JOURNAL OF
NEUROPHYSIOLOGY.

J Neurophysiol 133: 727-741, 2025.
First published January 20, 2025; doi:10.1152/jn.00246.2024

Q0 '
american U N
physiological

society’

RESEARCH ARTICLE

Control of Movement

Changes in thoracic erector spinae regional activation during postural
adjustments and functional reaching tasks after spinal cord injury

Joeri F. L. van Helden,! © Hélio V. Cabral,2 Emma Alexander,® © Paul H. Strutton,*

Eduardo Martinez-Valdes,! ©© Deborah Falla,' Joy Roy Chowdhury,> and @ Shin-Yi Chiou’
'Centre of Precision Rehabilitation for Spinal Pain (CPR Spine), School of Sport, Exercise and Rehabilitation Sciences, College
of Life and Environmental Sciences, University of Birmingham, Birmingham, United Kingdom; 2Department of Clinical and
Experimental Sciences, Universita degli Studi di Brescia, Brescia, Italy; *The Royal London Hospital, Barts Health NHS
Trust, London, United Kingdom; “Department of Surgery & Cancer, Faculty of Medicine, Imperial College London, London,
United Kingdom; and *Midland Centre for Spinal Injuries, The Robert Jones and Agnes Hunt Orthopaedic Hospital NHSFT,
United Kingdom

Abstract

Many individuals with incomplete spinal cord injury (SCI) exhibit reduced volitional control of trunk muscles, such as impaired vol-
untary contractions of the erector spinae (ES), due to damage to the neural pathways regulating sensorimotor function. Studies
using conventional bipolar electromyography (EMG) showed alterations in the overall, or global, activation of the trunk muscles
in people with SCI. However, how activation varied across specific regions within the ES, referred to as regional activation,
remains unknown. The aim of the study was to investigate the regional distribution of the ES activity below the level of injury in
individuals with incomplete SCI during postural tasks and multidirectional reaching tasks using high-density EMG. Twenty-one
individuals with incomplete SCI and age-matched controls were recruited. The EMG amplitude of the thoracic ES and displace-
ment of the arm, trunk, and center of pressure were recorded during the tasks. Activation was more in the lower region of the
ES in individuals with SCI than in the controls during the postural tasks. In addition, activation was limited to a small area of the
ES during the reaching tasks. The EMG amplitude was greater during reaching forward than returning to the upright posture in
the controls; however, this phase-dependent difference in the EMG amplitude was not present in individuals with SCI. Our find-
ings demonstrate changes in regional activation of the thoracic ES during postural and reaching tasks, likely reflecting injury-
induced changes in selective neural control to activate residual muscle fibers of the ES for postural control and function after
SCI.

NEW & NOTEWORTHY We demonstrate that individuals with chronic incomplete spinal cord injury (SCI) recruit lower part of the
thoracic erector spinae (ES) for postural control of the trunk. We also show that activation was restricted in a smaller part of the
ES, and the discrete control of the ES was lost during functional reaching movements in individuals with SCI. Our study provides
evidence of alterations in neural control between vertebral levels in individuals with SCI.

high-density surface electromyography; motor control; muscle recruitment; neuromuscular function; postural control

INTRODUCTION

Damage to the spinal cord can affect synaptic input from
the descending motor axons to the motor neurons in the spi-
nal cord below the level of injury (1, 2), resulting in regional
changes in activation of the muscles and impaired volun-
tary movements (3, 4). Consequently, individuals with
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spinal cord injury (SCI) develop new motor control strat-
egies using the muscles with intact or partial sensorimotor
function (5, 6). After SCI, the ability to voluntarily activate
trunk muscles, such as erector spinae (ES), decreased (7).
This impaired volitional control of trunk muscles can
reduce individuals’ ability to carry out activities of daily
living, such as reaching for an object and maintaining
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an upright seated posture (5, 8). The erector spinae (ES)
is a key muscle group for maintaining an upright posture
(9, 10), providing a stable base from which the upper
extremities can move functionally such as during forward
and lateral reaching (5). Research has shown task-specific
motor unit activity of the ES between vertebral levels dur-
ing functional tasks in healthy adults (11, 12), suggesting
different motoneuronal pools innervating the ES between
spinal segments and that task-specific synaptic input to
those motoneuronal pools for control of ES activity.
Following SCI, neural reorganization in the spinal cord
can alter the synaptic input to the motor neurons below
the level of injury, with some muscle fibers losing activa-
tion capacity while others retain supraspinal influence
(13, 14). This can lead to a redistribution of activation to-
ward the residual or reinnervated muscle fibers, resulting
in changes in spatial activation of the ES. Studies have
reported changes in trunk muscle activation during func-
tional tasks after SCI, such as decreased ES activity (15, 16)
and altered trunk muscle activity for anticipatory postural
adjustments and compensatory postural adjustments (APAs
and CPAs) in postural control (17). For example, people with
chronic SCI showed delayed ES activity during APAs in a
rapid shoulder flexion task (7) and demonstrated increased
ES activity during CPAs when performing manual wheel-
chair propulsion (18). Although those studies demon-
strated altered temporal activation of the ES after SCI, it
remains unknown whether spatial activation of the ES
occurs across several spinal segments during voluntary
motor tasks after SCI. Understanding changes in spatial
distribution of the ES will provide insights into optimiza-
tion of the use of residual or reinnervated muscle fibers to
maintain postural stability and perform motor tasks after
SCI. This new knowledge may inform treatment plans to
improve voluntary movement of the trunk and postural
control in individuals with SCI.

High-density surface EMG (HDEMG) provides a topo-
graphical representation of muscle activity, allowing the
identification of activation across specific regions within a
muscle, referred to as regional activation, which can be used
to indicate synaptic input to the specific regions of the mus-
cle (19-21). Using HDEMG, previous studies reported a shift
in ES activity along the spinal column (i.e., cranio-caudal
shift) during voluntary motor tasks, such as trunk flexion-
extension (e.g., rowing, forward bending) and lifting (22-24).
The cranio-caudal shift of activation of the ES may be related
to the architecture of the muscle fibers and the innervation
zones of the ES that are predominantly distributed in a nar-
row band along the muscle fibers in the cranio-caudal direc-
tion (25, 26). Damage to the spinal cord and spinal nerves
can change the innervation to the ES and thereby likely lead
to changes in activation in the direction along the muscle
fiber, i.e., a cranio-caudal shift in activation. Hence, the aim
of the study was to characterize the regional activation of
thoracic ES during voluntary motor tasks in adults with
chronic incomplete SCI using HDEMG and to compare that
with age-matched controls without an SCI. We hypothesized
that individuals with chronic incomplete SCI would dem-
onstrate different regional activation of the ES along the
muscle fiber direction, i.e., in the cranio-caudal direction,
compared with control individuals.
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MATERIALS AND METHODS
Participants

An a priori power calculation drawn from a previous study
(27) and our unpublished data suggested a sample size of
21 individuals in each group was sufficient to detect a
between-group difference for the root-mean-square ampli-
tudes of the ES activity in forward reaching with 90% power
and a 5% level of significance. Twenty-one individuals with
incomplete SCI were recruited (17 men; 15 right side least
affected; age 55.2 yr, SD 12.5; various races) from the Robert
Jones and Agnes Hunt Orthopaedic Hospital in Oswestry,
UK, and from local SCI charities between 2019 and 2022.
Individuals were tested in the laboratories at the University
of Birmingham. Inclusion criteria were 1) having a stable,
incomplete cervical or thoracic SCI, classified using the
International Standards for Neurological Classification of
Spinal Cord Injury examination and by the American Spinal
Cord Injury Association Impairment Scale (AIS), 2) time
since injury more than 12 mo, 3) being able to voluntarily
move the upper extremities to perform the motor tasks,
described in the Experimental Procedures, 4) being able sit
independently for 30 s, and 5) aged 18 yrs or above.
Screening against the inclusion criteria was conducted in the
laboratory to ensure that participants met the eligibility
requirements. For the control group, 21 age-matched adults
without SCI were recruited (7 men; 18 right-handed; age 53.5
yr, SD 13.2, various races). Ethics approval was obtained
from the Health Research Authority West Midlands -
Edgbaston Research Ethics Committee (21/WM/0047) and
was performed in accordance with the principles outlined
in the Declaration of Helsinki. All participants provided
written informed consent before any data collection.

Experimental Procedures

All participants undertook a rapid shoulder flexion (RSF)
task (28), an external perturbation task, and multidirectional
reaching tasks. The RSF and external perturbation tasks were
selected to investigate ES activation in different types of pos-
tural adjustments. The RSF is a self-initiated perturbation and
commonly used to study APAs. The external perturbation
task is an externally induced perturbation and can be used to
evaluate both APAs and CPAs. The multidirectional reaching
task was selected to evaluate ES activation during dynamic
sitting balance (29). Those tasks are functionally different and
were chosen to allow for evaluation of a diverse role of the ES
in activities of daily living. Participants sat on a custom-made
chair (without back support), with an embedded force plate
(BTS P6000, BTS Bioengineering Corp, Quincy, MA), feet flat
on the floor and hips and knees at 90°. Participants were
instructed to sit as upright as possible without using their
arms for support or balance on the chair. They practiced the
tasks under supervision to ensure that they performed them
correctly and safely. Throughout data collection, participants
were constantly reminded to avoid using their other arm for
stability; a researcher always remained close to ensuring
safety in case of any loss of balance. Only successful trials
were included in the data analysis.

For the RSF task (Fig. 14), participants were asked to raise
both arms from the sides to the front at ~90° as fast as possible
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Figure 1. Experimental setup. A: rapid
shoulder flexion. Participants flexed their
shoulders bilaterally as quickly as possible
in response to a visual cue. B: external
perturbation task. A weight ~5% of the
participant’s body mass was pulled back
to a 45-deg angle and released to the par-
ticipant’s extended arm. C: forward reach-
ing (top) and lateral reaching (bottom)
tasks. Participants reached with their dom-
inant or less affected arm as far as possi-

X-axis

Cranial
@@,

in response to a LED light placed ~1 m distance at eye level;
this was repeated five times. Before each visual cue, a verbal
warning cue was given by the experimenter, with a random
interval of 1-3 s between the warning and visual cue. For the
external perturbation task (Fig. 1B), we used a previously
described method using a pendulum involving a weight of 5%
of the body mass of the individuals being released from a 45°
angle toward the extended arm of the participants (less
affected arm for participants with SCI based on the manual
muscle testing, and the dominant arm for the controls) to cre-
ate a perturbation to the body (30). Participants were seated
upright and held their arm in 90° of shoulder flexion; the other
arm rested on their thigh. They were instructed to maintain
their balance, not allowing the weight to move them. The task
was repeated five times. For the multidirectional reaching
tasks (Fig. 1C), participants were asked to sit in an upright posi-
tion and move the trunk and use the less affected arm to reach
forward and to the side as far as possible without losing bal-
ance five times. They were instructed to rest their other arm
on their thighs and not to use it for balance. If a participant
began using the other arm for compensation or balance during
reaching, the trial was discarded.

Data Acquisition

HDEMG.

Muscle activity was recorded bilaterally from thoracic ES
using two semidisposable HDEMG grids (GRO8MM1305, OT
Bioelettronica, Turin, Italy). The electrode grids consisted of
64 electrodes arranged in 13 rows by five columns, with one
missing channel in the top left corner (see Fig. 1D; 1 mm elec-
trode diameter, 8 mm interelectrode distance). An adhesive
foam (KITOS8MM1305, OT Bioelettronica, Turin, Italy) was
attached to the grid and its cavities were evenly filled with
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conductive paste (AC Cream, Spes Medica, Genoa, Italy).
Before placement of the electrode grids, the skin was shaved,
gently abraded with a paste (Nuprep Skin Prep Gel, Weaver
and Company, CO), and cleaned with alcohol-based skin
wipes (GAMA Healthcare, Hertfordshire, UK) to remove any
residue from the paste. Grids were placed over the thoracic
ES in parallel with the thoracic spine, with the bottom edge
of the grids placed 2 cm from each lateral side of the 12th tho-
racic spinous process, and the top edge extended in the cra-
nial direction, approximating the 8th thoracic spinous
process (Fig. 1D). Reference electrodes (Ambu WhiteSensor
WS, Ballerup, Denmark; 36 mm x 40 mm) were placed over
the 7th cervical spinous process and bilaterally over the iliac
crests. Two bipolar electrodes (Ambu WhiteSensor WS,
Ballerup, Denmark; 36 mm x 40 mm; 20 mm interelectrode
distance) were placed bilaterally over the anterior deltoid
(AD) to measure the onset of muscle activity during the RSF
task. Any loose wires were taped to the participant. HDEMG
was recorded in monopolar mode with an amplifier (150 V/V
gain; Quattrocento, OT Bioelettronica, Turin, Italy) and digi-
tized at 2,048 Hz using a 16-bits A/D converter (10-500 Hz
bandpass filter with a 3 dB cut off frequency, input resistance
>10" Q, common mode rejection ratio >95 dB, noise level
referred to input <4 pV). All data were collected using the
OT Biolab software (OT Bioelettronica, Turin, Italy) and
stored in a local computer for post-processing purposes.

Kinematics.

A 3-D optical motion capture system with eight cameras
(Smart-DX 6000, BTS Bioengineering Corp, Quincy, MA) and
the force plate were used to record motion and center of
pressure (CoP), respectively, both sampled at 250 Hz.
Reflective markers were placed bilaterally over the ulnar
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styloid processes and over the 1st thoracic spinous process to
measure reaching distance and trunk displacement, respec-
tively. Prior work has shown the movement of the lower cer-
vical/higher thoracic spine can provide useful information
relating to the movement of the pelvis in reaching (31). The
marker’s reflections were used to calculate trunk displace-
ments in all tasks, to identify the moment of impact in the
external perturbation task, and to calculate reaching dis-
tance in the multidirectional reaching tasks (31). A transis-
tor-to-transistor logic device with an output of 5 V was used
to synchronize EMG data with motion data.

Data Processing

All data processing was performed in MATLAB 2021a
(MathWorks, Natick, MA). Signals were first band-pass fil-
tered (20-350 Hz; second-order Butterworth filter) (32, 33).
Monopolar EMG signals from HDEMG were then visually
inspected to identify low-quality channels due to movement
artifacts or power line interference. Low-quality channels
were replaced with the linear interpolation of the neighbor-
ing channels when the following criteria were fulfilled: at
least two high-quality channels in neighboring rows sur-
rounding the low-quality channel and one high-quality
channel above or under the low-quality channel had to be
available to perform the linear interpolation. If the criteria
were not met, the channel was removed in the second visual
inspection. Differential signals were then calculated as the
algebraic difference between monopolar signals detected by
consecutive rows of electrodes. A second visual inspection
was then carried out on the differential channels to further
identify low-quality channels (4.44% of channels removed
across participants, grids, and tasks). For each repetition of
each task, the root mean square (RMS) amplitude was calcu-
lated for each of the 59 single-differential channels, provid-
ing topographical maps of thoracic ES EMG amplitude.
Active channels were identified as those presenting an RMS
amplitude higher than 70% of the maximum RMS amplitude
across the grid. The 70% amplitude threshold was selected
because it has been shown to provide a robust identification
of active portions of the muscle (34). To characterize the spa-
tial distribution of ES activity, i.e., the regional activation of
the ES, the centroid coordinates were calculated as the
weighted average of active channels across columns (medio-
lateral; x-axis) and rows (cranio-caudal; y-axis) to determine
the center of the EMG amplitude map.

For the kinematic data, displacement of the trunk and wrist
markers and the CoP were calculated by subtracting the maxi-
mum anterior/posterior (forward reaching) or medial/lateral
(lateral reaching) value from the minimum value in each rep-
etition. Total trajectory of the CoP was calculated as the sum
of the absolute difference in the anterior-posterior (A-P) and
medio-lateral (M-L) planes. Angular velocity of the movement
of the dominant arm or less affected arm during the RSF task
was calculated based on the wrist marker (35). For all HDEMG
and kinematic parameters, the mean was calculated across
repetitions.

RSF task.

The onset of the rise in EMG activity of AD and ES was deter-
mined as the point where rectified EMG traces exceeded 3
SD of the mean EMG amplitude in a window of 100 ms
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before the visual cue (36, 37). APAs, differences in EMG onset
between AD and ES, were calculated by subtracting EMG
onset of AD from ES. To quantify muscle activity and
movement during APAs, HDEMG and the CoP in the A-P
direction were analyzed from the onset of ES to +50ms
(38). Furthermore, to understand muscle activity and
movement during the entire shoulder flexion phase of the
RSF task, data were analyzed from the onset of movement
of the wrist marker of the dominant or less affected side to
the highest vertical displacement peak of the marker in
which the shoulders were in maximal flexion.

External perturbation task.

In each repetition, the first displacement of the wrist marker,
which showed a clear peak in the motion data, was used to
register the moment of the impact of the perturbation. To
analyze the onset of the ES contralateral to the extended
arm, EMG was rectified, and linear envelopes were created
with a 20-Hz low-pass Butterworth filter. The EMG onset was
defined as the point when the increase in EMG amplitude
was more than 2 SD of the mean EMG value in a window
between 500 ms and 400 ms before the impact (39). APAs
and CPAs were derived from the moment of impact as the
time windows of —100 ms to 50 ms and 50 ms to 200 ms,
respectively (39), that were subsequently used to analyze
EMG of the ES contralateral to the extended arm and the
CoP data.

Multidirectional reaching tasks.

Using the maximal reaching distance point, each repetition
was separated into reaching (forward/lateral) and returning
(returning to initial position) phases where HDEMG and Kki-
nematic data were analyzed. For forward reaching, the elec-
trode grid contralateral to the less affected/dominant arm
was considered for analysis. For lateral reaching, the side
where the participants could reach further was chosen for
data analysis and the electrode grid contralateral to the
reaching arm was analyzed. Our choice was based on previ-
ous studies showing greater activity in the contralateral ES
during unilateral upper-limb movement (40, 41). To evaluate
changes in the regional activity within the reaching move-
ment, differences in the y-axis centroid values between the
reaching and returning phases were calculated. We consid-
ered the influence of reaching distance on the ES activity as
individuals with SCI likely reached a shorter distance than
the control. Therefore, we additionally analyzed the part of
the HDEMG data in the controls when they reached a similar
distance to the participants with SCI.

Statistical Analysis

SPSS version 27 (IBM Corp., Armonk, NY) was used for sta-
tistical analysis. Data were tested for normality using the
Shapiro-Wilk test. When the data distribution failed the nor-
mality test, nonparametric tests were applied. For the RSF
and external perturbation tasks, independent ¢ or Mann-
Whitney U tests were used to compare HDEMG parameters
(EMG amplitude; x-axis and y-axis of the centroid) and kine-
matic measurements (displacement of wrist, trunk, and CoP;
total trajectory) during the APA and the CPA windows and
velocity of the arm movement between individuals with SCI
and the controls. For multidirectional reaching tasks, mixed-
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model repeated-measures ANOVAs with movement phase
(reaching vs. returning) as repeated measures and group
(controls vs. SCI) as the between-group variable were per-
formed on the HDEMG data. When there was a main effect, a
post hoc analysis was used. Independent ¢t or Mann-Whitney
U tests were applied for between-group (controls vs. SCI)
comparisons on changes in y-axis centroid location and ki-
nematic data during the reaching tasks. Correlation analyses
were used to determine the relationship between APA and
CPA phases, as well as to identify any relationships between
the level of injury, the HDEMG-derived parameters, and ki-
nematic data in participants with SCI. Significance of the
results was set at P < 0.05. Data are presented as mean
[standard deviation (SD)] or median (range) in the text.
Effect sizes (nzp) and 95% confidence intervals are reported.

RESULTS
Demographics

There was no difference in age between the SCI and the
control groups (¢t = —0.15; P = 0.89). There were 10 more
males in the SCI group (17 men) than in the control group
[7 men; X2 (1, n = 42) = 9.7, P = 0.004]. Of 21 participants
with SCI, three were categorized as AIS B (14%), 10 were C
(48%), and 8 were D (38%); 16 participants with SCI had cer-
vical SCI (76%) and five had thoracic SCI (24%). Details of the
demographic data of the participants with SCI are presented
in Table 1.

Activation Onset of the ES during Rapid Shoulder
Flexion

Figure 2A illustrates rectified EMG traces averaged across
five repetitions of the RSF task from a control participant
and an individual with an SCI at C3 (ID# 14 from Table 1).

Table 1. Demographic characteristics of participants
with SCI

Level of Time since
ID Sex Age, yr AIS Score Injury Injury, Years
1 M 53 C C5 4
2 F 7 D (&(3) 59
3 M 80 D T4 7
4 M 59 C C5 3
5 M 23 C Cc4 4
6 M 47 C C3 5
7 M 49 C C3 4
8 M 52 C T2 7
9 M 69 D T7 10
10 M 69 D C4 3
il F 50 C T2 2
12 M 52 D C3 1
13 M 54 B C5 19
14 M 63 D C3 7
15 M 50 C Cc4 1
16 F 52 D C6 1
17 M 50 D Cc4 15
18 M 53 B C5 7
19 M 67 C T10 5
20 F 36 B C6 2
21 M 60 C C3 2

AIS, American Spinal Injury Association Impairment Scale;
F, female; M, male; SCI, spinal cord injury.

Note that the EMG onset of ES is earlier than the EMG onset
of AD in the control, while the EMG onset of ES is after the
EMG onset of AD in the individual with SCI. Given that EMG
onset of AD and ES, and the HDEMG-derived parameters did
not differ between sides, the values of left and right sides
were averaged. HDEMG data from two participants with SCI
were removed due to signal noise in many channels; one par-
ticipant with SCI did not have valid AD EMG. Group results
(Fig. 2, B-D) showed that participants with SCI (n = 18) had
longer EMG onset of AD (median [range] 218.40 [381.85] ms;
7 = —3.14; P = 0.002) and ES (228.70 [534.07] ms; Z = —3.13;
P = 0.002), and delayed APAs (19.65 [125.80] ms; Z = —3.62;
P < 0.001) during the RSF tasks, compared with the controls
(n = 21; onset AD: 165.60 [168.25] ms; onset ES: 174.10 [177.38]
ms; APAs: 3.60 [80.78] ms). In addition, the mean angular ve-
locity of the arm movement was faster in the controls than
in the participants with SCI (controls: 226.64 [39.55]°/s; SCI:
127.08 [78.80]°/s; Z = 4.50; P < 0.001).

Regional Activation of the ES during Rapid Shoulder
Flexion

Figure 3A illustrates the spatial distribution of EMG ampli-
tude of the ES in a representative control participant and an
individual with SCI at C4 (ID# 17) during the RSF task. The
upper panel represents the activation distribution during the
APA window while the lower panel represents the activation
distribution during the shoulder flexion window of the task
(see the MATERIALS AND METHODS for details). Note that the
spatial activation of the ES (i.e., y-axis of the centroid, white
circle) is located more caudally in the individual with SCI
than in the control. Group results demonstrated lower EMG
amplitudes of the ES in participants with SCI (APA: median
[range] 11.39 [36.46] pV; shoulder flexion: 10.62 [28.02] pV)
than in the controls (APA: 22.34 [65.93] uV; shoulder flexion:
18.20 [27.95] uV) during both the APA (Z = —2.88, P = 0.004)
and shoulder flexion (Z = —-3.21; P = 0.001) windows
(Fig. 3B). In addition, the y-axis of the centroid was located
more caudally in the participants with SCI (APA: 6.80 [4.77]
cm; shoulder flexion: 6.47 [5.12] cm) than in the controls
(APA: 5.23 [4.33] cm; shoulder flexion: 4.15 [6.85] cm) in both
the APA (Z = —2.75, P = 0.006) and the shoulder flexion (Z =
—3.51, P < 0.001) windows (Fig. 3B), meaning that the activa-
tion of the ES during the RSF task was localized at the lower
part of the grid in the individuals with SCI, while the activa-
tion was centered more in the upper part of the grid in the
controls. Furthermore, no differences were found in the CoP
displacement between participants with SCI and controls
during the RSF task (Z = —1.05, P = 0.293; Table 2). There
was no correlation between the level of injury and EMG am-
plitude, x-axis or y-axis of the centroid, or CoP displacement
in the participants with SCI (P > 0.05 for all cases).

Regional Activation of the ES during the External
Perturbation Task

HDEMG data from three participants with SCI and one
control participant were excluded due to signal noise. No dif-
ference in activation onset of the ES with respect to the
impact of the perturbation was found between individuals
with SCI (median [range] —213.70 [271.50] ms; n = 14) and the
controls (—157.70 [270] ms; n = 20) during the external
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A

Figure 2. EMG onset during rapid shoulder flexion. A:
raw EMG traces recorded from right anterior deltoid
(AD) and left erector spinae (ES) from a control partici-
pant and an individual with C3 SCI (ID# 14 from Table 1)
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between-group comparisons with Mann-Whitney
U test. SCI, spinal cord injury.
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control, during both APA and CPA phases. The group results
(Fig. 4B) confirmed that the y-axis of the centroid was
located more caudally in the individuals with SCI (APA:
means [SD] 5.81 [1.90] cm; CPA: 6 [1.71] cm) than in the con-
trols (APA: 4.56 [1.33] cm; CPA: 4.70 [1.38] cm) during both
APAs [t(36) = —2.37, P = 0.023, 95% CI —2.32 to —0.18] and
CPAs [t(36) = —2.59, P = 0.014, 95% CI —2.31 to —0.28].
However, the EMG amplitude was not different between the
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Figure 3. HDEMG in the rapid shoulder flexion (RSF) task. A: differential EMG amplitude maps of the ES based on two analysis windows: APA and the
shoulder flexion phase of the task from a control participant and an individual with C4 SCI (ID# 17). Note that the y-axis of the centroid location (large
white circle) is located at the center or lower part of the grid in the individual with SCI, while that is located at the upper part of the grid in the control.
The smaller circles represent the active channels, meaning those with an RMS amplitude higher than 70% of the maximum RMS amplitude across the
grid. B: group data of EMG amplitude and y-axis of the centroid of the ES (controls n = 21, males n = 7; SCl n =19, males n = 16). The horizontal line
within the box represents the median, and outer edges of the box represent the 25" and 75" percentiles. The upper and lower whiskers extend to
1.5 times the interquartile range. The red dot indicates the mean value. *P < 0.05 between-group comparisons with Mann—-Whitney U test. APA, antic-
ipatory postural adjustment; RMS, root mean square; SCI, spinal cord injury.
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Table 2. Kinematic results in control participants and individuals with SCI

Task

Measurements, mm

Mean/Median, SD/range

Statistics

Rapid shoulder flexion task

External perturbation task

Forward reaching

CoP displacement A-P

CoP total trajectory

APA - CoP displacement A-P
APA - CoP total trajectory
CPA - CoP displacement A-P
CPA - CoP total trajectory
Wrist displacement A-P

T1displacement A-P

C: 30.06 (63.88)
SCl: 23.05 (40.55)
C: 183.68 (166.35)
SCI: 210.03 (192.14)
C: 2.06 (6.61)

SCI: 2.49 (12.42)
C:10.00 (2.24)
SCI: 9.23 (3.13)

C: 6.18 (16.86)
SCl: 5.88 (11.02)
C: 1151 (12.31)

SCI: 13.19 (12.28)
C: 488.13 (89.50)
SCI: 24411 (117.21)
C: 514.34 (351.17)

Z=-105,P=0.293
Z=-150,P =0.135
Z=-014,P=0.89
{(37) = 0.89, P = 0.381,
95% Cl —0.99 to 2.53
Z=-031,P=076
Z=-0.45,P=0.65
£(39) = 7.52, P < 0.001%,

95% Cl1178.34-309.70
Z=—-4.98,P < 0.001*

CoP displacement A-P

CoP total trajectory
Lateral reaching Wrist displacement M-L
T1displacement M-L
CoP displacement M-L

CoP total trajectory

SCl: 287.83 (416.93)
C: 138.38 (110.60)
SCI: 62.46 (129.76)
C: 327.83 (234.53)
SCl: 209.78 (288.38)
C: 275.55 (221.62)
SCI: 93.17 (242.18)
C: 284.24 (65.72)
SCI: 147.14 (87.15)
C:140.96 (33.73)
SCI: 69.45 (35.90)
C: 355.78 (78.92)
SCl: 287.82 (91.77)

Z=—-4.97,P < 0.001*
Z = -5.03, P < 0.001*
Z = —4.10, P < 0.001*

£(39) = 5.71, P < 0.001%,
95% Cl 88.49-185.70

£(36) = 6.33, P < 0.001%,
95% Cl 48.60-94.42

{(36) = 2.45, P = 0.019%,
95% CI 11.80-124.12

A-P, anterior-posterior; APA, anticipatory postural adjustment; C, controls; CoP, center of pressure; CPA, compensatory postural
adjustment; M-L, medio-lateral; SCI, spinal cord injury; T1, 1°* thoracic spinous process; *P < 0.05 between-group comparisons with
Mann-Whitney U test (Z value; median, range reported) or independent ¢ test (¢ value; means, SD reported).

groups during the APA (SCI: median [range] 6.90 [41.06] uV;
Control: 7.69 [12.34] uV) and CPA (SCI: 9.99 [45.41] puV;
Control: 9.71 [21] uV) phases (P > 0.05 for both; Fig. 4B). No
differences were found in the CoP displacement during APA
or CPA phases between the SCI (n = 19) and control (n = 20)
groups (P > 0.05 for both; Table 2). No correlations were
found between the level of injury, HDEMG-derived parame-
ters, or CoP displacement in individuals with SCI (P > 0.05
for all cases).

Regional Distribution of ES Activity during
Multidirectional Reaching Tasks

One participant with SCI was unable to perform the reach-
ing tasks; HDEMG data from three participants with SCI
were excluded due to movement artifacts. As expected, indi-
viduals with SCI reached with shorter distance and had
smaller trunk and CoP displacement in both forward and lat-
eral reaching compared with the controls (Table 2). Figure 5A

A B Figure 4. HDEMG of the external perturba-
2 Comrol  APA sCI(D#6) ks tion task. A: differential EMG amplitude
2 50 maps of the ES in the APA (—100 ms to 50
g 9 s . = ms; top) and CPA (50 ms to 200 ms; bot-
7: 8 :::’ 40 S tom) windows obtained from a control par-
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Z 5 o ié > > meaning those with an RMS amplitude
4 ’ 4 o S 0 higher than 70% of the maximum RMS am-
E 12345 5345 Control  SCI plitude across the grid. B: group data of
CPA CPA EMG amplitude and y-axis of the centroid

2 Control SCI (ID# 6) of the ES (controls n = 20, males n = 7,
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E 11 s % and outer edges of the box represent the
5 .30 E 25" and 75™ percentiles. The upper and
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@ & anticipatory postural adjustment; CPA,
E 12 12345 Control Bl Canirol SCl compensatory postural adjustment; SCI,

Columns spinal cord injury.
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Figure 5. HDEMG during forward reaching. A: differential EMG amplitude maps of the ES based on the reaching (left) and returning (right) phases of the
task obtained from a control participant and an individual with T4 SCI (ID# 3). Note that activation of the ES is limited in an area in the individual with SCI,
while the activation is more spread out in the control. The large white circle represents the y-axis centroid, whereas the smaller white circles represent
the active channels, meaning those with an RMS amplitude higher than 70% of the maximum RMS amplitude across the grid. B: group data of EMG am-
plitude (controls n = 21, males n = 7; SCl n = 17, males n = 14). The horizontal line within the box represents the median, and outer edges of the box rep-
resent the 25" and 75" percentiles. The upper and lower whiskers extend to 1.5 times the interquartile range. The red dot indicates the mean value. C:
group data of the difference in the y-axis of the centroid (controls n = 21, males n = 7; SCl n = 17, males n = 14) between the reaching and returning
phases. D: individual differences in the y-axis of the centroid between reaching and returning phases. *P < 0.05 with repeated-measures ANOVA and

post hoc tests. RMS, root mean square; SCI, spinal cord injury.

illustrates the spatial distribution of EMG amplitudes of the
ES during forward reaching obtained from a control partici-
pant and an individual with an SCI at T4 (ID# 3). Note that
the y-axis centroid changes during reaching and returning
phases in the control, while it remains at the same location in
the participant with SCI. A repeated-measures ANOVA dem-
onstrated a large effect of movement phase (F; 36 =30.03, P <
0.001; n’p = 0.46), and an interaction of movement phase x
group (F;36=28.63, P < 0.001; n’p = 0.44) on EMG ampli-
tude during forward reaching (SCI = 17, control = 21). Post
hoc analyses revealed greater EMG amplitude during the
reaching phase (median [range] 25.56 [54.05] uV) than the
returning phase (15.61 [20.65] uV) in the controls (Z = —4.02,
P < 0.001), whereas the EMG amplitude was not different
between the two phases of the reaching movement in the par-
ticipants with SCI (Reach: 12.45 [58.36] uV; Return: 10.39
[59.06] uV; Z = —0.40, P = 0.687; Fig. 5B). In addition, EMG
amplitude was lower in individuals with SCI than in the con-
trols during the reaching phase (Z = —-3.95, P < 0.001;
Fig. 5B) and during the returning phase (Z = —2.22, P = 0.027;
Fig. 5B) of the task. For the y-axis of the centroid, there was a
small-to-medium effect of movement phase (F; 35 =10.14, P =
0.003; n?p = 0.22) and an interaction of movement phase x
group (Fyz3=6.81, P = 0.013; n’p = 0.16) during forward
reaching. When comparing the changes in the y-axis of the

734

centroid from reaching to returning phases between partici-
pants with SCI and the controls, the difference was greater in
the controls (median [range] 0.79 [2.85] cm) than in the par-
ticipants with SCI (0.19 [1.27] cm; Z = —3.74; P < 0.001; Fig. 5,
C and D). No significant correlations were found between
the level of injury and RMS amplitude, x-axis or y-axis of
the centroid, reaching distance, or the CoP displacement
in the participants with SCI (P > 0.05 for all cases).

Figure 6A illustrates the spatial distribution of EMG
amplitudes of the ES during lateral reaching in a control par-
ticipant and an individual with T4 SCI (ID# 3), showing dis-
tinct spatial activation patterns between the individual with
SCI and the control. The results revealed a significant effect
of movement phase (F; 3;=238.68, P = 0.006; nzp = 0.19) and
an interaction of movement phase x group (F; 3;=21.52, P <
0.001; n’p = 0.37) with a medium-to-large effect size on
EMG amplitude during lateral reaching (SCI = 18, control =
21). Post hoc analyses showed that EMG amplitude was
greater during the reaching phase (median [range] 15.22
[34.30] uV) than during the returning phase (12.21 [23.56] uV)
in the controls (Z = —3.67, P < 0.001; Fig. 6B). In the SCI
group, EMG amplitude was lower during the reaching phase
(11.40 [35.69] nV) than during the returning phase (11.92
[36.07] uV), albeit the difference was small (Z = —-2.16, P =
0.031; Fig. 6B). In addition, EMG amplitude of the ES was
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Figure 6. HDEMG of lateral reaching. A: differential EMG amplitude maps of the ES based on the reaching (left) and returning (right) phases of the move-
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square; SCI, spinal cord injury.

greater in the controls than in the participants with SCI dur-
ing the reaching phase (Z = —2.00, P = 0.045) but not during
the returning phase (Z = —0.59, P = 0.554; Fig. 6B). For the
y-axis of the centroid, there was no effect of movement phase
(F137=0.42, P=0.521; n?p = 0.01) or an interaction of move-
ment phase x group (Fy 3;=1.73, P= 0.196; n’p = 0.05) in the
lateral reaching. There was no between-group difference
(Control: median [range] 0.48 [2.37] cm; SCI: 0.47 [1.34] cm)
in the change in the y-axis of the centroid between the reach-
ing and returning phases (Z = —0.79; P = 0.43; Fig. 6, C and
D). No correlations were found between the level of injury
and EMG amplitude, x-axis or y-axis of the centroid, reach-
ing distance, or the CoP displacement (P > 0.05 for all cases).

We performed additional analyses on the HDEMG data
when the reaching distance of the controls was matched to
the participants with SCI. All results remained the same as
the main results described earlier (Supplemental Figs. S1 and
S2; all Supplemental material is available at https://doi.org/
10.5281/zeno0do.8394954).

DISCUSSION

The current study aimed to characterize the spatial distri-
bution of activation from the thoracic part of the ES in indi-
viduals with an incomplete SCI during postural tasks and
multidirectional reaching tasks. Our findings demonstrate a
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more caudally distributed activation of the ES during the
postural tasks in individuals with SCI, compared with the
controls. In addition, phase-dependent activation of the ES
was lost during the reaching tasks in individuals with SCI.
Specifically, the y-axis of the centroid did not change during
forward reaching in the individuals with SCI. The EMG am-
plitude of ES was the same between reaching forward and
returning to the upright posture in individuals with SCI,
while the EMG amplitude was greater in reaching forward
compared with returning to the upright posture in the con-
trols, suggesting a loss of discrete control of the ES after SCI.
These differences in regional distribution in ES were still
present even when the kinematic results were matched
between the groups. We suggest that altered regional activa-
tion of the thoracic ES seen in postural adjustments and
movements of the trunk may reflect compensatory trunk
control strategies using residual muscle fibers of the ES for
functional reservation after SCI.

Altered Regional Distribution of ES Activity for Postural
Control after SCI

The cranio-caudal shift of activation of the ES observed
in our study may be related to the innervation zones of the
ES predominantly distributed in a narrow band along the
muscle fibers in the superior-inferior direction (25, 26).
Studies investigating regional distribution of activation of
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biceps brachii and tibialis anterior reported a shift in acti-
vation along the direction of the muscle fibers when the
contraction levels (42) and walking speed (43), respec-
tively, were increased. Here, we observed delayed activa-
tion of the ES with respect to the AD (i.e., delayed APAs)
during the RSF task in individuals with SCI, with the acti-
vation being lower and more caudally distributed, com-
pared with the controls. Our results support previous work
showing delayed APAs in people with SCI (7). APA is a
feedforward control mechanism and is thought to be
mediated by the motor cortex as it occurs in a time window
(—100 to + 50 ms with respect to initiation of a movement)
(44) either before a movement or too early to be influenced
by afferent input from the periphery (44-46). Previous
studies reported an association between corticospinal
excitability and timing of APAs in adults with SCI (7) and
in older adults (47), suggesting a relationship between cor-
ticospinal function and postural control. As the corticospi-
nal function is impaired after SCI, we suggest that the
change in regional distribution of ES activity may be
resulted from impaired synaptic connections between de-
scending motor pathways and motor neurons in the spinal
cord. Furthermore, prior work suggests that the APA
response was influenced by limb movement velocity only
when the movement was below a threshold velocity, i.e.,
100°/s (35). Although the mean velocity of the arm move-
ment was slower in participants with SCI than in the con-
trols, it was above 100°/s in the participants with SCI,
exceeding the velocity threshold for the involvement of
APAs. Nevertheless, caution is needed when interpreting
the ES activation and APAs induced by the RSF task.

Similar results were found during the external predicted
perturbation task. Individuals with SCI activated the caudal
part of the ES while the controls recruited the cranial part of
the ES in both APA and CPA windows. Different from APA,
CPA is a feedback control mechanism involving sensorimo-
tor integration (48). Thus, different regional distribution of
ES activity during the external predicted perturbation task
may be due to impaired sensorimotor function after SCI.

An intriguing question is why was the activation of the ES
at the lower level of the thoracic ES (closer to lumbar ES) in
individuals with incomplete SCI? Prior work reported that
people with SCI often adopt a posterior pelvic tilt that flexes
the thoraco-lumbar spine to increase the base of support and
improve trunk stability and sitting balance (49, 50). It is pos-
sible that this compensatory postural control strategy influ-
enced the regional distribution of ES activity, thus a more
caudally distributed activation, in individuals with SCI.
However, when we matched the sitting posture of the control
participants to the participants with SCI, i.e., the control par-
ticipants were seated with a posterior pelvic tilt and per-
formed the tasks, their ES activation did not shift to the
lower part of the ES, as seen in participants with SCI
(Supplemental Figs. S3 and S4). Prior work reported similar
thoracic ES activity between upright sitting and slouched sit-
ting in healthy adults (51), suggesting a limited influence of
posture on thoracic ES activity. Nevertheless, while we did
not observe acute changes in ES activation with alterations
in sitting posture, as demonstrated in control participants,
this may not fully capture the chronic changes in the ES acti-
vation associated with sitting posture in individuals with SCI.
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Another possible explanation could be altered synaptic con-
nections between the descending motor axons and motor
neurons after SCI. Animal studies have demonstrated sprout-
ing of the descending axons innervating spinal motoneurons
caudal to the lesion site (52, 53). For instance, an injury in the
thoracic spinal cord of rats led to the descending axonal
sprouts, which subsequently formed new synaptic connec-
tions with propriospinal neurons projecting to lumbar motor
neurons (53). Research in humans with incomplete SCI
reported increased corticospinal excitability of muscles dis-
tant from the point of injury, while the excitability remained
unchanged in muscles at and above the injury level (54), sug-
gesting the caudal synaptic connections from an injury to
maintain a supraspinal influence to distal spinal segments af-
ter SCI. Taken together, the results presented in this study
revealed the differential activation of specific regions of the
ES for postural control after SCI. We suggest that the caudal
shift in ES activation could reflect reinnervation and altera-
tions in the selective neural control of the ES to allow for acti-
vating the residual muscle fibers that are advantageous for
postural control and movement after SCI. The extent to which
changes in ES activation underpin task performance warrants
further investigation.

Altered Spatial Distribution of the ES Activity for
Assisting with Movements of the Upper Extremities
after SCI

Research using indwelling EMG electrodes has shown dis-
tinct muscle activation between the caudal and cranial
regions of the lumbar ES during goal-directed voluntary
movement of the trunk in noninjured adults, suggesting
selective control of regions of the ES (11). During forward and
lateral reaching, the ES was activated for the trunk moving
closer to the target and then returning to the original pos-
ture, thereby a goal-directed movement of the trunk. Here,
we observed greater ES activity during the reaching phase
than the returning phase in the controls, while the ES activ-
ity between the two phases was not different in individuals
with SCI. Our results support previous studies showing that
individuals with SCI used more co-contractions and less
directional tuning of the trunk muscles when leaning the
body toward multiple directions, compared with the nonin-
jured adults (15, 55). Increased co-contraction of muscles
during motor tasks has been shown in animals and humans
with SCI (56-58), likely due to reduced supraspinal influence
and greater motoneuron excitability (58, 59). Use of co-con-
traction of the trunk muscles during functional reaching
may reflect an altered trunk control strategy to stiffen the
trunk (60). Our study reveals the altered trunk control strat-
egy spatially and future investigations on quantifying spatial
activation across different trunk muscles for evaluation of
the trunk motor strategy after SCI are needed. Moreover, the
activity of the ES was limited to a smaller region of the ES
within the forward-reaching movement in participants with
SCI, while it was spread across the muscle in the controls.
We did not observe differences in the y-axis centroid
between the controls and participants with SCI during lateral
reaching. However, previous studies using surface HDEMG
have consistently showed differences in the centroid posi-
tion along the direction of the muscle fibers (i.e., y-axis
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centroid for the ES) but little variation across the fibers (i.e.,
x-axis centroid) (32, 61). Movement of the lateral reaches
occurs on the frontal plane and any changes in the regional
activation are more likely to be observed on the x-axis cent-
roid (lateral-medial of the ES), which may explain the lack of
changes in the centroid position during lateral reaching.
When comparing the ES activity for a similar reaching dis-
tance between the groups (i.e., we analyzed a portion of the
data of reaching in the controls), the differences in the SCI
group remained (Supplemental Figs. S1 and S2). It is thought
that changes in EMG amplitude within the muscle reflect
task- or movement-specific motor control, possibly due to
selective control from the central nervous systems (62-64).
A localized activation of the ES in those with SCI may be
related to impairment of selective neural control of the ES
and hence altered motor control strategies of the trunk. It
should be noted that a shift in the regional activation to-
ward the caudal region of the thoracic ES could be a result
of a nonspecific (generalized) activation over the entire
electrode grid that may be more related to muscle weak-
ness of the ES after SCI. Nevertheless, this possibility was
controlled by our analysis approach that only considered the
electrodes with an RMS amplitude higher than 70% of the
maximum RMS amplitude of the entire electrode grid. Given
the small activity obtained in the impaired trunk muscles in
individuals with SCI, this approach improved the signal-to-
noise ratio, allowing for better detection of differences in the
activation pattern of the ES between individuals with SCI and
the controls. Furthermore, the differences in regional activa-
tion could also be influenced by the architecture of the mus-
cle (e.g., direction of the muscle fibers, innervation zone) and
changes in the interelectrode distance during the movement
(e.g., movement of the skin) (65). The latter one is less likely
as regional distribution of ES activity remained to be differ-
ent between SCI and control participants when the reaching
distance was matched. Therefore, the distinct distribution of
the EMG response in the ES between our participants with
chronic SCI and the controls in our study could be due to a
combination of impaired synaptic input to the muscles below
the injury (7, 54, 66) and changes in the properties of the ES
muscles, such as muscle atrophy (67, 68), denervation (69),
and changes in signaling transmissions around the neuro-
muscular junctions (70), that have been reported to occur fol-
lowing SCI.

Furthermore, it is possible that some participants with SCI
used their nonreaching arm for stability during functional
reach tasks, despite care being given during the data collec-
tion and trials, which did not comply with the instructions
being discarded. Prior work recorded EMG from bilateral ES
during unilateral shoulder abduction with the right arm in
healthy adults (41). They reported no change in EMG activity
of the right (ipsilateral) ES when increasing contraction lev-
els of the arm. The same phenomenon was observed in this
study in both participants with SCI and controls. Although
we cannot fully exclude the influence of the use of the non-
reaching arm on the results of EMG, our results are in keep-
ing with previous studies that reported different EMG
amplitudes of the trunk muscles between individuals with
SCI and controls during reaching (5, 15). Moreover, some of
the participants included in this study (i.e., AIS B) had more
severe injuries than others. Those participants could have
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different EMG results from the other participants due to
severe impairment of motor function below the level of
injury. However, the small sample size precluded a subgroup
analysis in this study.

Functional Consequences

Surface bipolar EMG has been extensively used to study
trunk muscle control, and muscle synergies of upper body
and back muscles in individuals with chronic SCI (7, 15, 71—
74). Emerging evidence has shown the CNS selectively con-
trolling different regions of the ES and the nonuniformity of
activation of the ES across spinal segments during trunk
movements in noninjured adults (11, 75, 76). Hence, it is im-
portant to assess injury-related changes in the spatial activa-
tion of the ES muscles to gain insight into the use of residual
muscle fibers of the ES for function after SCI. HDEMG can
provide detailed information on activation patterns of the ES
that bipolar EMG is unable to provide. Indeed, we show that
individuals with SCI recruited a different part of the thoracic
ES during tasks requiring postural stability and involving
movements of the upper extremities. Our results echo previ-
ous studies showing changes in trunk muscle activity during
functional activities, such as in wheelchair propulsion (77,
78) and during pivot transfers (79), after SCI. In addition, our
findings provide spatial changes in neuromuscular control
of the trunk across spinal segments below the level of injury
in individuals with incomplete SCI.

Prior work using machine learning approaches was able to
classify different motor tasks based on the spatial-temporal
information extracted from HDEMG in people with incom-
plete SCI (80), with a view to developing assistive technolo-
gies for upper limb function. Research has also shown
improved diagnosis of paralysis of hand muscles in individu-
als with SCI using HDEMG with advanced signal processing
techniques (81). Furthermore, surface EMG is common in
clinical research settings for evaluation of therapeutic out-
comes of trunk rehabilitation (82, 83). Given that trunk con-
trol plays an important role in activities of daily living and
many people living with SCI have impaired trunk control,
our findings provide new insight into motor control of the
ES in SCI, relevant to development of assistive technology
for postural control, assessment of trunk muscles, and evalu-
ation of therapies for trunk function.

Limitations

There are limitations in this study. First, results were pre-
sented without EMG normalization, as our previous study
reported that with the same technique and the methodology
uncorrected EMG amplitudes seem to be more reliable than
normalized data (27). People with SCI tend to have a higher
body mass index that can influence the magnitude of EMG
signals. We did not observe consistent lower EMG ampli-
tudes across the tasks in the participants with SCI. In addi-
tion, our results focused on regional distribution of ES
activity that is less affected by the between-subject differen-
ces in magnitude of EMG signals. Another limitation was
that there were fewer male participants in the control group
than in the SCI group. More male participants in the SCI
group are in keeping with the prevalence of SCI being higher
in males than in females (84). The effect of sex on EMG
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measurements has been reported during high levels of sus-
tained voluntary contractions (85-88). Nevertheless, prior
work reported no sex differences in muscle activity during
intermittent low levels of voluntary contractions (89) and
our unpublished work did not detect sex differences in the
HDEMG-derived parameters in the ES during the reaching
tasks. Although we are unable to completely rule out the
effect of sex in our results, the impact of the imbalance of
male and female participants between the groups on our
results is likely to be minimal. Moreover, as there were only
five participants with a thoracic SCI, we did not perform a
subgroup analysis comparing spatial activation of the ES
between participants with high-thoracic and low-thoracic
SCI. A relatively small sample size in our study may contrib-
ute to the absence of significant correlations between the
level of injury and HDEMG-derived parameters. Previous
studies using bipolar EMG reported different activity of the
trunk muscles between individuals with high and low level
of complete and incomplete SCI during static sitting (15, 72)
and posterior transfer, which involves lifting the body up
and shifting the body weight backward with bilateral upper
extremities (90), albeit the information from the amplitude-
based analysis with the bipolar EMG may not be applicable
to the spatial activation of the muscles extracted from
HDEMG. Finally, the interelectrode distance could change
more in the controls than in the participants with SCI during
reaching because the controls moved the trunk further than
the participants with SCI. However, the influence is likely to
be minimum as we did not observe similar centroid position
when comparing the ES activity for a similar reaching dis-
tance between the groups (Supplemental Figs. S1 and S2).

Conclusions

We show that individuals with chronic, incomplete SCI
recruited different regions of the thoracic ES to maintain pos-
tural stability and to move the trunk in assisting movements
of the upper extremities. Specifically, the activation was
shifted toward the caudal region of the ES and the discrete
control of the ES was lost in individuals with SCI. We propose
that these injury-related changes in the spatial activation of
the ES are likely to represent the utilization of residual muscle
fibers and alterations in selective neural control of the ES to
maximize the ability to maintain posture and function.
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