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Abstract
Study design A pilot randomized controlled trial.
Objectives To evaluate the clinical efficacy of upper limb robotic therapy in people with tetraplegia.
Setting Inpatient rehabilitation hospital in Seoul, Korea.
Methods Participants were randomly allocated to a robotic therapy (RT) or occupational therapy (OT) group. Both groups
received usual care plus 30 min of additional therapy per day for 4 weeks. The additional therapy provided to the OT group
was OT, and the additional therapy provided to RT group was RT using the Armeo Power. Primary outcomes were the
Medical Research Council scale of each key muscle and Upper Extremity Motor Score (UEMS) for the trained arm.
Secondary outcomes were the Spinal Cord Independence Measurement version III (SCIM-III) subscale and total score.
Evaluations were performed at baseline and 4 weeks.
Results A total of 34 individuals with tetraplegia were included; 17 in each group. At 4 weeks, the median (IQR) change in
UEMS in the RT group was 1/25 (0 to 3) points compared with 0/25 (−1 to 1) points in the OT group (p= 0.03). The
median (IQR) change in total SCIM-III score in the RT group was 7/100 (1.5 to 11) points compared with 0/100 (−8 to 4)
points in the OT group (p < 0.01).
Conclusions There were small improvements in motor strength and SCIM-III scores in the RT group, but there were no
statistically significant differences between the groups. Further studies are required for a better understanding of the effects
of RT for people with tetraplegia.

Introduction

Spinal cord injury (SCI) leads to the disruption of motor and
sensory signals and the autonomic nervous system in the
spinal cord [1]. The reported SCI incidence varies between
10.4 and 83 per million per year, and approximately one-
third of those who sustain a SCI have cervical injuries

resulting in tetraplegia [2]. Individuals with tetraplegia
present with impaired upper extremity, trunk, and lower
extremity strength and function [1]. Among the impaired
functions, upper extremity function is one of the most
important goals of rehabilitation for these individuals [3].
Therefore, there have been many efforts to improve upper
extremity function through physical therapy (PT), occupa-
tional therapy (OT), orthoses, functional electrical stimula-
tion, tendon transfer surgery, and nerve transfer surgery [4–
9]. Conventional PT and OT are the most commonly
applied treatments for improving strength and endurance
[10]. Although not fully understood, neuroplasticity is
thought to be the underlying recovery mechanism behind
SCI recovery and higher repetition, intensity, and task-
specific training are believed to lead to better improvements
than observed with other interventions [11–13]. However,
the quantity of repetition during conventional OT in inpa-
tient rehabilitation hospitals may not be sufficient
[14]. Furthermore, the variability of experience between
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therapists may impede effective and homogenous treatment.
In this context, robotic therapy (RT) can be an alternative
way of delivering rehabilitative therapy to patients with
tetraplegia because RT can provide high intensity, high
repetition, and task-specific training consistently with less
effort required from therapists compared to conventional
OT [15].

Various upper extremity rehabilitation robotics (UER)
have been developed, and are currently being used in the
clinic [11, 12, 16–18]. These UERs can be classified by
their different mechanical designs and control strategies.
Common mechanical designs include end-effector, exos-
keleton, and planar types. The end-effector types attach to
the most distal part of the individual’s upper extremity only,
whereas the exoskeleton type attaches to both proximal and
distal segments of the upper extremity (such as the shoulder,
elbow, forearm, wrist, and fingers). Thus, the exoskeleton
type of UER is safe to apply in weak, non-antigravity
muscles because it provides better support than other types
of UERs.

Compared to the abundant studies about the application
of UER to those who have had a stroke, studies investi-
gating the efficacy of UERs in people with tetraplegia are
relatively limited. One case study provided evidence of
some improvements in motor performance and spasticity
[19], while several other studies provided evidence focusing
more on the feasibility of UER rather than the clinical
efficacy [15, 20–24]. The goal of this pilot randomized
controlled trial was to investigate the efficacy of UER as an
adjunctive treatment to conventional OT in people with
tetraplegia.

Methods

Participants

This study was conducted at a single center (National
Rehabilitation Center, Seoul, South Korea) and approved by
the institutional review board of the National Rehabilitation
Center.

People with tetraplegia who were admitted to the
National Rehabilitation Center from January 2015 to April
2016 were screened for recruitment according to the fol-
lowing eligibility criteria. Inclusion criteria were (1) age
greater than 19 years, (2) time since injury less than 1 year,
(3) upper extremity strength of at least one key muscle was
trace or greater, and (4) able to understand instructions.
Exclusion criteria were (1) the cause of motor weakness was
not due to SCI, (2) severe spasticity as indicated by grade 3
or 4 according to the Modified Ashworth Scale [25], (3)
inability to sit in a wheelchair or on a standard chair for
more than 30 min, (4) limited passive range of motion as

indicated by less than 50% of the normal range in the
shoulder, elbow or wrist joint, and (5) severe shoulder pain
that interferes with upper limb therapy. All participants
provided a written informed consent before inclusion in the
study.

Study design

This study was a pilot, single-blinded randomized con-
trolled trial in a single rehabilitation hospital. Baseline
evaluations were performed by a blinded assessor. Block
randomization was used to ensure that motor complete
(American Spinal Injury Association (ASIA) Impairment
Scale [AIS] A and B) and motor incomplete (AIS C and D)
participants were equally allocated to each group (RT and
OT groups). Randomization was generated with a computer
program (block size of eight was used, no person other than
the independent statistician knew the block size or rando-
mization schedule), and the results were concealed in an
envelope. After baseline evaluations, the research coordi-
nator contacted the independent statistician to receive the
participant’s allocation. Participants and their therapists
were notified of the participant’s allocation. Separate
therapists were responsible for delivering the OT and RT
therapies. At 4 weeks, participants’ outcomes were mea-
sured by a blinded assessor who was different from the
assessor used for the baseline assessments (for practical
reasons). All assessors had at least 5 years’ experience in
SCI as occupational therapists and were blinded at all time
points and were not involved in any therapy.

Intervention

The RT group received OT with an additional 30 min of RT
using the Armeo Power (AP) each day, while the OT group
received OT with another additional 30 min of OT. The side
of the body with the lower Upper Extremity Motor Score
(UEMS) (according to the International Standards for
Neurological Classification of SCI [ISNCSCI]) was selected
as the therapy side. If the total score was the same on both
sides, the side with a key muscle graded as trace was
selected. If all of these were the same, the dominant side
was selected as the therapy side.

In the RT group, AP (Hocoma, Switzerland) was used as
the robotic intervention. (AP is shown in Fig. 1). The par-
ticipant’s arm is placed so that it rests on the exoskeleton
structure. The exoskeleton system provides antigravity
weight support, and it also provides assistance or resistance
to the participant’s movement as needed. It allows six
actuated axes of movements (1. shoulder flexion/extension,
2. shoulder adduction/abduction, 3. shoulder internal/
external rotation, 4. elbow flexion/extension, 5. forearm
pronation/supination, 6. wrist flexion/extension) with an
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additional grip module. Each actuator is located close to the
target joints [26]. At the most distal part of the robot, the
grip module senses the grip and release of the hand grip.
Audio-visual feedback on participant’s performance was
provided during the treatment. Most programs that were
applied during the treatment sessions were “Functional
Exercise Programs,” which were individualized programs
that could target specific joint movements with more
intensity and repetition. The UER provided resistance when
a participant could move actively during the given task (i.e.,
farmer [watering a garden], high flyer [controlling flying
character’s altitude with wrist/shoulder]) but when the
participant was unable to complete the task, resistance was
removed, and assistance was provided (range of motion
exercise). During the 30-min therapy sessions, six different
programs (4.8 min per each program) were applied, and
between programs, there were about 15 s of rest for pre-
paration. One hundred to 300 repetitions of a movement
were performed, mainly involving the key muscles with a
higher potential for recovery (trace, poor, fair or good
strength). As strength improved, some of the participants,
who mostly needed assistance during the task in the
beginning, underwent resistance training (strengthening
exercise) at a later point in time. The number of repetitions
in each therapy session was also increased as participants’
strength improved.

For conventional OT, a licensed occupational therapist
with at least 5 years of experience in SCI treatment admi-
nistered the therapy. During the 30 min of conventional OT,
the main components of therapy were training for activities
of daily living (i.e., feeding, personal hygiene, transfer,
pressure relief) and strengthening for such activities.
Strengthening exercises were done with a dumbbell or
resistance was provided by the therapist during movement.

OT also focused on the key muscles with the highest
potential for recovery.

All participants also received two conventional PT
(30 min) and one OT (30 min) sessions per day. Bedside
mobility (i.e., roll-over, sit up, sitting balance training),
transfer training (i.e., bed to wheelchair, wheelchair to toi-
let, wheelchair to car), manual wheelchair propulsion
training and strengthening related to these activities were
the main components of the PT sessions. There was some
overlap (bedside mobility, transfer, pressure relief training)
between PT and OT, but OT uniquely provided feeding,
personal hygiene, computer, and electric wheelchair
manipulation training.

Outcome measures

Primary outcomes

Primary outcomes were the Manual Muscle Test (MMT)
score of each key muscle comprising the UEMS (as per the
ISNCSCI) (i.e., C5: elbow flexors, C6: wrist extensors, C7:
elbow extensors, C8: finger flexors to the middle finger, and
T1: fifth finger abductors), and the total UEMS (sum of
each key muscles) for the arm that received the additional
therapy. The MMT scores were based on the Medical
Research Council (MRC) scale by ASIA guidelines. The
evaluation was done at baseline and 4 weeks.

Secondary outcomes

Secondary outcomes were the scores of each subscale of
SCIM-III and the total SCIM-III score. SCIM-III is a reli-
able way of measuring functional recovery specifically in
people with SCI [27]. It is composed of four subscales: (1)
Self-Care (six items, score ranges from 0 to 20), (2)
Respiration and Sphincter Management (six items, score
ranges from 0 to 40), (3) Mobility of Room and Toilet
(three items, score ranges from 0 to 10), (4) Mobility
Indoors and Outdoors on Even Surface (six items, score
ranges from 0 to 40). A detailed description of SCIM-III is
provided in Supplementary Table 1. We evaluated the
SCIM-III score of each participant at baseline and 4 weeks.

Statistical analysis

All analyses were conducted using SPSS (IBM Corp.
Released in 2011. IBM SPSS Statistics for Windows,
Version 20.0. Armonk, NY: IBM Corp.). Participants’
baseline characteristics were reported using descriptive
statistics. Intention-to-treat analysis was done with multiple
imputations for the missing values from the dropouts. We
created five multiple imputed data sets with five iterations,
using SPSS. Variables imputed were outcome measures at

Fig. 1 Participant training with Armeo Power (AP)
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4 weeks for the four dropouts. Both primary and secondary
outcomes were analyzed using the change in score from
baseline to 4 weeks. Mann–Whitney U test was used to
compare the changes between the two groups for all data
which were not normally distributed. Outcomes were
reported as median change (25–75% percentiles). P values
less than 0.05 were considered statistically significant.

Clinical registration

URL: http://cris.nih.go.kr. Unique identifier: KCT0002745
(registered retrospectively).

Results

Participant characteristics

A total of 52 participants with tetraplegia were screened for
inclusion, but 12 refused to participate, and six participants
did not meet the inclusion criteria (due to pressure ulcer [1
participant] and severe pain [5 participants]). Therefore,
34 participants were randomly allocated to each group (RT
[n= 17] and OT [n= 17]). During the study, two partici-
pants from each of the two groups discontinued therapy due
to personal issues. At 4 weeks, 15 participants remained in
each of the two groups. Seventeen were included for
intention-to-treat analysis (see Fig. 2 for the CONSORT
flowchart). No adverse event related to the intervention,
including fatigue, were reported during the entire trial. The
demographic characteristics investigated were as follows:
sex, age, days after onset of injury, AIS classification,
neurological level of injury, baseline MRC, baseline
UEMS, and SCIM-III subscale score, and total SCIM-III
score. Table 1 summarizes the baseline characteristics of the
study participants.

Motor strength changes

At 4 weeks, the median change in the UEMS (/25 points)
for the limb receiving therapy in the RT group was 1
compared with 0 in the OT group (p= 0.03). None of the
changes in the MRC scale of each key muscle was statis-
tically significant (the details are reported in Table 2, and
the individual data set is provided in Supplementary
Table 2).

SCIM-III score

At 4 weeks, the median change in total SCIM-III score in
the RT group was 7 compared with 0 in the OT group (p
< 0.01). Among the four subscales of SCIM-III, the
median change of mobility (room and toilet) in the RT

group was 1 compared with 0 in the OT group (p= 0.02).
Changes in other subscales were not statistically sig-
nificant. A full report on the change of SCIM-III score
from baseline to 4 weeks are reported in Table 3, and full
individual data are also provided in Supplementary
Table 2.

Discussion

Currently, UER therapy is a modality that can provide
training with more repetitions at a higher intensity than
conventional OT. Some UERs can also provide task-
specific training and can be easily combined with audio-
visual feedback. In addition, objective assessments can be
done through computer software [15, 28]. In individuals
who have had a stroke, the UER showed minor but sig-
nificant improvements in the Fugl–Meyer Assessment of
arm scores and muscle strength, compared to non-robotic
therapies [29]. Unlike the abundant research on UER
application in the stroke population, the SCI population is
a specific group with limited evidence on UER efficacy.
Recently, a systematic review showed that previous studies
on robot-assisted upper extremity rehabilitation for people
with tetraplegia were mostly case series or case studies
with small sample sizes [30]. One randomized controlled
trial that included UER only investigated the modulatory
effects of transcranial direct current stimulation for
improving upper extremity function in people with
incomplete tetraplegia, and did not focus on UER efficacy
[31].

Participants demonstrated motor strength improvements
in UEMS (sum of C5 to T1) after a total 20 sessions
([30 min/session] × five sessions/week × four weeks) of OT
plus RT. Improvements in UEMS were also reported by
Francisco GE et al. [32]. In this case series study, the
intervention protocol included RT ([three hours/session] ×
three sessions/week × four weeks) in both upper extremities
using an exoskeleton type UER (MAHI Exo-II) with five
degrees of freedom. The UER used in our study was also an
exoskeleton type UER with six degrees of freedom [33, 34].
However, in contrast to the positive results found with UER
in motor strength, a case series study by Cortes et al., which
included ten people with chronic tetraplegia (time since
injury 2–8 years) did not show significant motor strength
improvement. In that study, RT (one hour/day × three times/
week) was provided for six weeks with the InMotion 3.0
Wrist robot (Interactive Motion Technologies, Inc., MA,
USA). Compared to our study, participants’ time since
injury was longer and the UER utilized had only three
degrees of freedom [28]. Exoskeleton type UER with
multiple degrees of freedom can be a safe option to train
multiple joints safely [35]. However, further research is
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needed to determine the most beneficial type of UER for
individuals with tetraplegia.

Criteria for selecting the side of the body to treat were
different between previous studies. In our study, the therapy
side was selected by comparing the UEMS on both sides,
and the side with the lower score was selected. If the UEMS
was same on both sides, the side with more trace graded
muscles was selected. Another study also showed more
motor strength improvements in the more affected arm (the
side with the lower UEMS) when UER was applied to both
upper extremities [28]. After SCI, the potential of strength
gains between zero and trace graded muscles varies sig-
nificantly. A total of 75 to 95% of trace muscles recovered
antigravity strength at 1 year, in contrast to 27% of zero
graded muscles [36]. Therefore, intensive training of trace
graded muscles is critical. However, it is difficult to train
trace graded muscles properly using conventional OT, and
the variability in treatment experience between therapists
may also impede the homogeneity of the treatment. Such
factors may prevent effective treatment at important periods
where neurological improvement is still possible, which
makes UER a valuable intervention.

The RT group was provided more repetition to the tar-
geted key muscles than the OT group. Conventional OT
provided in the clinical field today is composed mostly of
training for activities of daily living according to the
patient’s neurological level of injury. There can be varia-
bility in the number of repetitions and the amount of
strength training provided. Lack of sufficient repetitions
during conventional OT has been reported previously [14].
Insufficient training may impede individuals from reaching
their maximum motor strength recovery. Therefore, there is
a need for conventional OT programs to have a sufficient
number of repetitions of key muscles and also increase the
dosage of strength training provided. People with SCI can
also be taught and encouraged to perform exercises unsu-
pervised to increase the quantity of the training. Moreover,
using the UER with audio-visual feedback combined with
task-specific training also may have acted synergistically to
promote recovery through neuroplasticity [15].

With motor strength improvements reported in our study,
we expected to see functional improvements in the RT
group because increases in strength lead to increases in
function [8, 37]. Based on our experience (about 300

Fig. 2 CONSORT flowchart
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individuals with SCI admitted per year) we considered any
minimal strength gain to be clinically significant and pre-
dicted that such minimal gains would transfer into an
improved function. For instance, a slight improvement in
upper extremity strength may enhance the feasibility of a
person with tetraplegia to manipulate an electric wheelchair

or a computer. We initially expected to see improvements in
the self-care subscale. However, the mobility (room and
toilet) subscale and the total score of SCIM-III were the two
outcomes that showed higher scores in the RT group than in
the OT group. We hypothesized that improvement in motor
strength might have led to a better ability to prevent pres-
sure ulcers, improved electrical wheelchair manipulation,
and improved short distance mobility with better support
from an assistive device (including walker, crutch, and
cane). Finally, the higher total SCIM-III score improvement
in the RT group may be the result of the reinforcing effect
of the previously mentioned factors. However, measure-
ment by MMT and comparing each item of SCIM-III had
questionable reliability and should remain as a hypothesis at
this moment. Unfortunately, eight participants showed a
small decline in MRC score in one or more key muscles.
Nerve entrapment, posttraumatic syringomyelia, and late
compression of the spinal cord nerve roots (caused by
progressive spondylosis, spinal stenosis, intervertebral disk
herniations, and posttraumatic changes) are possible causes
of a decrease in motor or sensory function of people with
SCI [38]. No pain or fatigue were noted during this study,
and the cause for the MRC decline was not identified.
Another possible reason for the detected motor decline is
that even though the inter-rater reliability of the MMT is
good, a disagreement between assessors may have been

Table 2 Primary outcomes

Intention-to-treat analysis with imputed data (N= 34)

Median change [IQR]

RT (n= 17) OT (n= 17) P*

MRC scale of key muscle at trained side

C5: Elbow flexors 0 [0 to 1] 0 [−0.82 to 0] 0.21

C6: Wrist extensors 0 [0 to 1] 0 [−0.5 to 0] 0.08

C7: Elbow extensors 0 [0 to 1] 0 [0 to 0] 0.16

C8: Finger flexors 0 [0 to 1] 0 [0 to 0.5] 0.66

T1: 5th finger abductors 0 [0 to 1] 0 [0 to 0.08] 0.59

UEMS at trained side (/25 pts) 1 [0 to 3] 0 [−1 to 1] 0.03

Participants who completed study (N= 30)

RT (n= 15) OT (n= 15) P*

C5: Elbow flexors 0 [0 to 1] 0 [0 to 0] 0.12

C6: Wrist extensors 0 [0 to 1] 0 [0 to 0] 0.06

C7: Elbow extensors 0 [0 to 1] 0 [0 to 0] 0.08

C8: Finger flexors 0 [0 to 1] 0 [0 to 0] 0.29

T1: 5th finger abductors 0 [0 to 1] 0 [0 to 0] 0.27

UEMS at trained side (/25 pts) 1 [0 to 3] 0 [−1 to 1] 0.02

IQR interquartile range, MRC medical research council, RT robotic
therapy group, OT occupational therapy group, UEMS Upper
Extremity Motor Score
*Mann–Whitney U test

Table 1 Baseline characteristics of the study participants

Characteristics RT Group
(n= 17)

OT group
(n= 17)

Sex: numbers

Male 14 14

Female 3 3

Age: years (SD) 56.65 ± 13.62 47.12 ± 14.90

Days after onset: median [IQR] 93 [51.5 to
172.5]

157 [88.0 to
262.5]

AIS Grade: numbers

AIS-A 4 4

AIS-B 3 3

AIS-C 2 2

AIS-D 8 8

Neurological level of injury: numbers

C2 1 1

C3 1 1

C4 7 8

C5 4 4

C6 2 2

C7 1 1

C8 1 0

Baseline MRC score of key muscles (/5 pts):median [IQR]

C5: Elbow flexors 3 [2.5 to 3] 3 [2.5 to 3]

C6: Wrist extensors 3 [1.5 to 3] 3 [1.5 to 3]

C7: Elbow extensors 3 [2 to 3] 3 [2 to 3]

C8: Finger flexors 2 [0.5 to 3] 1 [0 to 2]

T1: 5th finger abductors 2 [0 to 2.5] 0 [0 to 1.5]

Baseline UEMS /25 pts (Sum of C5-T1): median [IQR]

13 [8 to 15] 10 [6.5 to 14]

Baseline SCIM-III subscale score: median [IQR]

I. Self-care (/20 pts) 4 [1.5 to 6] 4 [0.5 to 5.5]

II. Respiration & Sphincter (/40
pts)

20 [15 to 33.5] 21 [15 to 32]

III. Mobility: room & toilet (/10
pts)

2 [0 to 7.5] 4 [1 to 7]

IV. Mobility: indoor & outdoor
(/30 pts)

4 [0.5 to 16] 2 [0 to 6]

Baseline total SCIM score (/100
pts)

24 [19 to 63.5] 27 [22.5 to
50.5]

RT robotic therapy, OT occupational therapy, SD standard deviation,
IQR interquartile range, AIS American Spinal Cord Injury Association
Impairment Scale, MRC medical research council, SCIM-III Spinal
Cord Independence Measurement Version III, UEMS Upper Extremity
Motor Score
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possible [39, 40]. However, the MMT was conducted by
blinded assessors in this study and any noise would have
been equally distributed across both groups without sys-
tematic bias. There were other limitations to this study.
First, this was a single-center study with one specific UER
applied. Comparison between different types of UERs
should be evaluated in future studies. Second, long-term
follow-up was not included. Therefore, the maintenance of
effect was not proven. Third, the robot in this study did not
provide fine hand movement training. AP did sense the grip
strength and required participants to grab the hand module
at a certain level of strength and release during the given
task. However, it is questionable whether it provided suf-
ficient hand movement training. Fourth, the clinical mean-
ingfulness should be supported by studies with specific
assessment tools (ARAT [Action Research Arm Test], Van
Leshout test, and GRASSP [Graded and Redefined
Assessment of Strength, Sensibility, and Prehension]) other
than the MMT. Fifth, spontaneous motor recovery is most
significant within the first three months, and this may have
caused noise. Even though randomization was performed,
due to the small sample size, the number of participants
fewer than 100 days since the injury was larger (10 vs. 4) in
the RT group. Therefore, a randomization study with a
larger sample size is necessary. Finally, the statistician
performing the analysis was not blinded raising a possibility
of experimenter bias. If future studies can overcome the
limitations mentioned above, we believe more meaningful
information can be provided.

Conclusions

There were some improvements in motor strength and
functional independence in the RT group but there were no
statistically significant differences between the two groups.
This may, however, just reflect the small sample size.
Superiority over conventional OT cannot be concluded in
this study. Large studies are now needed for a
better understanding of the effect of RT in people with
tetraplegia.
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Table 3 Secondary outcomes
Intention-to-treat analysis with imputed data (N= 34)

Median change [IQR]

RT (n= 17) OT (n= 17) P*

SCIM-III subscale

1. Self care (/20 pts) 1 [0 to 1.5] 0 [−1.7 to 1.5] 0.38

2. Respiration & Sphincter (/40 pts) 0 [−1 to 3] 0 [−6.5 to 0] 0.11

3. Mobility: room & toilet (/10 pts) 1 [0 to 3] 0 [−1 to 1] 0.02

4. Mobility: indoor & outdoor (/30 pts) 3 [0.5 to 6.5] 1 [0 to 3.5] 0.16

Total SCIM-III score (/100 pts) 7 [1.5 to 11] 0 [−8 to 4] < 0.01

Participants who completed study (N= 30)

RT (n= 15) OT (n= 15) P*

1. Self care (/20 pts) 0 [0 to 1] 1 [−1 to 2] 0.87

2. Respiration & Sphincter (/40 pts) 0 [0 to 3] 0 [−2 to 0] 0.19

3. Mobility: room & toilet (/10 pts) 1 [0 to 2] 0 [−1 to 0] 0.05

4. Mobility: indoor & outdoor (/30 pts) 2 [0 to 8] 0 [0 to 3] 0.07

Total SCIM-III score (/100 pts) 7 [2 to 11] 0 [−4 to 4] < 0.01

IQR interquartile range, SCIM-III Spinal Cord Independence Measurement version III, RT robotic therapy
group, OT occupational therapy group
*Mann–Whitney U test
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