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A motor learning-based postural intervention with a robotic
trunk support trainer to improve functional sitting in spinal
cord injury: case report
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STUDY DESIGN: Single-subject-research-design.
OBJECTIVES: To improve seated postural control in a participant with spinal cord injury (SCI) with a robotic Trunk-Support-Trainer
(TruST).
SETTING: Laboratory.
METHODS: TruST delivered “assist-as-needed” forces on the participant’s torso during a motor learning-and-control-based
intervention (TruST-intervention). TruST-assistive forces were progressed and matched to the participant’s postural trunk control
gains across six intervention sessions. The T-shirt test was used to capture functional improvements while dressing the upper body.
Kinematics were used to compute upper body excursions (cm) and velocity (cm2), and sitting workspace area (cm2). Functional
trunk dynamometry was used to examine muscle force (Kg). Surface electromyography (sEMG) was applied to measure trunk
muscle activity. The Borg Rating of Perceived Exertion (RPE) was used to monitor physical exertion during TruST-intervention. A
two-standard-deviation bandwidth method was adopted for data interpretation.
RESULTS: After TruST-intervention, the participant halved the time needed to don and doff a T-shirt, increased muscle force of
trunk muscles (mean= 3 kg), acquired a steadier postural sitting control without vision (mean excursion baseline:
76.0 ± 2 SD= 5.25 cm and post-intervention: 44.1 cm; and mean velocity baseline: 3.0 ± 2 SD= 0.2 cm/s and post-intervention:
1.8 cm/s), and expanded his sitting workspace area (mean baseline: 36.7 ± 2 SD= 36.6 cm2 and post-intervention: 419.2 cm2). The
participant increased his tolerance to counteract greater TruST-force perturbations in lateral and posterior directions. Furthermore,
abdominal muscle activity substantially augmented after completion of TruST-intervention across all perturbation directions.
CONCLUSIONS: Our data indicate a potential effectiveness of TruST-intervention to promote functional sitting in SCI.
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INTRODUCTION
In developed socioeconomic countries, high-energy (e.g., vehicle
or sports accidents) and low-energy (e.g., falls) traumatisms are
the leading cause of spinal cord injury (SCI). In the last five
decades in the United States, there have been an increase in
motor incomplete injuries, as defined by the American Spinal
Injury Assessment (ASIA) Impairment Scale (AIS) [1]. People with
SCI experience severe limitations in mobility, function, self-care,
and participation [2–4]. Moreover, most of these individuals
require wheelchairs to function and participate in society. Thus,
effective neurorehabilitation strategies that maximize upper body
control, as a whole, could promote functional independence in
people with SCI who are wheelchair-users.
SCI causes a constellation of complex sensorimotor defects such

as muscle tone dysregulation, flaccid paralysis, hyperreflexia and
spasticity, and muscle dyscoordination of limbs and trunk
musculature [3]. Without the active control of paraspinal muscles,
the trunk is a multisegmented structure with a high level of

intrinsic instability. As a result, intricate neuromuscular activations
are required to control the center of mass (COM) of the upper
body during actions [5–8]. People with SCI demonstrate significant
postural-related impairments such as lack of multidirectional trunk
control, inability to shift body weight in sitting, trunk balance
deficits, and reduced sitting workspace—which in the present
study is defined as the immediate peripersonal space in which a
person can function without changing the base of support (BOS)
or falling. For people with SCI, deficits in upper body control
hamper their performance during activities of daily living (ADLs)
such as dressing tasks [9–11]. Furthermore, poor trunk control in
people with SCI results in frequent compensatory upper extremity
strategies during ADLs [12]. In other words, people with SCI may
overcome postural demands by reaching for support and
expanding their BOS; which inevitably ends up limiting the use
of arms and hands to interact with the environment.
Different neuro-rehabilitatory approaches are currently being

investigated to improve seated trunk control in individuals with
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SCI. A study in people with chronic SCI (AIS A or C) showed that
spinal stimulation induces short-term improvements in trunk
muscle tone, pelvic alignment, and sitting stability [13]. Other
studies involved activity-based approaches in which sensory-
based movements were employed to restore the supraspinal and
intrinsic control of the injured spine. Studies in rodents with SCI
showed that electrochemical spinal neuromodulation (i.e., seroto-
ninergic replacement therapy and epidural electrical stimulation)
during trunk control via gravity-assisted robotics (i.e., adjustable
body weight support during ambulation) enhanced cortico-
reticulo-spinal connectivity, bilateral proprioceptive-mediated
postural responses (i.e., coordinated muscles contractions
between flexor-extensors muscles), and natural patterns (i.e.,
unconstrained stepping) in weight-bearing walking and swim-
ming tasks [14, 15]. Similarly, in humans, the use of epidural and
transcutaneous spinal electrical stimulation of the lumbosacral
region results in partial recovery of over-ground ambulation and
trunk control [13, 16]. These combinatorial rehabilitative strategies,
including cutting-edge biomedical technology, share two com-
mon key factors: activity-based practice and trunk stability.
Activity-based interventions may enhance the sensorimotor

system damaged after SCI [17]. Clinical research on this type of
interventions show promise to improve postural control, gait, and
functional capabilities in SCI [18, 19]. We believe that the profound
trunk control impairment in people with SCI can be a substantial
impediment for the proper implementation of intensive activity-
based therapies. In line with other authors, we think the
application of technology and robotics to implement motor
learning and control principles, and intensive task-specific
practice, are key to restore sensorimotor-related spinal networks
and induce long-lasting functional benefits in complex motor
actions and self-care behaviors [20].
There exist different conventional postural systems in rehabi-

litation to statically support the trunk after SCI (e.g., torso orthoses
and wheelchair accessories). In the field of technology, some of
the current systems consist of instrumented seats embedded on
movable platforms that rotate across different planes of motion
while the user performs movements or interfaces with screens
that deliver visual feedback [21, 22]. Nonetheless, conventional or
mechanical systems do not allow the clinician to systematically
implement dynamic postural support on specific regions of the
trunk during motor practice. Most importantly, these trunk
support systems do not allow the implementation of postural
task-progression—i.e., trunk control assistance that is progres-
sively reduced to add postural challenge during motor practice.
Assist-as-needed force field technology is a solution to address
progressive postural support. In brief, assistive-force fields can be
defined as a field of vectors that interact with a specific body part
and are configured to assist the person to move beyond a
predefined space region. The robotic trunk-support-trainer (TruST)
applies assistive-force fields in real-time so that users can actively
move beyond their sitting stability boundaries and expand their
sitting workspace [9]. Furthermore, the convergent application of
assistive-force fields and activity-based intervention acts synergis-
tically to improve postural strategies [23].
The present proof-of-concept and feasibility single-subject-

research-design study investigates the applicability of TruST as a
means to implement an activity-based intervention (TruST-

intervention) to train goal-oriented postural and reaching tasks
in sitting for a person with SCI. The activity-based tasks are
founded on motor learning and control parameters. We hypothe-
sized that TruST-intervention would ameliorate functional limita-
tions (reduced dressing time) and improve upper body control
(postural-related kinematics) in a participant with SCI.

MATERIAL AND METHODS
Clinical and anthropometric features of the participant
Table 1 summarizes the participant’s de-identified demographic and
clinical information. The participant with SCI presented with poor trunk
control, as defined by the asymmetric and reduced workspace present
during baseline sessions. Medical records were used to characterize the SCI
following the Standards for Neurological Classification of Spinal Cord Injury
(ISNCSCI) [24]. AIS was used to define the severity of the SCI as complete
(AIS A), sensory incomplete (AIS B), motor incomplete (AIS C or D), or
normal (AIS E) [24]. The Spinal Cord Independence Measure-III (SCIM-III)
was used to score the level of functional independence during ADLs, in
which a score of 100 indicates maximum independence [25]. Inability of
walking was classified with the Walking Index for Spinal Cord Injury-II
(WISCI-II), which determines the person’s ability to ambulate 10m on a
scale from 0 (inability to stand and/or participate in assisted walking) to 20
(ambulation without devices, braces, or physical assistance) [26]. Upper
body dressing was assessed with the T-shirt test, which measures the time
a person takes to don and doff a t-shirt [27]. The Borg Rating of Perceived
Exertion-Category Ratio (BRPE) was used as an indicator of physical
tolerance and to monitor activity intensity during TruST-intervention [28].
A BRPE of 9-10 was indicative of physical intolerance during TruST-
intervention.
Additionally, the trunk muscle force-generation ability of the participant

was measured with functional dynamometry (kg) in sitting position. As in
our previous study, we used a “make test approach” with a hand-held
dynamometer (Lafayette Manual Muscle Tester), in which the participant
had to exert maximal isometric contractions with the dynamometer held
stationary [9]. We tested overall activity of the muscle groups of the torso:
flexion (rectus abdominis), extension (bilateral erector spinae), lateral
flexion (quadratus lumborum and ipsilateral erector spinae) and rotations
(abdominal external and internal obliques). The position of the hand-held
dynamometer was on the chest (sternum, below the sternal notch) for
trunk flexion, on lateral shoulder (lateral deltoid region) for trunk lateral
flexion, inter-scapular region (between the superior angle of scapulae) for
trunk extension, and on anterior deltoid region for measuring trunk
rotations. The participant was sitting with arms crossed over the chest and
was instructed to perform maximum isometric contractions during 3 s in
each trunk direction. The average of three dynamometry trials was
computed.

Inclusion and exclusion criteria
The inclusion criteria were: (1) traumatic SCI, (2) chronic SCI (>1 yr), and (3)
WISCI-II ≤ 2. Exclusion criteria included: (1) surgeries 6mos before
participation, (2) any medical condition that contraindicates intense
physical exertion (e.g., heart, pulmonary, liver or renal disease), and (3)
uncontrolled neurologic or musculoskeletal pain by medication.

Study design
Approval for this study was obtained by the IRB for Human Research at
Columbia University (Protocol IRB# AAAQ7781). The participant was
informed about the research features, goal, commitment, and then
consented prior to start the study.
Figure 1 outlines the study phases of our ABA single-subject-research-

design study (with a 1 week withdrawal phase). The study had a total of

Table 1. Demographic and clinical characteristics of the participant.

Age (yrs) Gender (M, F) Height (cm) Weight (kg) NLI
(region)

SCI Time
(years)

AIS (A-D) SCIM-III
(score)

WISCI-II
(score)

58 M 178 71 C7 33 yrs C 63 0

Yrs years, M male, F female, ASIA American Spinal Injury Association, NLI neurological level of injury, SCI spinal cord injury, AIS ASIA Impairment Scale, SCIM-III
Spinal Cord Independent Measure III, WISCI-II Walking Index for Spinal Cord Injury-II.
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10 sessions: three baselines, six intervention sessions, and one 1 week
post-intervention session. The study was completed in 5 weeks. In the first
week, we collected three baseline assessments to establish stability of the
data. Baseline and intervention sessions occurred every other day without
including weekends. The post-intervention assessment was scheduled one
week after the last intervention session. We used a 2 SD bandwidth
method to interpret outcomes as substantial improvements or detriments,
or unchanged outcomes, with respect to baseline. At the time of the study,
the participant was only receiving TruST-intervention; which prevented
potential interferences from other therapies or physical activities [29].
CARE guidelines were followed to report the present study.

METHODS
Experimental setup and procedures
The participant sat on a bench (Kaye products Inc., North Carolina) with
pelvic straps over the iliac crests for safety purposes. A light harness,
anchored to the ceiling, was attached to the participant’s torso to prevent
falls from the bench. This harness was slack and did not provide any
additional weight support. A restraint system composed of four passive
strings was added to the robotic TruST system as an additional safety
barrier to prevent potential falls during the motor intervention (Fig. 2).
Kinematics were recorded with 19 infrared motion capture cameras

(Vicon Vero 2.2, Denver). Reflective markers were secured with hypoallergic
tape on the skin. As defined by de Leva (1996), markers were placed on
anatomical landmarks to recreate the participant’s upper body as a 8
linked-system (head, upper thorax, lower thorax, pelvis, arms, and
forearms) and estimate its center of mass (COM) [30]. We recorded surface
electromyography (sEMG) (Delsys Trigno Wireless System, Massachusetts).

The sEMG electrodes (Trigno Avanti, rectangular sensors with a dimension
of 27 × 37 × 13mm and a weight of 14 g) were placed bilaterally on rectus
abdominis (RA)—1 cm above and lateral to the umbilicus—and para-
vertebral lumbar and thoracic muscles—latissimus dorsi, iliocostalis,
longissimus, spinalis, and quadratus lumborum [31].
To study reactive seated postural control, TruST was configured to

deliver perturbative forces through the belt toward anterior, posterior,
right, and left directions. The perturbations were delivered as pulse forces
that lasted 450ms (150ms ramp up, 150ms of steady phase, and 150ms
ramp down). Postural kinematics and sEMG of trunk muscles were
analyzed during the first two seconds after the perturbation onset. A
progressive 2%incremental protocol based on the participant´s body
weight (%BW) was used to measure the participant’s tolerance and
reactive postural control capability against the progressive application of
unforthcoming perturbations. Maximum tolerance was defined as the
need of the participant to use the hands for postural support. In other
words, the participant showed inability to counteract the perturbative
force by eliciting an “in-place” trunk control strategy (i.e., without changing
or expanding the BOS).

The robotic trunk-support-trainer (TruST)
The engineering and technological details of TruST have been previously
published and validated [32, 33]. The robotic TruST is a motorized-cable
driven system that applies forces in the horizontal plane in any direction to
actively manipulate the participant’s position. TruST comprises four cables
that are connected to a belt, which is placed on the participant’s torso
(thoracic region: T9–12). In our previous SCI studies, and people with other
neuromotor disorders such as cerebral palsy, we have configured TruST to
create a force field that corresponds to the participants’ postural stability
boundaries [9, 23, 32–34]. The functional translation of this robotic setting
is that participants can actively control their upper body within and
beyond their sitting stability boundaries while using upper extremities to
perform goal-oriented motor activities. Specifically with TruST, when
participants move beyond their sitting stability boundaries, the system
provides direction-specific assistive-force fields toward the predefined
boundaries. TruST-generated assistive-force fields supplement the lack of
neuromuscular control and balance, and prevent the participant from
falling or engaging the upper extremities for postural support during
motor practice. The intensity of the assistive-force field is set as a
percentage of the participant’s BW. Nonetheless, TruST-force field
boundaries are expanded as the participant progressively gains postural
trunk control across the intervention sessions.

The postural star-sitting test and TruST-force field
configuration
The postural star-sitting test is a customized test based on the Star
Excursion Balance Test for lower extremity injuries and other SCI-related
balance tests [35–37]. The postural star-sitting test has been satisfactorily
implemented for evaluative purposes in adults with SCI and children with
cerebral palsy [9, 33]. The participant is instructed to maintain a sitting
position while performing maximal trunk excursions along eight 45°star-
radiated trajectories. Once at maximum amplitude, the participant has to
return to sitting posture without hands assistance. The examiner places a
ball close to the participant’s forehead and displaces it along the examined
trajectory just to guide the trunk movements [9]. The data is used to
configure force field boundaries that match the participant’s sitting
stability limits. It is also used to objectively measure sitting workspace area
(cm2) in which the participant demonstrates active trunk control. The goal

Fig. 1 Study timeline. We collected three baselines during the first week to establish measurement stability of clinical (T-shirt test) and
kinematic (sitting workspace) data. TruST-intervention consisted of six training sessions spread across two weeks. Each session lasted
60–90min, including assessments and breaks. Thus, effective training (i.e., active movement practice) was approximately 60–70min. After
1week withdrawal, the participant was re-assessed (post-intervention assessment). BL1, BL2, or BL3 Baseline1, Baseline2, or Baseline3,
respectively. 2SD 2 Standard deviations.

Fig. 2 Experimental setup and TruST. The picture shows the
participant sitting on the bench and wearing the TruST-belt while
practicing a boxing activity. The black lines depict two of the four
cables controlled by the motors to deliver assistive-force fields (1).
The red dotted lines highlight two of the four passive cables
connected to the belt to prevent potential falls in the horizontal
plane (2). The yellow dotted line represents the used slack harness
to prevent potential falls in the vertical plane (3).
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is to implement objective and systematic postural-task progression during
TruST-intervention. In other words, we optimize the level of postural
training during motor practice based on the trunk control status of the
participant in each intervention session.

TruST-intervention
In TruST-intervention, postural control is conceptualized as four major
dimensions. Steady-state postural control is the ability to cope with the
body’s center of mass relative to the base of support (BOS). Active postural
control is defined as the ability to elicit continuous compensatory postural
adjustments during an action. Proactive postural control is defined as the
anticipatory muscle control strategies executed prior to the action in order
to minimize the expected loss of balance. Reactive postural control is the
ability to execute rapid corrective muscle strategies during unpredicted
perturbations [38, 39]. These subdivisions in postural control allow us to
target postural strategies via specific actions as well as what control
parameters to modulate during TruST-intervention (Fig. 3).
During TruST-intervention, the system delivers real-time visual feedback

of the participant’s trunk position with respect to the predefined stability
boundaries. This information is displayed on a computer screen that is
used by the clinician to objectively target seated postural control strategies
within stability boundaries (i.e., inactive TruST-force field) or beyond
stability boundaries (i.e., active TruST-force field). Figure 2 depicts our
TruST-intervention algorithm. We have applied successfully the motor
learning and control parameters used in this study in SCI and other
neuromotor conditions. Similarly, other researchers have applied similar
training parameters in other motor learning-based approaches
[18, 23, 33, 40, 41]. The participant practiced (i) pointing tasks with
buzzers, (ii) reaching for balls of different sizes and small checkers, (iii)
bimanual holding or catching, (iv) visual aiming skills, (v) bimanual or
unimanual throwing, and (vi) adapted boxing. The intervention sessions
were 90minutes long, including a 10–15min break. The motor activities
practiced during TruST-intervention follow the same star-shaped scheme
as in the postural-star sitting test (Fig. 2). The participant practiced a range

of 15–20 repetitions in each one of the eight directions practiced (a total of
120–160 repetitions). The goal of TruST-intervention in each motor task is
to make the participant practice postural strategies within stability
boundaries; and then, to practice postural control beyond stability
boundaries while receiving assistive-force fields. The intensity of TruST-
force fields was set at 15%BW and it remained constant across intervention
sessions. However, the assistive-force field boundaries, as determined by
the postural-star sitting test before the intervention, were adjusted to the
improved sitting stability boundaries of the participant.

DATA REDUCTION
MATLAB (R2021a, Mathworks Inc), was used to filter and process
kinematic and sEMG data. Kinematics (100 Hz) were smoothed
with a zero time-lag 4th order Butterworth filter at 6 Hz cutoff.
Surface EMG signals (1000 Hz) were band-pass filtered
(60–500 Hz), rectified, and low-pass filtered at 100 Hz. We
estimated the upper body COM based on the participant’s
anthropometric data [30]. We computed total COM excursions
across sagittal and frontal planes during 30 s of resting sitting (i.e.,
steady-state balance control) with and without vision. As in
previous studies, we computed workspace area (cm2) based on
maximal trunk excursions during the postural star-sitting test with
the in-built MATLAB function boundary(x,y, 0.05) [9, 23, 33].

RESULTS
T-shirt test
As Table 2 displays, the participant substantially reduced the
amount of time required for donning and doffing a t-shirt while
sitting in the wheelchair.

Functional dynamometry
The participant increased the muscle-force generation of trunk
muscles after TruST-intervention (Table 3).

Steady-state postural sitting control
The participant acquired the ability to maintain a still sitting posture,
with and without vision, after TruST-intervention (Fig. 4). Compared
to baseline values, COM upper body excursions and velocity were
reduced during steady-state seated postural control with vision (COM
excursions, mean baseline: 92.8 ± 2 SD= 204.5 cm, post-intervention:
21.2 cm, and 1week post-Intervention: 43.7 cm; COM velocity, mean
baseline: 3.7 ± 2 SD= 8.2 cm/s, post-intervention: 0.9 cm/s, and
1week post-intervention: 1.7 cm/s) and without vision (COM excur-
sion, mean baseline: 76.0 ± 2 SD= 5.3 cm, post-intervention: 44.1 cm,
and 1week post-intervention: 15.1 cm; COM velocity, mean baseline:

Fig. 3 Characteristics of TruST-intervention. A The motor intervention follows a 360-degree approach around the subject by addressing 8
star-radiated directions from the participant’s sitting position. B Motor task features can be discrete (characterized by a defined start and end),
serial (group of discrete tasks), or continuous (tasks that stop arbitrarily). C1 and C2 Definition and criterion of postural control strategies
trained without and with assistive TruST-force fields (within-boundaries and beyond-boundaries, respectively). D Motor control parameters to
be applied during C2. Multilimb coordination: ability to move both upper limbs simultaneously. Control precision: ability to perform rapid and
precise movements to control devices (i.e., games or toys). Response orientation: ability to move to specific direction/s. Reaction time: ability
to respond rapidly to an external signal. Arm movement speed: ability to perform fast movements with the upper extremities. Rate of control:
ability to time anticipatory and compensatory postural and arm adjustments in response to speed and/or direction changes of a continuously
moving target. This parameter is of critical importance in TruST-intervention. Manual dexterity: ability to perform skillful hand-arm movements
with objects. Finger dexterity: Ability to perform skillful finger movements with small objects such as coins/checkers. Arm-hand steadiness:
ability to maintain steady hand-arm and postural positions. Wrist, finger speed: ability to perform rapid and repetitive wrist/finger movements.
Aiming: ability to move the hand/finger to a small target that can be static or moving.

Table 2. Functional Ability to Dress and Undress Upper Body.

T-shirt test (s)

Baseline Mid-
Intervention

1 week post
intervention

Donning 32 ± 2 s 21 sa 16 sa

Doffing 17 ± 3 s 10 sa 9 sa

Averaged time is indicated in baseline ± 2 standard deviations. Mid-
intervention data was gathered at 3rd session. One week post-intervention
session (1 week after the 6th session).
s seconds.
aSubstantial change.
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3.0 ± 2 SD= 0.2 cm/s, post-intervention: 1.8 cm/s, 1week post-inter-
vention: 0.6 cm/s). Nonetheless, the great amount of variability (SD)
observed during baseline obscured the interpretation of this
improvement as substantial.

Active-proactive postural sitting
The participant substantially expanded his sitting workspace area
(mean baseline: 36.7 ± 2 SD= 36.6 cm2) after completion of TruST-
intervention (post intervention: 419.2 cm2 and 1 week post
intervention = 215.1 cm2) (Fig. 5).

Reactive postural sitting control
The outcomes from the 2%increment-protocol to investigate
reactive postural control showed that the participant increased his

motor capability to counteract the reactive forces delivered by the
robotic TruST. These improvements were observed in all directions
with the exception of forward perturbations (Fig. 6A). The
kinematic analysis showed an improvement trend in the control
of the upper body, as indicated by a decrease in COM excursions
(cm) and COM velocity (cm/s) (Fig. 6B, C).
EMG responses were highly variable within and across study

sessions. The EMG analysis displayed augmented muscle activity
of right abdominal in all directions and of paravertebral thoracic
muscles (right and left) during anterior perturbations (Fig. 6D).

Physical exertion tolerance & pain
No adverse events were found. The participant categorized the
physical demands of TruST-intervention as “sort of hard, hard, or

Table 3. Dynamometry of trunk muscle groups in sitting.

Dynamometry (Kg)

Study phase Flexion Extension Right lateral flexion Left lateral flexion Right rotation Left rotation

Baseline 3.6 (±1.1) 4.8 (±2.4) 3.9 (±1.6) 3.8 (±0.1) 2.5 (±0.8) 3.3 (±1.5)

1 Week post intervention 5.4a (±0.5) 9.0a (±1.8) 8.1a (±2.5) 8.1a (±1.2) 4.7a (±1.5) 6.2a (±0.7)

Averaged values across three trials ± 2 standard deviations are represented for each direction.
Kg kilograms.
asubstantial change.

Fig. 4 Upper body stability during quiet sitting. Three-dimensional paths (blue lines) representing stability of upper body COM (red circle)
while sitting with and without vision before TruST-Intervention (A, B) and after TruST-Intervention (C, D), respectively. Note the reduction in
upper body COM, one week after the completion of TruST-intervention.
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really hard” (BRPE range = 4–8), across sessions. Moreover, TruST-
intervention did not cause any pain or discomfort at any point of
the study. The participant only reported one-point increase in the
pain visual analogue scale (1/10 points) after the motor
intervention in the first two sessions and in the last session.

DISCUSSION
Our single-subject-research-design study shows the feasibility and
effectiveness of TruST-intervention to improve upper body
dressing skills, seated postural control strategies, and force-
generation capacity of trunk muscles in a participant with SCI.
The participant completed all scheduled intervention sessions,
showed acceptable physical exertion during motor practice, and
did not report musculoskeletal pain aside from muscle fatigue.
During TruST-intervention, the participant was continuously

challenged to achieve trunk amplitudes beyond sitting stability
boundaries. We believe TruST-intervention improved the muscle

condition of the trunk (as indicated by the increase in functional
dynamometry) and promoted activity-dependent plasticity
through a continuous bidirectional communication between the
brain and the injured spinal cord. Following this same concept, in
our previous study with an ambulatory participant with SCI, we
showed that robotic-mediated assistive and reactive forces during
task-specific motor practice in standing improved functional
balance, proprioceptive-mediated postural responses, ankle con-
trol, activity of stabilizing hip muscles, and cardiovascular
endurance [23]. Similarly, a study investigating an activity-based
intervention involving stepping tasks showed modulations in the
physiological status of spinal circuits and activity-dependent
plasticity [42]. Another study also demonstrated how the delivery
of visual feedback during trial-and-error practice of postural tasks
via video games synchronized with a force plate improved sitting
balance [43].
Authors have reported the need to improve the therapeutic

design of activity-based interventions in people with SCI [44]. In a

Fig. 5 Sitting control boundaries across study sessions. Sitting balance boundaries (red lines) and volitional trunk excursions (blue paths)
during the postural star-sitting test in baseline (A), post-intervention (B), and 1week post-intervention (C). Sitting workspace area (cm2) are
represented for each study session to display the substantial increase in workspace area (D): baseline and 1st pre-intervention session (red
squares), 2nd–6th intervention sessions (blue circles), and 1 week after TruST intervention (green triangle).
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randomized controlled trial, the authors investigated a task-
specific training program during unsupported sitting in people
with SCI. The sessions were an hour long and scheduled 3 times
per week, across 6 weeks. The authors created three variants of
the motor tasks depending on the participant’s sitting abilities.

They found improvements (2.0–10.8 cm) in the maximal balance
range test of trunk motion. Nonetheless, they did not find
functional post-intervention effects in the T-shirt test [18]. In our
study, the participant did not only acquire effective seated
postural control strategies and greater workspace area but also
showed a substantial reduction in both donning and doffing a
T-shirt. We believe that there are two main reasons why prior
activity-based interventions for individuals with SCI may not cause
functional improvements, aside from the severity of the spinal
injury. One is the lack of a structured intervention protocol based
on motor learning and control parameters. Indeed, a study of
children with cerebral palsy found greater improvements in motor
control of the trunk and arm when participants followed
structured skill practice (i.e., increasing repetitions and skillful
features of motor tasks) compared to unstructured practice [45].
Another critical aspect is the absence of task-progression—the
systematic addition of task complexity or challenge during motor
practice. In TruST-intervention, the clinician provided both motor-
and postural-task progression. Motor practice started within
boundaries, then moved to beyond-boundaries, and finally several
motor control parameters were modulated and randomized
around the 360° peripersonal space of the participant. Most
importantly, TruST-intervention delivered an assistive-force field to
the person’s trunk to practice motor tasks beyond stability
boundaries. Then, the diameter of this assistive-force field was
expanded as the person gained sitting workspace. We assume
that maximizing postural control by achieving greater trunk
amplitudes might be enhancing the proprioceptive system (e.g.,
muscle spindles and Golgi tendon organs). Mechanistically, as the
participant actively expanded his sitting stability boundaries, the
trunk muscle fibers adopted new lengthened configurations that
demanded higher level of sensorimotor control and rate of force
development. Hence, proprioception may be critical in these
improvements; although, further studies are required to confirm
this interpretation.
A typical finding in people with SCI, and other neuromotor

conditions, is muscle paresis. An impairment in the force-generation
capability of the muscular system causes detriments in muscle
strength (maximum peak force that a muscle group can develop in a
specified task) and muscle power (rate of force development) [46].
TruST-intervention is not built around muscle training principles—
tone, strength, or endurance. However, our participant substantially
improved trunk strength of all muscle groups in a range of 2–5 kg.
Our muscle force testing approach was not a standardized protocol;
however, the dynamometry provided us with an approximation on
the potential effect of TruST-intervention for improving muscle force.
It is noteworthy to mention that this outcome was observed despite
the muscle atrophy present in our participant due to the chronicity of

Fig. 6 Reactive postural control and muscle activity during
perturbations. Graphs display maximum intensity tolerated by the
participant in each perturbation direction at baseline and 1 week
after receiving TruST-intervention. The participant acquired the
ability to receive a perturbation force intensity equivalent to 20%BW
post-intervention, except in forward perturbations (A). We can note
an improving trend in upper body control, as determined by a
decrease in upper body COM excursions (B) and velocity (C).
However, these improvements did not achieve the 2 SD bandwidth
criterion to be interpreted as substantial. sEMG analysis showed a
substantial increase of bilateral thoracic muscles (5, 6) during
anterior perturbations and augmented activity of the right
abdominal muscle group (1) across all directions (D). %BW=
perturbative force intensity scaled to the participant’s body weight
%. EMG electromyography. mV millivolts. Right abdominal muscle
group = 1. Left abdominal muscle group = 2. Right lumbar muscle
group = 3. Left lumbar muscle group = 4. Right thoracic muscle
group = 5. Left thoracic muscle group = 6.
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his spinal lesion (33 yrs). Other studies have investigated how to
address muscle paresis with the use of neurostimulation. A study
investigated several combinatory neurostimulation protocols with
magnetic stimulation, non-invasive transcutaneous spinal stimula-
tion, and peripheral nerve stimulation. The authors found a
facilitation in the excitability of the corticospinal system, motor
evoked potentials of distal muscles, and H-reflexes that were
associated with increased dorsiflexion force [47]. While these results
emphasize the residual sensorimotor plasticity of the injured spine
and its potential for motor recovery, muscle control benefits were
only observed during stimulation or briefly after its application. Based
on our results, the retention of motor outcomes would yet require
intensive motor practice alongside neurostimulation.
As in bipedal stance, postural sway in sitting may be controlled

through small-amplitude sensory-mediated corrective torques
[48]. In our present study, we examined quiet sitting without
vision to test improvements in proprioceptive-mediated postural
trunk responses during unsupported sitting. Our kinematic
analysis revealed a reduction in excursions and velocity of the
upper body COM after TruST-intervention. These postural kine-
matics may be indicative of a more efficient use of somatosensory
information to maintain sitting posture. In addition to prolonged
muscle force, the active and automatic stabilization of the spine
would be partially controlled by the processing of sensory-based
information (muscle spindles) in a coordinated fashion across
intersegmental spinal networks [49, 50].
The participant of our study improved his tolerance to react

against direction-specific perturbations during unsupported sitting
—“in-place” postural control strategies. A study showed that in-
place trunk control responses require a high level of force, joint
control, and neuromuscular coordination to counteract the reactive
torques and kinetic energy secondary to external forces [51]. In our
study, perturbative forces equivalent to 10-15% of the participant’s
body weight were sufficient to observe sitting control failure
during baseline. However, with the exception of forward perturba-
tions, the participant was capable to respond to perturbative forces
as intense as 20% of the participant’s body weight after TruST-
intervention. In baseline, the greatest lack of trunk control was
observed in the frontal plane during leftward and rightward
perturbations. However, the participant increased his threshold to
tolerate lateral forces and reduced upper body COM excursions
after TruST-intervention. Trunk control in the frontal plane would
require the coordinated activation of right and left muscle groups
within the thorax to prevent postural failure. Our participant
showed a decreasing trend in upper body COM excursions and
velocity in all perturbation directions despite showing an increase
only on his right abdominal muscle group and a slight increase on
his right and left thoracic muscles. Probably, the spinal insult in our
participant affected at greater extent the reactive control of the left
dorsal and ventral muscles of the thorax. Still, partial neuromus-
cular recovery was possible after TruST-intervention.

Future line of research and limitations
In this study, we gathered postural-related kinematics and
functional data to demonstrate the synergistic effect of a
structured motor learning-and-control-based intervention with
force-based postural-task progression through the robotic TruST
platform. Overall, the results show potential effectiveness of
TruST-intervention to train seated postural control abilities in
people with SCI and trunk control dysfunction. Nonetheless, a
parallel intervention study with a larger sample size will be
needed to generalize our outcomes and address intervention
effect sizes.

DATA AVAILABILITY
The data that support the findings of this study will be available on request from the
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