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STUDY DESIGN: Prospective, open label, observational.

OBJECTIVES: To present results of the first clinical study on a newly developed robotic exoskeleton (Atalante®, Wandercraft, Paris,
France) that enables individuals with spinal cord injury (SCI) to perform ambulatory functions without technical aids.

SETTING: Two sites specialized in SCI rehabilitation, France.

METHODS: Inclusion criteria were presence of chronic complete SCI (AIS A) ranging from T5 to T12. The study protocol included 12
one-hour training sessions during 3 weeks. Patients walked on floor with robotic assistance and wore a harness connected to a
mobile suspension system (without weight-bearing) to prevent from falling.Main outcome was the ability to walk 10 meters
unassisted, secondary outcomes were assessment of other ambulatory functions, bladder and bowel functions, pain and spasticity.
RESULTS: Twelve patients were enrolled, and 11 completed the protocol, mean age 33,9 years. Six patients had T6 levels of lesion
or above. Seven patients passed the 10mWT at the 12th session unassisted (mean walking speed 0.13 m/s) while four required
some human help. All patients succeeded at the other ambulatory tests (stand-up, sit-down, balance, turn).There were no
significant change for bladder (Qualiveen) or bowel (NBD) functions, neuropathic pain (NPSI, NPRS), yet five patients reported a
subjective improvement of their bowel function. Impact on spasticity was variable depending on the muscle examined (Ashworth).

Ischial skin erosion was seen in one patient that needed local dressing.
CONCLUSION: The Atalante system is safe and enables to perform ambulatory functions in patients with complete SCI.
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INTRODUCTION

Despite a reduction in road accidents, the incidence of traumatic
spinal cord injury (SCI) remains high in France compared to the
other trauma-induced disabilities [1]. The prevalence of this
condition has increased in the US from 207,000 cases in 1994 to
nearly 270,000 cases in 2012, as a result of increased life
expectancy and better care in a population whose age of onset
is below 40 years. Of all the functional impairments following SCl,
loss of ambulatory capacity ranks as one of the highest concerns
in affected people [2].

Robotic exoskeletons that have opened new perspectives in
enabling walking and standing up in daily living conditions for
patients with SCI, lifting two major technological barriers
compared to conventional walking orthosis. First, they allow the
relief of permanent visual control of lower limbs previously
required to limit the hooking of the feet. Second, their reduced
energy cost makes it potentially usable for patients with higher
neurologic levels of injury. While powered robotic walking
exoskeletons are proposed to restore functionality, their interest
as an adjunct for neurorehabilitation still has little evidence [3, 41.
Apart from the expected health benefit of daily-life bipedal

locomotion, other considerations of feasibility, safety and speed
are still to be investigated [5].

Two distinct technological approaches in walking robotics that
are currently available include crutched and crutch-less exoske-
letons. Crutched exoskeletons (such as ReWalk (ReWalk Robotics,
Yokneam, Israel), Ekso (Ekso Bionics, Richmond CA, USA),
Cyberdyne (Cyberdyne Inc, Tsukuba, Japan) or Indego (Parker
Hannifin, OH, USA)) require the user to supplement their balance
with crutches [6]. While these devices usually offer a good walking
speed, they present two major limitations: their architecture is
restricted to four degrees of freedom (with only the knees and
hips motorized) and their limited robotic capacity does not allow
self-stabilization. In contrast, self-supporting robotic exoskeletons
require no supplemental upper body support to balance. Until this
study, the only device available was the REX Bionics (PLC, London,
UK) which is a 12 motor driven degrees of freedom exoskeleton.
However, constant static stability is achieved to the detriment of
speed, much lower than physiological walking speed, as the
software only allows for a quasi-static walk [7]. Moreover, the REX
device is controlled by a joystick, which may limit the upper body
kinetics required during physiological walking.
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Fig. 1 Atalante exoskeleton and range of motions.

The Wandercraft device (Atalante) in its current version also
features twelve degrees of actuation (six per leg) driven by 12
motors that are controlled by software that leverage the dynamics
of the system. Its principle is radically different than the REX device
since it is capable of dynamic motions that are periodically stable as
opposed to statically stable.The mathematical framework capable of
accomplishing dynamically stable walking on bipedal robots is the
Hybrid Zero Dynamics (HZD) method and has been elsewhere
described [8-10]. One of the technological challenges of the self-
balancing exoskeleton Atalante is therefore to utilize dynamic to
eliminate the need for crutches while ensuring safety ambulatory
functions in a comparable range of velocities. This article presents
the first clinical outcomes of this framework as demonstrated for
12 subjects with complete motor SCl on the exoskeleton Atalante.

METHODS

This study was a prospective, open label, multicentric, non-randomized
non comparative and observational study. Two sites specialized in SCI
rehabilitation were involved in this trial.

Description of the Atalante device
The Atalante exoskeleton is composed of an external, powered, motorized
orthosis that is placed over a person’s paralyzed limbs to provide self-
ambulation functions without the use of crutches or other technical aids.
The main feature of the exoskeleton is that it is fully-actuated with 12
actuated degrees of freedom: three at each hip, one at each knee, and two
at each ankle (Fig. 1). The exoskeleton is attached to patient’s legs in three
areas (thigh, knee, foot) and on the torso with a belt and vest.

The study protocol included 12 one-hour training sessions during
3 weeks under the supervision of qualified Rehab teams. Patients walked
on floor and wore a harness connected to a mobile suspension system
(without weight bearing) to prevent from falling.

The participants were recruited from a SCl outpatient follow-up clinic.
Table 1 summarizes inclusion/ exclusion criteria used for this study.
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The primary endpoint was defined as the ability to walk 10 meters,
without human or material assistance at the 12th session. The average
walking speed was calculated from the total time (in seconds) to ambulate
and the distance covered during the 10 meters walking test (10 m WT). The
stopwatch was started when the foot crossed the start point after a
stabilization phase in the frontal plane for the first three steps.

The secondary endpoints were defined as the ability: to walk 10 meters,
without human or material assistance at the 6th session; to sit down without
human assistance, then maintain a balanced position for at least 5 s; to stand
still without support for 2 min; to keep balance in exercise positions, with
intrinsic perturbations such as arm and upper body movements; to observe
the impact of the use of the Atalante system on cardiac function, pain (NPSI),
bowel function (NBD, Bristol Stool Chart and Patient Global Impression of
Improvement (PGH-) at the last session),bladder function (Qualiveen Score),
spasticity and to evaluate the ergonomics of Atalante exoskeleton [11-14].
The ability to turn 180° in less than 3 min (U-turn) was also assessed,
although it was added after the start of the study.

Each exercise test was completed by a rating of perceived exertions
(RPE): developed by Gunnar Borg, the scale allows individuals to
subjectively rate their level of exertion during exercise testing [15]. The
perceived safety was evaluated after each exercise with a seven-point Likert
scale on the following statement: “| felt safe during the test”. The range of
Likert scale captures the intensity of their feelings for a given item [16].

A record of any unexpected Serious Adverse Events (SAE) within trial
episodes was kept. These are defined as death, a life-threatening adverse
event or an event occurring as a result of the use of the device that
requires medical intervention.

The study was registered on the ClinicalTrials.gov website (Clinical-Trials.
gov identifier: 04110561) and had ethics committee approval from the
French competent authority (ANSM on September 27th, 2018 and CPP
Tours - Ouest 1).

Statistical analysis

The sample size calculation was based on the observed success rate (40%)
in a previous pilot study (i.e., 10 mWT with continuous walking mode); a
significant improvement of the performance was expected with the new
generation [10]. A sample size of 12 patients had been deemed necessary
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Table 1. Inclusion and exclusion criteria.

Inclusion Criteria

» Complete traumatic Spinal Cord Injury (AIS A) since at least 4 months

* Male or female, between 18 and 65 years of age

+ Spinal Injury Level between AIS T5 and AlS T12

« Able to verticalize on a daily basis

* Height: between approximately 1.60 and 1.90 m.

+ Atalante is able to accommodate the following limb lengths:
* Thigh: 380-460 mm

» Distance between the ground and the joint space of the knee (to be measured while wearing the shoes they intend to wear with Atalante):

O 457-607 mm for patient with an ankle dorsiflexion > 16°

O 457-577 mm for patient with an ankle dorsiflexion between 13° et 16°
O 457-567 mm for patient with an ankle dorsiflexion between 10° et 13°
O 457-557 mm for patient with an ankle dorsiflexion between 0° and 10°

O Hip width less or equal to 460 mm when seated
» Maximum weight:90 kg
+ Patient having given his written consent

1. Exclusion Criteria

+ Patients whose joint centers cannot be aligned Atalante’s
* Ranges of motion below:
O Knee: 5° extension, 110° flexion

O Ankle: 0° dorsiflexion, 9° plantar flexion, 18° inversion and eversionHip: 115° flexion, 15° extension, 17° abduction, 10° adduction, 10°

medial rotation, 20° lateral rotation

« Severe spasticity (greater than Ashworth 3) or uncontrolled clonus

« Severe concurrent medical diseases: infections, irculatory, heart or lung, pressure sores
* Psychiatric or cognitive comorbidities that may interfere with the trial

+ Heterotopic ossification that restricts functional range of motion
« History of other neurologic disease

« Active implantable medical device

» Known syringomyelia

* Pregnancy or lactating

Table 2. Demographics of the population.
Patient Sex Age Height
Female 35 180
2 Male 31 184
3 Male 50 187
4 Male 18 183
5 Male 41 174
6 Male 33 175
7 Male 26 180
8 Male 39 177
9 Female 35 164
10 Male 45 178
11 Male 21 168
12 Male 33 175
Mean 33.9 177
Standard deviation 9.3 6.5

to demonstrate the performance (78% for the new generation vs 40% for
the previous generation), with an alpha risk of 5% and a statistical power of
80% (Two-sided test).

Descriptive statistics (i.e., mean, standard deviation) were calculated for
quantitative data (demographics and clinical characteristics and outcome
measures). Frequencies were calculated for qualitative variables.

For the proportions, binomial proportion confidences were calculated
using the Wilson formulae. Proportions were compared using the
Newcombe formulae [17].

The Wilcoxon bilateral matched-pairs test was used to compare
repeated measurement on a single sample (mean, standard deviation).

Spinal Cord Series and Cases (2021)7:71

Weight ASIA level of injury Time since injury (month)
60 T10 136
70 T6 143
73 T6 14
60 T6 34
50 T6 218
62 T10 152
70 T12 12
65 T8 58
65 T5 75
75 T12 96
73 T5 79
75 T11 40
67 88
7.6 63.2

Ordered ordinal variables of the 6th and the 12th sessions were compared
using a contingency table to make intra-patient comparison. The sign test
counted positively patients with an improvement, negatively patients with
an aggravation, and did not count patients with no change [18].

RESULTS

The characteristics of the sample population are shown in Table 2
and follows the International Standards for Neurological Classifica-
tion of Spinal Cord Injury (ISNCSCI) [19]. Twelve patients were
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E enrolled in the study, six in each site. One patient withdrew from
s the study for professional reasons after session 6.
©
g Walking parameters
S ol @ Ten of the 12 patients started using the walk mode from the first
e | @l | @l <l w| = w| @l & oo session, whereas the other two started using this mode at the
second and third session. Seven out of 11 patients passed the
2 10 mWT unassisted at the 12th session, representing 63.6% of
% success. The remaining four patients walked between one and
g’ R 67 5.8 meters unassisted and were still able to walk the remaining
@ ®m o N % o @l @f =| =| =| = =| = of the 10 meters with human assistance. The proportion of
success increased from the 6th to the 12th session, as two
- patients that failed the T0OmWT at the 6th session passed it at the
% 12th, while the opposite was found for one patient. No
3 é relationship was observed with age, gender, height, weight or
Th o 9 | ° [ . B @ level of injury. The patient who withdrew from the study after
ET = = - = = =| Wf W) S 5] = ~oe the 7th session had failed the 10 mWT at the 6th session. For the
three patients who failed to pass the 10m WT at both the 6th
and 12th sessions, no relationship was further observed with the
~ Qg different metrics of postural and trunk control.
= %%— The walking speed for the patients who participated in the
.% 58 host i T ghAWA n o 10mWT ranged from 0.06 m/s to 0.25m/s (Table 3). For the
g < oo oo S © 8 8 S o S o patients who passed the 10 mWT with no assistance at the 6th or
12th session, the average speed was 0.13m/s +0.01, with no
%‘ statistical difference between the sessions (p =0.77)
e Mean perceived safety was 5.30, which reflects a feeling
; between “agree somewhat” to “agree” to the affirmation “I felt
£ safe during this test”. Two patients did not feel safe (“disagree
§ 2| @ somewhat”) at the 6th session, out of whom one improved to
LR [P (U] [ e @l @l wl wl w5 i feeling safe (“agree”), leaving only one patient not feeling safe at
the 12th session. It's interesting to note that the two patients
9@ who didn't feel safe failed the 1T0mWT and that both had T6 level
S of injury).
o - . Mean RPE on the Borg CR-10 was 1.3 (between very easy and
T T ] P e e St mo - -« | - somewhat easy) and ranged from 0 to 4 (“somewhat hard”).
©
_ Igf Postural parameters
E § All patients succeeded in standing up, sitting down and standing
g § 2 up for two min at the 6th and 12th session. The four patients
= 3 " 2| & = o who failed to lean forward more than 25 cm at session 6 had T6
|1 5| I Y g ug e R S 2 5 andT5 level of injury. At the 6th session, all the patients passed
c % the U-turn test with some assistance, whereas during the 12th
g 4 session two patients performed the U-turn without any help.
° Q 2 5 Comparison for perceived safety and RPE at Session 6 and 12 for
= ‘!.‘,_% % 5 all skills were not statistically significant.
= 2 © ©© * o ©c, . m © n 4
ﬁ%’i“—”%ﬂ.ﬂ:—?i“—’iﬁ.i‘f 2 & %  Adverse events
B I e e °° £ Five patients presented skin redness after some of the sessions.
:*5 Particular care was taken with the placement of the patient
S W < straps, and skin redness resolved rapidly without sequelae for
5t © four of them. One patient later developed unilateral ischial skin
'E % < abrasion that required additional local dressing, and the skin
2 g"? "r_€ eventually healed. One patient had a redness before the first
T . - = session, which later disappeared.
CfIYRIBZTRINQI2S g € Furthermore, two patients had non febrile urinary tract
=4 infection during the study, but none were attributed to
~ £ the study.
g 4 3
9 5w 2 Physiological effects
£ £ § ol el @l ol @ - 2w @ &  The influence of the use of Atalante on pain, bowel and bladder
3 g8 o835 n8C® .§ function are shown in Table 4. No statistical differences were
o = ©f ) W =) @ &) Qf ) s ey o) o) @ observed between the sessions 6 and 12, except a clear trend on
= . 5 the Bristol score assessing the bowel function (p=0,06).
§ & ‘é The average heart rate (HR) at rest at the 1st session was 86
. T 5 bpm, which is within normal range (from 60 to 100 bpm) and
- < _ 8% was 104 bpm at the 12th session. The average HR at rest and
= = o - ~ £ 8 &8  after the 10mWT was statistically different at both the 6th
= I ! et Y I 8 2 O e ) Il B T . < (p=0.04) and 12th session (p=0.01), whereas no significant
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Table 4. Results of the Qualiveen score, Neurogenic Bowel Dysfunction (NBD), Bristol Stool Chart, Neurogenic Pain Symptém Inventory (NPSI) at rest
and at the 12th session, Patient Global Impression of Improvement (PGI-I) on the bowel function at the 12th session.
N=11 Rest S12
Qualiveen NBD Bristol NPSI (/100) Qualiveen NBD Bristol NPSI (/100) PGI-1
0.55 12 5 5 0.93 5 6 2
0.24 4 5 35 0.1 3 36 4
0.3 6 1 14 0.515 1 3 18 4
0.03 6 3 4 0 6 3 4 4
0.06 12 6 0 0.06 6 5 0 2
0.44 6 7 9 0.44 6 7 9 4
0.65 13 2 2 0.25 11 1 2 4
0.68 9 3 0 0.85 3 0 4
0.03 2 3 2 1.35 5 0 3
1.32 19 3 6 0.78 25 4 8 3
0.99 1 7 0 0.99 1 5 1 3
Mean 0.48 8.18 4.09 7.00 0.57 7.64 4.00 7.64 3.36
The values reported are the total scores calculated for the Qualiveen, the NBD and the NPSI.
150
140 + .
130 + .
*
120 + . .
. M :
110 + . M Aot
—
. M +
100 + + : R
. *
* . .
90 + ‘ % e <+ -
80 + ¢ o . .
: * . *
70 + :: .
60 - S1 resting HR S6 resting HR ~ S6 HR after 10MWt S12 resting HR S12 HR after 10mWT

Fig.2 Heart rate during sessions. Influence of walking on heart rate, respectively at rest at the 1st session, before and after the 1T0mWT at the

6th and 12th session for the 11 patients who completed the study.

change in at rest HR has been shown between beginning and end
of the study (Fig. 2). No significant relations were found between
HR and RPE on the Borg Scale at Session 6 and 12.

DISCUSSION

To our knowledge, this is the first report of persons with motor-
complete paraplegia performing community-based skills in a
dynamic self-stabilizing robotic exoskeleton.

Several significant results are to be highlighted in this initial
feasibility study. First, most patients were able to walk from the
first session and all 11 patients were able to walk some distance
unassisted at the 12th session: seven passed the 10 mWT (64%)
while the other four walked between one and 5.8 meters. The
rate of success for walking without assistance increased from
the 6th to the 12th session, suggesting that learning and
training with Atalante exoskeleton is effective. For the patients
who failed to walk 10m without aid at the last session, analysis
of the adaptation of the user over more sessions will be
required since Atalante deviates from the motor patterns
usually required in patients with SCI for standing up or walking

Spinal Cord Series and Cases (2021)7:71

with crutches. The same adaptation process through training
was also observed regarding the feeling of safety during the
test, as one patient who did not feel safe at the 6th session, felt
safe at the 12th.

Second, the mean unassisted walking speed in our study was
0.13m/s for all the 11 patients at the last session. The mean
walking speed observed at the first session (0.15 m/s) was three
times higher than the speed of 0.05m/s selected for other self-
supporting devices [7]. The mean forward velocity for the patients
who did not successfully complete the 10 m WT varied more
significantly with a high disparity between subjects (Fig. 3). One
explanation is that the measured distance did not correspond to
the real walked distance because the exoskeleton was no longer
following a rectilinear trajectory during the 10m WT, and this
concerned the less experienced patients who had a lower total
number of steps realized during the entire study.

Walking with exoskeletons that utilize arm-crutches is reported to
exhibit a mean gait speed between 0.26 and 0.46 m/s, with an
individual participant speed ranging from 0.0031 to 0.71 m/s [20].
This demonstrated walking speed is correlated with level of lesion
and number of training sessions. In our study, patients appear to

SPRINGER NATURE
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Fig. 3 Gait abilities. Graphical representation of gait performance on the 10 mWT at the 6th and 12th sessions plotted with total number of
steps during the entire study for the 11 patients according to their level of injury. It can be seen that some metrics varied significantly
between patients (number of steps, estimated walked distance, average forward velocity).

walk autonomously for longer distances in the device and feel
increasingly safe over time. This suggests that training might
influence the patient’s capacities with the device, even though most
patients are able to walk the first time they use the system. Van
Hedel and colleagues demonstrated that persons recovering from
incomplete SCI (AIS C and D) who could walk (with aid) at a
minimum velocity of 044 +0.14m/s or better were able to walk
outdoors [21]. The velocity observed in this study was 0.06-0.25 m/s.
The Atalante system could therefore ensure ambulatory functions
with comparable speed while leaving upper limbs free for additional
tasks, with the advantage of preventing additional damage to the
shoulders. No statistical difference was observed when comparing
performance in ambulatory functions at the 6th and 12th sessions.
This may suggest that patients are quickly able to properly use the
system, leading to an optimal use as early as before the 6th session.
Since no specific cause was found for the three patients who never
achieved the 10mWT without assistance, we believe that some
patients need more training sessions than others, and that the
performance reached with the Atalante system also depends on the
physical and psychological conditions of the subject.

Exoskeleton sessions during the 10mWT significantly increased
patients HR, as previously observed in motor complete SCI
patients using powered exoskeletons assisted with crutches
[22, 23]. This might indicate that Atalante training also modifies
the cardiovascular response and may be involved in effort
retraining. We also didn’t find any relation between RPE and HR
variation after walking sessions. As HR is believed to be a good
indicator of metabolic strain, the perception of exercise intensity
may thus be influenced by psychological factors such as
motivation or exercise experience.

Some studies have shown that the use of an exoskeleton can
improve spasticity, bowel and bladder function [3]. We observed a
slight improvement of the bowel function similar to other studies,
without any significant benefits regarding the other assessed
functions [24].

The preservation of upper limb functionality is a high priority for
all of these patients in whom the estimated lifespan with a SCl is

SPRINGER NATURE

now almost 32 years, and is a prerequisite for generalizing the use
of these devices in everyday use [25]. It is also well known that the
release of upper extremity support improves the performance of
functional tasks while using walking exoskeletons [26]. The ability
of the patient to lean with arms extended in a standing position
(arms abducted 90°) still remains a great challenge for patients
with level of injury above T6. The measurements show differences
related to levels of lesion in complete SCI and can be correlated
with scores on clinical tests of function [27, 28]. We used the
Boubee scale which assesses the ability of the subject to balance
in sitting position with perturbations induced by movements of
the upper limbs [29]. Only one patient in our study could not lean
forward more than 25 cm while upstanding in the Atalante at the
12th session. This result could be explained by the high level of
injury of the patient concerned (T6) forcing him to use the
shoulder straps to keep his back straight, which reduces his
capacity to lean. Surprisingly, no relations were found between
the Boubee score, safety, or RPE and postural abilities for those
patients (Fig. 4), which means that physical, but also psychological
factors, may account for these differences.

This first feasibility study did not analyze the kinematic
parameters of the upper limbs and shoulder girdles of this
crutch-less gait pattern. Cycling arm movements during gait
are known to generate modulatory effects on lower limb
muscle activation related to plasticity of spinal circuits [30].
This could be exploited to enhance targeted rehabilitation
strategies and augment neuroplasticity after neurologic
damage [31].

Limitations

Nevertheless, this study presents limitations related to the small
sample size of patients and the absence of a control group. During
this study, concomitant treatments were not recorded as well.
These treatments may have an impact on the spasticity, HR, pain,
bowel and bladder function. All physiological recorded measure-
ments have evaluated the impact of the Atalante device and the
potential impact of a non-recorded treatment.

Spinal Cord Series and Cases (2021)7:71
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Fig. 4 Postural abilities. Representation of the Boubee score, the Borg scale and RPE for the 11 patients according to the ability to lean
forward more than 25 cm at the 6th and according to the level of injury.

The device still needs to be secured by a safety line or a
therapist behind the patient. Software development based on the
mathematical framework mentioned above are however in
progress to move in more complex ambulatory environment such
as slopes or stairs, and to move towards autonomous locomotion.

CONCLUSION
The Atalante self-balancing walking exoskeleton enables ambula-
tory functions in persons with motor complete SCl, including
walking, verticalizing, sitting down, turning and performing
dynamic balance exercises. Adverse events were limited to skin
lesions that showed prompt resolution without sequelae.
Further trials should challenge its use in other populations, such
as those patients with an incomplete SCI or a cervical SCl and
complete tetraplegia. The adaptation process for ambulation
should be further assessed with longer duration of training. In
addition, certain clinical parameters including spasticity, pain,
fatigue, bowel and bladder function should be reevaluated with a
larger sample of patients. Finally, the dynamic behaviors on the
exoskeleton can be expanded to include natural, efficient and
robust gaits that enable locomotion in natural environments.

DATA AVAILABILITY
The datasets analysed during the current study are available from the corresponding
author on reasonable request.
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