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Objective. To evaluate the effectiveness of complex rehabilitation with walk training induced by powered exoskeleton ‘ExoAtlet’ for the
patients with severe chronic paraplegias caused by thoracic or upper lumbar spine injuries.

Material and Methods. Design: prospective monocenter study. Fifty patients with severe spinal cord injuries (ASIA: A — 36, B — 10, C — 4;
Frankel: A — 24, B — 16, C — 10) from 6 months to 23 years after complicated thoracic or upper lumbar spine injury underwent two in-
tensive courses of complex neurorehabilitation including 36 sessions/hours of powered exoskeleton-induced walk training. Three areas
mostly important for the patients were chosen for the analysis: changes in patient independence (assessed by the SCIM 111 scale), loco-
motor capabilities (Hauser’s Ambulation Index and tetrapedal tests), and strength and sensitivity indicators (AIS scales). Testing was
carried out before and one month after the end of the second course. The frequency of positive changes in each area and their dependence
(ANOVA) on the completeness of the spinal cord injury and the duration of the injury were studied.

Results. The increase in independence was observed in 46,/50 patients, including by 1—3 SCIM points in 14 (28 %), by 4—9 points in 20 (40 %),
and by 10 points and above in 12 patients (24 % ). Locomotor capabilities improved in 84 % of patients due to reducing test execution time
and the need for care. Progress in sensitivity below the affected area by at least 1 point was detected in 80 % of patients (on average by 6 AIS
points), including in 68% in tactile and in 54 % in pain sensitivity. The muscle strength gain was recorded in 7 (14%) patients with incom-
plete paraplegia (on average by 3.5 AIS points). Within the study group, it was found that the progress achieved in independence, locomotor
capabilities and sensitivity did not depend on the completeness of the spinal cord injury as well as on the period after injury.

Conclusion. Rehabilitation with repeated intensive courses of powered exoskeleton-induced walk training increases independence, ex-
pands locomotor capabilities and improves sensitivity below the affected area in most patients with complete and incomplete spinal cord
injury at different periods after injury.
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traumatic disease. After the disease has

Spinal cord diseases and injuries are a
complex medical and social problem,
the solution or alleviation of which is
associated with huge material costs. Each
year, spinal cord injury affects 250,000
500,000 people across the world, which
corresponds to 40 to 80 cases per million
population, with up to 90 % of injuries
being associated with traumatic causes
[1]. About 80 % of the survivors become
category 1 or 2 disabled persons [2].
Clinical manifestations of spinal cord
injury (SCI) include partial/complete loss
of sensory or motor function of the limbs

and body as well as dysfunction of the
urinary, gastrointestinal, respiratory, and
cardiovascular systems. There is a high
risk of secondary complications such as
deep vein thrombosis, respiratory and
urinary tract infections, osteoporosis,
bedsores, and chronic pain syndromes.
Up to 30 % of patients with consequenc-
es of spinal cord injury have depression
symptoms, and the unemployment rate
among them exceeds 60 % [1].

Surgical treatment of spinal cord inju-
ry (SCI) should be supported by reha-
bilitation measures at all stages of the
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become chronic, they do not expect sig-
nificant neurological improvements: in
these cases, the tasks of rehabilitation are
to increase the patient’s independence
and prevent secondary complications
associated with physical inactivity.

Until recently, the gold standard for
rehabilitation of patients with spinal
cord lesions was gait training using a sta-
tionary robotic-assisted device (Lokomat
and analogs) with partial body weight
support [3]. A logical continuation of this
technology is gait training using exo-
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skeletons that are active robotic-assist-
ed orthoses providing a vertical posture
and real over ground progression of a
paralyzed individual in space [4-7]. To
date, dozens of exoskeleton models have
been developed [8-10], and systemat-
ic reviews have shown their safety [11],
increasing of independent mobility, and
some improvement in health. [5, 12, 13].
However, the efficacy of exoskeleton-
induced gait training for SCI rehabili-
tation is still under discussion [14-17],
despite its promising perspectives [18].

In Russia, the ExoAtlet group began
developing the first exoskeleton in 2013.
In 2016, the exoskeleton was registered
as a medical device and was put into
clinical practice. Within 2017-2019, as
part of a multicenter study, the Minis-
try of Health of the Russian Federation
conducted clinical testing of the proto-
col 2017-7-11 “A method for rehabili-
tation of patients with thoracolumbar
spine and spinal cord injury” developed
at the Novosibirsk Research Institute
of Traumatology and Orthopaedics n.a.
Y.LTsivyan. The authors chose indepen-
dence of patients assessed by the SCIM
11T scale, with an average group increase
of 4 grade, as the main efficacy indicator;
the secondary indicators were locomotor
capabilities and changes in neurological
state estimated by the Hauser ambulation
index [19] and by AIS scales [20].

In this study, we intentionally avoided
presenting the full range of conducted
tests, including scale and instrumental
(neurophysiological and biomechani-
cal) tests, in order to focus on indicators
that are significant for the patient. Given
the focus of rehabilitation on gait train-
ing, we additionally controlled locomo-
tor capabilities of patients using tetra-
pedal tests [21, 22]. As factors of statistical
analysis, we selected spinal cord injury
completeness (Frankel grade) and dura-
tion of post-trauma period. In fact, the
study should answer the question: what
is the benefit of exoskeleton-induced gait
training to patients with severe chronic
spinal cord injury with different com-
pleteness of injury and at various times
after injury?

The aim of this study was to evaluate
the efficacy of complex rehabilitation

using ExoAtlet exoskeleton-induced gait
training in patients with severe chronic
paraplegia caused by thoracic and upper
lumbar spine injury.

Material and Methods

Study design: prospective monocentric
clinical study.

Inclusion criteria: patients aged 18 to
55 years with an SCI duration of at least 6
months; the neurological status assessed
as ASIA grade A, B, or C; the ability to stay
in an upright position for at least 30 min
without pathological orthostatic reac-
tions; height of 160 to 190 cm; weight
of up to 95 kg (exoskeleton technical
regulations).

Exclusion criteria 1 (general perfor-
mance): overweight; severe forms of arte-
rial hypertension; arterial hypotension;
hypercoagulability; erythremia; erythro-
cytosis; unstable diabetes mellitus; preg-
nancy or lactation; renal failure; malig-
nancies; cytotoxic and immunosuppres-
sive therapy.

Exclusion criteria 2 (specific for exo-
skeleton-assisted training): clinically sig-
nificant unresolved mechanical spinal
instability, intolerance to physical activ-
ity, including verticalization; bedsores or
risk of bedsore formation; severe low-
er limb contractures prohibiting walk;
acute or exacerbated chronic inflamma-
tory diseases; lower limb fractures in the
post-SCI period; unconsolidated frac-
tures; thrombosis; free-floating throm-
bus; patient refusal to cooperate.

Patient withdrawal criteria: develop-
ment of complications that meet the
exclusion criteria as well as patient non-
compliance with the study protocol.

The total follow-up period was 15
weeks, including two inpatient rehabilita-
tion courses with a break of 4 weeks and
a 4-week pause before the final testing,
Rehabilitation was carried out in groups
of 5-7 patients.

The efficacy of rehabilitation was
assessed by comparing the indicators
before the 1st course onset and a month
after the 2nd course end. The study
design is shown in Fig. 1. The causes for
withdrawing two patients from the study
were exacerbation of chronic bilateral
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gonitis (1) and inability to comply with
the study schedule due to participation
in sports competitions (1).

The study was approved by the Sci-
entific Problem Commission and autho-
rized by the Ethics Committee of the
Ministry of Health of the Russian Feder-
ation (Protocol No. 3 of April 17, 2017).
In accordance with Good Clinical Practice
(GCP) standard, all patients were minutely
informed and gave written consent to par-
ticipate in the study.

Patients. The study involved 26 males
and 24 females aged 18-54 years (mean
age, 33.1 + 89 years), including 37 patients
with thoracic spine injury (T1-T12), 7
patients with thoracolumbar spine injury
(T12-L1), and 6 patients with upper lum-
bar injury (L1-L2). The mean time after
injury was 7.4 years (6 months to 32 years);
post-trauma period was less than 2 years
(6-18 months) in 8 patients, 2 to 5 years in
23 patients, and over 5 years in 19 patients.
Therefore, according to the periodiza-
tion of traumatic spinal cord disease, 8
patients can be attributed to its late stage,
and 42 patients can be attributed to the
consequences with sustained neurologi-
cal symptoms [23, 24].

At the onset of rehabilitation, all
patients were wheelchair users; 10 of
them could perform several steps using
external devices and additional support.

Assessment of pathology, performance
and treatment efficacy. The neurologi-
cal status of participants was assessed
according to the International Standards
for Neurological Classification of Spinal
Cord Injury (ISNCSCI) developed by the
American Spinal Cord Injury Association
(ASIA) [20, 25], in particular strength of
voluntary movements of the lower limbs
using 10 key spinal cord segments inner-
vating the lower limbs (maximum score,
50); pain and touch sensation using 28
segments (maximum score, 112).

Spinal cord injury completeness was
classified using both ASIA, based on the
preservation/absence of voluntary con-
trol and reflex activity of the anus and
sensation in the anal area, and accord-
ing to the Frankel classification (1978)
focused on absent/existence of voluntary
movements and sensation below to the
level of injury [26).
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The distribution of patients by severi-
ty of spinal cord lesion according to both
ASIA and Frankel scales is presented in
Table 1.

Independence was assessed by each
patient subjectively according to four
sections of the Spinal Cord Indepen-
dence Measure III (SCIM III) scale [27-
29 self-care, respiration and sphincter
management, indoor mobility, and out-
door mobility (a maximum total score of
100). The detailing of each ability, provid-
ed by the SCIM III key (https://docplayet.
1u/68086380-1zmeritel-nezavisimostipri-
povrezhdeniyah-spinnogo-mozgascim-
iii-spinal-cord-independencemeasure-iii.
html), enables accurate assessment of
the patient’s independence in everyday
life and its changes (Table 2).

Locomotor capabilities of patients
were assessed using the Hauser ambu-
lation index (AL, Table 3) that includes
10 scores [19] characterizing the
patient’s ability to ambulate: using a
wheelchair, walking with unilateral or
bilateral support, with allowance for
the time taken to walk 8 m and fatigue
when walking. At the study onset, 40
out of 50 participants moved only in a
wheelchair (Al 8); among patients with
adaptive bipedal walking, grade Al 7 was

in seven, Al 6 in one, and Al 5 in two
participants.

Tetrapedal tests included moving on
hands and knees 4 m forward and back-
ward [22] with control of time, steps
number, and independence of task per-
formance. All tests were videotaped. The
need for assistance was assessed as fol-
lows: minimum assistance for partial sup-
port or facilitation of movements of one
lower limb — 1 point; significant assis-
tance of one person — 2 points; signif-
icant assistance of one or two people
with walk of less than 4 m — 3 points;
completely passive — 4 points. Reducing
the initial time of independent test exe-
cution by 15 % or decreasing assistance
by 1 point or more were considered as
significant improvement.

Statistical processing of the data
included assessment of descriptive sta-
tistics and analysis of variance (ANOVA)
of the measured parameters at the begin-
ning and end of the study, and analysis of
the rate of neurological improvements
for the factors ‘completeness of spinal
cord lesion’. Due to the sample imbal-
ance, we used a universal linear model
in the Minitab 16 software. The signifi-
cance level of differences was defined as
p = 0.05. For the factor ‘completeness

of spinal cord lesion’, 2 levels were used:
complete lesion — Frankel grade A and
incomplete lesion — Frankel grade B and
C. According to the factor ‘post-trauma
period’, patients were ranged into 3 lev-
els: up to 2 years (actually 6-18 months),
210 5 years, and over 5 years after injury.

Rebabilitation technigues. The pow-
ered ExoAtlet exoskeleton provides
the ability of getting up from a sit-
ting position, standing, walk in place
and forward, turning and slalom walk-
ing and walk up and down stairs. The
exoskeleton-assisted patient rests on
Canadian forearm crutches, coordi-
nating their reposition with leg move-
ments. Balance assistance is provided
by operator supporting the patient from
behind (Fig. 2). The gait parameters are
programmed with adjustment of a step
height and length, a pause between steps
(0.1-1 s) or its absence. The operator
controls the exoskeleton from the tablet
(despite of technical possibility to man-
age exoskeleton by the patient using a
screen on a crutch, our patients were not
allowed to walk independently). Before
each training session, the exoskeleton
was adjusted individually according to
the participant anthropometric param-
eters: pelvis width and depth as well as

Applied to participate
in the study
(n=172)
——>»not included according to criteria 1 (n = 8) Control
examination
—>»not included according to criteria 2 (n = 12) (n = 50)
Y A
In{tlal' 1t course 2 course
examination
(n=152) - - - <
>
3 8 11 15

Excluded from the protocol (n = 2)

T, week of study

Fig. 1

Study design: two courses of training with control of the efficacy 4 weeks after completion of the 2nd course
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length and perimeters of the thigh and
shin for each side.

Learning to walk began with getting
up from a sitting position, standing with
support on Canadian-type crutches, and
walking in place. Learning to walk in exo-
skeleton with external support required
from 1 to 5 lessons. By the course end,
the technical capabilities of participants
expanded due to turns in walking and
walking along a curved trajectory. The
design, setup, and technique of learning
to walk in the exoskeleton of this model
are described in detail [30].

Rehabilitation program. The program
included 2 stationary courses, 22-24
days long, each comprising at least 18
exoskeleton-induced trainings sessions
(totally, 36 h). Additionally, we per-
formed vertical posture training with
electrical muscle stimulation — 2 x 20
sessions x 30 min (20 h), pneumatic
stimulation of the sole support zones —
2 x 20 sessions x 30 min (20 h), exer-
cises (33 h), and classical manual and
mechanical (lymphatic drainage) mas-
sages (24 procedures each). Active train-
ing techniques amounted to about 140
min/day, passive ones amounted to
60-80 min/day; exoskeleton-induced
walk training was performed 6 times a
week, and the other procedures were
performed 5 times a week. The mean
duration of rehabilitation procedures for
each patient over two courses was about
141 h.

Results

Dynamics in independence. The inte-
grated indicator of patient independence
over the group was 60.9 + 12.0 (mean
+5SD) points before the study onset and
67.7 £ 12.7 a month after completing
two rehabilitation courses (Fig. 3a); the

differences were statistically significant
(p = 0.001). Among 50 participants,
independence improved by 1-3 points
in 14 (28 %) patients, 4-9 points in 20
(40 %) patients, and 10 points and
more in 12 (24 %) patients; only 4
(8 %) patients had no changes (Fig. 3b).

An analysis of the rate of a SCIM
increase in patients, depending on the
post-injury period (Fig. 42) and spinal
cord injury completeness (Fig. 4b), did
not reveal statistically significant differ-
ences (p > 0.5).

An increase in the independence
indicators (SCIM) was found in 44 %
of the participants after the first course
and in 70 % of the participants after
the second course; the differences in
the efficacy of the 1st and 2nd courses
were significant (p = 0.008; F = 7.26;
Fig. 4¢).

Dynamics in locomotor capabili-
ties. Bipedal walk. All 10 patients who
were initially able to make several steps
improved their locomotor capabilities:
the Hauser ambulation index improved
6 patients, 4 patients decreased time of
8 m walk with unchanged AL 6 patients
changed the type of additional support,
and one begun to walk up and down
the stairs. (Table 4). Changes were
observed in each course and preserved
at follow-up testing at one month. An
example of a significant increase in
locomotor capabilities is presented in
the Clinical Cases Section (Appendix 1
in the electronic version of the article).

Tetrapedal walk. Forty-five patients
were admitted to tetrapedal walk-
ing tests; five patients were not tested
due to ossification in the thigh area (1),
recent spine stabilization (1), burns (1),
and skin maceration in the knee area
(2). Two of the admitted patients were

Table 1

Distribution of patients by severity of spinal cord lesion

Severity of injury

ASIA classification

Frankel classification

Grade A 36 24

Grade B 10 16

Grade C 4 10
57

unable to perform both tests, even with
significant assistance.

Initially, 30 patients were able to
perform independent tetrapedal walk
forward, and backward - 23 patients
(Fig. 52). The test execution time widely
varied: forward — 4 to 202 s (mean, 40.6
$) and backward - 5 to 147 s (mean, 50.5
s). On control testing, the test execution
time decreased for walking forward in
22/30 patients (on average by 41 %) and
for walking backward in 18/23 patients
(on average by 51 %). The changes
revealed a high statistical significance
for both tests (p < 0.03; Fig. 5b).

On the initial examination, 13 and
20 patients needed assistance in per-
forming forward and backward tetra-
pedal tests, respectively. Nine and eleven
patients reduced the need for assistance
in tetrapedal walk forward and backward,
respectively; of these, 3 and 5 patients
progressed to independent walk. On
control testing, the total score of assis-
tance decreased by half (Fig. 5¢).

According to tetrapedal tests, a signifi-
cant increase in locomotor capabilities
was detected in 38/45 patients, which
amounted to 84 %. Five patients had
minimal (2) or no (3) improvements. A
video illustration of the changes in loco-
motor capabilities during the course is
presented in Appendix 2 in the electron-
ic version of the article.

Dynamics in neurological state.
Changes in touch and pain sensation dur-
ing the follow-up period were detected
in 54 and 68 % of patients, respectively,
while an increase in the muscle strength
was observed in 7 (14 %) patients with
incomplete plegia (Table 5).

The rate of improvements in touch
and pain sensation was analyzed by
changes in the completeness of spinal
cord lesion (Fig. 62) and the time after
injury (Fig. Ob).

Improvement in sensation was more
often observed in patients with incom-
plete SCI; however, the differences were
not statistically significant; the differenc-
es at different times after injury did not
reveal a definite trend.

Therefore, complex rehabilitation
with exoskeleton-induced walk training
in patients with chronic SCI increased
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Table 2

Spinal Cord Independence Measure I1T (SCIM IIT) protocol for assessing independence in spinal pathology

Section

Self care

Respiration and sphincter management

Mobility (room, toilet)

Indoor/outdoor mobility

Total score

1. Nutrition

Assessed function

2A. Washing (upper body)
2B. Washing (lower body)

3A. Dressing (top)

3B. Dressing (bottom)

4. ITpnyecka, 6pUTHE, MAKUSIK

Total

5. Respiration

6. Urination control
7. Defecation control
8. Intimate hygiene
Total

9. In bed

10.

Bed to chair transfer

11. Chair to toilet transfer, chair adaptation

12.
13.
14.
15.
16.
17.
Total

Moving indoors

Walking stairs

Moving 10—100 m

Moving more than 100 m

Chair to car transfer

Floor to chair transfer

Score

0-3

0-3
0—4
0—4
0-3
0—-20
0—-10
0—-15
0—-10

0—40
0—6
0—-2
0—-2
0-8
0-8
0-8
0-3

0—1
0—40
0—100

Table 3

Hauser ambulation index

Al score

AIO
Al'l

Al 2
AI3
Al 4
AlI5

Al 6
Al'7
AI8
AI9

Evaluation criterion

Normal walking

Normal walking. Fatigue during sports or other physical
activities

Abnormal gait or episodic imbalance

Walking without assistance or support

Walking with unilateral support

Walking with bilateral support

Walking with unilateral support

Walking with bilateral support, use of a wheelchair
Several steps with bilateral support, use of a wheelchair
Restricted to wheelchair, able to transfer self independently
Restricted to wheelchair, unable to transfer self

independently

Time to walk

8 m

10 s or less
20 s or less
25 s or less
25 s or less
More than 25 s
More than 25 s

58

independence (SCIM) in the vast major-
ity of participants; the increase in inde-
pendence was not associated with the
duration of post-trauma period and with
completeness of spinal cord lesion.

Exoskeleton-induced walk training
improved locomotor capabilities of most
patients with severe plegias. In biped-
al walk, the effect was manifested by a
reduction in the time taken to pass the
test distance or by a change in the type
of additional support; in tetrapedal walk,
the effect was manifested by a reduction
in the time taken to walk in one or both
directions and by a decrease in the need
for external assistance.

Improvement in sensation below
the injury level was detected in 80 % of
patients (pain sensation, 54 %; touch sen-
sation, 68 %); there was no a statistical
correlation between the rate of sensa-
tion improvement, completeness of spi-
nal cord lesion, and post- injury period.
An increase in the muscle strength was
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Fig. 2
Appearance of the ExoAtlet exoskeleton

Score
100 8 %
n = 50
p = 0.001
80— 24 %
*
60 28 %
=
Q
1)
40
40 %
204
[[] No changes [] Score of 1-3
[] Scoreof4—9  [] Score of 10 or more
04
Before After
a b
Fig. 3

Changes in mean group () and individual (b) SCIM indicators of independence
in spinal pathology during rehabilitation using an exoskeleton

observed in 14 % of patients, only in the
case of incomplete plegias.

Clinical cases illustrating the main
provisions of this study, including a short
medical history, changes in the studied

parameters, and video recording of walk
change over time in two study partici-
pants (with complete and incomplete
plegia), are presented in the Appendices
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in the electronic version of the article on
the journal’s website.

Discussion

The main question of this study is:
What effect does exoskeleton-induced
walk training provide to patients with
severe chronic post-traumatic spinal
cord lesion, and does it depend on the
lesion severity/completeness and the
length of post-injury period?

Efficacy. Three most patient-related,
in our opinion, areas were selected for
analysis: independence in everyday life,
locomotor capabilities, and basic neuro-
logical characteristics such as muscle sen-
sation and strength. The study showed
that complex rehabilitation using exo-
skeleton-induced walk training provides
improvements of varying degrees in each
area for the majority of participants, with
the exception of an increase in the mus-
cle strength. The main task of rehabilita-
tion, to increase the patient’s indepen-
dence, was achieved; the target indica-
tor set in the protocol as a mean group
increase in SCIM by 4 points was exceed-
ed by 75 %. An increase in independence
was achieved in 92 % of participants; in
this case, an individual increase in SCIM
reached or exceeded the target level in
04% of patients and was very high in
24 % of patients. Improvement of loco-
motor capabilities manifested by reduced
time taken to perform tetrapedal tests
or by reduced need for external assis-
tance was detected in 84 % of patients.
All participants who were initially able
to walk several steps improved; in par-
ticular, two out of 10 patients were able
to stop using the wheelchair. During the
study period, no wheelchair-dependent
patients mastered bipedal walking, but
after 3—-6 months, four patients report-
ed initiation of walking on parallel bars
or with a walker. An increase in one or
both types of sensation by 1 or more AIS
points was detected in 80 % of the par-
ticipants, with the mean increase being
5-6 points, and the maximum increase
being 23 and 16 AIS points. We associate
this effect with total strong afferent load
received by patients during forced walk-
ing, pneumatic stimulation of the sole
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1.0 4 1.0+ 1.0
7/8 17/19 20/24 22/26 p=0.008
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18/23 35/50
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§ 0.6 £ 0.6 § 0.6
s s 3
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5041 5044 504
= = =3
3 e 3
=% =% A
0.2 - 0.2 0.2
0.0 4 0.0+ 0.0 H
<2 2-5 >5 A B+C 1 2
Years after injury Twur o Frankel Course
a b c
Fig. 4
SCIM changes in patients at different stages of post-injury period (2), in patients with complete and incomplete plegia (b), and during
the 1st and 2nd courses of rehabilitation (c)

Table 4

Changes in locomotor capabilities during exoskeleton-induced rehabilitation in patients with compensatory bipedal gait

Patient ~ Gender Age, Level of injury post- AIS Frankel Al Change in support Shortening time to walk Increase
years injury adistance of 10 m in traveled
in the spine in the period, distance
spinal cord years
P3 M 32 T1 D3 4 C C 7/7 Switch to Canadian From 112sto83s —
crutches
P5 F 51 L1—L3 D4 24 A C 7/5 Switch to Canadian From 5min49s From 5 m to
crutches, abandoning to 10 m in 20s natural walking
wheelchair
P8 M 44 T12 L3 6 C C 7/6 Switch to Canadian 42 s From 25 m to
crutches, mastering 150—200 m
walking up and down
stairs, abandoning
wheelchair
P9 M 33 T12—-L1 L2 15 C C 7/6 — From 152 to 136's From 3 to 10 m
P12 M 38 T1 D3 10 B B 7/6 Walkers 139s From 4 to 10 m
P15 M 38 T12 L4 10 A A 5/5 Walkers 18—16s From 10 to 30 m
P25 F 21 T11-L1 D5 4 A B 7/6 Walkers From 86 to 82 s From 10 to 30 m
P28 M 45 T12 L2 A C 7/6 Switch to Canadian From 48 to 40 s —
crutches
P45 M 39 T12—-L1 L3 5 B C 5/5 Switch to Canadian 15—13s From 30
crutches to 200 m
P48 F 31 T12 D12 1,5 A B 6/6 Switch to Canadian 52s From 1.5
crutches to 10 m
Canadian crutches are crutches with forearm support.
00
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support zones [31], and upright posture
training with muscle electrical stimula-
tion. Probably, the combination of pro-
longed exoskeleton-induced walk train-
ing (60 min 6 times a week) with large
amounts of active and passive stimuli
(141 h in total) provided the intensity
necessary for initiation of neuroplastic
rearrangements.

Repeated courses of exoskeleton-
induced walk training in the tested mode
were found to provide improvement in a
significant part of the patients who met
the selection criteria. Obviously, mod-
erate improvements observed in most
patients do not cure chronic paralysis
and do not enable independent walk-
ing in patients. However, even minimal
changes within a relatively short period
after many years of lack of improvements
demonstrate the ability to mobilize the

neuroplastic potential and increase the
functional capacities of patients.
Contrary to our expectations, the
study did not reveal significant differ-
ences in the main controlled parameters:
the rate of improvements in indepen-
dence, locomotor capabilities, and sensa-
tion between patients with complete and
incomplete spinal cord injury. Also, no
correlation between these indicators and
the post-injury period was found. This
necessitates revision of the traditional
ideas about the limited capabilities of
rehabilitation in clinically complete ple-
gias and in consequences of severe spi-
nal cord injuries of more than two year
duration. Probably, the traditional reha-
bilitation techniques are insufficient for
mobilization of the neuroplastic poten-
tial in chronic spinal cord injury, which
requires a greater amount and intensi-

ty of training stimulation for restoring
walking,

There is an apparent contradiction
between the lack of correlation between
the rehabilitation efficacy and the post-
injury period, which was found in our
study, and the advantage of early initi-
ation of rehabilitation reported in the
literature [32]. In our opinion, this is
explained by the composition of partici-
pants: there were only 7 patients in the
intermediate phase (up to 2 years) and
no patients in the acute phase of trau-
matic disease (up to 3—-5 months after
injury). Perhaps, initiation of exoskele-
ton-induced rehabilitation in the acute
phase of traumatic disease might be even
more successful.

The efficacy of restoring the walk
pattern varies for different exoskeleton
models [33], which is explained by fun-
damental differences in their design and
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Fig. 5

Tests with tetrapedal walk forward and backward: a — in pie charts — the number and proportion of patients who performed tetrapedal
walk independently, with assistance and passively before and one month after two courses of rehabilitation using an exoskeleton; b —
reducing the duration of tetrapedal tests by independent patients (a subgroup with significant improvements is presented); ¢ — reducing
the need for assistance during tetrapedal tests (total score for the whole subgroup)
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Table 5

Changes in neurological indicators (AIS scale) during the follow-up period

Neurological indicator

Muscle strength
Pain sensation

Touch sensation

Cases with improvement, n (%)

7(14)
27 (54)
34 (68)

Increase in AIS, score
range M+ m
1-8
1-28
1-16

3.5+2.6
6.2+6.2
57+4.6

21/26
0.8

16/26
13/24

0.6
o 11/24

0.4

Proportion of patients
Proportion of patients

0.2

0.0 T 1

0.8

0.6

0.4

0.2 A

18/24

4/1
12/24

3/7 8/19 8/19

A B+C
a Frankel grade b

0.0

B increase in touch sensation

|:| increase in pain sensation

T T 1
2—5 >5

Years after injury

<2

Fig. 6

Proportion of patients with improvements in touch and pain sensation depending on
the completeness of spinal cord lesion (a) and length of post-injury period (b)

control pattern [2, 18]. We attribute suc-
cess of the applied technology to sev-
eral causes. First of all, it is a progressive
design of the exoskeleton that enables
natural-like walking with real movement
of a person in space, a shift in the cen-
ter of mass, and the need to maintain
balance. It is instability that mobilizes
the patient and provides simultaneous
training of not only locomotor but also
postural capabilities. Secondly, systematic
and comprehensive training is important
because it provides a long-term, regu-
larly repeated impact on the motor and
sensory parts of the locomotor system.
Thirdly, over ground progression, which

restores the sensation of real walking,
and functional improvements provide a
positive emotional mood and motivate
for further active rehabilitation. Fourthly,
when selecting candidates for training,
preference was given to those who were
socially active and motivated to function-
al recovery. This approach ensured active
participation of patients in rehabilitation
and continuation of self-rehabilitation
between courses and after completion
of the program.

Prospects for improving the efficacy. The
only indicator that had a low increase
over the follow-up period (7/50 cases)
was muscle strength. Recent publications

02

have noted the efficacy of combining
exoskeleton-induced walk training with
functional electrical muscle stimulation
(2, 34, 35] and epidural [36-38] and per-
cutaneous [39] electrical stimulation of
the spinal cord. Conjunction of exoskel-
eton-forced walk kinematics with artifi-
cial muscle activation seems to be very
promising.

Efficacy evaluation techniques.
Despite an invariable element of sub-
jectivity in assessing independence of
patients, the use of the SCIM III scale was
a convenient tool, due to a detailed key,
that excludes an ambiguous interpreta-
tion of the acquired skills. Evaluation of
locomotor capabilities using tetrapedal
gait testing is available for patients inca-
pable of bipedal locomotion due to a low
center of mass, increased support area,
no need for knee closure, simplicity, and
reproducibility.

Neurological evaluation. Quantifica-
tion of muscle strength and pain and
touch sensation in terms of the ASIA AIS
score is a fairly accurate and most recom-
mended tool for testing patients with spi-
nal cord injuries. This standard uses the
determination of the completeness spi-
nal cord lesion depending on the pres-
ence/absence of voluntary or reflex con-
traction of the anus and sensation in the
anal region as the most caudal region of
spinal control, in contrast to the Frankel
classification that evaluates complete-
ness of lesion by the presence/absence
of movements and sensation below the
injury level. In this study, two evaluation
techniques (ASIA standard and Fran-
kel scale) were simultaneously used; 10
patients initially capable of limited biped-
al walking were distributed according to
ASIA as 5A : 2B : 3C (i.e. most patients
capable of walking several steps had
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complete motor and sensory loss); while
according to the Frankel scale, the dis-
tribution was 1A : 3B : 6C (i.e. in most
of these patients, spinal cord injury was
incomplete, which seemed more logical).
The lack of relationship between ASIA
grades and the prognosis of gait recovery
was also noted by other authors [40]. We
came to the conclusion about an unrea-
sonably broad interpretation of complete
spinal cord injury by the ASIA standard
and preferential use of the Frankel clas-
sification for rehabilitation tasks.

Risks. Initiation of active walk training
in patients with severe spinal cord injury
is associated with the risk of thrombosis
and arthrosis of the lower limbs due to
osteoporotic fractures the rate of which
ranges from 1 to 34 % [41]. We detected
4 (8 %) serious adverse events (exacer-
bation of chronic gonitis - 1, foot frac-
tures — 1, fracture of the lower third of
the femur - 1); of these, a relationship
with training was found only in the case
of gonarthrosis. After healing the frac-
tures, the patients completed the reha-
bilitation program. The number of sig-
nificant adverse events did not exceed
that of complications observed in the
natural history of post-traumatic spinal
myelopathy. The safety of this technique
was ensured by strict adherence to the
inclusion/exclusion/withdrawal criteria
in selection of patients, availability of

medical advisors experienced in work-
ing with paralyzed patients, trained non-
medical personnel involved in training
support, and regular maintenance of the
exoskeleton.

Limitations of study validity are asso-
ciated with scale assessment techniques
introducing invariable subjectivity. The
second limitation is preliminary selec-
tion of patients by age, physical con-
dition, and motivation; therefore, the
results cannot be approximated to the
entire population of patients with severe
post-traumatic myelopathies. In addition,
exoskeleton-induced walk training was
combined with procedures also aimed at
activating locomotor (stimulation of the
sole support areas) and postural (verti-
calization with electrical muscle stimula-
tion) activity, which excludes weighing
the contribution of each technique in
combined therapy.

Conclusion

Rehabilitation using repeated inten-
sive courses of exoskeleton-induced
walk training increases independence,
expands locomotor capabilities, and
improves sensation below the lesion lev-
el in the vast majority of patients with
severe chronic (0.5-23.0 years) post-
traumatic spinal cord injury. In the study
group (n = 50), there was no relation-

03

ship between the efficacy of rehabilita-
tion and the completeness of spinal cord
lesion, as well as the length of post-injury
period. The obtained results indicate the
efficacy of repeated intensive courses of
walk training with a significant amount
of locomotor and non-locomotor loads;
therefore, the technique may be recom-
mended for rehabilitation of patients
with a varying degree of completeness
of spinal cord lesion and at various stages
of post-injury period, provided that there
is a high motivation for recovery.
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