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Abstract
Locomotor training holds tremendous appeal to people with spinal cord injury who are wheelchair dependent, as the
reacquisition of gait remains one of the most coveted goals in this population. For the last few decades this type of training
has remained primarily in the clinical environment, as it requires the use of expensive treadmills with bodyweight support or
complex overhead suspension tracks to facilitate overground walking. The development of powered exoskeletons has taken
locomotor training out of the clinic, both improving accessibility and providing a potential option for community ambulation
in people with lower limb paralysis. A question that has yet to be answered, however, is whether or not locomotor training
offers a sufficiently intense stimulus to induce improvements in fitness or health. As inactivity-related secondary health
complications are a major source of morbidity and mortality in people with SCI, it would be important to characterize
the potential of locomotor training to not only improve functional walking ability, but also improve health-related fitness.
This narrative review will summarize the key literature in this area to determine whether locomotor training challenges the
cardiovascular, muscular or metabolic systems enough to be considered a viable form of exercise.

Introduction

It is widely recognized that physical activity positively
contributes to overall health and well-being, and evidence-
based physical activity guidelines (PAGs) are now avail-
able for numerous populations, including those living with
spinal cord injury (SCI) [1]. These guidelines indicate
the minimum amounts of both aerobic and resistance-
based exercise needed to improve both fitness and health
outcomes in the SCI population. Clearly stated within the
PAGs are both the time factor, i.e. how long one must
exercise in each session, and the intensity of the effort
needed in order to obtain fitness and/or health benefits.
Briefly, the minimum threshold to improve fitness is
20 min of moderate-to-vigorous aerobic activity twice per
week plus three sets of ten repetitions of strengthening
exercises of major muscle groups twice per week. The
minimum threshold to improve cardiometabolic health

is 30 min of moderate-to-vigorous aerobic activity three
times per week [1].

The terms physical activity and exercise are often used
interchangeably, but there are differences between the two
terms. Physical activity is a broader concept, describing any
bodily movement carried out by skeletal muscles that requires
metabolic energy, whereas exercise is considered to be a
subcomponent of physical activity, and is characterized by
more intentional movement that is planned, structured, and
repetitive [2]. Both physical activity and exercise can be used
to improve aspects of physical fitness (e.g. cardiovascular
endurance, muscle strength and body composition). For non-
athletic persons with SCI, any improvement in fitness is
particularly beneficial, as this population is purportedly
one of more inactive sectors of society [3], and many of
the secondary co-morbidities associated with SCI, such as
hyperlipidemia, glucose intolerance, type 2 diabetes, cardio-
vascular disease, are related to this inactive lifestyle [4, 5].
Thus, for people living with SCI, an improvement in physical
fitness not only will enhance ability to carry out activities of
daily living, it could potentially carry a host of important
health-related benefits that may decrease the risk of secondary
health complications [6].

Wheelchair treadmills, arm ergometers, recumbent ellip-
tical machines and resistance training equipment are perhaps

* Audrey L. Hicks
hicksal@mcmaster.ca

1 Department of Kinesiology, McMaster University, Hamilton, ON,
Canada

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41393-020-0502-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41393-020-0502-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41393-020-0502-y&domain=pdf
http://orcid.org/0000-0003-3079-0966
http://orcid.org/0000-0003-3079-0966
http://orcid.org/0000-0003-3079-0966
http://orcid.org/0000-0003-3079-0966
http://orcid.org/0000-0003-3079-0966
mailto:hicksal@mcmaster.ca


the most common modes of exercise for people with SCI who
are unable to ambulate. In the last 20 years, there has been
a tremendous emergence of training devices that can be used
to facilitate upright locomotion in this population, but whether
or not these devices are considered as “exercise training”
equipment (with the goal of improving fitness) is still up to
debate.

Modes of locomotor training

Recovery of locomotion is recognized as one of main
priorities for people living with SCI [7], and numerous
devices have been developed to assist with locomotor
training in people with lower limb paralysis. Bodyweight-
supported (BWS) treadmills allow for ambulatory training
while a portion of one’s bodyweight is off-loaded. This type
of intervention may or may not be augmented by electrical
stimulation of the leg muscles to enhance muscle activation.
The addition of a robotic orthosis (i.e. Lokomat™) to the
treadmill eliminates the need for manual therapists and
provides additional options related to various aspects of gait
kinematics. In the over two decades that these devices have
been utilized in the clinical setting, their efficacy in
improving locomotor function has been validated, but it is
still not clear whether they are superior to overground
walking training [8, 9].

More recently, powered exoskeletons that can be used
for overground locomotor training have received a great
deal of attention, as they have the potential to be used in the
community and/or home setting. These devices (e.g. Ekso™,
ReWalk™, Indego™) are positioned over the paralyzed or
weakened limbs to facilitate sit-to-stand, walking and, in
some cases, climbing stairs. While these devices can be
used by people with tetraplegia, most require a reasonable
amount of trunk control to initiate starts and stops, and
upper arm and hand function to operate either the controls
or the assistive device being utilized. Furthermore, the cost
of these powered exoskeletons is still quite prohibitive to
the general population.

Much of the research attention on devices to improve
locomotor ability has focused primarily on the capacity for
functional gains and neural plasticity, and less on the
potential for these devices to serve as an exercise stimulus
that may be effective in improving fitness. While it appears
that the added weight and passive resistance of powered
exoskeletons typically requires users to expend more energy
during walking at a given speed than what would normally
be used for unassisted walking [10], it is not clear whether
this “extra” energy requirement is of sufficient intensity
to improve fitness and health in a user who is incapable
of unassisted walking. Further, in the rehabilitation field,
minimizing the metabolic energy cost of movement while

wearing an exoskeleton has been considered to be advan-
tageous, and a goal for new technology, as this would
increase the potential for it to be used on a regular basis
[11]. Of course, this improved metabolic efficiency in
technological design would effectively decrease the poten-
tial utility of these devices to provide a sufficiently intense
stimulus to qualify as exercise.

The following sections will aim to summarize locomotor
training studies that have specifically evaluated aspects of
health-related fitness in people with SCI.

Evidence supporting locomotor training as a
means of improving cardiovascular fitness

It has been suggested that in order to improve aerobic
capacity, a key metric of cardiovascular fitness, the exercise
intensity must be equivalent to, at minimum, three times
resting energy expenditure, or 3 METs [12]. Intensities
between ~3 and 6 METs are considered to be “moderate”
intensity, and those between 6 and 8.7 METs “vigorous”
intensity [12]. Indeed, the PAGs for adults with SCI state
the minimum requirement to increase cardiovascular fitness
is 2, 20-min bouts of moderate-to-vigorous aerobic exercise
per week [1]. With regard to locomotor training, it has been
reported that walking on a BWS treadmill with manual
assistance requires an energy demand approximately
equivalent to 3 METs, or 50% of VO2 peak in persons with
chronic incomplete SCI [13]. Walking on a treadmill with
robotic assistance (e.g. Lokomat™) has been shown to
require either less, the same, or even greater energy
expenditure compared with manual assistance; the differ-
ence in energy cost seems to depend on the degree of
“active contribution” on the part of the user, and whether or
not the exoskeleton is providing 100% guidance support
[13, 14].

In the past 5 years, a number of studies have evaluated
the metabolic cost of walking overground with a robotic
exoskeleton in people with SCI. Despite significantly
slower walking speeds and virtually 100% guidance support
by the robot, ambulating with the assistance of a powered
exoskeleton has been shown to demand either a moderate
[15, 16] or low–moderate [17, 18] level of intensity as
indicated by either oxygen consumption or rating of per-
ceived exertion (RPE). Although all of these studies were
performed in people with motor-complete SCI, thus unable
to voluntarily activate lower extremity muscles, it has been
suggested that the increased activity of the upper extremity
and trunk muscles during walking with the exoskeleton,
necessary for both step initiation and utilization of canes
or walker, contributes to the increased energy demand
[15, 16]. In people with motor-incomplete SCI, the energy
demand associated with walking with an exoskeleton has
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been shown to be quite variable, and very much dependent
on the amount of assistance provided by the exoskeleton
[19]. The presence/absence of muscle spasticity, as well as
the possible anxiety associated with using the exoskeleton,
have also been suggested to contribute to the energy
demand associated with walking [19].

Appropriately measuring exercise intensity in the SCI
population is often quite challenging. Exercise intensity is
usually defined in the general population by a physiological
measure such has heart rate (HR), but in people with SCI
with injuries above T5, the HR response to exercise may be
impaired due to dysfunction of sympathetic innervation of
the heart [20]. Thus, the gauging of exercise intensity in the
SCI population can be difficult, and very often needs to rely
on subjective ratings of exertion as opposed to the direct
measurement of HR.

Borg’s RPE scale [21] is commonly used as an indicator
of exercise intensity in this population, either in the 6–20
format or the Category Ratio 0–10 (CR10) format. While
RPE has been shown to be both valid and reliable in both
the assessment of peak exercise capacity [22] and guiding
exercise prescription [23], the confidence in using RPE as
a valid indicator of intensity is still up for debate in the
literature [24].

The RPEs associated with walking with a powered
exoskeleton (ReWalk™) in people with paraplegia (ASIA A
and B) have been shown to vary between 7 and 13 (“very
very light” to “somewhat hard”) on the Borg 6–20 scale,
which is just marginally lower than the “moderate” level of
intensity that is suggested to be needed to improve cardio-
vascular fitness [15, 17]. The perceived effort associated
with locomotor training is undoubtedly related to the degree
of active muscle involvement and effort exerted by the
participant; for instance, RPEs of 1 (“very easy”) have been
reported while walking with 100% guidance support by the
Lokomat, yet when the same participants walked on the
BWS treadmill with manual assistance or overground with a
robotic overhead track (ZeroG™), the associated RPEs
(CR10) were 4 (“somewhat hard”) and 5 (“hard”), respec-
tively [13]. Interpreting RPE data in the context of walking
with an exoskeleton should be done with caution, given the
fact that both the novelty of the device and/or the anxiety
associated with using the device might contribute to a
higher RPE. Further, it has been demonstrated that both the
RPE and the associated oxygen demand of walking with an
exoskeleton is directly related to the level and severity of
the SCI [25].

It is understood that in order to improve cardiovascular
fitness, it is necessary to not only exercise at a minimum
moderate-level intensity, but also to maintain that intensity
for at least 20 min 2–3 times/week [1]. A 12-week training
study (5 times/week) in people with incomplete SCI ran-
domized to either Lokomat™, BWS treadmill, overground

walking or transcutaneous electrical stimulation showed
significantly improved VO2 and walking speed in all con-
ditions except the Lokomat™ [26]. These results are in
contrast to a later study that reported significant increases in
VO2 peak after 12 weeks of 3 ×/week training on the
Lokomat™ [27], however the discrepant results could have
been due to the amount of effort expended and/or feedback
provided by the Lokomat™ to the study participants. The
model of the Lokomat™ used in the Kressler et al. [26]
study did not permit the same degree of guidance control
and visual feedback as in the Gorman et. al. [27] study,
which may have resulted in participants not exerting as
much effort during training. Training studies employing
powered exoskeletons are scarce. While there are reports of
increases in mean arterial pressure and total walking time
after either five consecutive days of training [28], or once-
weekly training for 10–15 weeks [29], both studies using
the Ekso™, there is still insufficient evidence in the literature
to determine if these locomotor devices are either feasible to
use on a regular basis or challenging enough, with regard
to intensity, to induce improvements in aerobic capacity.
Table 1 summarizes the results from studies that have eval-
uated outcomes related to cardiovascular fitness after both
single bouts and more long-term locomotor training.

It is noteworthy that a recent systematic review evaluating
the effectiveness of training with overground robotic exos-
keletons on indices of cardiovascular demand revealed that
locomotor training with these devices is not sufficient to
induce any significant or clinically important changes in either
HR or BP [30]. It was noted, however, that the studies
included in the review were highly variable in terms of level
and severity of injury across participants, and the inclusion of
participants with injuries above T5, with accompanying
sympathetic dysfunction, may have contributed to the varia-
bility in responses in these two outcomes. It was also noted
that studies that reported RPE values found that they were in
the ranges associated with light-to-moderate exercise inten-
sity, and that participants across the various studies were able
to tolerate longer training sessions and walk greater distances
at a lower RPE after training. The authors took this as possible
evidence that regular use of these devices might impart some
health benefits.

Evidence supporting locomotor training as a
means of improving muscular fitness

Any training-induced increase in muscle size, strength or
function can be interpreted as an increase in muscular fit-
ness. After SCI, the musculature of the paralyzed limbs
undergoes a pronounced atrophy together with a shift in
fibre type distribution towards the fast twitch, type IIx, fibre
types [31]. These changes, concomitant with a decrease in
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muscle oxidative capacity, contribute to an increase in
muscle fatiguability, which presents a significant challenge
to rehabilitation strategies. Fortunately, as long as there
remains a viable nerve–muscle connection after SCI, the
evidence suggests that paralyzed muscle retains the poten-
tial for both muscle hypertrophy and fibre type change in
response to training.

With regards to muscle size at the whole muscle level,
increases in lean mass or muscle cross-sectional area have
been reported after manual BWS treadmill training in both
chronic [32, 33] and acute [34] SCI. Participants in those
studies had motor-incomplete SCI (American Spinal Injury
Association Impairment Scale (AIS) C) and training pro-
tocols lasted between 9 and 36 weeks. Less is known about
the effects of training on robotic exoskeletons to improve
muscle size, but one recent study showed significant
increases in leg lean mass and calf cross-sectional area after
6 weeks of thrice-weekly training with the Ekso™ in people
with complete SCI [35].

Only two studies have utilized the muscle biopsy tech-
nique to assess fibre size and fibre type distribution in the
vastus lateralis after locomotor training in people with SCI.

These studies offer important information on the plasticity
of the physiological state of the muscle, as any decrease in
the ratio of type II to type I fibre types after training would
make the muscle less fatiguable. Significant increases in
type I and type IIa fibre cross-sectional area were reported
after 6 months of thrice-weekly manual BWS training in
people with chronic, motor-incomplete SCI [36]. Further,
these authors reported increases in the percent distribution
of type IIa fibres, together with decreases in the distribution
of type IIx fibres after training, supporting a transition to a
more fatigue-resistant phenotype. The participants in that
study (n= 9) all had motor-incomplete SCI (AIS C and D)
so were capable of some voluntary activation of their lower
limbs. It does not appear, however, that this voluntary
activation is an absolute requirement for muscle fibre type
adaptations to training. A case study of a gentleman with a
C4 motor-complete SCI showed increases in mean muscle
fibre area of the vastus lateralis, together with a change in
fibre type distribution favouring increased representation of
type I fibres and decreases in both type IIa and IIx fibres,
after 4 months of thrice-weekly manual BWS treadmill
training [37].

Table 1 Studies evaluating changes in cardiovascular fitness after locomotor training.

Authors Participants Protocol Fitness-related outcomes Results

Asselin et al. [17] 7M, 1F with chronic complete
paraplegia

CR demand during walking
(60–90 min) with ReWalk™

V02, HR, RPE Walking with ReWalk™ required
“moderate” effort based on HR,
but only light (or light-to-
moderate) effort based on
VO2 or RPE

Escalona et al. [15] 13 people with chronic
complete SCI

CR demand during walking with
Ekso™

VO2, HR, RPE Walking with Ekso™ equivalent to
moderate-to-vigorous intensity

Evans et al. [16] 4M, 1F with chronic
complete SCI

CR demand measured during 2 6-min
walk tests with Indego™

VO2, HR Walking with Indego™ requires
3.5–4.2 METs, or moderate
intensity

Faulkner et al. [28] 3M, 3F with SCI in Ekso group,
6 CON in conventional
PT group

90 min of standing/walking with
Ekso™ for 5 consecutive days

Walking time, indices of
cardiovascular health (BP, AWR)

Increase in walking time and
improvement in both mean arterial
pressure and arterial wave
reflection

Fenuta and Hicks [13] 7M with chronic iSCI; 7
matched CON

Comparison of BWSTT, lokomat
and ZeroG at same % BWS

EMG, HR, VO2 Metabolic demand in all
conditions higher in SCI vs. CON.
EMG higher in BWSTT vs.
ZeroG; VO2 higher (3 METS)
with ZeroG/BWSTT vs. Lokomat

Gorgey et al. [29] 3 men with complete SCI; 1
man with iSCI

1 h of walking with Ekso™ per week
for 10–15 weeks

Walking time, number of steps.
In 1 participant, VO2 and energy
expenditure

Increase in walking time and
number of steps in all participants.
VO2 during walking was about 2×
resting value

Gorman et al. [27] 18 people with chronic iSCI Randomized to lokomat training
3 day/week for 3 months or home
stretching

VO2 peak (measured both on lokomat
and arm ergometer)

Increase in VO2 peak on lokomat
in lokomat group, no change in
stretching group, no change in
arm egometry VO2 peak in
either group

Israel et al. [14] 12 people with chronic iSCI Comparison of walking at 3 km/h on
manual BWST vs. lokomat

VO2, EMG VO2 and EMG higher with
manual BWST; differences
eliminated if participants asked to
exert maximum effort during
lokomat walking

Kressler et al. [26] 62 people with chronic iSCI
(with some walking ability)

Randomized to BWST, TS, lokomat
or OG 5 day/week for 12 weeks

VO2, walking speed and economy Increased VO2 and walking
velocity in all groups except
lokomat. Walking economy
increased in TS and OG groups

BP blood pressure, BWSTT bodyweight-supported treadmill training, CR cardiorespiratory, EMG electromyogram, F female, HR heart rate, iSCI
incomplete SCI, M male, MAP mean arterial pressure, OG overground, PT physiotherapy, RPE rating of perceived exertion, TS transcutaneous
stimulation, VO2 oxygen uptake.
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As muscle strength is directly related to muscle cross-
sectional area, one would expect to find a training-induced
increase in strength to go along with the increases in
muscle size reported above. Unfortunately, few studies
have incorporated a measure of leg muscle strength in
their outcomes. A significant increase in plantar flexor and
knee extensor torque was reported after 9 weeks of
locomotor training on a BWS treadmill [33] in people
with motor-incomplete SCI, and an increase of 5.4 points
in the lower extremity motor score has been reported
after 20 weeks of Lokomat™ training [38], also in people
with motor-incomplete SCI. Evidence for improvement
in strength-dependent functional tasks after locomotor
training is equivocal, both improvements [29, 36] and lack
of change [38] in walking speed/performance have been
reported.

Evidence supporting locomotor training as a
means of improving metabolic health

Improvements in physical fitness parameters such as aerobic
capacity and muscle strength/function after training are
typically associated with positive changes in metabolic
profile. Improvements in blood lipid profile and/or glucose
regulation can decrease risk for secondary co-morbidities
such as cardiovascular disease and type II diabetes, both of
which are common health complications in people with SCI
[4, 5]. A recent systematic review supported the efficacy of
aerobic and resistance training to improve cardiometabolic
health in adults with chronic SCI [39], but no direct mention
was made of locomotor training as an effective stimulus to
improve this outcome.

A single bout of locomotor training is probably not a
strong enough stimulus to induce any significant change in
metabolic parameters, although trends for higher levels of
fat oxidation and improved glucose uptake have been
reported [18, 19]. To the author’s knowledge, only four
studies have explored indices of metabolic health after
locomotor training of 12–24 weeks, all in individuals with
AIS C or D motor-incomplete SCI. Kressler et al. [26]
evaluated substrate utilization at different self-selected
walking speeds in a large sample of people with incomplete
SCI undergoing 12 weeks of different types of locomotor
training. By evaluating respiratory exchange ratios before
and after training they concluded that there was evidence
for a shift towards greater fat oxidation after training. In
two papers from the same laboratory, improvements in
blood lipid profile, glucose homoeostasis and muscle oxi-
dative capacity were reported after 24 weeks of thrice-
weekly training on a BWS treadmill with manual assistance
[36, 40]. More specifically, significant decreases in total
cholesterol, LDL cholesterol and the ratio of total

cholesterol to HDL cholesterol were found after training
[36]. Further, the areas under the curve for both glucose
and insulin during a modified oral glucose tolerance test
were significantly reduced after training [40]. Biopsy
results from the vastus lateralis indicated a significant
increase in the content of the GLUT-4 transporter protein
together with increases in two key enzymes involved in
oxidative metabolism, citrate synthase and 3-hydroxyacyl-
CoA-dehydrogenase activity [36, 40]. In contrast to these
promising results, no change in blood lipids or calculated
Quantitative Insulin Sensitivity Check were found in one
report after a similar period of training [41], however this
study used a combination of progressive resistance train-
ing, FES cycling and locomotor training. Although no data
were provided, it was noted that the majority of participants
began their training programme with a “healthy” lipid
profile, which may have contributed to the lack of any
significant training effect.

Table 2 summarizes the studies that included muscle
function and/or metabolic health as outcomes after loco-
motor training. While promising, it is clear that more
research is needed to definitively determine if locomotor
training provides sufficient muscle activation to induce
metabolic changes that would translate into improved car-
diometabolic health in people with SCI.

Summary and concluding statements

The last two decades have seen tremendous advances in the
technology behind locomotor training for people with SCI.
While the early BWS treadmills (with or without robotic
exoskeleton support) were primarily developed for retrain-
ing gait in the clinic, the industry has now moved towards
developing sophisticated powered exoskeletons that can
potentially be used within the community. Collectively,
these devices all carry the same common goal, to improve
walking function and walking performance. Being upright,
however, and supporting part or all of one’s bodyweight
offers unique physiological challenges to both the cardio-
vascular and muscular system, so it is reasonable to con-
ceive that regular access to locomotor training might also
serve as an exercise stimulus if it is performed at a sufficient
intensity and duration.

Based on the still rather limited research in the field,
it can be cautiously concluded that locomotor training
can meet the minimum “moderate intensity” threshold
considered to be necessary for cardiovascular fitness
benefits. However, only a handful of studies have used a
sufficient training duration to impart measureable changes
in cardiovascular benefits. Perhaps more compelling is
the evidence showing the positive effects of locomotor
training on the paralyzed muscle in terms of improving
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muscle size, muscle strength and muscle oxidative capa-
city. These adaptations may have the potential to not only
improve metabolic health, but will also make the muscle
less fatiguable and thus better able to withstand increased
daily activity. One of the biggest challenges in interpret-
ing results from the published literature on locomotor
training paradigms in people with SCI is that many of the
studies have been powered to evaluate changes in walking
function, not physical fitness. More studies that identify
fitness (or cardiometabolic health) as a primary outcome
are needed.

There is no denying that robotics technology is an
extremely fast-moving field, and powered exoskeletons are
likely going to continue being refined to the point that they
become easier to use and more readily accessible to people
with SCI living in the community. If users can be encour-
aged to utilise these devices according to the minimum
thresholds recommended by the PAGs, there is the possi-
bility for not only improvements in walking function and
performance, but also in health-related fitness.
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