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Abstract
Study design Prospective quasi-experimental study, pre- and post-design.

Objectives Assess safety, feasibility, training characteristics and changes in gait function for persons with spinal cord injury
(SCI) using the robotic exoskeletons from Ekso Bionics.

Setting Nine European rehabilitation centres.

Methods Robotic exoskeleton gait training, three times weekly over 8 weeks. Time upright, time walking and steps in the
device (training characteristics) were recorded longitudinally. Gait and neurological function were measured by 10 Metre
Walk Test (10 MWT), Timed Up and Go (TUG), Berg Balance Scale (BBS), Walking Index for Spinal Cord Injury (WISCI)
II and Lower Extremity Motor Score (LEMS).

Results Fifty-two participants completed the training protocol. Median age: 35.8 years (IQR 27.5–52.5),
men/women: N= 36/16, neurological level of injury: C1-L2 and severity: AIS A–D (American Spinal Injury Association
Impairment Scale). Time since injury (TSI)< 1 year, N= 25; > 1 year, N= 27.

No serious adverse events occurred. Three participants dropped out following ankle swelling (overuse injury). Four parti-
cipants sustained a Category II pressure ulcer at contact points with the device but completed the study and skin normalized.
Training characteristics increased significantly for all subgroups. The number of participants with TSI< 1 year and gait function
increased from 20 to 56% (P= 0.004) and 10MWT, TUG, BBS and LEMS results improved (P< 0.05). The number of
participants with TSI> 1 year and gait function, increased from 41 to 44% and TUG and BBS results improved (P< 0.05).

Conclusions Exoskeleton training was generally safe and feasible in a heterogeneous sample of persons with SCI. Results
indicate potential benefits on gait function and balance.

Introduction

Recovery of gait and related functions such as balance and
mobility are important priorities for persons with spinal
cord injury (SCI) [1, 2]. Recovery of gait function is pos-
sible for some persons with an incomplete SCI [3], but less
likely if the injury is complete [4, 5]. A central paradigm in
rehabilitation is task-specific training aimed at recovery of
an identified and desired function [6].

Wearable robotic exoskeletons are motorized orthoses
that facilitate untethered standing and walking over ground.
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These devices can support multiple step repetitions while
having full weight bearing on the body thus, being task-
specific for rehabilitation of gait function.

Rationales for engaging in exoskeleton training, in cases
where rehabilitation of gait function is not the aim, could be
a desire to decrease time in sitting position [7], to test effects
on secondary complications following SCI, such as pain,
spasticity, bowel and bladder function [8–11] or use of the
exoskeleton as a potential future mobility device.

Previous studies of wearable exoskeletons have investi-
gated safety and changes in training characteristics within
small study samples with an overall 75% majority of par-
ticipants with complete SCI [12]. There is a need to assess
robotic wearable exoskeleton gait training in the different
subgroups of the heterogeneous SCI population, i.e., per-
sons with recent and chronic injury, paraplegia and tetra-
plegia as well as persons with complete and incomplete
SCI. There is also a need for studies representing the dif-
ferent models of wearable exoskeletons on the market. To
date, only few studies using the exoskeletons from Ekso
Bionics (Ekso Bionics, Richmond, CA) have been pub-
lished [8, 10, 13, 14].

The primary objective of this study was to assess safety
and feasibility during an eight week training programme
with the robotic exoskeletons from Ekso Bionics for per-
sons with SCI, while representing a broad range of parti-
cipants based on severity and level of injury, as well as time

since injury. Feasibility testing included documentation of
the number of participants who completed the training
protocol, changes in training characteristics during the
exoskeleton gait training and perceived rate of exertion
during training. The secondary objective was to assess
changes in gait function outside of the exoskeleton in the
subgroup of participants who were able to walk without the
exoskeleton.

Methods

Study design

The study was designed as an open-label, prospective quasi-
experimental study with a pre- and post-design. The data
collection was conducted as a multicentre study across nine
European SCI rehabilitation centres located in Denmark,
Germany, the Netherlands, Norway, Spain, Sweden and
Switzerland.

Participants

The study population was a convenience sample recruited at
each of the nine centres. Eligibility criteria are listed in
Table 1. Data collection was completed between April 2014
and March 2016. Recruitment was done by verbal

Table 1 Eligibility criteria

Inclusion criteria Exclusion Criteria

A traumatic or non-traumatic SCI with either motor complete (AIS A or B)
with NLI from C7 to L2 (inclusive) or motor incomplete (AIS C and D)
with NLI from C1 to L2 (inclusive), as determined by the ISNCSCI18

Previous training with an exoskeleton and other types of robotic
assisted gait training

Age 15−65 years at time of entry to the trial (some centres 18−65 years) Spinal instability

More than 30 days of time since injury (TSI) Acute deep vein thrombosis

Body height 157−188 cm OR max hip width 42 cm, upper leg length
51−61.4 cm and lower leg length 48−63.4 cm

Severe, recurrent attacks of autonomic dysreflexia requiring medical
intervention

Maximum body weight of 100 kg Heterotopic Ossification in the lower extremities resulting in
restrictions of ROM at the hip or knee

Sufficient upper extremity strength to use a front-wheeled walker Two or more pathological fractures in the last 48 months in a major
weight bearing bone in the lower extremity (femur or tibia)

Sufficient range of motion to achieve a reciprocal gait pattern and to
perform sit-to-stand transition in the device

Hip subluxation

Medically stable and cleared by a physician for full weight bearing
locomotor training

Cognitive deficits

Standing orthostatic tolerance trial by standing 15-minute, fully supported
in a standing-frame, while measuring blood pressure regularly

Spasticity assessed with the Modified Ashworth Scale of ≤4 in
lower extremity muscles

Skin integrity issues in areas in contact with the device

Concurrent neurological injury or any other issue that in the opinion
of the investigator would confound the results

Pregnancy

AIS American Spinal Injury Association (ASIA) impairment scale, ISNCSCI International Standards for Neurological Classification of SCI,
NLI neurological level of injury
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communication at in- and outpatient facilities, as well as
written advertisement for the study at each centre and in
consumer magazines.

The study protocol and all tests were systematically
reviewed at two kick-off meetings prior to study start. All
researchers and therapists involved in the study attended in
order to ensure consistency in training and testing
procedures.

Training protocol

This study used the two exoskeletons manufactured by Ekso
Bionics, the Ekso (n= 8 participants) and the Ekso GT
(n= 44 participants). Control of the walk-mode was done
by the three settings Max, Fixed or Adapt. Either a front-
wheeled walker or crutches were used as assistive devices.
At least one Ekso-certified physiotherapist assisted and
guided the participant while walking.

The training protocol consisted of gait training three
times per week for eight weeks and the training protocol
was considered completed if, at least, 16 out of the 24
training sessions (TS) were attended. The training inter-
vention was given as an “add on” to existing training. The
study did not control for other types of training the parti-
cipants participated in.

Assessments

Training characteristics of the gait training were described
by the outcome variables total up time (time standing
plus time walking), walk time (time in walk motion) and
number of steps, recorded by the device during the TS,
alongside the walk-mode and the assistive device used.
After each TS the participants’ Rate of Perceived Exertion
(RPE) on the Borg Scale (6= very easy to 20= very
exhaustive) [15] was recorded by asking the question: “what
was your perceived exertion for the whole TS on a scale
from a 6 to 20?” [16].

Skin integrity at contact points with the device was
investigated before and after each TS and any adverse
events were documented. Skin ulcers were categorized
according to The US National Pressure Ulcer Advisory
Panel and European Pressure Ulcer Advisory Panel pressure
ulcer classification system [17]: Category I, Non-blanchable
Erythema; Category II, Partial Thickness Skin Loss; Cate-
gory III, Full Thickness Skin Loss; Category IV, Full
Thickness Tissue Loss; Unstageable, Depth Unknown.

A neurological examination was performed, according to
the ISNCSCI [18, 19] at baseline, at end of the training
period (TS24) and at a follow-up (FU) session 4 weeks after
the last TS. Lower Extremity Motor Score (LEMS) [20] was
used as an outcome measure instead of the total upper and
lower extremity motor score since LEMS has shown to be a

better predictor of gait function than the total score [21].
SCI-subgroups were defined by three dichotomizations:
Tetraplegia (neurological level of injury, NLI C1–C8) or
paraplegia (NLI T1–L2), recently injured (time since injury,
TSI <1 year) or chronically injured (TSI ≥ 1 year), and
Motor complete SCI (American Spinal Injury Association
Impairment Scale, AIS A and B) or motor incomplete (AIS
C and D).

Participants who had or acquired gait function during the
training period performed the following tests: 10 Metre
Walk Test (10MWT) [20, 22–24], Timed Up and Go (TUG)
[22, 23], Berg Balance Scale (BBS) [25, 26] and Walking
Index for Spinal Cord Injury II (WISCI II) [20, 24]. These
tests were recorded at baseline, midway (TS12), at end
(TS24) and at FU. The 10MWT was performed at com-
fortable speed and with flying start. Gait function without
the exoskeleton was defined as the ability to complete the
10MWT independently without an assistant, with or with-
out a walker or crutches and/or with a brace. Only partici-
pants with LEMS ≥1 were included in the analysis of gait
function.

Heart rate (HR) and blood pressure (BP) measurements
were recorded in sitting position before walking and after
10 min of walking. Change from sitting to walking HR and
BP was used as an outcome measure of physical strain and
repeated measures were performed at TS1, TS12 and TS24
to test change over time.

Statistical methods

Repeated measures were analysed with a linear Mixed
Model analysis, using compound symmetry for the repeated
covariance type, group differences were assessed as a
fixed factor and pairwise comparisons were adjusted with
Bonferroni correction. Changes in number of persons with
gait function was analysed with McNemar’s test for
dichotomous variables. Statistical significance was set at α
= 0.05. Statistical analyses were performed with IBM SPSS
Statistics version 22 (IBM Corp., Released 2013. Armonk,
NY, USA).

Statement of ethics

All applicable institutional and governmental regulations
concerning the ethical use of human volunteers were fol-
lowed during the course of this research. All the necessary
approvals were obtained in each centre. All participants
received oral as well as written information about the study
before written consent was obtained. The study followed the
Helsinki Declaration guidelines. The study was registered at
ClinicalTrials.gov with identifier: NCT02132702.

108 C. Bach Baunsgaard et al.



Results

Population characteristics are shown in Table 2 and details
on centres are listed as Supplementary Material 1.

Feasibility and adherence to the protocol and adverse
events

Eligibility criteria were met by 60 participants. Of these,
completed 52 participants (87%) the training protocol and 8
dropped out. Reasons for drop out were time constraint
(N= 2), surgery not related to the training (N= 1), adverse
events with ankle swelling (N= 3), and concurrent medical
conditions (N= 2, one participant had a previous minor
traumatic brain injury and one had a previous minor stroke).
The two concurrent medical conditions were at the
screening session evaluated not to affect training or con-
found the results, but spasticity was too prominent during

the first TS and the participants were excluded. There were
no serious adverse events and no falls. The reported adverse
events and skin issues are listed in Table 3.

Change in training characteristics over time

The group that adhered to the training protocol (N= 52) had
a median number of 21 (88%) completed sessions (IQR
20–23.5, range 17–24). The training characteristics up time,
walk time, ratio between the two and number of steps are
shown in Fig. 1a–c. All training characteristics increased
significantly from TS1 to TS24 in a mixed model analysis
(up time: F= 2.168, P< 0.001; walk time: F= 10.988, P<
0.001; steps: F= 15.556, P< 0.001), including all sub-
groups: recently and chronically injured, paraplegia and
tetraplegia and incomplete and complete injury (P< 0.001).
There were no differences in up time between groups (no
interactions, no main effects). Walk time was longer for

Table 2 Study population
characteristics

Included (n= 52) Excluded (n= 8)

Age, median (IQR) (years) 35.8 (27.5–52.6) 47 (32.5–61.8)

Gender n (%) n (%)

Men 36 (69.2%) 6 (75%)

Woman 16 (30.8%) 2 (25%)

BMI, median (IQR) (m/kg2) 24.1 (22.0–26.2) 22.5 (21.0–24.4)

Time since injury n (%); median (IQR) (years) n (%); median (IQR) (years)

Recently injured (TSI ≤1 year) 25 (48%); 0.3 (0.2–0.4) 2 (25%); 0.5 (0.4–0.6)

Chronically injured (TSI >1 year) 27 (52%); 5.5 (2.1–10.8) 6 (75%); 13.7 (7.2–28.5)

Spinal cord injury aetiology n (%) n (%)

Sport/Leisure 16 (30.8%) 1 (12.5%)

Assault 2 (3.8%) 0 (0%)

Transport 17 (32.7%) 2 (25%)

Fall 7 (13.5%) 1 (12.5%)

Other traumatic cause 1 (1.9%) 0 (0%)

Non-traumatic spinal cord dysfunction 9 (17.3%) 4 (50%)

NLI and severity of injury at baseline n (%) n (%)

C1–C4 AIS A, B, C 0 (0%) 0 (0%)

C5–C8 AIS A, B, C 4 (7.7%) 2 (25%)

T1–S5 AIS A, B, C 29 (55.8%) 4 (50%)

All AIS D 19 (36.5%) 2 (25%)

Grouping of neurological injury n (%) n (%)

Motor complete tetraplegia (C1–C8, AIS
A and B)

3 (5.8%) 1 (12.5%)

Motor incomplete tetraplegia C7–C8, AIS
A and B

11 (21.2%) 1 (12.5%)

Motor complete paraplegia T1–L2, AIS A
and B

22 (42.3%) 3 (37.5%)

Motor incomplete paraplegia T1–L2, AIS
C and D

16 (30.8%) 3 (37.5%)

AIS American Spinal Injury Association Impairment Scale, BMI body mass index, IQR interquartile range,
NLI neurological level of injury, TSI time since injury
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chronically injured participants compared to recently
injured participants with a mean difference of 5.3 min (95%
confidence interval (CI) 0.8–9.8; P= 0.22), but there was
no difference in the number of steps in a TS. There were no
group differences between participants with paraplegia
versus tetraplegia in walk time (F= 2.821, P= 0.100), or
number of steps in a session (F= 1.358, P= 0.250). There
were no differences in walk time for participants with
incomplete, versus complete injuries (F= 1.532, P=
0.222). The participants with incomplete injuries had more
steps per session than the group with complete SCI, the
mean difference was 335 steps (95% CI 112–558, P=
0.004).

Figure 1e shows the distribution at each TS of partici-
pants using the two assistive devices: walker, or crutches.
Figure 1f shows the distribution of participants using each
of the three walk-modes: Max, Fixed and Adapt.

Physical exertion during walking

The RPE at each TS is shown in Fig. 1d. The median Borg
values correspond to “light” to “somewhat hard” exertion. A
mixed model analysis showed a significant decrease over
time of RPE (F= 2.269, P= 0.001). There were no sig-
nificant group differences in RPE between participants with
recently vs. chronically injuries (F= 0.45, P= 0.833),
participants with tetra- vs. paraplegia (F= 0.000, P=
0.983) or complete vs. incomplete SCI (F= 0.004, P=
0.948).

There were no significant differences over time for HR,
or BP between time points TS1, TS12 and TS24 (P> 0.05).
Within the session, HR increased 15–21% (P< 0.001) from
sitting to walking at the three time points but corresponding
BP did not change significantly.

Number of persons with gait function outside of the
exoskeleton

Figure 2 shows the changes in number of participants with
gait function over time, split between recently injured and
chronically injured participants. In the recently injured
group, five participants (20%) had gait function at baseline
which increased to 14 (56%) at TS24, (test statistic= 7.11,
P= 0.004) and to 15 participants (60%) at follow up (test
statistics= 0, P= 1.00). In the chronically injured group,
11 participants (41%) had gait function at baseline. One
chronically injured participant acquired gait function during
the training period and retained this at follow up, making a
total of 12 (44%). The participant had a 13 years old T12
injury, AIS D and changed LEMS from 36 to 37 from
screening to TS24 and at follow up.

Figure 3 shows the individual plots for the subgroup of
participants who had gait function outside of the exoske-
leton. Table 4 illustrate the estimated marginal means and
test statistics from a mixed model analysis of the gait tests,
at each time point for the same participants. The recently
injured participants significantly improved TUG, 10MWT,
BBS and LEMS but not WISCI II from baseline to TS24.
The chronically injured participants significantly improved
TUG and BBS but not 10MWT, WISCI II or LEMS from
baseline to TS24. These changes were retained at follow up
in both groups. Two chronically injured participants with
complete SCI reported a subjective experience of improved
sitting balance after the two months of training.

Discussion

This study assessed safety, feasibility, changes in training
characteristics, RPE and changes in gait function of an eight
week training programme with the exoskeletons from Ekso

Table 3 Adverse events and skin issues

Adverse events that lead to exclusion (n= 3; chronic AIS A–B)

Swelling of the ankle joint

Occurred the day after training, unilaterally. Nothing unexpected
occurred during the training session. In two of the cases, the joint
effusion was preceded by pain or spasticity in the hip of the same leg
after training. Standard X-rays of the 3 ankles showed no fracture
and with rest the swelling disappeared.

Adverse events that did not lead to exclusion or drop out (n= 19)

Dizziness or syncope (n= 9)

Dizziness was reported by eight participants at one or more
occasions and the session was stopped (participants NLI-AIS: C7-B,
T4-A, T4-A, T9-B, T10-A, T10-A, T11-C and T12-C)

One participant experienced a syncope (T3-A) while walking.
Was helped to sit without problems. No injuries occurred.

Neurological symptoms (n= 3)

Sensory disturbances in hand while walking with crutches—
resolved by switching walker with crutches.

Mechanical errors and pain in relation to sit-to-stand (n= 5):

Device error that cancelled the training (n= 2) and episodes
during stand-to-sit procedure that caused pain around the ribs or
sacrum (n= 3)

Skin issues (n= 9)

Blanching erythema or non-blanching Category I PU (n= 5)

Locations thigh, tibia, instep of foot at contact points with the
device or at the heal

Category II PU (n= 4)

Location shoulder at contact point with backpack strap (n= 1).
The strap was too tight and scratched the skin, causing a blister.

Location thigh (n= 2). The strap caused skin abrasion. Resolved
by new straps from the manufacturer.

Location instep of the foot (n= 1). Contact point of foot strap.
Resolved by new footwear.

AIS American Spinal Injury Association Impairment Scale,
NLI neurological level of injury, PU pressure ulcer
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Bionics for persons with SCI. The study documented no
serious adverse events but recorded a number of skin issues.
It was feasible for all included SCI subgroups to complete
the training protocol and to increase training characteristics
up time, walk time and steps and, documented improve-
ments in gait tests without the use of the exoskeleton.

Safety and feasibility

In this study, 88% of TS were completed: equivalent to 2.6
completed sessions per week, which was sufficient to lead
to the progression in training characteristics for all sub-
groups. There was no difference in up time between SCI
subgroups and only minor differences between subgroups in
the outcomes of training characteristics. Transition from
walker to crutches, which could reflect an improved level of

control, happened primarily within the first four weeks of
training.

Lessons to be learned were the importance of a carefully
considered assessment of time consumption, the matching
of expectations with the participants and close evaluation of
concurrent medical conditions of participants.

The three participants who experienced a swollen joint
the day following training had chronic SCI and it
was concluded that the injuries were due to overuse.
Benson et al. [27] reported a swollen ankle, in a study using
ReWalk (Argo Medical Technologies Ltd, Yokneam Ilit,
Israel), following the same pattern with joint effusion the
day after training. The risk of overuse injuries should be
considered when an extensive gait training programme is
introduced to individuals with chronic injury who has not
walked or stood up regularly for several years. A previous
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study [10] on the Ekso reported skin issues of category I in
contact areas with the skin and similar findings have also
been reported with the ReWalk [27].

Overall, we conclude that training with the exoskeletons
from Ekso Bionics is safe, in line with the results of pre-
vious studies [12]. However, it is important that particular
attention is given to prone skin.

Physical strain and RPE

Robotic exoskeletons have been designed for gait training in
rehabilitation facilities, but can potentially be used as
mobility devices for persons with paralysis. The devices can
be seen as a further development of mechanical orthoses,
such as the reciprocating gait orthosis. The daily use of these
were often limited because of high energy demand and
fatigue experienced after walking short distances [28] and
have resulted in limited long-term use by individuals [29].
Self-perceived exertion was in the range from “fairly light” to
“somewhat hard”, which was supported by the relative low
increase in HR measure of 15–21% from sitting to standing.
This result is also in line with previous findings of walking
with an exoskeleton [8, 12]. Interestingly, we did not find
subgroup differences in RPE. The reason could be that dif-
ferent levels of assistance from exoskeleton were allowed. It
should also be noted that the subjective Borg RPE may not
be accurate in SCI [30]. However, all taken together, the
results indicate that walking can be performed for an
extended period of time by persons with a variety of SCI.

Changes in gait function without the exoskeleton and
LEMS

The recently injured participants who had gait function
without the exoskeleton improved in TUG, 10MWT, BBS
and LEMS from baseline to TS24 and to follow up.
Chronically injured participants improved TUG and BBS in
the same periods. The significant changes from baseline to

follow up indicate that these changes were sustained over
time. Some degree of neurological recovery would be
expected in the early phase after injury whereas this is less
likely to happen in the chronic phase [4, 5, 31]. The increase
seen in LEMS in the recently injured group but not in the
chronically injured group could be a reflection of that.

Improvements in 10MWT, TUG and LEMS have been
reported after three months of training with the exoskeleton
HAL (Hybrid Assistive Limb; Cyberdyne, Inc., Japan) [32]
and on 10MWT and TUG using the Lokomat [33]. The
latter study [33] also found WISCI II to be less sensitive to
changes in gait function in complete SCI compared to the
10MWT and TUG. The same could be suggested to be the
case in our study.

The minimal clinically important difference (MCID) for
the timed tests was reported by Lam et al. [34] to be 10.8 s
(s) for the TUG test and 0.13 m/s for the 10MWT and the
minimal detectable difference (MDD) was 3.9 s for the
TUG test and 0.05 m/s for 10MWT. These were calculated
on distribution scores measured over a three month period.
Similar values were reported by Wu et al. [35]. In our study
TUG improved by 7.0 and 7.8 s from baseline to TS24 for
recently and chronically injured respectively. Gait speed in
the 10MWT increased by 0.07 m/s for both groups, based
on the marginal means. These values are above MDD but
below MCID. However, considering the relatively limited
training period of two months and the fact that the tests
were performed at comfortable speed, these results could
indicate a potential for clinically relevant changes.

The improvements in the gait tests TUG and BBS in the
chronically injured group could reflect improvements pri-
marily in balance function, also supported by case reports in
this study of improved sitting balance. This seems plausible,
since walking with the device relies on correct weight shift
from one leg to the other for initiating the next step.
Training weight shift should even facilitate the training of
balance skills. This could be a direction for future studies to
explore.
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Strengths and limitations

A strength of this study is that we included both participants
with para- and tetraplegia, recent (<1 year) and chronic (>1
year) injuries and motor complete as well as incomplete
SCI. This reflects the nature of the SCI population [36] and
increases external validity. However, there is a selection
bias of the study population, since the study was non-
blinded and non-controlled and only participants who could
commit to the training protocol were included. This would
not reflect the SCI population as a whole. The heterogeneity
of the study population resulted in relatively small sample
sizes for the subgroups and lowered the statistical power in
calculations. The differences between the two versions of
devices from Ekso Bionics, the Ekso and the Ekso GT were
considered minor and not to confound the results with
regards to the objective of the study. Hence, both versions
were allowed in the study. Participants from the age of 15
were allowed according to the protocol but none under the
age of 18 were included.

To our knowledge, no other studies have tested gait
function outside of the device with this or a similar over
ground walking exoskeleton. However it should be stressed
that the documented changes in the gait tests cannot be
assigned to the exoskeleton training intervention with this
current study design.

Conclusion

In conclusion, this multicentre study showed that the
exoskeletons from Ekso Bionics is safe and feasible for use
by persons with SCI, including persons with paraplegia as
well as tetraplegia, recent and chronic injury as well as
complete and incomplete SCI. Likewise, it was feasible for
all the subgroups to increase training characteristics during
training. Self-reported RPE, supported by HR measure-
ments, was relatively low and indicates that the device can
be used for longer periods of time. For those participants
with gait function outside of the exoskeleton, results indi-
cate improvements primarily in balance. This strongly
supports continued research in future randomized controlled
trials to test wearable exoskeleton gait training in compar-
ison to other types of gait training.

Data archiving

All relevant data are within this manuscript and raw data are
archived by the authors.
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