spasticity and preventing
loss of bone quality.18 A recent multicentre study showed that 67.6% of all patients
with SCI recover with some degree of ambulatory function.19 Regaining ambulatory
function can require large amounts of energy depending on the level and severity
of the injury, which may make a wheelchair the preferred method of movement.

Walking with an exoskeleton
A relatively new development in the area of rehabilitation after SCI is the exoskeleton,
a wearable robotic device that supports ambulation in non-ambulatory patients
with SCI. It can be used to assist patients with SCI who cannot walk unsupported
or can be used to train and improve walking function in SCI patients with limited
walking ability.17 Exoskeleton-assisted walking consumes less energy than walking
with traditional orthoses. 20
There are various different exoskeleton designs. They are all robotic devices that are
worn over the lower extremities of the patient, with rechargeable batteries and
motorised joints positioned at the level of the patient’s hip and knee joints. 21 Unlike
treadmill-
based gait robots such as the Lokomat, exoskeletons are portable,
relatively compact and lightweight. 22 This enables their use outside of rehabilitation
clinics, for example in the community.
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It is necessary to follow specialised training protocols to learn how to walk safely
with an exoskeleton. There is not yet a standardised training protocol, and the
literature shows large variations in training protocols used in different studies.
On average, patients attend 20 training sessions, which last between 60 and 120
minutes. Training progresses from learning to stand in an exoskeleton, to shifting
weight and taking steps, to walking with parallel bars and walking aids such as
crutches.17 Some training protocols include uneven surfaces and stairs, which
could prepare patients to use the exoskeleton outdoors in general society as well.
Current exoskeletons ambulate with a mean walking speed of 0.26 m/s,17 which is
much slower than the average walking speed of able-bodied people (1.3 to 1.4
m/s). 23
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Outline of the thesis
The general aim of this thesis is to study the recovery of walking ability after SCI.
Since 1945, more than 10.000 studies have been published on rehabilitation after
SCI. Many of them describe different therapeutic approaches, some in combination
with pharmacological therapy. Moreover, in the last decade, numerous studies
have investigated the role of exoskeletons in the rehabilitation of walking function
after SCI. For a general overview, an extensive review of the literature regarding
walking impairments in SCI patients and rehabilitation therapy, including exoskeleton
technology, is provided in Chapter 2.
Tailored patient-specific rehabilitation therapy could be provided early after SCI,
especially if it is possible to distinguish patients who will regain walking function.
Van Middendorp et al. 24 developed a reliable prediction rule that can be used in
the acute phase to predict the chances of a patient’s ability to walk independently
one year post-injury; however, its use has not yet been implemented in routine
trauma care because it was validated only in the original study population.
The validation of the prediction rule in an external study population would not only
support its use in counselling, but would also provide a foundation for early
patient-centred rehabilitation and the identification of patients who could benefit
most from exoskeleton training. In Chapter 3, we therefore evaluate the validity of
this prediction rule in the Victorian Spinal Cord Service, a large SCI centre in
Australia.
Walking speed has been shown to be closely related to functional ambulation
during everyday life after SCI. Van Hedel et al. 25 found that more than 76% of the
variability in levels of functional ambulation could be explained by walking speed.
This indicates that walking becomes functional and the preferred method of
mobilisation only when a certain walking speed can be achieved. The future goal
of exoskeleton development is to be a serious competitor for wheelchairs; however,
exoskeleton users must be able to achieve an unknown minimum walking speed
before exoskeleton-assisted walking becomes the preferred method of mobilisation.
In Chapter 4, we determine the walking speed at which SCI patients tend to walk in
the community rather than use a wheelchair. This speed could be used as a training
goal during exoskeleton-assisted walking.
Exoskeleton-assisted walking speeds below the threshold determined in Chapter 4
are unlikely to result in the replacement of wheelchairs by exoskeletons. At lower
speeds, the advantages of using a wheelchair will outweigh the benefits of walking
with an exoskeleton. It is therefore expected that future generations of exoskeletons
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will be able to ambulate at higher walking speeds than the current devices. Higher
walking speeds using an exoskeleton could result in increased levels of pain or
spasticity however, which would nullify the positive influence of walking. It is
therefore important to explore whether higher walking speeds using exoskeletons
are safe for SCI patients, which is investigated in Chapter 5.
The development of the next generations of exoskeletons has focussed mainly on
the biomechanical aspects of the suits, rather than a patient’s perspective. Little has
been published regarding the perspectives and user requirements of patients with
SCI in exoskeleton technology. Besides walking speed, it is important to meet other
user requirements before the integration of exoskeletons into rehabilitation therapy
can be achieved. In Chapter 6 the expectations of patients with SCI regarding
exoskeletons are described, as well as the experiences of SCI patients who have
previously trained with exoskeletons. These findings may aid future exoskeleton
development.
In Chapter 7 the main findings of this thesis are discussed, as well as recent
developments that are observed in epidemiology, severity and cause of SCI.
Changes to rehabilitation therapy for patients with SCI are addressed, including
implementation of exoskeletons, implications for clinical practice and use of
exoskeletons in the able-bodied population. Finally, future perspectives of exoskeleton
developments and stem cell therapy after SCI are discussed. This is followed by a
summary of all thesis chapters in English (Chapter 8) and in Dutch (Chapter 9).
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CHAPTER 2

Abstract
Background
In recent years, an increasing number of patients with a spinal cord injury (SCI) have
been reintegrating into community life and have been returning to a more active
and independent lifestyle. Consequently, rehabilitation therapies have been altered,
to address activity limitations that patients may experience, to increase participation
in the community and to improve patients’ overall quality of life. An innovative,
supportive approach to locomotor training is through use of an exoskeleton, which
could be used in patients who are unable to ambulate by themselves. The objective
of this study was to provide an overview of the current literature regarding ambulation
in SCI patients with emphasis on outcomes and the usage of exoskeletons; a new
innovative way of rehabilitation therapy after a SCI.
Methods
This is a narrative review of the literature on ambulation outcomes in patients with
SCI. A systematic search was performed of all publications mentioning SCI, exoskeletons and ambulation. Relevant studies were included after screening of both
title and abstract of the search results. Animal studies and non-English articles were
excluded.
Results
Current literature shows that the final degree of motor-function recovery depends
on neuronal plasticity, and that the largest amount of recovery can be achieved
during the first year post-injury. Training muscle strength and walking speed are
important goals in rehabilitation therapy after a SCI. Furthermore, exoskeletons
have been shown to be well tolerated by SCI patients and could be used by patients
without any remaining ambulatory function.
Conclusion
This review showed that it is important to start early with the rehabilitation process
after a SCI, to be able to fully benefit from neuroplasticity during the first year
post-injury. For patients without any remaining ambulatory function, such as
patients with a complete SCI, exoskeletons have shown to reduce spasticity and
improve ambulatory capacity.
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Background
Continuous advances in trauma care and in the recovery process after a spinal cord
injury (SCI) have resulted in an increase in survival rate and life expectancy. The
distribution of incomplete and complete lesions is currently approximately 50/50,
tending more towards incomplete lesions and therefore with more potential for
recovery.1 In recent years, an increasing number of SCI patients have been
reintegrating into community life and have been returning to a more active and
independent lifestyle. This may be a result of the increased number of people living
with incomplete SCIs.1 Consequently, rehabilitation therapies have been altered, to
address activity limitations that patients may experience, to increase participation in
the community and to improve patients’ overall quality of life. 2 One of the primary
goals of the recovery after a SCI is often to reduce the acquired physical impairments,
along with improving functional mobility.3,4 Increased mobility can improve cardiovascular health and muscle function, prevent loss of bone quality and promote
psychological well-being.5 According to a European multicentre study, four out of
ten SCI patients will be able to walk independently again.6 During the past decade,
several pharmacological therapies have been developed to enhance the walking
capacity of SCI patients.7 These treatments are aimed predominantly at reducing
spasticity. Further, task-specific locomotor training, combined with manual or
robotic-assisted bodyweight-supported treadmill training (BWSTT), have improved

the possibility that patients with an incomplete SCI will regain ambulatory function.8
One of the principal interventions to regain mobility after a SCI is muscle
strengthening.9 Following a SCI, the central nervous system is able to recover
locomotor function assisted by functional locomotor training.10,11 Literature shows
that the greatest recovery occurs during the first year after a SCI; even with
continuous rehabilitation therapy, there are often no further improvements seen
after the first year post-injury.12 To regain locomotor function, patients with an
incomplete SCI depend strongly on visual input to compensate for proprioceptive
deficits and impaired balance. In addition, they require additional attentional
capacity to stand, walk and handle their walking aids.8 However, when suffering
from spasticity, a patient’s potential for functional improvements from locomotor
training may be limited.13 Spasticity is a common secondary complication of SCI
that is associated with deleterious effects on ambulation and mobility.14 Combined
with the inability or difficulty to recruit muscles below the lesion, spasticity leads
to limitations in sensory-motor activities such as walking and posture.10
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An innovative, supportive approach to locomotor training is through the use of an
exoskeleton. An exoskeleton is a wearable brace-support suit featuring motors at
the lower limb joints, rechargeable batteries and a computer-based control system.15
This robotic suit could be used for patients who are unable to ambulate by themselves,
e.g. after a complete SCI, and assist SCI patients with mobility and to facilitate
locomotion therapy. The purpose of exoskeletons is to facilitate standing and walking,
as well as assist in rehabilitation.12 However, different applications for exoskeletons exist;
to provide mobility in complete SCI and as rehabilitation device for incomplete SCI.
Over the years, many different exoskeletons have been developed. One can distinguish
assistive exoskeletons and rehabilitative exoskeletons. Assistive exoskeletons (e.g.
Rex-Bionics, Wearable Power-Assist Locomotor exoskeleton (WPAL), Re-Walk)
allow patients to walk. Rehabilitative exoskeletons (e.g. Lokomat, Hybrid Assistive
Limb (HAL), Kinesis and Ekso-Bionics) focus on improving gait in the long term.
Besides this difference in application and clinical objective, there are differences in
the control mechanism of the exoskeletons. Some are controlled by a joystick
(Rex-Bionics, Lokomat, WPAL, Kinesis), others have a posture-controlled system
(Re-Walk, Ekso-Bionics, Indego). The HAL exoskeleton has electromyographic
(EMG) control.12 Despite the great variety in exoskeletons, the ultimate goal is to
help patients to walk as naturally as possible.
The aim of this review is to provide an overview of the current literature regarding
ambulation of SCI patients. Requirements for ambulation will be discussed, and
walking impairments in SCI patients as well as functional walking measures used
in clinical practice will be covered. Finally, interventions such as medication and
exoskeletons, including their effect on walking capacity, will be discussed.

Methods
A systematic search was performed of all publications mentioning SCI and ambulation.
The following search terms were used: ‘spinal cord injury’, and ‘ambulation’/‘
walking’/‘gait’. This resulted in the following search string: (‘spinal cord injury’
[All Fields] AND ‘spinal cord injury’[Title/Abstract]) AND (((‘walking’[MeSH Terms] OR
‘walking’[All Fields] OR ‘ambulation’[All Fields]) AND (‘walking’[MeSH Terms] OR
‘walking’[All Fields])) AND (‘gait’[MeSH Terms] OR ‘gait’[All Fields])). The literature search
was conducted in PubMed without any time limits or other filters. All study designs,
including case reports, were included, without restriction on the age of participants.
All article abstracts were screened for relevance for this review. Articles written in
languages other than English and animal studies were excluded. The reference lists
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of key articles were searched to identify other potentially relevant articles for this
study, as well as the Cochrane database and Google Scholar.
Due to the large variance in study populations, a systematic review was not possible;
therefore, a narrative design for the review was chosen.

2

Results
Requirements for functional walking
Normal gait requires muscle strength, sufficient range of motion, coordination,
proprioception and sensation of the lower limbs, as well as vision and planning of
movements.16 Significant muscle groups for ambulation include: flexors, extensors,
and abductors of the hip; flexors and extensors of the knee; and dorsi-flexors and
plantar-flexors of the ankle.17 In patients with SCI, these capabilities might be limited
due to the injury, resulting in limited ambulatory capacity, as well as reduced gait
speed and endurance.
Besides the ability to walk, walking speed is an important factor in community
ambulation. Community ambulation is defined as being able to walk outdoors,
potentially with the use of walking aids. Literature suggests that a walking speed of
1.20 to 1.31 m/s is required for independent community ambulation.18 However,
several studies show an average walking speed of patients with SCI around 0.36
m/s.19-21 Together with factors such as the ability to transfer and manage curbs,
stairs and crowded areas, this could lead to a reduced independence in walking in
the community. In these situations, walking may not be the most practical method
of mobility, 22,23 and more efficient forms of mobility (e.g., wheelchairs, motorised
scooters) are often used as compensation. Although these compensatory strategies
enable patients with SCI to become more functionally mobile, paradoxically they
contribute to a reduction in walking behaviour. 24 According to Stevens et al.19
therapeutic interventions designed to increase community walking in patients with
SCI should focus on strengthening the legs through resistance training, engaging
in locomotor training or regularly participating in other forms of weight-supported
physical activity involving the legs.

Functional walking measures
There are several measures to assess functional walking after a SCI. Examples of
gait outcomes are walking speed over ten metres (10MWT), preferred and maximum
walking speed, six-minute walk test (6MinWT), the Spinal Cord Independence
Measure (SCIM) and the Walking Index for Spinal Cord Injury (WISCI).
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The 6MinWT measures the distance (in metres) walked in six minutes, whereas the
10MWT measures the time (in seconds) taken to walk ten metres. The 10MWT has
been shown to be a valid clinical measure of walking capability and to reliably
reflect walking performance in real-life settings.19 Walking speed from the 10MWT
in SCI patients correlates well with ambulation categories based on ambulatory
milestones, as defined by van Hedel et al. 25 (Table 1). The walking speed distinguishes
between ambulation categories with high sensitivity and specificity. This means
that in patients with SCI, the preferred walking speed as assessed in the clinic can
be used to estimate functional ambulation during everyday life. Another study
showed that SCI patients who have a walking speed of 0.59 m/s on the 10MWT
tend to walk in the community instead of using their wheelchair. 26 However, the
actual walking speed depends on many factors such as the motivation of the
person as well as environmental and psychological factors.

Table 1 Walking categories
Category

Description

Average
walking speed (m/s)

1

Wheelchair-dependent patients who are able to
take a few steps

0.01

2

Supervised short distance indoor walkers, wheelchair
dependent for longer distances and outdoors

0.34

3

Independent indoor walkers, wheelchair dependent
for longer distances

0.57

4

Assisted walkers who require a walking aid

0.88

5

Walkers without walking aid

1.46

Another study showed that a combination of walking velocity and knee-extension
strength is a good discriminant between household and community walkers, with
a threshold of 0.42 m/s for the velocity variable. 27
For patients with SCI the preferred walking speed as assessed with the 10MWT in
the clinic can be used to estimate functional ambulation in everyday life. Moreover,
van Middendorp et al.6 have developed the Dutch ambulation prediction rule, which
provides a reliable prognosis of a patient’s ability to walk independently at home
after a traumatic SCI. This prediction is based on a combination of factors including
age, motor scores of the quadriceps femoris and the gastrocsoleus muscles, and
light touch sensation for two dermatomes (L3 and S1). This prediction rule has been
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validated externally28 when being used in daily clinical practice and has shown to
be accurate in giving an early prognosis in the first two weeks after a SCI.
Walking can be cognitively more challenging for SCI patients compared to healthy
people. 29 This could minimally affect the performance of a 10MWT when the
patient can fully concentrate on walking itself without consideration of variables
such as irregular surfaces, obstacles, a dark environment or other distracting
factors.
Van Hedel et al.30 showed that SCI patients walk slower than the able-bodied and
that they favour walking closer to their maximum walking speed when compared
with the able-bodied. The slower walking speed of SCI patients has been shown to
be associated with an increased duration of the double-support phase.31 Balance
requirements are lower during the double-support compared with the single-support
phase of walking. 29 Even in SCI patients with good walking ability, the duration of
double support is slightly increased. By walking as fast as possible, SCI patients
automatically further improve balance during walking.32
Both the SCIM and WISCI are assessments of functional capacity. The SCIM scores
independence and activities in everyday life, e.g. self-care (feeding, grooming,
bathing, and dressing), respiration, sphincter management, and mobility (bed,
transfers, indoors and outdoors). The WISCI assesses the amount of physical
assistance needed and devices required for walking a distance of ten metres.
Morganti et al.12 showed a significant positive correlation between the WISCI and
SCIM (r=0.97, p<0.001).

Walking impairments in SCI patients
As described before, a SCI affects the leg muscles to a certain degree, which
correlates with functional walking measurements such as 10MWT and ambulatory
capacity. Ambulatory capacity is the degree of walking independence at home and
in the community. Kim et al.33 showed that, for walking speed as measured by the
10MWT, the strongest correlations were produced by the hip flexors and hip
abductors on both sides. The less-affected hip flexor strength explained more than
50% of the variance in these two functional measures. The hip flexors play an
important role during the initial swing phase of gait to pull the swinging limb
forward, and the hip abductors are important for stability during stance.34 It is
possible that patients with strong hip flexors and abductors are better able to
control balance during stance and pull their swinging limb forward to increase
stride length and consequently increase gait speed. The less-affected hip extensor
strength explained up to 64% of the variance in ambulatory capacity, which suggests
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that the stabilizing role of these muscles is essential for a higher level of community
mobility. Tasks such as transfers, standing, and climbing and descending stairs,
which are important activities for functioning in the community, have different
strength demands from gait. Finally, Kim et al.33 showed that for all three of the
functional walking measures, the strength of the less-affected limb was more
important than that of the more-affected limb. These results suggest that patients
with at least one strong limb may be able to compensate for the weakness on the
more-affected side and thus demonstrate higher functional performance.
Perry35 described three categories of ambulation difficulties for SCI patients. The
first category involves inadequate hip extension during the stance phase, which is
usually due to weakness of the gluteal muscles and results in poor stability during
stance with limitations of the step length of the opposite extremity. It also contributes
to pelvic drop. The second category, excess of plantar ﬂexion during the swing
phase and impaired initial foot contact, results in problems with foot clearance
during swing and poor foot placement at heel strike. The last category is limited hip
and knee ﬂexion during the swing phase, which is due to weakness of the iliacus,
rectus femoris and sartorius muscles. Besides that, knee ﬂexion is limited during the
swing phase due to antagonistic action of the rectus femoris and vastus lateralis.
This gait impairment results in a stiff leg, often associated with increased spasticity,
and problems with foot clearance. This pattern of walking in SCI patients is due to
not only weakness of the muscles but also spasticity, and it differs in patients with
thoracic lesions compared with lumbar lesions. 22

Pharmacology
In general, locomotor training results in better ambulation capacity than any pharmacological therapy. However, there is some literature which suggests that
medication could facilitate the recovery of walking function after a SCI.36
Tizanidine, an anti-spasticity drug, has been shown to reduce hypertonia in SCI
patients, and may thus facilitate locomotor training in chronic SCI patients.13,37,38
Cyproheptadine, an anti-serotonergic and antihistamine drug, has shown to increase
the maximal walking speed, improve muscle coordination and reduce clonus.39
However, side effects are drowsiness and fatigue, which could have negative effects
on walking outcome and outweigh the benefits of taking the medication.36
The combination of cyproheptadine and clonidine has shown to reduce clonus
and spasticity, and improve muscle activity and joint kinematic patterns, what
resulted in an improvement of functional ambulation.36,40 GM-1 ganglioside has
been shown to improve walking speed and walking distance.36,41 Baclofen is
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commonly used to treat spasticity after a SCI with the intent to enhance motor
function.36 A systematic review showed that intrathecal administered baclofen can
potentially reduce spasticity, while orally administered had no effects.42
Literature shows that there are no benefits from the medications Levodopa36,43
and 4-Aminopyridine.44,45

2

Exoskeletons
As mentioned in the introduction, there are many different types of exoskeletons,
each with their own purposes and benefits. Depending on the way the exoskeleton
is controlled, different applications are possible. Exoskeletons controlled with a
joystick or by posture enable the patient to compensate for the functional loss of
their lower limbs, thus regaining mobility while wearing the suit. EMG controlled
exoskeletons however, require an active contribution of the lower limbs of the
patient. This way, the patient’s voluntary drive is integrated in the walking pattern.
This mechanism could lead to neuronal plasticity and possibly result in increased
mobility even when not wearing the exoskeleton.12
Both patients with complete and with incomplete SCI can benefit from using an
exoskeleton. Whereas patients with complete SCI will benefit primarily from the
ability to stand up and walk, those with incomplete SCI will benefit mostly from the
ability to walk longer distances, and potentially an increased walking ability.15 In the
study of Benson et al.15, both patients with complete and with incomplete SCI
showed an improvement in ambulatory capacity when using an exoskeleton. This
is consistent with previous studies,46-48 which showed improvements in mobility
outcomes in patients with complete SCI using an exoskeleton.
Zeilig et al.46 showed that an exoskeleton is safe in usage and stable during standing.
Ambulation can be achieved by using walking aids such as crutches, a walker or
railings for stairs climbing. Benson et al.15 observed that walking speeds are higher
and walking distances are longer in exoskeleton users when compared with
non-users. Walking speed with an exoskeleton ranged from 0.33 to 1.45 m/s in the
10MWT. In the 10MWT, patients with lower levels of injury walk significantly faster
than those with higher levels of injury.46 Duffell et al.49 compared exoskeleton
training to no intervention, and found that patients with a high baseline walking
capacity (high 10MWT walking speed, high 6MinWT distance and fast Timed-Upand-Go (TUG) test times) had more improvement in 10MWT walking speed with
the exoskeleton compared with no intervention at 4 weeks of follow-up; patients
with low baseline walking capacity (low 10MWT walking speed, low 6MinWT
distance and slow TUG test times) showed no difference for either treatment.
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However, a recent systematic review showed that in general, there were no
differences in change from baseline among patients undergoing exoskeleton
training compared with non-exoskeleton training (e.g. treadmill-based training,
over-ground ambulation training, BWSTT, no training, or treatment with tizanidine).
There were no differences found in the 10MWT and 6MinWT comparing exoskeleton
and non-exoskeleton training in SCI patients. There were mixed results for the
WISCI/WISCI II; most of the included studies found no difference between
rehabilitation strategies, with only a few studies reporting significantly improved
scores in the exoskeleton group.12
Patients with spasticity have shown to experience a reduction in spasticity after
training sessions with an exoskeleton.47,50 An explanation for this could be that
the activation of neuronal circuits involved in walking is able to reduce the non-
physiological hyper-activation present in spasticity after a SCI.50
Multiple studies have shown that use of an exoskeleton is generally well tolerated,
with no increase in pain and a moderate level of fatigue after use.46,50

Discussion
This review covers many different aspects regarding the recovery of ambulation
capacity after a SCI. In the acute phase after a SCI, a reliable prognosis of the ability
to walk can be given to a patient based on the Dutch clinical ambulation prediction
rule developed by van Middendorp et al.6 The final degree of motor function
recovery depends on neuronal plasticity, as shown in current literature51, which has
been shown to be the largest during the first year after a SCI. This shows that it is
important to start as early as possible with the rehabilitation process after a SCI, to be
able to fully benefit from the time during which the most recovery can be achieved.
There are several different strategies that can be followed during the rehabilitation
process, which all have the same goal: to regain the best possible walking capacity.
However, this can be complicated by the occurrence of spasticity. The effects of
pharmacological therapies on spasticity and walking function are highest when
combined with locomotor training; however, the literature is inconsistent regarding
the reported effects of these medications. In this training, walking aids and
body-weight support can be used to help SCI patients walk and thus activate the
neuronal systems involved in ambulation.52 During these trainings, progress can be
measured using functional walking measures.
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The exoskeleton is an innovative form of rehabilitation therapy, which can also be
used for patients with a complete SCI and patients who do not yet have any
ambulatory capacity. However, a recent systematic review showed that the 10MWT
walking speed and SCIM scores were not significantly different after exoskeleton
training compared with various other rehabilitation therapies. The 6MinWT and
WISCI showed mixed results, with some studies indicating no significant difference
in change from baseline between exoskeleton training and other therapies, some
indicating benefit of exoskeletons and some indicating benefit of comparator
therapies over exoskeletons. There is no consistent benefit from rehabilitation using
an exoskeleton versus a variety of conventional methods in patients with chronic
SCI.12
Exoskeletons have shown to potentially improve ambulatory capacity after a SCI,
are safe in usage and are well tolerated by patients.46,50 A significant disadvantage
of the current exoskeletons is the relatively low mean walking speed of 0.26 m/s.53
As described in this review, it has been suggested that a walking speed of 1.20
to 1.31 m/s is required for independent community ambulation.18 However,
for community ambulation, it is necessary to be able to achieve a walking speed of
at least 0.49 m/s, which is required, for example, to cross an intersection as set by
traffic signals.54 Another study showed that a walking speed of 0.59 m/s is feasible
for patients to prefer walking over using their wheelchair whilst ambulating in the
community. 26 This might make exoskeletons for now an unsuitable method of
ambulation in the community for most SCI patients without sufficient ambulatory
function on their own.
Besides exoskeletons having a potential positive effect on walking ability, they could
also be beneficial for mental health, pain, spasticity as well as bladder and bowel
function.

Limitations
This review has limitations due to the nature of the articles that were examined.
Some of the studies are based on small numbers of patients, and the definitions of
walking function and follow-up time points vary across the studies. Moreover,
different SCI populations were used in the studies; varying in severity of injury as
well as time since SCI. There are many types of non-exoskeleton therapies that can
be used during rehabilitation after an SCI, e.g. treadmill-based training, over-ground
ambulation training, BWSTT, besides the different types of exoskeletons, which
results in a large heterogeneity in the literature. In order to still provide an overview
regarding ambulation after a SCI with emphasis on exoskeletons, a narrative review
was chosen as a study design.
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Furthermore, these studies do not represent the standards of care in the whole
world. Since the management of SCI may be different internationally, the recovery
of walking function might vary. Finally, the examined articles are not distributed
regularly in time.

Clinical relevance
Based on this review, it is important that rehabilitation therapy during the first year
post-injury focuses on regaining muscle strength and walking speed. Most
neurologic recovery occurs within the first few months after injury; early initiation
of the rehabilitation process is therefore considered fundamental to maximise the
recovery. However, the best timing for treatment interventions is not known.1 For
patients who are not (yet) able to walk, an exoskeleton could be used to ambulate
in the rehabilitation process.

Conclusion
This review showed that muscle strength and walking speed are important goals in
rehabilitation therapy after a SCI. To be able to fully benefit from the neuroplasticity
during the first year post SCI, it is important to start as soon as possible with
rehabilitation. This way patients have the best chances to regain as much walking
ability as possible. In patients without any ambulatory function, e.g. patients with a
complete SCI, or patients who do not (yet) have sufficient muscle power to
ambulate following conventional rehabilitation therapies such as treadmill-based
training, over-ground ambulation training and BWSTT, exoskeletons have shown to
potentially increase walking ability. Literature has shown that exoskeletons are safe
when used, and that they could reduce spasticity.
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CHAPTER 3

Abstract
Study design
Retrospective study.
Objectives
To determine the accuracy in routine clinical practice of a previously described
Dutch clinical prediction rule for ambulation outcome.
Setting
Adult patients (≥18 years) who were admitted to the Austin Hospital with a traumatic
spinal cord injury between January 2006 and August 2014.
Methods
Data from medical records were extracted to determine the score of the Dutch
clinical ambulation prediction rule proposed by van Middendorp et al. in 2011.
A receiver-operating characteristics (ROC) curve was generated to investigate
the performance of the prediction rule. Univariate analyses were performed to
investigate which factors significantly influence ambulation after a traumatic spinal
cord injury.
Results
The area under the ROC curve (AUC) obtained during the current study (0.939, 95%
confidence interval (CI) [0.892, 0.986]) was not significantly different from the AUC
from the original Dutch clinical prediction model (0.956, 95% CI [0.936, 0.976]).
Factors that were found to have a significant influence on ambulation outcome
were time spent in the ICU, number of days hospitalised and injury severity. Age at
time of injury initially showed a significant influence on ambulation. However,
this effect was not apparent after inclusion of the 24 patients who died due to the
trauma (and therefore did not walk after their injuries).
Conclusion
The Dutch ambulation prediction rule performed similarly in routine clinical
practice as in the original, controlled study environment in which it was developed.
The potential effect of survival bias in the original model requires further
investigation.
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Introduction
The initial primary goal for many patients after a traumatic spinal cord injury (SCI) is
to regain the ability to walk1 to allow maximal independence. 2 Despite the
devastating effects of a traumatic SCI, no treatment is available that consistently
results in major neurological or functional recovery.3,4 Considering the importance
placed on walking by patients, reliable prognosis of the chances of regaining
walking function is important. Moreover, this prognosis is important in counselling,
discharge and rehabilitation planning5 and would greatly assist decisions about
medical equipment and home renovations for mobility and accessibility.6 It is also
very important to be able to assess prognosis accurately to avoid unrealistic
expectations of recovery. Further, rehabilitation professionals require the most
accurate prognostic information when deciding on interventions to facilitate the
recovery of limb function.7 Therefore, understanding the factors that influence the
outcome of walking after a traumatic SCI is essential.
Recovery after a traumatic SCI varies in rate and degree, but there are a number of
clear discernible patterns across impairment groups.8 Compared with patients with
an American Spinal Injury Association (ASIA) Impairment Scale (AIS) A or B SCI,
patients with an AIS C or D injury have a greater potential to recover to a higher level
of function, including the ability to walk.9 Also, patients with an AIS D SCI are more
likely to be able to walk regardless of the injury level.10 In addition, it has been
reported that younger patients (< 65 years) have a higher potential to functionally
recover due to neurological improvements compared with older patients.11
The greatest recovery from a SCI occurs within the first six months post-injury with
the rate of recovery typically plateauing after 12 to 18 months.12 As such, one-year
follow-up data are typically considered representative of long-term outcome in SCI
research.13 A clinical prediction rule for ambulation outcomes after a traumatic SCI
has been published by van Middendorp et al.3 This Dutch prediction rule is reported
to provide a highly accurate and early prognosis of a patient’s ability to walk at one
year post-injury, using age and four neurological tests: motor scores of the
quadriceps femoris (L3), gastrocsoleus (S1) muscles, and light touch sensation of
dermatomes L3 and S1.3 However, the accuracy of this prediction rule has only
been established within the original Dutch study that involved specifically trained
neurologists and rehabilitation physicians. For the prediction tool to be implemented
into widespread clinical practice, it is important to establish how well the tool works
“in the real world”. As such, the purpose of this study was to investigate the accuracy
of the Dutch clinical prediction rule for ambulation outcomes, using routinely
collected clinical data.
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Methods
Study design and patient population
Data from neurological admission status and functional outcomes of patients with
a traumatic SCI was collected prospectively and collated retrospectively. The data
were extracted from the medical records of the patients who were admitted to the
Austin Hospital with a traumatic SCI between January 2006 and August 2014.
All adult patients (≥ 18 years) with a traumatic SCI, including conus medullaris and
cauda equina injuries, were included in this study. Patients were excluded if they
had a non-traumatic SCI, if they did not have a neurological assessment within 15
days post-injury or a follow-up mobility status measure at six months or later
post-injury. These criteria were set to match the inclusion and exclusion criteria
used by van Middendorp et al.3 as closely as possible. Approval for this audit was
provided by the Austin Health Human Ethics Committee.

Prognostic variables
The neurological admission status was defined as the standard AIS (Table 1), which was
assessed during physical examination of the patient by a doctor or physiotherapist.

Table 1 American Spinal Injury Association Impairment Scale (AIS)14
Grade A

No motor or sensory function is preserved in the sacral segments S4-S5

Grade B

Sensory but not motor function is preserved below the neurological
level and includes the sacral segments S4-S5

Grade C

Motor function is preserved below the neurological level, and more
than half of the key muscles below the neurological level have a muscle
strength grade of less than 3

Grade D

Motor function is preserved below the neurological level, and at least
half of the key muscles below the neurological level have a muscle
strength grade of 3 or more

Grade E

Motor and sensory function are normal

Neurological examinations were conducted according to the International Standards
for Neurological Classification of Spinal Cord Injuries (ISNCSCI).14 Examination
included motor score testing (graded on a six-point scale adapted from the Medical
Research Council scale), light touch sensory and pinprick sensory testing (0 = absent,
1 = impaired, and 2 = normal), and sacral sparing scores, including voluntary anal
contraction and anal sensation (0 = absent and 1 = present).14

40

AMBULATION PREDICTION AFTER SPINAL CORD INJURY

To be able to get an accurate estimation of the neurological status at admission to
the hospital, only complete ISNCSCI assessments within 15 days after injury were
included, as was done in the van Middendorp study.3 To predict ambulation one
year after injury, the Dutch clinical prediction rule requires the AIS grade, the
neurological level of injury, and the highest motor and sensory scores (left or right)
for neurological levels L3 as well as S1.3
In addition, the categorisation of injury severity in this study was performed
according to the guidelines of DeVivo et al.15 However, the category of injury levels
T1-S5 with an AIS A, B or C was split into two as distinction in the thoracic and
abdominal muscles could influence the ambulation outcome.

Outcome assessment
The primary functional outcome was defined as the ability to walk independently
at one year post-injury. Independently was defined as able to walk without supervision,
but potentially with the usage of aids like a walking cane. Mobility was determined
by the status at discharge, or later during outpatient appointments, by a doctor or
physiotherapist working at the hospital. As per the van Middendorp et al.3 study
protocol, six month follow-up measurements were used for patients without one
year follow-up measurements.16

Statistical analysis
After determining the outcome for every patient based on the information available
in their discharge summary and medical record, the prediction rule score according
to van Middendorp et al.3 was calculated.
Descriptive statistics were calculated with absolute and relative frequencies for
categorical variables. Mean, standard deviation (SD), median and range were calculated
for continuous variables.
Data were analysed using Stata12, statistical significance was set at p<0.05. A receiveroperating characteristics (ROC) curve was plotted to assess the area under the
ROC curve (AUC). The performance of the Dutch prediction rule in discriminating
between patients who can and cannot walk one year after injury was defined as the
AUC. Two-sample t-tests and chi-squared tests were used to determine which
factors influenced the outcome of ambulation one year after traumatic SCI.
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Results
Between January 2006 and August 2014, 373 adults were admitted to the Austin
Hospital with a traumatic SCI. Of these, 291 had complete neurological examinations
within the first 15 days post-injury (78%). Ambulation outcome measurements were
available for 184 patients (63%). The patient characteristics for these 184 included
patients are described in Table 2.

Table 2 Patient characteristics of the 184 patients
Gender
Male
Female

147 (80%)
37 (20%)

Mean age at time of injury in years
(SD, median, range)
≥65 years

42
(18, 40, 18-86)
30 (16%)

Mean number of days after injury of examination
(SD, median, range)

2.7
(4.0, 1, 0-15)

Severity of injury
C1-C4, AIS A, B, C
C5-C8, AIS A, B, C
T1-T6, AIS A, B, C
T7-S5, AIS A, B, C
AIS D

45 (24%)
58 (32%)
27 (15%)
31 (17%)
23 (12%)

Spinal surgery
Yes
No
Unknown

149 (81%)
15 (8%)
20 (11%)

Mean number of days in ICU (SD, median, range)

8.2 (7.4, 6.5, 0-47)

Mean number of days in hospital (SD, median, range)

188 (109, 188, 6-597)

Outcome measurements
One-year follow-up
Six-month follow-up only
Patients who can walk independently

116 (63%)
68 (37%)
62 (34%)

Data are n (%) unless otherwise stated.
AIS: American Spinal Injury Association (ASIA) Impairment Scale, SD: Standard Deviation

A more extensive comparison of the characteristics of the patients who were
included and those who were excluded is available in the Supplementary
Information (Table S1) and similarly a comparison of the patient characteristics
between those with one-year follow-up data, six-month follow-up data and no
available follow-up data (Table S2). Briefly, the excluded patients spent 78 days less
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in hospital compared to the included patients (110 days and 188 days respectively).
Also, 26% of the excluded patients had no initial neurological examination and for
22% it was not recorded whether they had undergone spinal surgery, differences
attributable to the study inclusion and exclusion criteria.
Analyses comparing the patients with a one-year follow-up, a six-month follow-up,
and no follow-up data, showed significant differences in time hospitalised (p<0.05).
Patients with a six-month follow-up were in the hospital for the longest time, 199
days, compared with 182 days for patients with a one-year follow-up and 102 days
for no follow-up. A C5-C8, AIS A, B, C injury occurred in 31% of the patients with a
one-year follow-up and in 32% of those with a six-month follow-up, but in the
patients without follow-up 30% had a T7-S5, AIS A, B, C injury. As above, these
differences were considered a direct consequence of the study inclusion and
exclusion criteria.
Scores were calculated using the Dutch prediction rule developed by van
Middendorp et al.3 for all of the patients with available follow-up data. Figure 1
shows the frequencies of prediction rule scores for people with SCI who did and
did not walk independently. Higher scores are associated with a greater percentage
chance of walking at 12 months post-injury.

Number of patients

100

90
20

Walking
independently
Not walking
independently

10

0
-10 -8 -6 -4 -2 0

2

4

6

8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

Prediction rule score

Figure 1 Ambulation outcome and prediction rule scores
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Figure 2 shows the ROC curve of the calculated prediction rule scores. The AUC
was 0.939, 95%-CI [0.892, 0.986].

1.00

Sensitivity

0.75

0.50

0.25

0.00
0.00

0.25

0.50

0.75

1.00

1 – Specificity
Area under ROC curve = 0.9390

Figure 2 ROC curve of the prediction rule

Initial analyses suggested that patients who were able to walk were significantly
older, and spent less time in the Intensive Care Unit (ICU) and in the hospital than
those who were not able to walk (Table 3). However, 24 patients were not included
in the analysis because they died (as per the van Middendorp paper). A sensitivity
analysis was performed by including them in the group that were unable to walk
and the difference in age was no longer significant (p = 0.1889). There was no
significant difference between those who did and those who did not walk regarding
gender or whether the patients had undergone spinal surgery (Table 3). As expected,
patients with more severe injuries were less likely to walk.
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Table 3 Characteristics of patients who did and did not regain walking function.
Walking group
(n = 62)

Not walking group P-value
(n = 122)

Gender
Male
Female

49 (79%)
13 (21%)

98 (80%)
24 (20%)

Mean age at time of injury in years
(SD, median, range)
≥65 years

48
(18, 49, 18-86)
14 (23%)

40
(18, 35, 18-79)
16 (13%)

0.0031

Mean number of days after injury
of examination (SD, median, range)

3.1
(4.2, 1, 0-15)

2.6
(4.0, 1, 0-15)

0.4090

Severity of injury
C1-C4, AIS A, B, C
C5-C8, AIS A, B, C
T1-T6, AIS A, B, C
T7-S5, AIS A, B, C
All AIS D

9 (14%)
18 (29%)
0 (0%)
11 (18%)
24 (39%)

35 (28%)
40 (33%)
29 (24%)
18 (15%)
0 (0%)

Spinal surgery
Yes
No
Unknown

40 (65%)
8 (12%)
14 (23%)

108 (88%)
8 (7%)
6 (5%)

Mean number of days in ICU
(SD, median, range)

3.4
(3.4, 3, 0-11)

9.8
(7.5, 8, 0-47)

<0.0001

Mean number of days in hospital
(SD, median, range)

104
(86, 91, 6-481)

231
(94, 214, 59-597)

<0.0001

0.836

3

<0.001

0.120

Data are n (%) unless otherwise stated.
AIS: American Spinal Injury Association (ASIA) Impairment Scale, ICU: Intensive Care Unit,
SD: Standard Deviation

Discussion
In this study the accuracy of the Dutch prediction rule developed by van Middendorp
et al.3 was investigated when employed in usual clinical care. An ROC-curve was
generated to compare the performance of the Dutch ambulation prediction rule in
clinical setting with that reported by van Middendorp et al. The AUC for the clinical
setting was 0.939, 95%-CI [0.892, 0.986], which is not significantly different from
the AUC in the paper by van Middendorp et al. (0.956, 95%-CI [0.936, 0.976]).
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In the second part of this study, the factors that influenced the outcome of walking
after a traumatic SCI were investigated. Gender and whether the patients had
undergone spinal surgery did not significantly influence walking outcome. Patients
who were able to walk had a less severe injury on lower spinal levels (levels T7-S5,
AIS D), were in the ICU for a shorter period of time and were in the hospital for a
shorter period of time (p<0.05).
These findings were expected given the relationship between the severity of the
SCI and time hospitalised; where more severe injuries commonly result in longer
periods in the ICU and hospital. Moreover, Kay et al6 showed that patients with an
AIS C injury were more likely to be able to walk at the time of discharge compared
with patients with an AIS A or B injury; patients with an AIS D injury were more likely
to walk at discharge than those with an AIS C injury, and all patients with an AIS D
injury were likely to walk at discharge regardless of their injury level.6 In the current
study, all of the patients with an AIS D injury were able to walk independently one
year after their injury.
Age at time of injury initially showed a significant influence, but this effect was in the
opposite direction to that which might be expected and as was observed in the
original paper. Patients who were able to walk again were older than those who did
not walk, but age was no longer significantly different when the 24 patients who
died before discharge to the community were included in the analysis. This
difference in results between our findings and the van Middendorp model may
reflect a selection bias in both the original article and the current sample. As
discussed by van Middendorp, those who died in the derivation dataset before
discharge to the community were not included in the model development.
Predictions of walking outcomes are made clinically throughout the hospitalisation
period as well as following discharge. A robust walking prediction tool must
therefore not be limited in its application to patients who have survived until
discharge to the community. In the current study, a more conservative approach to
the data, where we included all patients who died in the “were unable walk after
one year” group, removed age as significant discriminator of ambulation. It is thus
possible that the factors “age” and “died within one year” are interacting in the
model in some manner and perhaps limiting the clinical applicability of the model.
As such, we recommend further research into the influence of age on ambulation
outcomes.
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Other factors that might influence the outcome of walking that were not investigated
in this study are trauma mechanism and pre-existing comorbidity. Higher velocity
trauma would likely be associated with more severe, higher and complete injuries
that would require spinal surgery, a longer stay in the ICU and a longer stay in the
hospital. Patients with an injury sustained in a higher velocity trauma could therefore
be less likely to be able to walk again. Ambulation outcome may also be affected by
comorbidity, including pre-existing myelomalacia and premorbid poor mobility.
In this study the external validation of the prediction rule of van Middendorp et al.3
was tested when used by doctors and/or physiotherapists in a normal clinical
setting. In most cases the neurological examination was carried out by registrars
with varying amounts of experience and training in performing the examination.
More recently, these examinations were performed by the senior physiotherapist
and the registrar together at the bedside. Performance of the Dutch prediction rule
in clinical practice was comparable to the original study, despite it being completed
by different health professionals with varying types and amounts of training.
Importantly, the accuracy of the Dutch ambulation prediction rule was tested in
only one hospital in Australia. Although all assessments were conducted in
accordance with ISNCSCI guidelines, a limitation of this study is that we cannot
exclude a site-specific cultural bias in the assessments.

Conclusion
The accuracy of the Dutch ambulation prediction rule developed by van Middendorp
et al.3 was tested for use in clinical practice, and comparable performance of the
prediction rule was found if used in a hospital spinal unit as part of routine clinical
care. The potential effects of both survival bias and the construct validity of the
original model require further investigation, although overall the prediction rule
appears to function as designed in routine clinical practice.
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Supplementary Information
A comparison of the characteristics of the patients who were included in and those
who were excluded from this study.

Table S1 Patient characteristics for included and excluded patients.
Included
patients
(n = 184)

Excluded
patients
(n = 189)

Gender
Male
Female

147(80%)
37 (20%)

157 (83%)
32 (17%)

Mean age at time of injury in years
(SD, median, range)
≥65 years

42
(18, 40, 18-86)
30 (16%)

44
(20, 41, 18-87)
35 (19%)

0.3745

Mean number of days after injury
of examination (SD, median, range)

2.7
(4.0, 1, 0-15)

3.6
(4.4, 1, 0-15)

0.1040

Severity of injury1
C1-C4, AIS A, B, C
C5-C8, AIS A, B, C
T1-T6, AIS A, B, C
T7-S5, AIS A, B, C
All AIS D
No examination

45 (24%)
58 (32%)
27 (15%)
31 (17%)
23 (12%)
0 (0%)

19 (10%)
25 (13%)
26 (14%)
40 (21%)
29 (16%)
50 (26%)

Spinal surgery
Yes
No
Unknown

149 (81%)
15 (8%)
20 (11%)

132 (70%)
16 (8%)
41 (22%)

Mean number of days in ICU
(SD, median, range)

8.2
(7.4, 6.5, 0-47)

6.6
(6.2, 5, 0-26)

0.0617

Mean number of days in hospital
(SD, median, range)

188
(109, 188, 6-597)

110
(90, 103, 0-589)

<0.0001

P-value

0.429

3

0.001

0.016

Data are n (%) unless otherwise stated.
AIS: American Spinal Injury Association (ASIA) Impairment Scale, ICU: Intensive Care Unit,
SD: Standard Deviation
1. Since there are no observations in the category of no examinations for the included group,
the analysis was performed with only the first five categories (n=323).
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A comparison of the patient characteristics between those with one year follow-up
data, six-month follow- up data and no available follow-up data.

Table S2 Patient characteristics for patients with AIS assessment within 15 days
post-injury with one-year follow-up, six-months follow-up and no follow-up.
One-year
follow-up
(n = 116)

Six-month
follow-up
(n = 68)

No follow-up

Gender
Male
Female

93 (80%)
23 (20%)

54 (79%)
14 (21%)

85 (79%)
22 (21%)

Mean age at time of injury
in years (SD, median, range)
≥65 years

43
(18, 41, 18-86)
18 (16%)

41
(18, 38, 18-74)
12 (18%)

42
0.480
(20, 27, 18-85)
19 (18%)

Mean number of days
after injury of examination
(SD, median, range)

2.6
(4.1, 1, 0-15)

3.0
(4.0, 1, 0-14)

3.7
(4.4, 1, 0-15)

Severity of injury
C1-C4, AIS A, B, C
C5-C8, AIS A, B, C
T1-T6, AIS A, B, C
T7-S5, AIS A, B, C
All AIS D

26 (22%)
36 (31%)
16 (14%)
22 (19%)
16 (14%)

18 (26%)
22 (32%)
14 (21%)
6 (9%)
8 (12%)

14 (13%)
16 (15%)
25 (23%)
32 (30%)
20 (19%)

Spinal surgery
Yes
No
Unknown

90 (77%)
10 (9%)
16 (14%)

59 (87%)
5 (7%)
4 (6%)

96 (90%)
9 (8%)
2 (2%)

Mean number of days
in ICU (SD, median, range)

7.4
(7.3, 6, 0-47)

9.5
(7.5, 8, 0-29)

6.2
(5.8, 5, 0-26)

0.051

Mean number of days
in hospitalised
(SD, median, range)

182
(127, 161,
6-597)

199
(67, 212,
11-326)

102
(55, 110,
5-230)

<0.001

Outcome
Walking independently
Not walking independently

52 (45%)
64 (55%)

10 (15%)
58 (85%)

-

(n = 107)
0.988

<0.001

0.880

Data are n (%) unless otherwise stated.
AIS: American Spinal Injury Association (ASIA) Impairment Scale, ICU: Intensive Care Unit,
SD: Standard Deviation
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Abstract
Background
Walking speed is assumed to be a key factor in regaining ambulation after a spinal
cord injury (SCI). However, from the literature it remains unclear which walking speed
usually results in independent community ambulation.
Objective
The primary aim was to determine at which walking speed SCI patients tend to walk
in the community instead of using a wheelchair. The secondary aim was to investigate
clinical conditions that favour independent ambulation in the community.
Methods
Data from SCI patients were collected retrospectively from the European Multicentre
Study about Spinal Cord Injury database. We determined a cut-off walking speed at
which the patients tend to walk in the community by plotting a receiver operating
characteristics curve, using the Spinal Cord Independence Measure for outdoor
mobility. Univariate analyses were used to investigate which factors influence
independent community ambulation.
Results
A walking speed of 0.59 m/s is the threshold between patients who do and do not
ambulate independently in the community, with a sensitivity of 91.6% and a specificity
of 80.3%. Age, injury severity and lower limb muscle strength have a significant
influence on independent community ambulation.
Conclusion
Patients with a SCI who regain a walking speed of 0.59 m/s tend to achieve a level
of walking effectiveness that allows for independent community walking. Although
such patients tend to be younger and less severely injured, this walking speed can
be a target for locomotor training in rehabilitation and clinical trials that lead to a
meaningful outcome level of community walking.
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Background
A main goal of patients with a spinal cord injury (SCI) is to regain ambulatory
capacity.1 Specific rehabilitation concepts aim at improving functional abilities such
as walking. Most of them are based on improving muscle strength and locomotor
training. 2,3 For patients with a complete or incomplete but severe SCI, exoskeletons
are an option for regaining some ambulatory function. The recovery of walking
ability after a SCI may improve or maintain cardiovascular health, muscle function
and bone quality. It is also beneficial for their psychological well-being, participation
in the community and quality of life.4,5
Previous studies have shown that preserved muscle strength, as assessed using the
International Standards for Neurological Classification of Spinal Cord Injuries
(ISNCSCI) neurological assessment, is highly correlated with ambulation ability.6,7
Ambulatory capacity is defined as the degree of independence in walking, both at
home and outdoors in the community. Kim et al.7 found that hip extensor strength
explained up to 64% of the variance in ambulatory capacity between SCI patients.
This shows that effective control of the hip muscles is essential for a higher level of
ambulation, while the strength of the less affected leg is most predictive of
ambulatory capacity. However, limitations in walking speed and endurance,
combined with other factors such as the ability to manage curbs and stairs, could
lead to walking to not be the preferred method of mobility in the community.7
The ten-metre walking test (10MWT) is a validated short-distance test that measures
walking speed in everyday life.8,9 This test can easily be performed in a standardised
testing environment.10 The minimum walking speed required for independent
community mobility is not precisely known. The literature shows that the mean
walking speed needed to cross an intersection controlled by traffic signals is 0.49
m/s.11 For non-impaired people, who have a mean walking speed of 1.3 to 1.4 m/s,
crossing an intersection is safe and effective.12 However, people who have suffered
a cerebral stroke or a SCI walk less quickly. Those who are still able to walk have a
mean walking speed of 0.8 m/s.13,14 Forrest et al.15 showed that a minimum walking
speed of 0.44 m/s is necessary for limited community ambulation after an
incomplete SCI. Furthermore, it has been suggested that a walking speed of 1.20 to
1.31 m/s is required for independent ambulation in the community, since it is similar
to the preferred walking speed of non-impaired people.16
SCI patients with limited lower extremity muscle power who are unable to support
their own body weight (e.g., AIS A, B and C SCI) can still walk using an exoskeleton.
An exoskeleton is an orthosis with electromotors at the hip and knee joints,
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rechargeable batteries, and a computer-based control system.17 The mean walking
speed of a patient with a complete SCI who walks using an exoskeleton is 0.26
m/s,18 which is much lower than the 0.49 m/s needed to safely cross an intersection.
For the future, the question is whether exoskeleton ambulation will be sufficient to
be a serious competitor for the wheelchair in everyday life mobility. Therefore, it is
important to have more knowledge about the distinguishing factors that make
patients decide to walk or use a wheelchair.
This study focuses on walking speed in relation to everyday life community mobility
in SCI patients, between six months and one year post-injury. The primary aim is to
determine the walking speed at which SCI patients tend to walk instead of using a
wheelchair in the community. The secondary aim is to investigate differences in
patient characteristics including age, injury severity, gender and lower extremity
motor score (LEMS) between patients who choose to and abstain from ambulation
in the community.

Methods
Study design and patient population
Patient data were collected from the European Multicentre Study about Spinal Cord
Injury (EM-SCI) database. The EM-SCI database prospectively collects data from
patients with SCI at 19 specialised European centres, on a fixed time schedule
(acute phase, 4, 12, 24 and 48 weeks post-injury). The examinations consist of a
standard set of neurological, neurophysiological and functional assessments including
the ISNCSCI neurological assessments, 10MWT and Spinal Cord Independence
Measure (SCIM) evaluations.19 All patients with ISNCSCI assessments, SCIM evaluations,
and a 10MWT at six months or one year post-injury were included in this study.

Outcome assessment
The ISNCSCI neurological assessments were performed according to international
standards.20 They include motor score testing (graded on a six-point scale) and sensory
testing (graded 0 = absent, 1 = impaired, and 2 = normal). The assessed muscle groups
of the lower extremities are the hip flexors, knee extensors, ankle dorsiflexors, toe
extensors and ankle plantarflexors. Since it has been shown that the strength of the less
affected leg is more important for functional ambulation than that of the more affected
leg,7 only the best score from either the left or right leg was used in analysis of the
individual muscle groups. The neurological assessments also included the LEMS (the
total motor score of the muscle groups in both legs) and upper extremity motor score
(UEMS; the total motor score of the muscle groups in both arms).
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Walking speed was assessed during outpatient rehabilitation using the 10MWT,
which measures how long in seconds a patient needs to walk ten metres on a flat
and smooth surface, at the subject’s preferred speed. A “flying” start is performed;
the subjects walk 14 metres, but only the time for walking the intermediate ten
metres is recorded. The time is then converted to walking speed in metres per
second (m/s).
The level of mobility in the community was assessed using the SCIM item 14 for
outdoor mobility, which describes how a person covers a distance of more than
100 metres (Table 1). The SCIM item 14 scores of four through eight were defined
as independent community ambulation. This is the ability to walk more than 100
metres without supervision, but potentially with the use of walking aids. SCIM item
14 scores of zero through three were defined as being unable to walk independently
in the community. This SCIM item 14 cut-off was applied as in previous studies, 21-25
and allowed us to divide patients into two groups: those who walk independently
outdoors and those who do not. The differences in characteristics between both
groups were analysed.

Table 1 Item 14 of the SCIM for outdoors mobility21,22
0

Requires total assistance

1

Requires electric wheelchair or partial assistance to operate manual wheelchair

2

Moves independently in manual wheelchair

3

Requires supervision while walking (with or without devices)

4

Walks with a walking frame or crutches (swing)

5

Walks with crutches or two canes (reciprocal walking)

6

Walks with one cane

7

Requires leg orthosis only

8

Walks without walking aids

SCIM: Spinal Cord Independence Measure

Statistical analysis
We analysed the data using SPSS version 21 and set the statistical significance at
p<0.05. We performed a descriptive analysis of the patient characteristics,
calculating absolute and relative frequencies for categorical variables, and mean,
standard deviation (SD), median and range for continuous variables. If appropriate,
95% confidence intervals are shown. We used independent t-tests and chi-squared
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tests to determine which factors influence the outcome of independent outdoors
mobility, measured at six months or one year post-injury. A receiver operating
characteristics (ROC) curve was plotted using the dichotomised SCIM scores.

This can be used to determine a cut-off walking speed with the best sensitivity and
specificity, to be able to distinguish between patients who do and do not use a
wheelchair in the community.

Results
Between 2001 and 2015, 3.568 patients were included in the EM-SCI database,
920 of whom fulfilled the inclusion criteria for this study and were selected for data
evaluation. Of those 920 patients, 319 (34.7%) had performed the 10MWT at six
months post-injury, and 601 patients (65.3%) had performed this test at one year
post-injury. Injury severity, LEMS, walking speed at 10MWT and the SCIM item
14 scores all date from the same time after injury, which depends on when the
patient performed the 10MWT. For instance, if the 10MWT was performed at six
months post-injury, the other variables date from six months post-injury as well.
Most patients had a traumatic SCI (92%), the remaining 74 patients suffered an
ischemic SCI. The mean age of all patients was 47 years, their mean walking speed
was 0.97 m/s, and 86.5% had an AIS D SCI (Table 2).
Table 3 describes characteristics of the patient groups who either walk independently
in the community or not. Chi-square analysis was used for calculating differences
between the two groups regarding gender and severity of injury. Independent
t-tests were used for calculating differences in age, UEMS, LEMS and walking speed.
There are significant differences in age, severity of injury, UEMS, LEMS and walking
speed between the two groups of patients. On average, patients who ambulate
independently are younger, were less severely injured (i.e., SCI graded AIS D or E),
have a higher UEMS and LEMS, and have a higher walking speed than the group
that does not ambulate independently in the community.
In the group of patients who do not walk outdoors, 52 had a relatively high or
normal LEMS (ranging from 45 to 50 points). These patients, with a mean age of 59
years (SD 15.7 years) and a mean UEMS of 42 points (SD 8.5), had a mean walking
speed of 0.60 m/s (SD 0.28 m/s; ranging from 0.14–1.21 m/s). Of these patients,
42% used a manual wheelchair, 27% used an electrical wheelchair and 19% needed
supervision while walking, 12% was not able to ambulate at all.
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Table 2 Patient characteristics of the entire sample (n=920)
Gender
Male
Female

717 (78.0%)
203 (22.0%)

Mean age at time of injury (SD, median, range)

47 (17.5, 47, 14-91)

Severity of injury
C1-C8, AIS A, B, C
T1-S5, AIS A, B, C
AIS D
AIS E

11 (1.2%)
78 (8.5%)
796 (86.5%)
35 (3.8%)

Mean LEMS (SD, median, range)

41 (11.1, 46, 0-50)

Mean 10MWT walking speed in m/s
(SD, median, range)

0.97 (0.59, 0.94, 0.03-3.33)

SCIM 14: mobility outdoors
0. Total assistance
1. Electrical wheelchair
2. Manual wheelchair
3. Supervised walking
4. Walking frame or crutches
5. Crutches or two canes
6. One cane
7. Leg orthosis only
8. No walking aids

15 (1.6%)
59 (6.4%)
198 (21.5%)
16 (1.7%)
59 (6.4%)
126 (13.7%)
64 (7.0%)
7 (0.8%)
376 (40.8%)

4

Data are n (%) unless otherwise stated.
AIS: American Spinal Injury Association (ASIA) Impairment Scale, LEMS: Lower Extremity Motor Score,
10MWT (10 metres walking test), SCIM: Spinal Cord Independence Measure, SD: Standard Deviation

Figure 1 shows a ROC curve; the area under the ROC curve is 0.939 95%-CI [0.924,
0.955]. A cut-off walking speed of 0.59 m/s was determined, which distinguishes
between patients who do or do not walk outdoors in the community with a
sensitivity of 91.6% and a specificity of 80.3%.
Our analysis of the individual muscle groups from the lower extremity found that a
higher Medical Research Council (MRC) score for muscle strength results in a
higher walking speed (Table 4). An exception is a 1-point knee extensor strength
MRC score, but this is based on only 2 patients. Table 4 also shows that patients
with a MRC score between 0 and 2 points for the hip flexors or the knee extensors
do not walk independently in the community, with the exception of 2 patients with
a score of 2 points for hip flexor strength.
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Table 3 C
 haracteristics of patients who do and do not ambulate
independently in the community.
No independent
community
ambulation;
SCIM item 14, score
0-3 (n=288)

Independent
community
ambulation;
SCIM item 14, score
4-8 (n=632)

P-value

Gender
Male
Female

219 (76.0%)
69 (24.0%)

498 (78.8%)
134 (21.2%)

0.364

Mean age at time of injury
(SD, median, range)

49
(18.6, 50, 14-87)

45
(16.8, 45, 14-91)

0.003

Severity of injury
C1-C8, AIS A, B, C
T1-S5, AIS A, B, C
AIS D
AIS E

8 (2.8%)
51 (17.6%)
228 (79.2%)
1 (0.3%)

3 (0.5%)
27 (4.3%)
568 (89.9%)
34 (5.4%)

<0.0001

Mean UEMS
(SD, median, range)

43
(8.9, 50, 16-50)

47
(4.7, 50, 21-50)

<0.0001

Mean LEMS
(SD, median, range)

32
(12.9, 34, 0-50)

45
(7.1, 48, 16-50)

<0.0001

Mean 10MWT walking speed
in m/s (SD, median, range)

0.39
1.23
<0.0001
(0.28, 0.31, 0.03-1.52) (0.49, 1.25, 0.03-3.33)

SCIM 14: mobility outdoors
0: Total assistance
1: Electrical wheelchair
2: Manual wheelchair
3: Supervised walking
4: Walking frame or crutches
5: Crutches or two canes
6: One cane
7: Leg orthosis only
8: No walking aids

15 (5.2%)
59 (20.5%)
198 (68.8%)
16 (5.5%)
-

59 (9.3%)
126 (19.9%)
64 (10.1%)
7 (1.1%)
376 (59.5%)

-

Data are n (%) unless otherwise stated.
AIS: American Spinal Injury Association (ASIA) Impairment Scale, LEMS: Lower Extremity Motor
Score, 10MWT (10 metres walking test), SCIM: Spinal Cord Independence Measure, SD: Standard
Deviation, UEMS: Upper Extremity Motor Score
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ROC Curve
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Figure 1 R
 OC curve distinguishing between patients who walk and who roll
in the community.

Finally, we investigated the individual scores on SCIM item 14 for outdoors mobility
(Table 5). In general, mean walking speed increases with increasing SCIM scores.
However, patients with a SCIM 14 score of zero have a higher mean walking speed
than the following score, which may be due to the smaller number of patients in
the first group. The mean scores on LEMS and UEMS show no evident increase for
every increase in the SCIM score.
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Table 4 MRC score for the individual muscle groups of the less affected leg
Number
of patients

Mean walking speed in m/s
(SD, median, range)

Independent community
ambulators

Hip flexor strength
0

4

0.13 (0.08 0.12, 0.06-0.23)

0 (0%)

1

9

0.18 (0.13, 0.12, 0.04-0.42)

0 (0%)

2

22

0.21 (0.15, 0.16, 0.05-0.67)

2 (9.1%)

3

49

0.36 (0.24, 0.29, 0.03-1.00)

10 (20.4%)

4

214

0.66 (0.46, 0.56, 0.04-2.00)

103 (48.1%)

5

619

1.17 (0.54, 1.11, 0.06-3.33)

514 (83.0%)

Knee extensor strength
0

11

0.15 (0.13, 0.10, 0.04-0.42)

0 (0%)

1

2

0.10 (0.09, 0.10, 0.04-0.16)

0 (0%)
0 (0%)

2

6

0.31 (0.21, 0.22, 0.12-0.67)

3

28

0.29 (0.26, 0.23, 0.06-1.18)

3 (10.7%)

4

134

0.53 (0.39, 0.42, 0.03-1.67)

48 (35.8%)

5

736

1.09 (0.56, 1.11, 0.06-3.33)

578 (78.5%)

Ankle dorsiflexor strength
0

62

0.39 (0.31, 0.31, 0.04-1.25)

1

28

0.46 (0.30, 0.43, 0.09-1.25)

9 (32.1%)

2

17

0.38 (0.37, 0.23, 0.03-1.43)

5 (29.4%)

14 (22.6%)

3

40

0.58 (0.40, 0.59, 0.06-1.67)

19 (47.5%)

4

141

0.65 (0.44, 0.56, 0.07-1.67)

72 (51.1%)

5

627

1.16 (0.55, 1.18, 0.06-3.33)

510 (81.3%)

Toe extensor strength
0

72

0.41 (0.32, 0.34, 0.04-1.25)

21 (29.2%)

1

30

0.52 (0.33, 0.48, 0.11-1.43)

11 (36.7%)

2

23

0.52 (0.40, 0.36, 0.03-1.43)

9 (39.1%)

3

43

0.55 (0.38, 0.48, 0.09-1.37)

16 (37.2%)

4

176

0.72 (0.50, 0.65, 0.06-2.50)

97 (55.1%)

5

573

1.89 (0.55, 1.25, 0.07-3.33)

475 (82.9%)

Ankle plantarflexor strength
0

62

0.38 (0.31, 0.29, 0.04-1.25)

1

25

0.48 (0.33, 0.37, 0.09-1.43)

13 (52.0%)

2

30

0.53 (0.43, 0.41, 0.03-2.00)

12 (40.0%)

14 (22.6%)

3

41

0.67 (0.38, 0.63, 0.09-1.47)

23 (56.1%)

4

147

0.69 (0.51, 0.56, 0.06-2.86)

75 (51.0%)

5

610

1.16 (0.55, 1.18, 0.07-3.33)

492 (80.7%)

Data are n (%) unless otherwise stated.
SD: Standard Deviation

62

COMMUNITY WALKING SPEED AFTER SPINAL CORD INJURY

Table 5 Walking speed per SCIM item 14 score
SCIM Number
Mean walking speed in
of patients m/s (SD, median, range)

Mean LEMS
(SD, median, range)

Mean UEMS
(SD, median, range)

0

15

0.36
(0.22, 0.33, 0.06-0.83)

43
(5.0, 43, 33-50)

39
(7.5, 37, 25-50)

1

59

0.31
(0.20, 0.26, 0.07-0.79)

37
(8.9, 39, 15-50)

38
(10.1, 37, 16-50)

2

198

0.39
(0.29, 0.31, 0.03-1.52)

29
(13, 30, 0-50)

46
(7.7, 50, 16-50)

3

16

0.67
(0.30, 0.65, 0.09-1.18)

45
(7.9, 48, 20-50)

42
(7.1, 43, 31-50)

4

59

0.70
(0.30, 0.71, 0.03-1.67)

41
(8.3, 43, 16-50)

46
(5.6, 49, 30-50)

5

126

0.84
(0.29, 0.83, 0.25-1.67)

39
(9.7, 42, 19-50)

48
(4.2, 50, 31-50)

6

64

1.04
(0.31, 1.00, 0.50-2.00)

44
(6.8, 47, 23-50)

48
(4.2, 50, 35-50)

7

7

1.11
(0.40, 1.00, 0.67-1.67)

41
(9.5, 41, 24-50)

50
(1.1, 50, 47-50)

8

376

1.48
(0.42, 1.43, 0.50-3.33)

48
(3.4, 50, 28-50)

47
(4.7, 49.5, 21-50)

4

LEMS: Lower Extremity Motor Score, SCIM: Spinal Cord Independence Measure, SD: Standard Deviation,
UEMS: Upper Extremity Motor Score

Discussion
In this study, we determined a cut-off walking speed of 0.59 m/s, measured by the
10MWT. At this cut-off point, patients tend to walk in the community, with or
without walking aids, instead of using a wheelchair. The finding that 0.59 m/s is
apparently sufficient for independent community ambulation corresponds with
earlier observations that a minimum walking speed of 0.49 m/s is required for
crossing a road with traffic lights.11 However, it is lower than previously found in
patients with cerebral stroke or with AIS D SCI, who ambulate with a mean walking
speed of 0.8 m/s during the 10MWT.13,14 This could be explained by the different
diagnosis and patient selection, as well as the much smaller study populations than
in this study: 48 cerebral stroke patients and 32 AIS D SCI patients. The preferred
walking speed of the healthy population is 1.3–1.4 m/s16, which is approximately
twice as fast as the threshold walking speed determined in this study. The patients
in this study who walk without any walking aids had a mean walking speed of 1.48
m/s, which is similar to the preferred walking speed of the healthy population.16
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SCI patients who walk independently in the community are on average several
years younger than patients who do not. This age effect was also found by Oleson
et al. 26, who investigated the influence of age in patients with an AIS B graded SCI
on the likelihood of being able to walk one year post-injury. Compared with
younger patients, patients of 50 years old and older are less likely to regain walking
function; 80-90% of the patients younger than 50 years could walk at one year
post-injury versus only 30-40% of the patients of 50 years and older. In normal
aging, functional capacity gradually declines after about the age of 30 years, and
SCI may potentially accelerate this process of decline. 27 Another hypothesis is that
a higher age correlates with a worse recovery of muscle power and functional
capacities. In addition, older patients might be less motivated to regain ambulatory
capacity or might more easily accept a wheelchair for outdoor mobility. Older patients
might also be more afraid of falling when walking, while sitting in a wheelchair feels
secure. 28
Patients who ambulate independently in the community more often have an AIS D
or E SCI and a faster walking speed during the 10MWT than patients who do not.
The motor scores for individual lower extremity muscles, as well as the UEMS and
LEMS, were found to be significantly higher in patients who ambulate independently
in the community than in patients who do not. This is in line with the current
literature, which indicates that the muscle strength of the legs is strongly associated
with functional walking performance.6,7,29 Kay et al.30 already showed that patients
with an AIS C or D graded SCI are more likely to walk than patients with an AIS A or
B injury; and all patients with an AIS D injury are likely to walk at discharge, regardless
of their injury level. Hasegawa et al.31 found that for patients with an incomplete
cervical SCI, LEMS and UEMS are the most important factors for community
ambulation.
This study shows that patients need to be able to flex their hip and extend their
knee against gravity to be able to independently ambulate in the community. The
other leg muscle groups appear to be less important to regaining outdoors mobility.
These results are similar to the findings of Kim et al.7, who showed that hip flexor
strength explains more than 50% of the variance in gait speed in patients with
chronic incomplete SCI.
We investigated the efficiency of walking using walking speed, LEMS and UEMS for
each score on the SCIM item 14 for community ambulation. Van Hedel et al. 32
defined categories of functional ambulation while using combinations of the SCIM
items 12 and 14 for both indoor and outdoor mobility. The five categories are:
1) patients who are dependent on a wheelchair; 2) patients who require supervision
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while walking indoors and use a wheelchair for longer distances outdoors; 3) patients
who walk indoors without assistance but use a wheelchair outdoors; 4) patients
who require a walking aid outdoors; and 5) patients who can walk without walking
aids. Van Hedel et al.32 found the mean walking speed for each category to be:
1) 0.01 m/s; 2) 0.34 m/s; 3) 0.57 m/s; 4) 0.88 m/s; and 5) 1.46 m/s (Supplementary
Information, Table S1). In our study, these categories corresponded with similar
mean walking speeds except for the first category: 1) 0.31 m/s; 2) 0.32 m/s; 3)
0.47 m/s; 4) 0.86 m/s; and 5) 1.49 m/s. The walking speed for the first category in
our study was significantly higher than that of van Hedel et al.32 An explanation
could be that patients without ambulatory capacity, who are therefore unable to
perform a 10MWT, were excluded from our study due to the inclusion criteria.

Clinical relevance
The 10MWT cut-off walking speed might be useful in clinical practice to assess
whether SCI patients are likely to take part in the community as pedestrians. In
addition to walking speed, the patient’s age and the strength of hip flexor and knee
extensor muscles were found to be important distinguishing factors, which may be
used to identify patients who have the potential to ambulate independently in the
community. Rehabilitation training programs for patients with SCI that aim to
restore outdoor walking capacity should focus on strength training of the hip
flexors and knee extensors.
The extent to which the second decimal of the 0.59 m/s walking speed threshold
is relevant for clinical practice can be questioned. However, the 0.6 m/s threshold
was confirmed when we analysed the data in categories of 0.1 m/s walking speed;
we found that at a walking speed of 0.6 m/s, more patients walk in the community
than use their wheelchairs (Supplementary Information, Table S2). Therefore,
this threshold walking speed could be used as a target for the innovation of orthotic
devices such as exoskeletons. Improving the speed those devices can ambulate
with will make it more likely that, in the future, even non-ambulating complete SCI
patients may use them to ambulate independently in the community.

Study limitations
In spinal cord research, a one-year post-injury follow up is considered to be
representative for the long-term outcome.33 Van Middendorp et al. 23 previously
validated the use of a six-month follow-up when there is no one-year follow-up
available. They observed a highly significant correlation in patients with both
one-year and six-month follow-ups, therefore replacing the missing one-year
follow-up measurement with a six-month measurement could be regarded as a
valid approach. Moreover, this approach has been followed in previous studies. 24,25
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One could argue that the flat and regular surface on which a 10MWT is performed
does not resemble the conditions in the community, which include irregular
surfaces, steps and curbs. However, the literature shows that the 10MWT is a
validated test to assess walking speed in everyday life.8,9 The current study showed
that walking speed from the 10MWT corresponds well with the outdoor mobility
SCIM 14 scores, resulting in high specificity and sensitivity when discriminating
between patients who walk in the community and those who do not.
The definition of independent community ambulation we used in this study was
based on the SCIM outdoor mobility scores, as has been done in multiple previous
studies. 21-25 The cut-off for the SCIM scores may not be validated, but it is likely that
patients with 4 through 8 points on SCIM item 14 would not use a wheelchair for
distances of more than 100 metres and could be regarded as independent
community ambulators. Van Hedel et al.32 even considered supervised walkers (3
points on the SCIM item 14) to be community ambulators. Since our study focused
on independent outdoor mobility, we did not consider supervised walkers to be
independent community walkers; this is in line with other studies. 24,25 However,
supervised walkers have an average walking speed of 0.67 m/s and a mean LEMS of
45 points (Table 5), which is more similar to independent walkers than to
non-walkers. Therefore, it is questionable whether supervised walkers should be
considered independent community walkers.
In addition to walking speed, age, injury severity and muscle strength, there are
other factors that influence community ambulation that were not investigated in
this study. A recent study showed that in stroke patients, factors such as the
intention to walk outdoors, social influence, self-efficacy and attitude toward
physical activity influence whether patients walk in the community. Furthermore,
outdoor ambulatory capacity in stroke patients is influenced by loss of balance,
reduced walking distance and impairments of motor control, cognition and aerobic
capacity, as well as fatigue.34 These factors have not been investigated in the
current study; however, they might explain why a small group of SCI patients with
a relatively high or normal LEMS did not walk outdoors.

Conclusion
SCI patients who walk independently in the community are generally younger,
have less severe injuries, have higher UEMS and LEMS, and should be able to flex
their hips and extend their knees against gravity. SCI patients with a walking speed
of 0.59 m/s and higher, as measured by the 10MWT, are predominantly independent
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community walkers. Proximal leg muscle strength training is an important goal for
rehabilitation programs, and the walking speed threshold of 0.59 m/s could be
used in clinical practice to estimate whether patients are likely to walk or roll in the
community.
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Supplementary Information
In SCI patients, the walking speed as measured by the 10MWT appears to be well
correlated with clinically relevant ambulation categories based on the Spinal Cord
Independence Measure (SCIM).32 These categories are a combination of the SCIM
items for indoor and outdoor mobility (Table S1).

Table S1 Categories of functional ambulation according to van Hedel et al.32
Category

Description

Mean walking
speed (m/s)

1

Patients who are dependent on a wheelchair

0.01

2

Patients who require supervision while walking indoors
and use a wheelchair for longer distances outdoors

0.34

3

Patients who walk indoors without assistance but use
a wheelchair outdoors

0.57

4

Patients who require a walking aid outdoors

0.88

5

Patients who can walk without walking aids

1.46

10MWT: ten-metres walking test.

The findings from the ROC curve were confirmed when analysing how walking speed
is spread over the two groups of patients who do and do not walk independently in
the community. Table S2 shows that at a speed of approximately 0.6 m/s, more
patients ambulate independently in the community than patients who keep using a
wheelchair in the community. The percentages shown in the table are from the
total number of patients per category.
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Table S2 Walking speed split into categories
10MWT
walking speed
(m/s)

Number
of patients

Not walking
independently
in the community
(SCIM 14, score 0-3)

Walking
independently
in the community
(SCIM 14, score 4-8)

0.0 – 0.1

23

22 (96%)

1 (4%)

0.1 – 0.2

67

67 (100%)

-

0.2 – 0.3

56

51 (91%)

5 (9%)

0.3 – 0.4

35

28 (80%)

7 (20%)

0.4 – 0.5

43

30 (70%)

13 (30%)

0.5 – 0.6

62

34 (55%)

28 (45%)

0.6 – 0.7

54

15 (28%)

39 (72%)

0.7 – 0.8

50

16 (32%)

34 (68%)

0.8 – 0.9

40

9 (23%)

31 (77%)

0.9 – 1.0

41

6 (15%)

35 (85%)

1.0 – 1.1

56

3 (5%)

53 (95%)

1.1 – 1.2

56

4 (7%)

52 (93%)

1.2 – 1.3

80

1 (2%)

79 (98%)

1.3 – 1.4

16

-

16 (100%)

1.4 – 1.5

85

1 (1%)

84 (99%)

1.5 – 1.6

9

1 (11%)

8 (89%)

1.6 – 1.7

68

-

68 (100%)

1.7 – 1.8

7

-

7 (100%)

1.8 – 1.9

9

-

9 (100%)

1.9 – 2.0

3

-

3 (100%)

2.0 – 2.1

36

-

36 (100%)

2.1 and faster

24

-

24 (100%)

4

Data are n (%) unless otherwise stated.
SCIM: Spinal Cord Independence Measure, 10MWT: ten-metres walking test.

Patients were divided into the different categories of functional ambulation as
described by van Hedel et al.32 Table S3 shows the different walking speeds and
LEMS for the categories of functional ambulation. For every category, the mean
walking speed is higher. The mean LEMS for categories 1, 2 and 3 appear to be
(almost) the same.

71

72

12 and 14 score
≤ 2 points

0.31
(0.23, 0.26,
0.03-1.06)

31
(13.1, 34, 0-50)

SCIM items

Mean walking speed in m/s
(SD, median, range)

Mean LEMS
(SD, median, range)
32
(11.7, 33, 7-50)

0.32
(0.22, 0.22,
0.08-0.99)

12 scores 3 points;
14 scores ≤ 2 points

Wheelchair users,
with supervised
indoor walking

Category 2 (n=47)
Assisted walkers

Category 4 (n=265)
Walkers without
walking aids

Category 5 (n=372)

31
(12.9, 32.5, 0-50)

0.47
(0.31, 0.40,
0.04-1.52)
41
(8.9, 44, 16-50)

0.86
(0.33, 0.83,
0.03-2.00)

48
(3.4, 50, 8-50)

1.49
(0.42, 1.43,
0.50-3.33)

12 scores > 3 points; 12 scores > 3 points; 12 and 14 score
14 scores ≤ 2 points 14 scores 3-7 points 8 points

Indoor walking,
outdoor wheelchair
users

Category 3 (n=109)

SCIM: Spinal Cord Independence Measure, LEMS: Lower Extremity Motor Score. SD: Standard Deviation

Wheelchair
dependent

Description

Category 1 (n=117)

Table S3 Functional ambulation categories according to van Hedel et al.32
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Abstract
Background
Motor impairment and loss of ambulatory function are major consequences of a
spinal cord injury (SCI). Exoskeletons are robotic devices that allow SCI patients with
limited ambulatory function to walk. The mean walking speed of SCI patients using
an exoskeleton is low: 0.26 m/s. Moreover, the literature shows that a minimum
speed of 0.59 m/s is required to replace wheelchairs in the community.
Objective
To investigate the highest ambulatory speed for SCI patients using a Lokomat.
Methods
This clinical pilot study took place in the Rehabilitation Centre Kladruby, in Kladruby
(Czech Republic). Six persons with motor-complete sub-acute SCI were recruited.
Measurements were taken at baseline and directly after a 30-minute Lokomat training.
The highest achieved walking speed, vital parameters (respiratory frequency, heart
rate, and blood pressure), visual analog scale for pain, and modified Ashworth scale
for spasticity were recorded for each person.
Results
The highest reached walking speed in the Lokomat was on average 0.63 m/s (SD
0.03 m/s). No negative effects on the vital parameters, pain or spasticity were
observed. A significant decrease in pain after the Lokomat training was observed:
95%-CI [0.336, 1.664] (p=0.012).
Conclusion
This study shows that it is possible for motor-complete SCI individuals to ambulate
faster on a Lokomat (on average 0.63 m/s) than what is currently possible with
over-ground exoskeletons. No negative effects were observed while ambulating on
a Lokomat. Further research investigating walking speed in exoskeletons after a SCI
is recommended.
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Background
Motor impairment and loss of ambulatory function are major consequences of
spinal cord injury (SCI). Earlier studies have already shown that robotic gait orthoses
(e.g., the Lokomat, which is a mechanically assisted, body weight-supported, treadmill-based gait training device) can improve the walking capacity of a person with
SCI.4 Lokomat gait training can be used for people who have some degree of
ambulatory capacity as well as in patients with no remaining ambulatory function.4
Recently, there has been a new development in the area of ambulatory function
retrieval in people with SCI: the over-ground exoskeleton. This robotic device
allows people with SCI with no or limited remaining ambulatory function to walk.
Various kinds of exoskeletons have been developed; some are even designed to be
used at home and throughout the community.4 Examples of exoskeletons are the
ReWalk (ReWalk Robotics, Israel, Figure 1), the Ekso (Ekso Bionics, USA, Figure 2),
and the Indego (Parker Hannifin Corporation, USA, Figure 3). Most of the current
exoskeletons are not designed to maintain postural control or balance; therefore,
people ambulating in an exoskeleton must use their upper extremities and crutches
or a walking frame to support themselves. 2 An exception is the REX exoskeleton
from REX Bionics, which uses linear actuators to provide user stability and balance.
A survey of the literature shows that the mean walking speed of persons with a
complete SCI in an exoskeleton is 0.26 m/s.4

Figure 1
ReWalk exoskeleton

Figure 2
Ekso exoskeleton

Figure 3
Indego exoskeleton

(photo courtesy of
ReWalk Robotics, Israel)

(photo courtesy of
Ekso Bionics, USA)

(photo courtesy of
Parker Hannifin Corporation, USA)
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Contrary to exoskeletons, Lokomat gait training is not limited by balance issues or
speed limitations: it can reach a maximum speed of 0.9 m/s. A Lokomat is a gait
training device that comprises a treadmill belt, a weight support system, and a
driven gait orthosis for both legs.6 The legs of the person are secured with cuffs to
the orthosis. The Lokomat system is adjustable to achieve the best possible fit for
each individual. Using the Lokomat instead of an exoskeleton also eliminates other
speed-related factors, such as balance issues.
In this clinical pilot study, our aim is to investigate the highest ambulatory speed that
people with SCI can safely achieve in a Lokomat. Additionally this ambulatory speed
is compared to the walking speed of 0.59 m/s which is required for elimination of
wheelchairs7, and it is also compared with ambulatory speeds of current exoskeletons.

Methods
This pilot study took place in the Rehabilitation Centre Kladruby, in Kladruby (Czech
Republic). This large rehabilitation centre has had a Lokomat device since 2009.
Approval of the local ethics committee was obtained to carry out this study. We
certify that all applicable institutional and governmental regulations concerning the
ethical use of human volunteers were followed during the course of this research.
Six individuals with motor-complete sub-acute SCI were recruited for this prospective
clinical pilot study. Exclusion criteria were any cutaneous lesions and/or pressure
ulcers in the areas where the Lokomat harness and cuffs would be fitted. Other
exclusion criteria were severe spasticity, contractures, or previous fractures of the
legs. Each person was informed about the study procedure and aims, informed
consent was obtained. All patients had no prior experience with Lokomat training
before being included in this study.
All participants received standard rehabilitation care at the Rehabilitation Centre
Kladruby after sustaining a SCI. The rehabilitation program included training
sessions with the Lokomat, which took place under the guidance of trained
professionals. As per standard protocol for motor-complete SCI, body weight
support was initially set to 50%. The therapist then individually adjusted the degree
to which the device assists ambulation in real-time with approximately 5 kg more or
less body weight support. Persons were fitted in the Lokomat device by aligning the
knee and hip joints with the motor axes. Treadmill speed was increased in
increments at the discretion of the therapist. Due to safety and the quality of the
gait pattern, treadmill speed was not increased further than 2.5 km/h (0.69 m/s).
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Acceleration of the treadmill speed was stopped when the therapist detected any
problems, such as complaints of pain or exhaustion. Each training session included
up to 30 minutes of training time.
The primary outcome was the highest ambulatory speed measured during Lokomat
training. Only the highest ambulatory speed was included in the analysis. Secondary
outcomes were vital parameters (respiratory frequency, heart rate and blood
pressure), the visual analog scale (VAS) for the overall perceived pain, and the
modified Ashworth scale for spasticity. The VAS is a unidimensional measure of
non-specific pain intensity. The scale ranges from “no pain” (score of 0) to “worst
imaginable pain” (score of 10). The modified Ashworth scale for spasticity measures
resistance during passive soft-tissue stretching. It ranges from “no increase in
muscle tone” (score of 0) to “affected part(s) rigid in flexion or extension” (score of 4).
The expectations and satisfaction of the participants were measured on a 5-point
scale, ranging from very negative to very positive.
Measurements were taken during two Lokomat training sessions, with four regular
training sessions in between. Only the highest ambulatory speed reached during
these two sessions was included in the analysis. All secondary measurements were
taken directly before starting and immediately after finishing the training session.
Statistical analysis was performed using SPSS version 22. Statistical significance was
set at p<0.05. Descriptive analysis was performed with regard to the characteristics
of the participants. Specifically, the absolute and relative frequencies for categorical
variables as well as the mean, standard deviation (SD), median, and range for continuous
variables were calculated. Paired sample t-tests were used to determine whether the
variables showed significant changes after the Lokomat training. Where appropriate,
95% confidence intervals (CI) were calculated.

Results
Table 1 shows the characteristics of each of the 6 included individuals. The participants
were mostly male (83.3%), and they were on average 41 years old (SD 10.8 years).
The time between injury and training was on average 7.5 months (SD 2.80 months).
Tables 2 and 3 describe the secondary outcome parameters as measured at baseline
(before starting the training session) and directly after ending the training session.
Changes in respiratory frequency, heart rate, the VAS and the modified Ashworth
scale before and after the training for each person are illustrated in Figure 4.

79

5

CHAPTER 5

Table 1 Characteristics of all individuals (n=6)
Patient

Gender

Age

Level
of injury

AIS

Time between injury
and training (months)

1

Male

52

C7

B

11

2

Male

26

T4

B

8

3

Male

44

T11

A

5

4

Female

56

T11

A

11

5

Male

30

T11

A

4

6

Male

40

T5

A

6

AIS: American Spinal Injury Association (ASIA) Impairment Scale

Table 2 Baseline measurements
Patient

Respiratory
frequency

Heart rate

Blood pressure VAS

Modified
Ashworth scale

1

20

89

83/57

1

1

2

16

75

118/68

5

1

3

15

83

126/75

3

0
0

4

21

78

117/67

4

5

18

63

129/80

2

0

6

29

102

100/85

0

2

VAS: visual analog scale for overall perceived pain

Table 3 Repeat measurements after the training session
Patient

Respiratory
frequency

Heart
rate

Blood
pressure

VAS

Modified
Ambulatory
Ashworth scale speed (m/s)

1

20

93

130/79

0

1

0.61

2

20

62

121/80

4

1

0.61

3

18

73

122/75

2

0

0.64

4

19

74

121/88

3

0

0.58

5

19

67

122/78

0

0

0.67

6

28

112

108/93

0

1

0.64

VAS: visual analog scale for overall perceived pain
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Paired sample t-tests show no significant change in respiratory frequency (p=0.419),
heart rate (p=0.699), or the modified Ashworth scale for spasticity (p=0.363).
The VAS pain score, however, showed a significant decline after the training: 95%-CI
[0.336, 1.664], p=0.012. The highest ambulatory speed reached during a training
session was on average 0.63 m/s (SD 0.03 m/s, Table 3).
For all participants, expectations and satisfaction were either positive or very positive,
a feeling which remained the same after each training session.

A

Respiratory Frequency

B

Heart Rate

35

120

30

100

25

Person 1

80

Person 2

20
60

Person 3

15

Person 5
20

5

5

Person 6

0

0

Before training After training

C

Person 4

40

10

VAS

6

Before training After training

D

Modified Ashworth scale

2,5

5

2

Person 1

4
1,5

Person 2

3

Person 3
1

Person 4

2

Person 5

0,5

1

Person 6
0

0

Before training After training

Before training After training

Figure 4 C
 hange in respiratoiry frequency (A), heart rate (B), VAS for pain (C),
and modified Ashworth scale for spasticity (D) after Lokomat training.
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Discussion
This pilot study showed that the highest speed reached in the Lokomat for persons
with motor-complete SCI was on average 0.63 m/s. No negative effects on the vital
parameters, the level of pain, or the level of spasticity were observed. Significant
change, specifically a small decrease after the Lokomat training session compared
with baseline values, was found for the overall perceived level of pain. This
observation is supported by literature, which shows that exercise can reduce pain
in people with SCI.5
To our knowledge there have been no other studies that have investigated maximal
walking speed of people with SCI on a Lokomat, which prevents comparison of our
results with other literature. Based on this exploratory pilot study, one could
conclude these participants with motor-complete SCI are physically able to tolerate
an ambulatory speed of 0.49 m/s, which is the speed necessary to safely cross a
road.1 The average walking speed achieved in this pilot study is also higher than the
0.59 m/s, found to be a cutoff point at which people with SCI tend to walk in the
community as opposed to using a wheelchair.7
A remarkable finding is that the patient with cervical SCI was able to walk almost as
fast as the patients with thoracic SCI. Excluding the patient with cervical SCI showed
similar results compared to the findings from this study: no significant differences
for respiratory frequency (p=0.430), heart rate (p=0.577) or modified Ashworth
scale for spasticity (p=0.374). The significant decline in VAS score for pain was still
observed with 95%-CI [0.122 - 1.878], p=0.034.

Clinical relevance
In this study, we included individuals with motor-complete SCI because they form
a group that stands to regain or improve their ambulatory function using devices
like exoskeletons. However, we used a Lokomat instead of an exoskeleton to be
able to eliminate device-related factors of the exoskeleton that may negatively
influence speed, such as balance issues. Based on this reasoning, people with SCI
may ambulate with a higher speed when using a Lokomat compared to an
exoskeleton. This inference is supported by the literature: the average walking
speeds of people with SCI using exoskeletons are 0.28 m/s (ReWalk), 0.14 m/s
(Ekso), and 0.31 m/s (Indego).4 However, a walking speed of at least 0.59 m/s is
necessary for people with SCI to choose to walk rather than use a wheelchair in the
community7, and the current study shows that this speed may be well-endured by
those people. Therefore, it is important that exoskeletons are able to ambulate with
higher speeds in the future to promote exoskeleton-usage at home and in the
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community and not only as a rehabilitation tool in specialized clinics and
rehabilitation centers. Higher ambulation speeds could potentially be achieved
when exoskeletons become able to compensate for balance issues and lack of
propriocepsis in people with SCI. Further research is recommended so that
manufacturers of exoskeletons can take this into consideration regarding the
design of newer generations of exoskeletons.

Limitations
Even though this pilot included only 6 people with SCI, we believe this is not an
important limitation since the results were consistent among all the included
persons. We believe that the positive findings from this study are sound enough to
encourage further, larger trials.

Conclusion
This pilot study showed that motor-complete SCI individuals are able to ambulate
at an average speed of 0.63 m/s on a Lokomat. No negative effects were observed,
pain decreased significantly after training. We recommend further research to
investigate the (maximal) walking speeds in people with SCI in exoskeletons in
order to support the current trend to experiment with exoskeleton-usage at home
and in the community.
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Abstract
Background
Spinal cord injured (SCI) patients commonly experience loss of ambulatory function.
Exoskeletons have been shown to be safe and feasible, and to provide a more
efficient therapy than regular therapy. So far, exoskeleton technology has mainly
focused on mechatronics, controls, dynamics and computer science. It is important
to involve patients to successfully integrate exoskeletons in SCI rehabilitation. This
study therefore investigates expectations of SCI patients regarding exoskeletons.
Methods
A questionnaire was distributed via the monthly newsletter of the Dutch Patient
Association for SCI. There were questions on multiple aspects of exoskeleton
technology: general impression, expectations regarding capabilities and user
friendliness, training experiences, future perspectives and points of improvement.
Results
The questionnaire was filled out by 95 SCI patients, exoskeletons were considered
positive and desirable by 74.7%. While wearing the exoskeleton, 10.5% think one can
ambulate faster or just as fast as able-bodied people. Furthermore, 18.9% expect
to not use a wheelchair or walking aids while ambulating with the exoskeleton.
Exoskeletons replacing wheelchairs is likely according to 25.3%. Some main points
of improvement are being able to wear the exoskeleton in a wheelchair and while
driving a car, not needing crutches while ambulating, and being able to put the
exoskeleton on by oneself.
Conclusion
SCI patients consider exoskeletons as positive and desirable, but for exoskeletons to
replace wheelchairs there are major points of improvement based on these results.
For future exoskeleton development, we recommend involvement of SCI patients
to meet user expectations and improve the functionality, usability and quality of
exoskeletons.
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Introduction
One of the impairments patients with a spinal cord injury (SCI) often have to face is
loss of some degree of walking function. Long-term consequences indicate increased
risk of cardiovascular and metabolic diseases, osteoporosis and bowel constipation.
Moreover, patients with SCI, their relatives and their health care providers frequently
classify the recovery of the ability to walk as a high priority.1 Rehabilitation therapy
is needed in order to regain some degree of ambulatory function.
Technological advances in robotics have led to the development of lower extremity
robotic exoskeletons for rehabilitation therapy. Robotic exoskeletons are suitable
for taking over strenuous and repetitive tasks from therapists, and could thus be
used to relieve therapists in rehabilitation therapy for ambulation. Moreover, these
exoskeletons may increase the efficiency of the therapy, as they could provide
more intensive training, better quantitative feedback and improved functional
outcomes compared to manual therapy. In this way, therapists could focus more
on other tasks, such as interacting with patients, assessing the outcome of the
therapy and intervening during the training session if necessary. 2 Optimal robotic
training programs could be designed and adjusted according to the patient’s
condition.3,4 Multiple studies have already reported the safety, feasibility and
efficiency of robotic exoskeletons. 2,5-10
Current manual rehabilitation therapy can be physically demanding for both patient
and therapist. SCI patients with more severe injuries may need assistance with leg
movements from at least two therapists. Sometimes even a third therapist might be
needed to help stabilise the movements of the pelvis. 2 Due to ergonomically bad
posture, the therapists experience physical discomfort during training sessions.11
Such physically demanding conditions may exhaust the therapist, a further sign of
the great physical effort that manual rehabilitation training requires.5,6,12
Continuous development and improvement of exoskeleton technology requires
sophisticated engineering training in mechatronics, controls, dynamics and
computer science. In order to design the most innovative and technologically
advanced exoskeletons, exoskeleton researchers think in terms of control
algorithms, feedback loops, actuator band-width and power density13,14 as opposed
to patient perspective. This is encouraged by media attention and competitions
such as the Cybathlon Experience: Powered Exoskeleton Race, in which SCI
patients pilot an exoskeleton in an obstacle race.15 As a result, there is only limited
data available on patient perspective of exoskeletons, despite rapid progress in
robotic exoskeleton design and technology. Previous research has shown that the

89

6

CHAPTER 6

main benefits from involving users in device development are an increased and
easier access to user needs, experiences and ideas, resulting in an increase in
functionality, usability and quality of the devices.16 Besides that, it has been
suggested that in order to achieve successful integration of new assistive technology
into everyday lives of patients, it is crucial to investigate their expectations and their
purpose for the device.17,18 A discrepancy between the expectations from patients
and those from manufacturers could lead to the rejection of the device.18
For exoskeletons that would be a great loss, since exoskeleton training has already
been shown to be beneficial for more than just walking function. It also reduces
spasticity in 38% of SCI patients and improves bowel function in 61%.19 Therefore
the aim of this study is to investigate the thoughts and expectations regarding
exoskeletons of SCI patients.

Methods
Participants were recruited via the Dutch Patient Association for SCI: Dwarslaesie
Organisatie Nederland. Potential participants were invited to participate in this
study via a short message in the monthly newsletter of the SCI patient association.
A link referred people who were interested in participating in an online, anonymous
questionnaire, where the study and its aim were further explained. People consented
to participate in the study by continuing to the questions and submitting the
answers. All patients with a SCI were eligible for this study, regardless of age or
comorbidities.
The questionnaire was based on the current literature and feasibility studies regarding
exoskeletons.8,9 There were both open and multiple-choice questions. It was
deemed comprehensible, well written and legible by the Dutch Patient Association
for SCI.
Questions were divided in multiple categories regarding demographics, general
impression of exoskeletons, expectations regarding capabilities and user friendliness,
exoskeleton training experiences, future perspectives and areas of improvements.
An English version of the questionnaire can be found in the Supplementary
Information. Answers from the questionnaire were processed anonymously in
Microsoft Excel, 2010.
Approval for this study was obtained from the local ethics committee from the
Radboud University Medical Centre in Nijmegen, The Netherlands.
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Results
Demographics
The questionnaire was completed by 95 participants; five (5.3%) were not familiar
with exoskeletons. Most subjects (57.9%) had learned about exoskeletons via
television, for example from documentaries or the national news. Also, 36.8% of
the people had read about exoskeletons on social media such as Facebook, Twitter
and LinkedIn.
In addition, 62 of the subjects were male (65.3%), and the mean age was 53 years
(SD 14.1). At the time of the questionnaire, 59 participants (62.1%) were either
married or living together, 26 (27.4%) were not married, and the remaining were
either divorced, widowed or did not want to say. 51 subjects (53.7%) have children,
16 (16.8%) also have grandchildren. Finally, 45 participants (47.4%) have a paid job,
and work on average 28 hours per week (SD 12.8).
Thoughts in general about exoskeletons were mainly positive; 74.7% of the subjects
considered it a positive and desirable innovation. The people who responded
negatively about exoskeletons called them unpractical since you need to use
crutches, they are slow, and they are too robot-like.
Of the 95 subjects, 74 (77.9%) use a (electrical) wheelchair for everyday mobilisation.
The rest use both a wheelchair and walking aids such as crutches. Only 56 subjects
(58.9%) are content with their current way of mobilising.
A total of 57 subjects (60%) would like to have an exoskeleton at home for private
use. Furthermore, 47 subjects (49.5%) would be willing to pay for training sessions
with an exoskeleton, and 48 (50.5%) would be willing to pay to have an exoskeleton
at home. The amount participants are willing to pay varies from 10 euros per
training session to 250 euros, 5.000 euros and even 10.000 euros to have an
exoskeleton at home.

Expectations of the exoskeleton
Regarding walking speed with an exoskeleton, eight people (8.4%) answered they
think one can walk in an exoskeleton just as fast as able-bodied people and 2 people
(2.1%) thought one could walk faster than able-bodied people. A higher number,
33 (34.7%) answered one would walk slower than able-bodied people, and 52 (54.7%)
thought the walking speed with an exoskeleton would be much slower than the
able-bodied.
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When using an exoskeleton, 18 subjects (18.9%) would expect not to use a
wheelchair or walking aids at all, while 29 subjects (30.5%) would expect to still use
the wheelchair, and 48 (50.5%) would expect to still use walking aids alongside the
exoskeleton.
Next were questions regarding expectations on user friendliness: putting it on,
mobility, required training to be able to walk in an exoskeleton, comfort while
wearing it and weight. A total of 73 subjects (76.8%) expected it would be difficult
to put on the exoskeleton. Regarding mobility, 59 subjects (62.1%) expected that to
be difficult. Meanwhile, 72 subjects (75.8%) would expect it to require a lot of
training before being able to ambulate in an exoskeleton. Additionally, 37 subjects
(38.9%) expect the exoskeleton would be uncomfortable to wear. Finally, 61 subjects
(64.2%) expect the exoskeleton would be heavy.
Of the subjects, 24 (25.3%) expect that in the future the exoskeleton could replace
the wheelchair. Common reasons for why people think this may not happen are
that crutches are required, thus preventing patients from carrying items while
ambulating using an exoskeleton. Also, it is not possible to drive a car while wearing
an exoskeleton, and supervision while using the exoskeleton is required in case of
errors or falls. Due to these concerns, patients think they will be more mobile and
faster in their wheelchair than in an exoskeleton. Finally, patients have often expect
that the current exoskeletons are not suitable for people with higher SCIs because
of the missing core balance.

Future perspectives
The main areas of improvement for the future are similar to the reasons listed as to
why people think an exoskeleton cannot replace a wheelchair. Namely, exoskeletons
should be developed so that they are suitable for people with higher SCIs as well.
Also, it should be possible to ambulate in an exoskeleton without the use of
crutches, thus allowing other items to be carried.
Other areas of improvement according to the subjects are the ability to walk
independently using an exoskeleton, to walk on irregular surfaces, weight reduction
of the device and the ease with which an exoskeleton can be put on. Finally, the
subjects would appreciate if the exoskeleton could fit in a wheelchair and in a car
while worn, so that they can still drive a car while wearing the exoskeleton.

Training with an exoskeleton
Seven subjects (7.4%) have had the opportunity to train with an exoskeleton. Of the
people who had not yet trained with an exoskeleton, 73.9% are open for training
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opportunities. The main reasons for people not to be interested in training with
exoskeletons were that it would be too time-consuming and that it would not add
anything to their quality of life.
Of these seven subjects, four (57.1%) considered the exoskeleton a positive, new
innovation. The other three thought of it as irrelevant, not adding to their quality of
life, too difficult to operate and exhausting. Two of them (28.6%) thought the
exoskeleton could replace a wheelchair. The main reasons of those who did not
think so were similar to people who hadn’t trained in an exoskeleton--namely, it is
exhausting to ambulate long distances with an exoskeleton, it moves too slowly
and one needs to use crutches, and exoskeletons are not suitable for people with
a higher SCI. The main areas for improvement of the exoskeleton were similar as
well: being able to ambulate in it without crutches, weight reduction, easier to put
on independently and greater suitability to ambulate indoors.

Discussion
The results from this study showed that although SCI patients consider exoskeletons
a positive and desirable innovation, there are still major areas for improvement
before exoskeletons will be a replacement for wheelchairs. The main issues
regarding exoskeletons raised by the participants are related to user friendliness,
such as the ambulatory speed of exoskeletons, weight and ease of putting the
exoskeleton on, and balance issues which result in the use of crutches while using
the exoskeleton. Almost 19% of the participants thought they would not need
crutches while walking with an exoskeleton. However, current exoskeletons are not
designed to maintain balance, which is the reason that crutches are required. This
is also the reason that exoskeletons are currently unsuitable for patients with a
higher level SCI, who have poor upper extremity strength. Moreover, ambulatory
speed of current exoskeletons is relatively low, on average 0.26 m/s.10 Despite that,
over 10% of the participants in this study expected that one could ambulate with an
exoskeleton just as fast or even faster than able-bodied people. However, the
average walking speed of able-bodied people is far higher, namely 1.3 – 1.4 m/s. 20
Seven participants had already trained with an exoskeleton at the time of the
questionnaire. Compared to participants without training experience, they were
more negative regarding exoskeletons. This is consistent with the findings from a
feasibility study by Benson et al. 21 who described more negative patient perspectives
after exoskeleton training, compared to the expectations before the training. This
implies that the reality of the exoskeleton training and its capabilities does not
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match the expectations that patients have. Such disillusionment can lead to
dropping out of exoskeleton training and abandonment of the device and its
technology, which is a well-documented phenomenon.18 To prevent this from
occurring with exoskeletons, we believe that it is important to involve patients in the
development of exoskeletons.
Taking into consideration the results from the questionnaire, it could be said that in
order for exoskeletons to replace wheelchairs, they would have to be able to
ambulate at higher speeds, and without the use of crutches (allowing the user to
carry items). It should be possible for patients to get in and out of the exoskeleton
by themselves, without the help or supervision of others. Moreover, being able to
wear the exoskeleton while driving a car or using a wheelchair for longer distances
also is important for patients. In short, the results suggest that it is important that
patients are equally mobile and independent while wearing an exoskeleton in the
community as they are now with their wheelchair. However, we realise that this
study questioned only a very small number of SCI patients, and so we recommend
further larger studies in order to pursue patient-centred care in the development of
exoskeletons.

Conclusion
Based on the results from this study, there appears to be a discrepancy between
current exoskeletons and the expectations from patients regarding their capabilities.
The main areas of improvement are walking speed, user-friendliness and independence
while using the exoskeleton. We recommend involvement of SCI patients in future
development of exoskeletons in order to meet the users expectations and improve
functionality, usability and quality of the exoskeletons.
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Supplementary Information
Exoskeletons -- what is your opinion?
We would like to ask you a series of questions regarding exoskeletons. An exoskeleton
is a robotic suit which can assist in standing and walking. You can participate in this
questionnaire even if you have no experience with exoskeletons.
It is important for us to know the opinion of people with a spinal cord injury
regarding exoskeletons. We would like to investigate that with this research project.
Answering the questions should take around 5-10 minutes. Your answers will be
processed confidentially, and you confirm your agreement to your answers of this
questionnaire being used for this study by submitting the answers at the end.
We thank you for your cooperation.
On behalf of the entire study group,
L. van Silfhout (MD)

Before we continue to more specific aspects of exoskeletons, we would like to
know your general impression of exoskeletons.
1.

Were you aware of exoskeletons before this questionnaire?
a. Yes
b. No

2.

If yes, how did you learn about exoskeletons?
a. The newspaper
b. Television
c. Social media (Facebook, LinkedIn, Twitter etc.)
d. Your treating physician
e. Patient associations
f.
Family, friends, social network
g. Not applicable
h. Other: _____________
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An exoskeleton is a robotic suit which takes over the movement of the legs and
supports standing and walking. In this way, people with spinal cord injuries who
cannot walk by themselves could be able to walk. Training in the exoskeleton can
have a positive impact on bowel and bladder function, pain, muscle coordination
and quality of life.

3.	What is your impression in general of exoskeletons?
For example: positive/negative, useful, desirable, exhausting etc.
4.

Have you had the opportunity to train in an exoskeleton?
a. Yes
b. No

5.

If so, have you accepted that opportunity?
a. Yes
b. No
c. Not applicable

6.

If not, would you be open to train with an exoskeleton?
a. Not at all
b. No
c. Neutral
d. Maybe
e. Yes
f.
Not applicable

7.

6

If you are not open for such training, can you elaborate on the reason why not?
a. My insurance does not cover it
b. Training is too time consuming
c. I am content with my current way of mobilization
d. The training clinic is too far away / no transport to the clinic
e. Mobilising with an exoskeleton has no added value for me
f.
Not applicable
g. Other: _____________
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The following questions concern your expectations of the capabilities of exoskeletons.

8.

How much time a week do you think you could free up for exoskeleton training?

9.	What do you expect of an exoskeleton regarding walking speed compared with
the able-bodied?
a. Much slower
b. Slower
c. Equal to the able-bodied
d. Faster
e. Much faster
10. What is your means of mobility?
a. Continuous use of (electrical) wheelchair
b. Varying use of wheelchair and walking aids such as crutches or frame
c. Use of walking aids such as crutches or frame
d. No use of walking aids
11. Would you expect to use walking aids while mobilising in an exoskeleton?
a. Yes, a wheelchair
b. Yes, walking aids such as crutches or frame
c. No
12. What do you expect of exoskeletons regarding user-friendliness?
Little / easy

Difficult / much

Putting on the exoskeleton

O

O

Mobilising in the exoskeleton

O

O

Required training

O

O

Comfort

O

O

Weight

O

O

13. Are you content with your current means of mobility?
a. Yes
b. No
14. Would you want to have an exoskeleton for private use at your own home?
a. Yes
b. No
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15. Do you view exoskeletons as a possible replacement for wheelchairs?
Yes / no, please elaborate on the reason why.
An exoskeleton is a new advancement which is not yet covered by health insurances.
16.	Are you prepared to make a financial contribution in order to train with an
exoskeleton in a rehabilitation clinic?
No / Yes, namely …… euros
Are you prepared to make a financial contribution in order to have an exoskeleton
17.	
at your own home?
No / Yes, namely …… euros
18. What do you regard as areas of improvements of the current exoskeletons?
19. How much do you think an exoskeleton costs on average?
Finally, we would like to know more about your personal situation.
20. What is your gender?
a. Male
b. Female
c. I do not want to say

6

21. What is your age?
22. What is your marital status?
a. Married / living together
b. Steady relationship but not living together
c. Not married
d. Divorced
e. Widow / widower
f.
I do not want to say
23. Do you have paid work?
a. Yes
b. No
c. I do not want to say
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24. If yes, how many hours per week do you work on average?
25. What is your highest achieved education?
a. Primary school
b. Basic vocational education 		
c. Secondary vocational education
d. Senior general secondary education / pre-university education
e. Higher professional education		
f.
University education			
g. Differently, namely ...
h. I do not want to say
26. Do you have children?
a. Yes
b. No
c. I do not want to say
27. Do you have grandchildren?
a. Yes
b. No
c. I do not want to say
28. Do you consider yourself religious or as having any spiritual beliefs?
a. Yes
b. No
c. I do not want to say
Thank you for your cooperation and filling out this questionnaire.
29. Do you give us permission to contact you if we have any follow-up questions?
a. Yes
b. No
30. If yes, please leave your phone number for us to contact you.
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General discussion
Future perspectives

GENERAL DISCUSSION AND FUTURE PERSPECTIVES

General discussion
Various aspects of spinal cord injury (SCI) are changing: severity of the injury,
cause of the injury and epidemiology. Another point of interest is that not all
patients with a SCI who are able to walk, choose to walk in everyday life. Finally, the
use of exoskeletons in patients with SCI and applications of the exoskeleton for the
able-bodied population will be discussed.

Trends seen in SCI
Many things have changed with regards to SCI. First of all, there have been shifts in
epidemiology and aetiology of SCI. The incidence of SCI has increased worldwide,
mainly because of an increase in traffic accidents and falls resulting in SCI. For
non-traumatic SCI, tumours have become the most common cause of SCI.
Incomplete injury has become more common than complete injury, and hospitalisation time due to a SCI has decreased. Moreover, a trend of increasing age when
SCI is suffered has been observed, which is believed to be related to an increase in
mean age of the general population, and an increase in social activity of the elderly
population. Prevention of falling is therefore important, especially for elderly but
active people.1
Second, rehabilitation therapy and ambulation strategies have altered over the years:
from being bed-ridden after a SCI to being an active and independent part of the
community. Over-ground gait training and body-weight supported treadmill training
(BWSTT) have been used to improve muscle strength and ambulatory function in
patients with SCI and with some preserved motor function. 2,3 During BWSTT,
patients wear a harness attached to an overhead lift. A gas cylinder enables vertical
displacement during walking. Body weight support and treadmill speed can be
adjusted individually. A benefit of BWSTT compared to over-ground gait training is
that patients may be able to initiate ambulation therapy before they are able to fully
bear weight and prior to achieving adequate motor control and balance. Besides
that, it is possible to train at faster walking speeds, with greater safety and less risk
of falling compared to regular over-ground training. A randomised controlled trial
by Dobkin et al. 2 showed equivalent outcomes for walking speed at three and six
months post-injury for over-ground therapy and BWSTT. Thus it is believed that the
rehabilitation strategy can be based on preference, availability, skills, experience
and costs.2 Furthermore lightweight orthotic devices promote walking in ambulatory
patients and decrease energy cost.3 Over the following years, over-ground training
and BWSTT have further developed into robot-assisted ambulation training: for
example the Lokomat and exoskeleton devices.4 These last devices allow for gait
training not only for patients with SCI with some degree of ambulatory function,
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but also for patients without sufficient remaining walking function. Otherwise such
patients would not be able to train walking function and thus require ambulation
methods such as powered, power-assisted or manual wheelchairs.
Third, early mobilisation of patients with SCI has become more important in the last
decade, however this can be challenging. Patients with SCI are prone to orthostatic
hypotension while mobilising in the acute phase, because of lack of sympathetic
activity and leg muscle contractions.5 As many as 74% of the patients with SCI
complain of dizziness, light-headedness or even loss of consciousness upon
mobilisation in the acute phase of SCI.6 Commonly this occurs in SCI above the
level of T1, which is when the sympathetic innervation of the heart is affected.5-7
A result can be a delay in starting functional gait training and rehabilitation therapy.
Such delay is undesirable, as discussed in Chapter 2 the largest degree of functional
recovery occurs during the first year after a SCI. Early rehabilitation therapy not only
promotes neural recovery but also prevents muscle atrophy and osteoporosis.5,6
Unfortunately, the standard therapy to prevent orthostatic hypotension after SCI is
often mobilisation by wheelchair. In the chronic phase of SCI, the circulatory
system has then adapted to the lack of sympathetic innervation. Other methods of
mobilisation in SCI patients may speed up this process and thus the onset of
functional rehabilitation. A tilt table can be used for mobilisation in the acute phase
of SCI, which can possibly be combined with robotic leg movement (e.g. Erigo tilt
table).5 This way not only postural change helps the adaptation process to the lack
of sympathetic innervation, but also muscle activation and improved venous return
help improve cardiovascular stability after SCI.5,8,9 Other positive effects from such
early mobilisation are a decrease in spasticity, improvement of muscle tone,
inducing functional recovery and reduction of long-term consequences due to
lack of muscle activity.5,8,10,11

Ability to walk and walking in everyday life
Despite at least 50% of all SCI patients having some remaining walking function, it
has been shown that a wheelchair is the preferred method of ambulation in
approximately 70% of SCI patients.12 Older age is physiologically associated with
reduced functional abilities, which is enhanced by the SCI. Age has been associated
with worse functional outcome in terms of independency, which can also attribute
to the preference for a wheelchair instead of walking by people with SCI.13
Energy expenditure is another major factor in whether ambulatory people with SCI
actually walk in everyday life. Energy expenditure depends among others on the
level of SCI, use of orthoses, and distance travelled. For example, a SCI person with
paraplegia requires nine times more energy per metre he or she walks than an
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able-bodied person.14 Energy expenditure can be lowered by the use of lower limb
orthoses. However, multiple studies have shown that only a few people routinely
use their orthoses and walk.15-17 One of the most common causes that patients
reject their orthoses is the need for assistance to apply the device(s).17
Furthermore, associated injuries with SCI such as head injury or fractures of the
extremities can inhibit rehabilitation therapy and daily walking. The same applies
to recent surgical procedures and medical conditions such as diabetes mellitus,
Chronic Obstructive Pulmonary Disease (COPD), cardiac disease, decubitus and
ulcers.18 In addition to that, (uncontrolled) spasticity, pain and contractures will
promote use of wheelchair over walking.
Finally, it is often common practice that patients with walking difficulties are trained
to be independent in wheelchairs before being discharged. This may lead to a large
number of patients accepting that they are wheelchair-bound and not capable of
walking. On the other hand, family support, available assistance, a patient’s level of
participation or responsibility may motivate patients to work on the recovery of
walking function. Most patients need assistance to be able to walk, however this is
not always available or sometimes the patient already needs assistance with other
activities such as bladder and bowel care. Walking may then not be a priority, which
may lead to patients accepting the use of a wheelchair for ambulation.18

Exoskeletons and SCI
Exoskeletons have the potential to replace wheelchairs; they can completely
support ambulation in patients with a motor-complete SCI and no ambulatory
function, but can also provide partial support in patients with some degree of walking
function. Potential benefits from exoskeleton-assisted walking are an increase in
walking speed and distance, improvement in cardio-metabolic status, decrease in
spasticity, improvement in bowel function and quality of life.12 For exoskeleton
technology to be fully integrated in rehabilitation after a SCI, it is important that its
capabilities meet the requirements from its users; in this case SCI patients. Important
user requirements are among others; safety, low cost, ease to put on and operate,
portability, and ability to enhance functional outcomes.19 Proprioception, balance
and sensation in the lower limbs is required for normal walking. In patients with SCI,
loss of proprioception is in general compensated by visual input.
The average ambulatory speed of exoskeletons is lower than the 0.59 m/s necessary
for walking being functional and thus the preferred way of mobilising in the community.
When we asked SCI patients if an exoskeleton could replace a wheelchair, one of
the main arguments was that this would be unlikely since patients think they are
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faster and more mobile with a wheelchair than with an exoskeleton. Walking speed
has been identified as a possible key factor contributing to the utility of the device.
Slow speed may result in the device to be only used for exercise, while faster speeds
may enable application in community ambulation. 20 If speed seems to be indicative
for using exoskeletons in everyday life situations, the question rises whether it is
feasible to achieve higher walking speed with exoskeletons. The low walking speed
of exoskeletons may preserve balance and prevent falling21, higher speeds could
result in balance difficulties and more frequent falls. One way to increase walking
speed without compromising balance is the use of light-weight materials in the
design of exoskeletons. Moreover, regular and frequent training with exoskeleton-
assisted walking on both flat and uneven terrain can improve confidence and
balance as well as walking speed. 21-23
The higher walking speeds necessary for exoskeletons could bring us to the next
hurdle, which is that the human or physical limitation could prevent reaching higher
speeds with exoskeleton-assisted walking. Physical limitations could include pain,
exhaustion, muscle contractures or spasticity. Our findings show that the higher
walking speeds are achievable and no negative effects were observed or
experienced by the patients. Limitation of the study is that a Lokomat device was
used with a treadmill-based and body-weight support system to maintain balance.
In these conditions, the negative influence of balance on walking speed was
effectively eliminated. Another limitation is that we did not push the participants to
their maximum walking speeds because of safety concerns. We hypothesised that
exoskeleton-assisted walking speed would therefore be even lower than what was
measured with the Lokomat, further research is necessary to investigate this issue
in a larger study population, as well as with higher walking speeds.
One of the first designs of lower-limb exoskeletons was abandoned by patients
because it required a large physical effort from the upper body in order to operate
it. Many changes in weight of the device, geometric and dynamic characteristics by
the developer could not prevent this from happening. This illustrates that if the
device does not meet patient expectations and requirements, this will eventually
lead to abandonment. Active, powered exoskeletons were later developed, which
were pneumatically actuated and partly kinematically programmed. This resulted in
a near-anthropomorphic gait, and was the predecessor of the exoskeletons as we
know them today, such as Rewalk, Ekso and Indego. 24 We have shown that even
with these current exoskeleton models there is still a discrepancy in device
capabilities and user expectations. Besides walking speed, SCI patients regard lack
of independence when ambulating with an exoskeleton as the main issue and thus
main area of improvement for future generations of exoskeletons. Help is often
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needed with transport of the exoskeleton as well as transfers in and out of the
device because of the weight. It is not yet possible to drive while wearing an
exoskeleton, and because of the use of crutches the patient is limited in carrying
items while walking. This is why current exoskeletons like the Rewalk, Ekso and
Indego, are unlikely to replace a wheelchair as mode of transport for a SCI patient
with limited walking function. At this moment, patients are more independent in a
wheelchair than in an exoskeleton.

Exoskeletons and the able-bodied population
Throughout this thesis, application of exoskeletons in rehabilitation therapy and
gait training, as well as ambulatory assistance in non-ambulatory patients, has been
described. A third application of exoskeleton technology is human strength
augmentation in the able-bodied population. Exoskeletons that enhance human
strength can not only increase strength, but also increase endurance (during walking)
and enable people to perform tasks that would otherwise require super-human
abilities. Such high-level performance is achieved with the exoskeleton by
application of external force or torque to the wearer’s limbs and user-initiated
mobility. The wearer’s motion intentions are recognised via a built-in multi-sensor
system, which allows appropriate assistance from the exoskeleton. 25
Exoskeletons designed for human strength augmentation can be used in different
settings. Robotic assistance can ease the burden of many types of manual work in
the industrial or construction sectors. This can potentially lower the risk of injury
and improve work efficiency. Besides that, exoskeletons can also enhance human
military performance. 25 Exoskeletons can improve soldiers’ capabilities, which
results in them being more resilient and more lethal. The exoskeletons can provide
power for communication, surveillance and supportive hardware. 26 Moreover,
the exoskeleton can relieve the soldier from physical stress of carrying heavy loads,
sometimes weighing as much as 55 to 73 kg. 27,28 The advantage of foot soldiers
and thus exoskeletons over vehicles is that they are stealthy and more free to
manoeuvre in an urban environment. 29,30
Several exoskeletons have been developed for able-bodied people with the goal
of augmenting human strength. The University of Tsukuba, in Tsukuba Japan,
developed the Hybrid Assistive Limb (HAL-5), which is a full body exoskeleton.
It weights approximately 23 kg, of which 15 kg is worn on the lower body of the
wearer. It supports the wearer to carry heavy objects weighting up to 70 kg,
in addition to that it can function in emergency rescue. 25 Another exoskeleton
developed to help carry heavy loads is the Hanyang Exoskeleton Assistive Robot
(HEXAR), developed by Hanyang University in Seoul, South Korea. The hip joints
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bear the weight of the upper part of the exoskeleton and its load, the ankle joints
bear the total weight of the exoskeleton and provide a propulsion force for walking.
The wearer can walk at a speed of 1.5 km/h (0.28 m/s) while carrying a load
weighing 40 kg.31,32
Two exoskeletons for human strength augmentation for the military field are the
Berkeley Lower Extremity Exoskeleton (BLEEX) and the Human Universal Load
Carrier (HULC). 25,30 The HULC is also designed to carry heavy loads, it is a hydraulic
powered exoskeleton that can carry loads up to 90 kg. It has a flexible design
that allows for deep squats, crawling and upper body lifting. All movements are
synchronised with the wearer through an on-board micro-computer.30 The BLEEX
was primarily designed to help soldiers carry heavy loads in the form of a backpack,
by the University of California Berkeley (Berkeley, CA, USA).30,33,34 The wearer can
walk at a speed of 1.3 m/s while carrying a load weighing 34 kg.35 The device has
three main parts: the powered robotic legs, the computing unit and a backpack
frame.30 Besides supporting soldiers, the BLEEX could also be used to help disaster
relief workers, wildfire fighters and other emergency personnel with carrying heavy
loads such as food, rescue equipment, first-aid supplies, communication equipment
and weaponry. 25,33
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Future perspectives
Since the first description of SCI in 2500 BC, perspectives on treatment options and
prognosis have changed dramatically. The prognosis for an SCI patient has evolved
from being hopeless and inevitably terminal to reintegration back into the community
after rehabilitation. Exoskeleton technology is still developing, and needs further
fine-tuning to meet user expectations. This applies for all three applications of
exoskeletons: gait rehabilitation to improve the walking function of ambulatory patients,
a means of walking for patients without walking function and augmentation for the
able-bodied population.

Future development directions of exoskeletons
Several aspects of the exoskeleton design should be focused on in future development,
among others navigation training, weight, costs and human-exoskeleton interface.
Moreover, currently a major limiting factor of exoskeletons for both disabled and
able-bodied people is the relatively low walking speed. This does not encourage
integration of exoskeletons in rehabilitation programs, or their use in industrial or
military applications.
Future improvements of exoskeletons that make it easier to navigate uneven terrain
or climb stairs, could facilitate use of exoskeletons. Training with exoskeleton-assisted
walking is important to ensure the safety of the wearer; this applies for patients as
well as for able-bodied people. Moreover, rehabilitation training programs for
patients with SCI could assist in community participation with exoskeletons and
facilitate their use in combination with a wheelchair. 21 This training could also
stimulate safe use of the exoskeleton and promote user independence, an aspect
that is of great importance for patients with SCI as shown in this thesis.
Current exoskeletons are relatively heavy and weigh between 12 and 30 kg12,
this makes exoskeletons less portable for patients with SCI and may result in
restricted movability of the wearer. The materials used for the construction of the
exoskeleton are important factors in the weight of the device; materials with low
density, high intensity and toughness such as carbon fibre could result in lighter
exoskeletons. 25 Future developments in exoskeleton technology could likely
result in lighter generations of exoskeletons. This will not only promote
independence in transport and transfers in and out the exoskeleton by SCI
patients, but this is also likely to result in higher walking speeds at lower metabolic
efforts. 21 Metabolic efforts are increased by the changed biomechanics of normal
human walking due to the exoskeleton. This results in discomfort to the user and
limits the length of time the exoskeleton can be used. Further adaptation of the
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mechanical design of the exoskeleton to normal human gait may therefore be
necessary. 25
Costs of the exoskeleton has shown to be a potential impediment to its availability
and accessibility, both in developed and developing countries. 21 Exoskeleton costs
vary between 60.000 and 120.000 euros.12 Only very few SCI patients have the
financial resources to purchase an exoskeleton themselves and most health insurers
do not cover such costs. Higher walking speed, lighter framework and lower costs
are defining conditions for broad access to exoskeletons for the general population.
On the other hand, exoskeletons can have a positive economic impact. Patients able
to walk with an exoskeleton will require less support from (professional) caregivers,
which reduces the burden on these caregivers and thus on society.
Walking speed of current exoskeletons is the main theme of this thesis, some
methods to improve walking speed in the future have already been discussed.
Another manner to improve walking speed with exoskeletons could be to improve
the human-exoskeleton interface. Currently the many different exoskeletons have
a differing control system, for example via a wrist watch (ReWalk), a hand-held
controller (Ekso) or a combination with posture (Indego). In the future control
mechanism could be via brain-machine interface; electroencephalographic (EEG)
signals would be used to trigger exoskeleton movement. This could result in a more
natural manner of walking than what is currently possible.36 Besides EEG, electromyographic (EMG) signals from sensors placed inside leg muscles could be used
to detect the wearer’s motor intention and control the exoskeleton. 25 Finally, it is
highly probable that in the future innovative technology such as three-dimensional
(3D) printing will be used to develop wearer-specific customised, comfortable
and light-weight exoskeletons.37,38 3D-printing allows for individually customised
padding and straps, which maximises comfort and minimises the risk of skin
irritation, wounds and pressure sores. 25
An additional improvement for human-exoskeleton interface for patients with SCI
could be to employ functional electrical stimulation (FES). FES stimulates and
potentially strengthens muscles weakened by the SCI. Combining FES with exoskeleton-assisted walking could improve muscle strength below the level of injury
and thus result in a higher walking speed.12 Moreover, the addition of FES to
exoskeletons could reduce the energy demand of the exoskeleton, thereby
requiring less powerful joint actuators and resulting in a lighter exoskeleton.39 The
Indego exoskeleton is an existing exoskeleton that has been incorporated with FES
technology. Mean walking speed for SCI patients using Indego has shown to be
higher than for other exoskeleton brands such as ReWalk and Ekso; 0.31 m/s versus
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0.28 m/s and 0.14 m/s respectively.12 Although this was only investigated in a
relatively small number of studies with varying training protocols, it could be
promising for future studies and developments in exoskeleton technology.
The ultimate goal of exoskeleton technology is that it can be used safely and
independently, and that it is functional for the intended application: rehabilitation
after a SCI, or human augmentation (for example the military, disaster emergency
personnel or industrial work).

Stem cell therapy
A different approach to impaired walking function after a SCI is to restore the
connection between brain and body, which was damaged by the injury. Stem cell
therapy is a promising novel treatment option for SCI, because of its neuro-
regenerative and neuroprotective characteristics. Stem cells have unique differentiation
abilities and secrete a variety of cytokines and growth factors.40 Additionally, stem
cell therapy aims to minimise secondary injury of the spinal cord due to progressive
inflammation and ischemia, and enhances the function of the remaining cells in
the cord.41
Stem cells can be acquired from embryonic tissue. However, this results in the
destruction of the embryo, which raises significant ethical concerns.40,41 Human
embryonic stem cells (hESC) have the capacity to differentiate into any cell lineage,
among others neural precursor cells: neural progenitors, which are cells restricted
to neuronal and glial lineages.41 Transplantation of neural progenitors into animal
models of SCI has shown promising results, modest recovery of motor function
and gait has been observed.42-44 In addition to the ethical considerations, another
disadvantage of hESC is the observation of the formation of teratomas, tumour
masses, after transplantation of neural progenitors derived from hESC in animal
models.41
Transplantation of hESC-derived oligodendrocyte progenitor cells (OPC) in SCI
models has shown to result in clinically relevant recovery of neurological function,
without evidence of negative effects.43,45-47 Besides differentiation of OPC into
oligodendrocytes, OPC express neurotrophic factors which promote neuronal

survival.48 Timing of the transplantation is relevant to achieve optimal result: animal
studies have shown no improvement of neurological outcome when administering
OPC ten months post-injury, while there was significantly improved neurological
outcome when OPC was administered seven days after a SCI.43
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Another alternative to hESC is mesenchymal stem cells (MSC), which can be
acquired from a number of organs and tissues such as bone marrow and adipose
tissue.49 These cells can be collected from the patient, which allows for autologous
transplantation with little risk of graft rejection compared to hESC.41 Bone marrow
derived MSC are cells within the adult bone marrow which support haematopoiesis
and bone regeneration.50 Animal studies have shown that introduction of these
cells to the site of a SCI can improve functional recovery and muscle strength.41
A clinical pilot study was performed in ten patients with a cervical SCI. MSC were
isolated from the iliac bone of each patient and introduced via intramedullary and
intradural injections. Within six months of the injections MRI changes and improved
upper extremity motor function was observed in six patients.51 No complications
or tumour formations were observed in a 3-year follow-up study after the transplantation in patients with SCI.52
Although the results are promising, it is important to highlight that stem cell transplantation by itself is unlikely to be sufficient for patients to recover from SCI.
The future lies in a patient-specific combination of therapeutic methods, such as
surgery, medication, (exoskeleton) gait training and stem cell therapy.
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Summary
The aim of the studies described in this thesis was to investigate the accuracy of
walking capacity prediction after an acute spinal cord injury (SCI) and to explore the
application of exoskeletons to support ambulation in the group of patients with SCI
that do not recover walking capacity on their own.
In Chapter 2 we performed a review on recovery of walking capacity after a SCI to
investigate current knowledge on this topic. It showed that recovery of motor
function is the greatest in the first year after a SCI because of neuroplasticity.1
Therefore it is important that rehabilitation therapy starts promptly after the injury,
to maximise the recovery of motor function and skills. Walking ability can be
increased through locomotor training. Exoskeletons could be used for patients with
no or limited ambulatory function. The literature shows that use of exoskeletons is
feasible and safe for persons with SCI.1,2 Besides improvement of walking function,
exoskeleton training could have a positive effect on quality of life, reduce pain and
spasticity, and improve bladder and bowel function.3
Van Middendorp et al.4 developed a clinical ambulation prediction rule which can
be used in the acute phase after traumatic SCI to predict the probability that the
patient will walk independently again one year after injury. The prediction rule is
based on a combination of age (younger than 65 years, or 65 years old and older),
motor scores of the quadriceps femoris (L3) and gastrocsoleus (S1) muscles,
and light touch sensation of dermatomes L3 and S1. It could be used during
counselling as well as to set rehabilitation goals. Van Middendorp et al.4 based their
prediction rule on a population in a university hospital in a relatively scientific setting
with trained assessors in the European EM-SCI consortium. This context is not
representative of the average level of assessors in a level one trauma centre. Therefore,
we investigated the accuracy of this ambulation prediction rule in a level one trauma
centre in Australia with assessors with varying degree of training in Chapter 3. In
conformity with the original study data of van Middendorp et al.4, the prediction
rule was found to distinguish with excellent accuracy between patients who were
able walk independently at one year after injury and those who did not.
Rehabilitation concepts commonly aim to improve muscle strength through
locomotor training in order to improve walking speed and function.5,6 However, it
was unknown which walking speed should be targeted during rehabilitation to
promote outdoor walking and participation in society. This was therefore
investigated in Chapter 4, and it was found that a walking speed of 0.59 m/s
differentiates between SCI patients who tend to walk (with or without walking aids)
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instead of using a wheelchair in the community. SCI patients who walk independently
in the community are on average younger, have a less severe SCI and higher motor
scores than patients who cannot walk independently. Proximal muscle strength
was identified as a key factor to reach the level of independent walking. It was
found that patients who can walk independently are commonly able to flex the hip
and extend the knee against gravity. However, in addition to walking speed and
lower extremity muscle strength, other factors such as the ability to manage curbs
and slopes may limit outdoor walking ability. A wheelchair often results in more
efficient ambulation in such situations, which then makes a wheelchair the preferred
method of mobilisation for a SCI patient rather than walking.7
Human walking is different from robotic-assisted walking. It is possible that walking
speeds are different for patients with SCI during robotic-assisted ambulation therapy
compared to other methods of rehabilitation gait training. In Chapter 5 we investigated
what walking speed during robot-assisted ambulation is possible for SCI patients.
It showed that SCI patients can achieve ambulatory speeds of on average 0.63 m/s
without negative effects on pain or spasticity.
In addition to a sufficient walking speed, it is important that other user requirements
regarding exoskeletons are matched to support exoskeleton-assisted walking in
the community. It has been shown that when devices do not meet the expectations
of the intended users, patients are likely to abandon the device.8 This is why we
investigated user requirements for SCI patients regarding exoskeletons in Chapter 6.
The findings show that patients have high expectations and requirements for
exoskeletons, higher than what current devices are capable of. Exoskeletons are
considered a positive and desirable development; however, some main areas of
improvement were identified: weight, ambulation speed, ability to ambulate
without crutches, being more independent with exoskeleton-assisted walking, and
being able to wear the device in a wheelchair or while driving in a car. It should be
noted that only 58.4% of the patients with SCI who are wheelchair-bound in their
everyday lives are content with their way of mobilisation.
Multiple trends have been observed with regards to SCI. Incidence of SCI is
increasing worldwide, with incomplete injuries becoming more common than
complete injuries. Methods and timing of rehabilitation therapy have evolved to
early mobilisation, potentially with the use of an exoskeleton. In addition to the
application of exoskeletons in gait training and ambulatory assistance in nonambulatory patients, exoskeleton technology can be used for human augmentation
in the able-bodied population. Increase in strength and endurance through the
exoskeleton would allow the wearer to carry heavier loads and walk greater
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distances than would otherwise be possible. This would be ideal to support
construction workers, military personnel, disaster relief workers, wildfire fighters
and other emergency personnel with carrying food, equipment, first-aid supplies,
communication equipment and weaponry. In addition to exoskeleton technology,
stem cell therapy has shown promising results to enhance functional recovery and
muscle strength after a SCI.
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De in dit proefschrift beschreven onderzoeken hadden als doel de betrouwbaarheid en nauwkeurigheid van het voorspellen van loopfunctie in de acute fase na
een dwarslaesie te onderzoeken, alsmede de toepassing van exoskelet technologie
ter ondersteuning van het lopen door dwarslaesiepatiënten met onvoldoende herstel
van de eigen loopfunctie.
Hoofdstuk 2 beschrijft een analyse van bestaande literatuur over het herstel van de
loopfunctie na een dwarslaesie. Hieruit is gebleken dat ten gevolge van neuroplasticiteit het herstel van motorische functies het grootst is gedurende het eerste jaar na
een dwarslaesie.1 Het is daarom belangrijk dat er na een dwarslaesie zo snel mogelijk
met revalidatietherapie begonnen wordt, zodat de patiënt de optimale mogelijkheid
krijgt tot een maximaal herstel van motorische functies en vaardigheden. De loopfunctie
kan worden verbeterd middels looptraining. Bij dwarslaesiepatiënten met geen of
(zeer) beperkte resterende loopfunctie kan hiervoor een exoskelet gebruikt worden.
Uit de literatuur blijkt dat het gebruik van een exoskelet veilig mogelijk is bij dwarslaesiepatiënten.1,2 Exoskelet training heeft behoudens verbetering van de loopfunctie
mogelijk ook een positieve invloed op de kwaliteit van leven. Het kan bovendien pijn
en spasticiteit verminderen en de blaas- en darmfunctie verbeteren.3
Van Middendorp et al.4 hebben een voorspellende formule ontwikkeld die gebruikt
kan worden in de acute fase na een traumatische dwarslaesie om de kans te
berekenen dat de patiënt binnen een jaar na het ongeval weer zelfstandig kan
lopen. Deze voorspellende formule is gebaseerd op een combinatie van leeftijd
(jonger dan 65 jaar of 65 jaar en ouder), motorische scores van de musculus
quadriceps femoris (L3) en de musculus gastrocsoleus (S1), en oppervlakkige tastzin
van dermatomen L3 en S1. De uitkomst van de formule kan gebruikt worden bij de
begeleiding en voorlichting van de patiënt en zijn of haar familie. Daarnaast kan de
uitkomst gebruikt worden voor het bepalen van revalidatiedoelen. Deze voorspellende
formule is gebaseerd op een patiëntpopulatie in een universitair ziekenhuis, in een
relatief wetenschappelijke omgeving, met getrainde onderzoekers binnen het
Europese EM-SCI consortium. Deze context is niet representatief voor een gemiddeld
level één traumacentrum. In hoofdstuk 3 is daarom de nauwkeurigheid van deze
formule onderzocht in een level één traumacentrum in Australië, met onderzoekers
die een wisselende mate van training en ervaring hadden in het uitvoeren van
neurologisch onderzoek. Conform het oorspronkelijke onderzoek van Van Middendorp
et al.4 werd een excellente nauwkeurigheid gevonden van de voorspellende
formule om onderscheid te maken tussen patiënten die een jaar na een traumatische
dwarslaesie wel en niet weer zelfstandig kunnen lopen.
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Revalidatietherapie heeft in het algemeen als doel het vergroten van spierkracht
middels looptraining, zodat de loopsnelheid en de loopfunctie van de patiënt
verbeteren.5,6 Het is echter onbekend welke loopsnelheid bij dwarslaesiepatiënten
tijdens revalidatietherapie nagestreefd moet worden om buitenshuis lopen en
participatie in de maatschappij te bevorderen. Dit werd derhalve onderzocht in
hoofdstuk 4. Hieruit bleek dat een loopsnelheid van 0.59 m/s onderscheid maakt
tussen patiënten die lopen, al dan niet met gebruik van hulpmiddelen, in plaats van
een rolstoel gebruiken. Dwarslaesiepatiënten die zelfstandig buitenshuis lopen
waren meestal jonger, hadden een minder ernstige dwarslaesie en hadden meer
spierkracht dan patiënten die niet zelfstandig lopen buitenshuis. Tevens bleek dat
de spierkracht van de proximale spieren een belangrijke bepalende factor is om
zelfstandig te kunnen lopen. Patiënten die zelfstandig lopend deelnamen aan de
maatschappij konden de heup flecteren en de knie extenderen tegen de
zwaartekracht. Behalve loopsnelheid en spierkracht van de onderste extremiteiten
zijn er nog andere factoren die van invloed zijn op loopfunctie buitenshuis, zoals
het kunnen omgaan met hellingen en stoepranden. Gebruik van een rolstoel is dan
vaak efficiënter dan lopen, wat er voor zorgt dat dwarslaesiepatiënten de voorkeur
hebben voor het gebruik van de rolstoel in plaats van te lopen.7
De biomechanica van lopen is bij mensen anders dan bij mensen die robot-geassisteerd lopen. Het is daarom mogelijk dat de loopsnelheid ook anders is bij dwarslaesiepatiënten tijdens robot-geassisteerde looptherapie vergeleken met andere
methoden van looptherapie. In hoofdstuk 5 is onderzocht welke loopsnelheid
haalbaar is voor dwarslaesiepatiënten tijdens robot-geassisteerde looptherapie.
Hieruit bleek dat dwarslaesiepatiënten een gemiddelde loopsnelheid van 0.63 m/s
haalden zonder negatieve effecten van pijn of spasticiteit.
Het is belangrijk dat gebruikerseisen van dwarslaesiepatiënten en de mogelijkheden
van een exoskelet overeenkomen, zoals bijvoorbeeld loopsnelheid. Het is namelijk
een bekend fenomeen dat hulpmiddelen die niet aan de gebruikerseisen voldoen
vaak niet door patiënten gebruikt worden.8 De gebruikerseisen van dwarslaesie
patiënten voor een exoskelet zijn daarom onderzocht in hoofdstuk 6. Uit de resultaten
blijkt dat patiënten hoge verwachtingen hebben van en hoge eisen stellen aan een
exoskelet, hoger dan de eigenschappen van de huidige modellen. Exoskelet
technologie werd gezien als een positieve en wenselijke ontwikkeling. Er werden
echter meerdere verbeterpunten geïdentificeerd: het gewicht, de loopsnelheid, de
mogelijkheid om te lopen met het exoskelet zonder gebruik van krukken, zelfstandig
gebruik van het exoskelet en de mogelijkheid om het exoskelet te dragen in de
rolstoel of tijdens autorijden. Slechts 58.4% van de dwarslaesiepatiënten die rolstoelafhankelijk zijn in het dagelijks leven was tevreden met hun huidige mobiliteit.
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Er zijn meerdere ontwikkelingen geobserveerd met betrekking tot dwarslaesies.
De incidentie van dwarslaesies neemt wereldwijd toe en incomplete dwarslaesies
komen vaker voor dan complete dwarslaesies. Zowel de methode als de timing
van revalidatietherapie zijn veranderd naar vroege mobilisatie, potentieel met het
gebruik van een exoskelet. Een exoskelet kan worden gebruikt als ondersteuning
bij looptraining van dwarslaesiepatiënten met en zonder resterende loopfunctie.
Daarnaast kan exoskelet technologie ook worden gebruikt om eigenschappen van
gezonde mensen te versterken. Mensen kunnen zwaardere ladingen dragen, en verder
en sneller lopen dan wat anders mogelijk zou zijn doordat het exoskelet de menselijke
kracht versterkt en het uithoudingsvermogen vergroot. Op deze manier kunnen
bouwvakkers, militair personeel, hulpverleners bij rampen, brandweermannen en
andere hulpdiensten ondersteund worden bij het dragen van voedsel, uitrusting,
noodhulpmiddelen, communicatiemiddelen en wapens. In aanvulling op exoskelet
technologie zijn er veelbelovende resultaten behaald met stamceltherapie om de
functionele uitkomsten, loopfunctie en spierkracht te verbeteren na een dwarslaesie.
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