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Home‑based arm cycling exercise 
improves trunk control in persons 
with incomplete spinal cord injury: 
an observational study
Joeri F. L. van Helden 1, Emma Alexander 2, Hélio V. Cabral 3, Paul H. Strutton 4, 
Eduardo Martinez‑Valdes 1, Deborah Falla 1, Joy Roy Chowdhury 5 & Shin‑Yi Chiou  1*

Arm cycling is used for cardiorespiratory rehabilitation but its therapeutic effects on the neural control 
of the trunk after spinal cord injury (SCI) remain unclear. We investigated the effects of single session 
of arm cycling on corticospinal excitability, and the feasibility of home-based arm cycling exercise 
training on volitional control of the erector spinae (ES) in individuals with incomplete SCI. Using 
transcranial magnetic stimulation, we assessed motor evoked potentials (MEPs) in the ES before and 
after 30 min of arm cycling in 15 individuals with SCI and 15 able-bodied controls (Experiment 1). Both 
groups showed increased ES MEP size after the arm cycling. The participants with SCI subsequently 
underwent a 6-week home-based arm cycling exercise training (Experiment 2). MEP amplitudes 
and activity of the ES, and movements of the trunk during reaching, self-initiated rapid shoulder 
flexion, and predicted external perturbation tasks were measured. After the training, individuals 
with SCI reached further and improved trajectory of the trunk during the rapid shoulder flexion task, 
accompanied by increased ES activity and MEP amplitudes. Exercise adherence was excellent. We 
demonstrate preserved corticospinal drive after a single arm cycling session and the effects of home-
based arm cycling exercise training on trunk function in individuals with SCI.

A significant proportion of people with spinal cord injury (SCI) exhibit reduced control of their trunk muscles1,2. 
This can severely disrupt upper limb3,4 and locomotor function since the ability to maintain upright trunk stability 
is essential for carrying out functional and recreational activities5–7 such as feeding, dressing, transferring, and 
playing sports. However, standard interventions for trunk rehabilitation are complex and require considerable 
input from experienced therapists and care-partners to assist the patient in performing the specific exercises8,9. 
These requirements limit the time in which the rehabilitation can be performed, impeding recovery. Hence, there 
is a need to identify new approaches for trunk rehabilitation after SCI.

It is well established that there are functional interactions between the trunk and upper limbs10,11. For example, 
trunk muscles are activated prior to or concurrent with arm movements to minimise postural displacement12,13 
and to assist movements of the arms14,15. Additionally, activation of trunk flexors and extensors was reported 
during upper-body exercises, such as arm cycling, and boxing and battle rope exercise, in individuals with 
SCI16,17. Several lines of evidence suggest physiological interactions between muscles of the trunk and upper 
limbs; using transcranial magnetic stimulation (TMS) over the primary motor cortex, studies reported increased 
motor evoked potential (MEP) amplitudes in the trunk extensors and flexors during voluntary contractions of 
the muscles of the upper limbs in healthy adults and in people with chronic incomplete SCI18–21. Moreover, prior 
work demonstrated an increase in MEP amplitudes in thoracic erector spinae (ES) after cessation of 30 min of 
unilateral rhythmic arm cycling in healthy adults and this facilitatory effect lasted for 20 min post-cycling22. These 
results suggest acute neuroplasticity in the corticospinal pathways projecting to the trunk muscles induced by 
voluntary contractions of the arm muscles. Inducing neuroplasticity in the corticospinal tract has been shown 
to promote voluntary movement and functional recovery23–25. For example, strengthening transmission in the 
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neural pathways to the injured muscles, improving voluntary motor output, resulting in enhanced function in 
people with SCI and stroke25,26. Hence, we hypothesised that exercise involving arm movements will strengthen 
the corticospinal pathways to the trunk muscles, leading to improved trunk motor control in people with SCI.

Arm cycling exercise is a form of volitional exercise commonly used by individuals with SCI for cardiores-
piratory fitness27. The exercise is simple and can be performed outside a clinical setting by individuals without 
supervision from professionals, positing an opportunity to overcome the barriers of current approaches for trunk 
rehabilitation. Hence, the first aim of this study was to compare the effects of single session of arm cycling on 
corticospinal excitability of the ES musles in individuals with chronic incomplete SCI and able-bodied controls. 
We hypothesised that MEP amplitudes of the ES would increase after single session of arm cycling in both indi-
viduals with SCI and able-bodied controls. The second aim of this study was to examine the effects of a 6-week 
home-based, unsupervised arm cycling exercise training on corticospinal excitability and neuromuscular func-
tion of the ES in individuals with chronic incomplete SCI. We hypothesised that corticospinal drive to the ES will 
increase and the volitional control of the trunk muscles will improve during functional tasks after the training.

Methods
The study protocol was approved by West Midlands–Edgbaston Research Ethics Committee (19/NI/0075) and 
performed in accordance with the Declaration of Helsinki. Written informed consent was obtained from all 
participants prior to data collection.

Participants
Fifteen adults with a stable incomplete cervical or thoracic SCI (see results for demographics) were recruited 
from the Midland Centre for Spinal Injuries and from social media between 2019 and 2022 to participate in 
both Experiments 1 and 2, based on a power calculation drawn from a previous study22 suggesting a sample 
size of 15 was sufficient to detect a pre-post effect for peak-to-peak amplitudes of MEPs in the thoracic ES with 
90% power and a 5% level of significance. Additionally, fifteen healthy adults (21.1 ± 0.5 years old, with 7 males) 
with no history of neurological conditions or disorders were recruited for experiment 1 as controls. Inclusion 
criteria for participants with SCI were: (1) categorised by the American Spinal Cord Injury Impairment Scale 
(AIS) as AIS C or D (motor incomplete injury), (2) > 12 months from the time of injury, (3) having sufficient 
motor function of upper extremities to voluntarily move the pedals of the arm bike to perform arm cycling 
exercise, and (4) able to maintain upright seated posture with back supported and without using the arms for 
balance for > 10 s. Participants were excluded if they had contraindications to TMS (i.e., previous brain injury or 
brain surgery, metal implants or medical devices placed inside the head, history of epilepsy or seizure, actively 
taking antidepressants or other neuromodulatory drugs, or pregnancy)28. All assessments were performed in 
the laboratories at the University of Birmingham.

Bipolar surface electromyography (EMG)
Muscle activity was recorded bilaterally from the ES at the 12th thoracic vertebral level (T12) and biceps brachii 
using surface electromyography (Delsys® Bagnoli-2 EMG system). The skin was cleaned with alcohol wipes 
(GAMA Healthcare, Hertfordshire, UK). Two single differential surface EMG sensors (DE-2.1, Delsys Inc., USA) 
with a contact surface of 10 mm × 1 mm and an inter-electrode distance of 10 mm were placed over the belly of 
the biceps brachii, and over the ES at two centimeters lateral to the T12 spinous process. A reference electrode 
was placed on the left iliac crest. EMG signals were amplified by a factor of 1000, bandpass filtered at 20–450 Hz, 
and sampled at 1 kHz using a micro 1401 data acquisition unit (Cambridge Electronica Design, Cambridge, UK). 
The data were acquired, stored, and analysed by Signal v6.05 or Spike v10 software.

Transcranial magnetic stimulation (TMS)
TMS pulses were delivered via a Magstim 2002 monophasic stimulator (The Magstim Company Ltd., Whitland, 
UK) through a double-cone coil (loop diameter: 110 mm), handle pointing backward and ~ 45° away from the 
midline to induce a current flow in the anteromedial direction. The coil was placed over the primary motor 
cortex ipsilateral to the less affected arm (participants with SCI) or the dominant arm (controls) to elicit MEPs 
in the contralateral ES. To determine the less affected arm in the participants with SCI, we tested strength of the 
biceps brachii and triceps brachii from both arms with manual muscle testing and the arm graded with a higher 
strength was determined as the less affected arm. The optimal position (hot spot) for the coil was determined 
as the point where the largest MEP was elicited in the contralateral ES. This coil position was saved in a neuro-
navigation system (Brainsight 2, Rogue Research Inc, Montreal, Canada) and used throughout the experiment 
and at post-assessment for consistency of the coil placement. TMS intensity was determined to evoke MEPs in 
the ES at peak-to-peak amplitudes of ~ 0.1 mV. In some participants with SCI whose ES MEPs were less than 
0.1 mV, an intensity of 100% maximal stimulator output was used.

Experimental procedures
Experiment 1. Modulation of corticospinal excitability of the ES following a single session of arm cycling
An arm ergometer (Pedal Exerciser with Digital Display, NRS Healthcare, Coalville, UK) placed on a height-
adjustable table was used for arm cycling. The height and distance of the ergometer were adjusted individually 
so that the arm crank shaft was at the same height as the shoulders and the maximal pedal distance was with the 
elbow softly bended to minimise movements of the scapula, shoulder and upper body. Participants performed 
2–3 brief (~ 2 s) maximal voluntary contractions of the elbow flexors, with the shoulder at neutral position and 
the elbow flexed at 90° prior to the exercise. EMG amplitudes obtained from the maximal voluntary contractions 
were calculated as the root mean square (RMS) amplitude in a 500 ms window centreed at the peak amplitude. 
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All participants underwent 30 min of arm cycling exercise at 60 revolutions per minute (RPM) in seated position 
without back support in our laboratory (Fig. 1A). Breaks were given when needed. The resistance of the arm bike 
was set to require activity of the biceps brachii EMG in the pulling back phase (flexion phase) of the arm crank 
movement at ~ 20% of the maximal voluntary contraction of the less affected arm for the participants with SCI 
or the dominant arm for the controls (Fig. 1C)20,21. To examine the effect of the arm cycling on corticospinal 
excitability of the ES, TMS pulses were delivered before, and 10, 20, and 30 min after the arm cycling (Fig. 1B) 
when participants were seated and relaxed (with the back supported) in the chair. Ten TMS pulses were delivered 
at 4 s intervals at each time point.

Data analysis. Peak-to-peak amplitudes of MEPs from the ES were averaged and measured for each time point 
and expressed as a percentage of the baseline MEP amplitude of the ES (before the arm cycling). Pre-stimulus 
baseline EMG obtained from ES was calculated as RMS amplitudes in 100 ms window before TMS to ensure that 
ES motoneuronal excitability was the same across all time points. Latencies of ES MEPs were determined as the 
point where rectified EMG traces exceeded 2 SD of the mean pre-stimulus baseline EMG.

Experiment 2. The effects of arm cycling exercise training on trunk motor control and corticospinal excitability of 
the ES in participants with SCI
Participants with SCI who completed Experiment 1 were recruited into Experiment 2 to undertake a home-based 
arm cycling exercise training consisting of 5 × 30 min of arm cycling at 60 RPM in a week for 6 weeks. The initial 
resistance of the arm cycling was at ~ 20% of the maximal voluntary contraction of the biceps brachii, measured 
in Experiment 1. Participants were instructed to increase the resistance of the arm bike progressively in order to 
maintain the exercise intensity at a rating of perceived exertion of 4 based on the modified CR-10 Borg Scale29 
throughout 6 weeks of training period. Participants were given an exercise diary to document their exercise 

Figure 1.   Experimental setup of Experiment 1. (A) Schematic illustration of the setup of arm cycling (left) 
and TMS stimulation (right). (B) A study diagram showing the time course of experiment 1. (C) Raw EMG 
traces recorded from bilateral erector spinae (ES) and biceps brachii during arm cycling with ~ 20% of maximal 
voluntary contraction of the biceps brachii.
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adherence. They were contacted by the research team (JFLvH, EA) every 1–2 weeks to ensure there were no 
issues with the exercise. Participants were assessed before (pre-) and after (post-) the training in the laboratories 
at University of Birmingham.

Assessments.  Participants underwent neurophysiological and functional assessments. For the neurophysio-
logical assessment, participants received single TMS pulses eliciting MEPs in the ES at peak-to-peak amplitudes 
of ~ 0.1 mV while they were seated and relaxed in a chair. If a peak-to-peak amplitude of 0.1 mV was unable to 
be achieved, an intensity of 100% maximal stimulator output was used. The stimulus intensity was the same at 
pre- and post-assessment. The coil position stored in the navigation system at pre-assessment was used at post-
assessment so that the coil placement was the same between sessions. For the functional assessment, participants 
performed multidirectional reaching tasks and perturbation tasks while seated on a custom-made chair embed-
ded with a force plate and reflective markers attached bilaterally over the ulnar styloid processes and over the 
first thoracic spinous process30. Their torso was unsupported, and feet were placed flat on the floor or a step, 
with hips and knees flexed at 90°. Participants were asked to reach forward (Fig. 2A left) and to the side (Fig. 2A 
right) with the less affected arm as far as they could without losing balance for 3 times30. In the first perturba-
tion task, participants raised their arms as fast as possible in response to a light-emitting diode five times (rapid 
shoulder flexion; Fig. 2B left). In the external perturbation task, a pendulum with a weight of ~ 5% of the body 
mass of the individuals was released from a 45° angle towards the extended arm of the participants five times 
(Fig. 2B right)30. Kinematics of the wrist, trunk, and centre of pressure, and activation of the ES during the 
tasks were recorded using a 3-D motion capture system and high-density surface electromyography (HDEMG), 
respectively. HDEMG was chosen over conventional bipolar EMG as it allows recording of muscle activity from 
a larger portion of the muscle compared to the conventional EMG31, providing greater reliability of amplitude 
estimations30, which is ideal for repeated measurements.

Kinematics.  Trunk and wrist movements during the tasks were collected with a motion capture system (Smart-
DX 6000, BTS Bioengineering Corp, Quincy, MA, USA) and seated ground reaction movements were recorded 
with a force plate (BTS P6000, BTS Bioengineering Corp, Quincy, MA, USA), both operating at 250 Hz. BTS 
Bioengineering Corp software tools were used to record and export data. A transistor–transistor logic switch was 
connected for offline data alignment and to indicate trial start/end.

HDEMG.  Activity of bilateral ES was measured in monopolar mode using an HDEMG amplifier (Quat-
trocento, OT Bioelettronica, Turin, Italy), sampled at 2048  Hz, bandpass filtered at 10–500  Hz with a 3  dB 

Figure 2.   Functional assessment and HDEMG placement. (A) Multidirectional reaching tasks in the forward 
(left) and lateral (right) directions. (B) Perturbation tasks: rapid shoulder flexion task (left) and external 
perturbation task (right). For the rapid shoulder flexion task, illumination of a light-emitting diode signaled 
to the participant to flex the shoulders to approximately 90° as fast as possible. For the external perturbation 
task, a cylinder with weights was pulled back and released and swayed into the participant’s extended hand. 
(C) Bilateral placement of HDEMG electrode grids in a vertical orientation, aligned with the ES (T12 level and 
upward).



5

Vol.:(0123456789)

Scientific Reports |        (2023) 13:22120  | https://doi.org/10.1038/s41598-023-49053-w

www.nature.com/scientificreports/

cutoff frequency, 150-gain applied, and 16-bit A/D converted. Input resistance was > 1011Ω, input-referred noise 
was < 4 µV, and the common mode rejection ratio was > 95 dB. Two 64-channel grids (GR08MM1305, OT Bio-
elettronica, Turin, Italy), organised in 13 columns by 5 rows with an 8 mm interelectrode distance and 1 mm 
diameter were placed on bilateral ES, leaving a 2  cm space between the grid and the 12th thoracic spinous 
process, with the top of the grid extending to approximately the 8th thoracic spinous process (Fig. 2C). Grid 
and skin preparation followed previously reported procedures, starting with attaching an adhesive foam matrix 
to the electrode grid30. The circular cavities in the foam matrix were then filled up with conductive paste (AC 
Cream, Spes Medica, Genoa, Italy) using a plastic card. In case it was necessary, the skin of the participant was 
shaved prior to the application of an abrasive skin cleaner (Nuprep Skin Prep Gel, Weaver and Company, CO, 
USA) and alcohol-based skin wipes (GAMA Healthcare, Hertfordshire, UK). Distance from bodily landmarks 
such as birthmarks or spinous processes to the electrode grids were measured to ensure consistent placement 
of the electrode grids in the post-assessment. Ground electrodes (Ambu WhiteSensor WS, Ballerup, Denmark) 
were placed over bilateral iliac crests and the 7th cervical spinous process. EMG data was recorded with OT 
Biolab + v1.5.7.

Data analysis.  The analysis procedure for the ES MEP amplitudes was the same as described in Experiment 
1. Kinematic and HDEMG data from the functional assessment were processed in MATLAB R2021a (Math-
works, Natic, MA, USA). EMG signals were filtered (second-order Butterworth filter 20–350 Hz) before visually 
examining the monopolar EMG channels. Noisy channels were interpolated when possible. As a criterium, at 
least two non-noisy channels in neighboring rows and one channel in the same column surrounding the noisy 
channel had to be available to perform the interpolation. If this was not possible, the noisy channel was removed 
instead in the second visual inspection (see below). Subsequently, the differential of the monopolar channels 
across rows was calculated, followed by a second visual examination to remove poor-quality channels (3.72% of 
total number of channels).

Multidirectional reaching tasks were segmented into a reaching phase (baseline position to furthest reaching 
point) and returning phase (furthest reaching point to baseline position). The analysis window for the rapid 
shoulder flexion task was based on the onset of the wrist motion marker to the point where the shoulders reached 
full flexion. The onset was determined as the point at which the wrist motion signal (less affected side) crossed a 
threshold defined as the baseline values (average of 500 ms before the light-emitting diode stimulus) plus three 
standard deviations of that baseline32.The impact point in the external perturbation task was derived from a clear 
peak in the participant’s wrist motion data from which two analysis windows were calculated with respect to 
the impact point: anticipatory postural adjustment window (APA; − 100 to 50 ms) and compensatory postural 
adjustment window (CPA; 50 to 200 ms)33.

RMS amplitudes were calculated for active channels, which were defined as those channels with a RMS 
amplitude higher than 70% of the maximum RMS amplitude34. The average amplitude of these channels was 
then considered as the global RMS amplitude. To facilitate comparisons of EMG amplitudes between different 
days (pre vs. post), we normalised the RMS amplitudes of the ES obtained from the tasks to the RMS amplitudes 
during static sitting (0.5 s window) acquired on the day and expressed as a percentage.

For kinematic measurements, maximal displacement of trunk and wrist markers, as well as the centre of pres-
sure displacement, were calculated from the motion data as a difference between the minimum and maximum 
values in the anterior/posterior direction (forward reaching, rapid shoulder flexion, and external perturbation 
task) and medial/lateral direction (lateral reaching) in each repetition. Total trajectory of the markers and centre 
of pressure were calculated by summing the absolute differences in both the anterior/posterior and medio-lateral 
directions.

Statistical analysis
Statistical analyses were conducted in SPSS v29 (IBM Corp., Armonk, NY, USA). Normality assumptions were 
evaluated with the Shapiro–Wilk test and non-parametric tests were applied if normality was violated. In Experi-
ment 1, the mixed-model repeated measures analysis of variance (ANOVA) was used to examine a main effect 
of time (before, and 10, 20, and 30 min after arm cycling) and an interaction of time x group (SCI vs. control) on 
MEP amplitudes of the ES, MEP latencies, and pre-stimulus ES EMG. In Experiment 2, paired-samples t-tests or 
Wilcoxon signed-rank tests were used to compare pre- and post ES MEP amplitudes and latencies, pre-stimulus 
background ES EMG, maximal displacement of the wrist (reaching distance), trunk and centre of pressure, 
and the reaction time (rapid shoulder flexion). A paired t test was also used to compared normalised RMS 
amplitudes during the rapid shoulder flexion task at pre- and post-assessment. Furthermore, repeated measures 
ANOVAs were applied to determine the effect of time (pre vs. post) and phase (reaching and returning phase in 
multidirectional reaching tasks) or window (APA vs. CPA in the external perturbation task) on the trajectory 
of the trunk and centre of pressure, and on normalised RMS global amplitudes of the ES. Post-hoc tests with 
Bonferroni’s correction were applied for pairwise comparisons when needed. Data are presented are presented 
as mean ± SD or median and range in the text. Effect sizes (η2p) are reported, and significance was set at p < 0.05.

Results
Overview
The study comprised two experiments. Experiment 1 was a cross-sectional study comparing the modulation 
of arm cycling exercise on corticospinal excitability of the ES between healthy adults and individuals with 
chronic, incomplete SCI to assess whether there is neuroplasticity in the corticospinal pathways projecting to the 
trunk muscles induced by voluntary contractions of the arm muscles in those individuals. Experiment 2 was a 
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single-arm, observational study to examine whether a 6-week arm cycling exercise training leads to improvement 
in trunk control and changes in the corticospinal excitability of the ES in the individuals with SCI.

Experiment 1
Baseline demographic data of the 15 SCI participants are shown in Table 1 (age 55.4 ± 13.6 years; 13 males; 
8.2 ± 14.3 years post-injury). Of the 15 SCI individuals, 10 had an AIS C injury (66.67%), and 5 AIS D (33.33%). 
In addition, 10 SCI individuals had a cervical injury (66.67%; C3–C7), and 5 had a thoracic injury (33.33%; 
T2-T11). Characteristics of the healthy control group were 21.1 ± 0.5 years old, with 7 males. The control group 
was significantly younger (Z = − 4.700, p < 0.001) and consisted of significantly more females (Z = − 2.285, 
p = 0.022).

Two participants with SCI (P03, P05) did not have visible ES MEP before or after the arm cycling and their 
data were not included in the analysis. One participant (P14) did not complete 30 min of arm cycling in the 
lab, due to lack of appropriate gripping aids available on the day, and the data were not included in the analysis. 
Figure 3A illustrates raw ES MEP traces from a representative control participant and participant with SCI at 
baseline, and at 10-, 20-, and 30-min after arm cycling exercise. Note that amplitudes of ES MEPs increase in both 
participants after the exercise. Group results revealed an effect of time (F3,69 = 5.25, p = 0.003; η2p = 0.19) and an 
interaction of time x group (F3,69 = 2.79, p = 0.03; η2p = 0.11) on the MEP amplitudes of the ES, with medium to 
large effect sizes. Post-hoc tests demonstrated that the MEP amplitudes of the ES were greater at 10- (corrected 
p = 0.003) and 20-min (corrected p = 0.009) post exercise compared with the baseline. ES MEP amplitudes were 
not different between the baseline and 30-min post exercise (corrected p = 0.06; Fig. 3B). Additionally, post-hoc 
results showed that the ES MEP amplitudes were greater at 10-min post exercise in participants with SCI than in 
the controls (p = 0.04; Fig. 3B), while they were not different between the groups at 20- or 30-min post exercise 
(both p > 0.05). Note that most participants with SCI show ES MEPs above the baseline (dotted line) at 10-min 
after the arm cycling, with the facilitatory effect deteriorating along the course of time (Fig. 3C). Furthermore, 
there was no effect of time (F3,69 = 1.05, p = 0.38) or an interaction of time x group (F3,69 = 1.87, p = 0.14) on the 
MEP latencies. Overall, MEP latencies were longer in individuals with SCI (25.60 ± 6.18 ms) than in the controls 
(14.86 ± 1.54 ms; Z = -3.97; p < 0.001). There was no difference in background EMG in ES across all time points 
(F3,75 = 0.94, p = 0.43).

Experiment 2
Of 15 participants with SCI participating in the experiment 2, four participants did not complete the training: 
two were lost from the study due to the COVID-19 national lockdown, one participant did not have enough time 
to commit to the intervention, and one participant discontinued due to pre-existing shoulder instability. For the 
remaining 11 participants (age 57.7 ± 11.2 years; 9 males; 8 AIS C, 3 AIS D; level of injury C3–T12; 9.1 ± 16.7 years 
post-injury) who completed the training, their exercise adherence was 99%; 10 participants completed 30 out of 
30 sessions and 1 participant completed 28 out of 30 sessions. The participants reported an average of 64 RPM, 
ranging from 50 to 87. Commonly reported side effects were stiff or tight shoulders (n = 6) and/or a sore neck 
(n = 3) in week 1 and 2 but the symptoms did not persist. Most participants increased the resistance of the arm 
bike after 2 weeks into the intervention to maintain the exercise at moderate intensity.

Corticospinal excitability
Since all the participants enrolled in Experiment 2 took part in Experiment 1, the ES MEPs at pre-assessment 
were taken from the baseline MEPs obtained in Experiment 1. One participant (P14) did not have MEP data at 

Table 1.   Demographics of participants with SCI. M: male, F: female, AIS: the American Spinal Injury 
Association Impairment Scale, C: cervical, T: thoracic.

ID Sex Age (years) AIS score Level of injury Time since injury (years) Experiment 1 or 2

P01 M 53 C C5-6 4 1,2

P02 F 71 D C6-7 59 1,2

P03 M 80 D T4 7 1,2

P04 M 59 C C5-6 3 1,2

P05 M 23 C C4-5 4 1

P06 M 47 C C3-4 5 1,2

P07 M 46 C C5-7 3 1,2

P08 M 49 C C3-4 4 1,2

P09 M 52 C T2 7 1

P10 M 69 D T7 10 1

P11 F 50 C T2 2 1,2

P12 M 52 D C3-4 2 1

P13 M 63 D C3-7 7 1,2

P14 M 50 C C4-5 1 1,2

P15 M 67 C T11 5 1,2
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post-assessment due to a technical issue with the TMS. Group results (n = 10) showed increased MEP amplitudes 
of the ES after 6 weeks of arm cycling exercise training in individuals with SCI (Z = − 2.497, p = 0.013; Fig. 4A). 
Note that most participants demonstrate greater ES MEP amplitudes post-assessment (Fig. 4B). There was no 
change in MEP latencies after the training (Z = − 1.48; p = 0.14). Pre-stimulus background EMG of the ES was 
the same at pre-and post-assessment (Z = − 1.48; p = 0.14).

Functional outcomes
One participant was unable to perform the tasks without support to the trunk and hence did not have kinematic 
or HDEMG data. Of 10 participants who completed the tasks, kinematic data were unable to be analysed due to 

Figure 3.   Results of experiment 1. (A) Representative MEP traces in the ES obtained from a control participant 
(black traces) and a participant with SCI (grey traces) at baseline, and at 10-, 20-, and 30-min post arm cycling 
exercise. (B) Group mean results showing ES MEP at 10-min (control [C] = 15; SCI = 12), 20-min (C = 15; 
SCI = 10), and 30-min (C = 15; SCI = 10) after the arm cycling. (C) Individual data demonstrating that most 
participants with SCI show ES MEP amplitudes above the baseline and the facilitation is decreased along the 
course of time. The abscissa shows the time point and the horizontal dashed line indicates the ES MEP size at 
baseline. Error bars represent the standard error of the mean. *p < 0.05, comparisons with baseline; #p < 0.05 
between groups.
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missing markers in one participant during the rapid shoulder flexion task and from another participant during 
the external perturbation task.

We found that participants reached further (Pre: mean 211.83 mm, SD 121.86; Post: mean 239.55 mm, SD 
122.33; t(9) = − 2.400, p = 0.04, 95% CI − 53.85 to − 1.60) and had a greater centre of pressure displacement in 
the anterior direction (Pre: mean 62.79 mm, SD 39.62; Post: mean 74.40 mm, SD 43.21; t(9) = − 4.233, p = 0.002, 
95% CI − 17.82 to − 5.41) during forward reaching after the arm cycling exercise training (Fig. 5A). However, the 
changes in trunk displacement did not reach statistical significance (Pre: median 194.48 mm, range 404.48; Post: 
median 224.82 mm, range 450.51; Z = − 0.89; p = 0.37). No differences were found in lateral reaching (Fig. 5B; 
all p > 0.05). For the rapid shoulder flexion task, participants increased the trajectory of the trunk (Pre: median 
85.51 mm, range 148.82; Post: median 124.67 mm, range 185.12; Z = − 2.310, p = 0.021) and the centre of pres-
sure (Pre: median 110.85 mm, range 153.05; Post: median 132.02 mm, range 100.10; Z = − 2.073, p = 0.038) in 
the anterior–posterior direction after the training (Fig. 5C), albeit the reaction time (calculated from the wrist 
markers) did not change (Pre: median 208.00 ms, range 72.00; Post: median 191.27 ms, range 179.00; Z = − 0.059, 
p = 0.953). Furthermore, repeated measures ANOVAs revealed an effect of window (APA vs. CPA) in the total 
trajectory of the trunk (Pre APA: mean 5.73 mm, SD 2.93; Post APA: mean 5.03 mm, SD 3.08; Pre CPA: mean 
13.01 mm, SD 7.09; Post CPA: mean 11.95 mm, SD 4.20; F1,9 = 15.626, p = 0.003; η2p = 0.635) and centre of pres-
sure (Pre APA: mean 5.02 mm, SD 1.57; Post APA: mean 4.73 mm, SD 1.26; Pre CPA: mean 7.93 mm, SD 2.65; 
Post CPA: mean 7.15 mm, SD 0.99; F1,8 = 11.971, p = 0.009; η2p = 0.599) during the external perturbation task, 
with large effect sizes (Fig. 5D). However, there was no effect of time or an interaction of window x time in the 
kinematic data (all p > 0.05) during the task.

Neuromuscular function
The participant’s HDEMG data with low signal-to-noise ratios were excluded from the analysis (forward and 
lateral reaching n = 2; rapid shoulder flexion n = 2; external perturbation n = 2). Some participants having unsuc-
cessful data recordings detected during post-processing were also excluded from the analysis (forward reaching 
n = 2; lateral reaching n = 1; rapid shoulder flexion: n = 1; external perturbation n = 3).

Group results revealed increased normalised RMS amplitudes of the ES during the rapid shoulder flexion 
task at post-assessment (Pre: mean 202.67%, SD 52.16; Post: mean 430.12%, SD 122.29; t(6) = − 7.220, p < 0.001, 
95% CI − 304.53 to − 150.36; Fig. 6C). However, there were no effects of phase, window, or time on normalised 
RMS amplitudes of the ES during forward reaching, lateral reaching or the external perturbation task (all p > 0.05; 
Fig. 6A,B,D).

Discussion
Our findings show that ES MEPs increased after 30 min of arm cycling exercise in both individuals with SCI and 
healthy adults, suggesting exercise-induced acute neuroplasticity in the corticospinal pathways projecting to the 
ES. Moreover, we demonstrate that home-based, unsupervised arm cycling exercise training resulted in improve-
ments in forward reaching distance, accompanied by a higher centre of pressure trajectory. The magnitude of the 
trunk movement as well as the global activity of the thoracic ES during the rapid shoulder flexion task was also 
increased after the training. These improvements were accompanied by increased corticospinal excitability of 
the ES, suggesting a change in neuromuscular control of the trunk underpinning the functional improvements 
after the training. Moreover, high adherence and no reports of any serious adverse events suggest the feasibility 
of the training program to be self-directed and performed unsupervised in the community.

Exercise is one of the common approaches for rehabilitation in humans with SCI35,36. Here we found that 
6 weeks of home-based, unsupervised arm cycling exercise training (30 sessions in total), improved forward 
reaching distance in individuals with chronic incomplete SCI. This is in keeping with previous studies showing 
that a similar number of sessions of professional-led balance training or supervised kayak ergometers training37,38 
improved dynamic sitting balance after SCI. Our participants with chronic incomplete SCI improved reaching 
distance by ~ 13%, which is comparable to what has been reported after 30 sessions of supervised, laboratory-
based kayak ergometers training in people with SCI37. Additionally, our results are consistent with the effect of 

Figure 4.   MEP data. (A) Group data (n = 10) showing increased MEP amplitudes of the ES after 6 weeks of the 
arm cycling exercise training in participants with SCI. Error bars represent the standard error of the mean. (B) 
The majority of the participants with SCI show greater ES MEPs at post-training. *p < 0.05.



9

Vol.:(0123456789)

Scientific Reports |        (2023) 13:22120  | https://doi.org/10.1038/s41598-023-49053-w

www.nature.com/scientificreports/

activity-based therapy in the community in a similar population39,40. Conversely, two previous studies reported 
no improvement in reaching distance after a similar exercise program involving the upper body in people with 
chronic SCI; one study delivered 15 sessions of group-based arm-crank exercise17, while the other study con-
ducted 8 sessions of indoor wheelchair curling training41. This suggests the number of exercise sessions is an 
important consideration for trunk rehabilitation following SCI42. Note that prior work using supervised, task-
specific balance exercise training reported improvements in lateral reaching distance in a similar population43, 
while we did not observe changes in lateral reaching after the intervention in our participants. Hence, the 

Figure 5.   Functional results. Motion data group results for (A) forward reaching (n = 10), (B) lateral reaching 
(n = 10), (C) rapid shoulder flexion (n = 9), and (D) external perturbation task (n = 9). Two analysis windows 
were used in the external perturbation task: anticipatory postural adjustment (APA) window and compensatory 
postural adjustment (CPA) window. The boxes extend from the first quartile to the third quartile. The thin 
vertical lines extend up to 1.5 times the interquartile range. Solid horizontal lines depict the median, and the 
dotted horizontal lines represent the mean. *p < 0.05.
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type44 (task-specific vs. upper-body vs. whole body exercise) and the setting45 (supervised vs. home-based) of 
exercise delivered may influence the magnitude of the effects of exercise for trunk rehabilitation following SCI. 
Moreover, increased forward reaching distance accompanied by increased trajectory of the centre of pressure, 
but not by increased trajectory of the upper trunk, may suggest the improvements in reaching distance was from 
increased movements of the lower back and pelvis46. Furthermore, we found that participants with SCI increased 
the magnitude of the trunk displacement and the centre of pressure trajectory in the opposite direction to the 
shoulder flexion, potentially better for the arms to move anteriorly, and this was accompanied by increased EMG 
amplitudes of the thoracic ES. This suggests improved recruitment of the ES and volitional control of the trunk 
during functional movements of the upper extremities after the arm cycling exercise training in individuals 
with SCI. Using surface bipolar EMG prior work has shown that unsupported upper-body exercise was effec-
tive in activating the trunk muscles16,17 that may explain the training-induced improvement in motor function 
seen in our study. The increased EMG activity of the trunk muscles after an intervention has been considered 
as a biomarker of improvement of motor function. One study reported improved voluntary activation of ser-
ratus anterior and lower trapezius in isolation after a targeted exercise intervention in adults with paraplegia47. 
Another study utilising combined transcutaneous electrical spinal cord stimulation and task-specific exercise 
for trunk function showed increased forward reaching distance, together with increased activity of a number 
of trunk muscles, including obliques, rectus abdominis, and latissimus dorsi48. However, while our participants 
improved their reaching distance, we did not observe increased EMG activity of the thoracic ES during forward 
reaching after the training. One explanation may be that our participants with SCI recruited other regions of the 
ES (e.g., lumbar ES) or other trunk and back muscles, as a result of improved motor function, to assist the arm 
moving to the front. Another explanation could be that the participant used more of the shoulder and scapular 
movements to assist the arm reaching forward after training. Although this is speculative, prior work showed 
active involvement of the shoulders and scapulae during arm cycling49. We suggest future studies measuring 
kinematics and muscle activity of other axial muscles in the upper body for better understanding of the benefits 
of arm cycling in activities of daily living. Moreover, the recordings were obtained on different days (pre- and 
post-assessment); this may introduce between-session variability to the EMG amplitudes. However, prior work 

Figure 6.   Normalised root-mean-square amplitudes of ES EMG in (A) forward reaching, (B) lateral reaching 
(C) rapid shoulder flexion, and (D) the external perturbation task. Note that the reaching tasks are separated 
into a reaching and returning phase. Two analysis windows were used in the external perturbation task: 
anticipatory postural adjustments (APA) and compensatory postural adjustments (CPA). The boxes extend from 
the first quartile to the third quartile. The thin vertical lines extend up to 1.5 times the interquartile range. Solid 
horizontal lines depict the median, and the dotted horizontal lines represent the mean. *p < 0.05.
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using HDEMG showed excellent inter-session reliability of RMS amplitudes in thoracic ES in healthy adults30, 
and using HDEMG may be more robust than conventional EMG because of its larger recording area, allowing 
the possibility to record muscle activity from a larger portion of the muscle in contrast to the small recording 
area of bipolar EMG. More research in identifying changes in muscle synergies between regions of the trunk 
muscles using HDEMG in humans with SCI is needed.

Our results showed increased MEP amplitudes of the ES after 30 min of arm cycling exercise in both partici-
pants with and without SCI. This is consistent with prior work demonstrating increased corticospinal excitability 
of the ES after 30 min of unilateral arm cycling exercise in healthy adults22. This is also in agreement with evidence 
showing increased corticospinal excitability projecting to the ES during unilateral tonic contractions of elbow 
flexors in healthy adults20 and in people with chronic, incomplete SCI21. Importantly, we found increased MEP 
amplitudes of the ES after 6 weeks of arm cycling exercise training in participants with chronic SCI, suggesting 
training-induced plasticity in the corticospinal pathways projecting to the trunk muscles.

What are the mechanisms underlying increased corticospinal excitability of the trunk muscles after arm 
cycling exercise training? Previous studies have reported that neural interactions between the arms and trunk 
muscles is mediated, in part, in the primary motor cortex20,22. Following SCI, the corticospinal projections above 
and below the injured site undergo extensive reorganisation50. Animal studies have shown that propriospinal 
commissural interneurons can reconnect the injured corticospinal tract, forming new intraspinal circuits to 
receive descending commands from the corticospinal motor system, leading to improved motor function51,52. 
Additionally, activation of the corticospinal neurons projecting to the arm muscles during the arm cycling may 
interact with the corticospinal pathways to the trunk muscles via the propriospinal axons53 and the intraspinal 
branching in the dorsolateral column of the spinal cord54,55, inducing neuroplasticity and improvement of trunk 
control after training in our participants with SCI.

Research has shown increased activity, or co-activation, of trunk muscles during upper-body exercise in 
people with SCI16,17. It is possible that our results of increased MEP size resulted from direct activation of the 
trunk muscles during the arm cycling exercise. However, previous studies have shown changes56 or no change57 
in corticospinal excitability of the trained muscle of the upper extremities after task-specific exercise training in 
individuals with SCI, possibly due to the contribution of other descending motor pathways58,59, in addition to 
the corticospinal tract, to the improvement of motor performance. Moreover, prior work has shown increased 
corticospinal output to the tibialis anterior after arm-leg cycling training, but not leg-only cycling training, in 
individuals with incomplete SCI60, indicating the contribution of dynamic arm movements to the strength of 
corticospinal connectivity between different parts of the body. Hence, we suggest both direct activation of the 
trunk muscles and indirect activation of the neural pathways projecting to the trunk muscles from the arms 
contributed to improved corticospinal output to the trunk muscles in our participants with SCI.

A limitation of our study is the age and sex differences between groups in Experiment 1, given that both fac-
tors could influence MEP amplitudes. Research suggests that the effect of age on MEP amplitudes varied between 
muscles61–63. For instance, input–output curves of MEPs were different in the first dorsal interosseous but the 
same in the vastus lateralis between young and older adults62. While the extent to which the effect of age on MEP 
amplitudes of the ES remains unclear, we normalised MEP amplitudes of the ES at post exercise to baseline, 
and compared the percentage of MEP amplitudes between groups, to control for the age effect on our results. 
Nevertheless, it is important for further studies to consider the effect of age and/or sex on training-induced 
neuroplasticity in the corticospinal pathways after SCI. Another limitation is the small sample size which could 
explain large confidence intervals of the functional outcomes. Caution should be taken when interpretating the 
results. Nevertheless, changes in the outcome measurements were consistent between participants and across 
different outcomes, underpinning the benefits of undertaking arm cycling exercise for trunk rehabilitation after 
SCI. Moreover, establishing the training effects of arm cycling on the trunk muscles in recumbent or supported 
sitting posture would have rehabilitation implications on those with severe injuries who are unable to sit upright 
without support. Given that current trunk rehabilitation requires supervision, our results posit a new option for 
persons living with SCI who wish to improve trunk control at home, that is low cost and may result in similar 
effects to other supervised trunk exercise, such as kayak ergometer exercise and whole-body exercise.

Conclusions
We show that single session of arm cycling can induce acute neuroplasticity in the thoracic ES in individuals 
with a chronic incomplete SCI, and that 6 weeks of home-based arm cycling exercise training could improve 
forward reaching and volitional control of the trunk during movements of the upper extremities. These changes 
were accompanied by increases in activation of the thoracic ES and corticospinal output, suggesting that the 
training was able to engage the corticospinal pathway projecting to the trunk muscles. Our results highlight an 
alternative, low-cost method for trunk rehabilitation after SCI that may be undertaken by individuals themselves, 
outside a clinical setting and without supervision.

Data availability
The datasets from the current study are not publicly available because patient data need to be handled in accord-
ance with the current data protection laws and ethical guidelines but are available from the corresponding author 
on reasonable request.

Received: 8 August 2023; Accepted: 4 December 2023



12

Vol:.(1234567890)

Scientific Reports |        (2023) 13:22120  | https://doi.org/10.1038/s41598-023-49053-w

www.nature.com/scientificreports/

References
	 1.	 Milosevic, M. et al. Muscle synergies reveal impaired trunk muscle coordination strategies in individuals with thoracic spinal cord 

injury. J. Electromyogr. Kinesiol. 36, 40–48. https://​doi.​org/​10.​1016/j.​jelek​in.​2017.​06.​007 (2017).
	 2.	 Milosevic, M., Gagnon, D. H., Gourdou, P. & Nakazawa, K. Postural regulatory strategies during quiet sitting are affected in 

individuals with thoracic spinal cord injury. Gait Posture 58, 446–452. https://​doi.​org/​10.​1016/j.​gaitp​ost.​2017.​08.​032 (2017).
	 3.	 Kukke, S. N. & Triolo, R. J. The effects of trunk stimulation on bimanual seated workspace. IEEE Trans. Neural Syst. Rehabil. Eng. 

12, 177–185. https://​doi.​org/​10.​1109/​TNSRE.​2004.​827222 (2004).
	 4.	 Potten, Y. J., Seelen, H. A., Drukker, J., Reulen, J. P. & Drost, M. R. Postural muscle responses in the spinal cord injured persons 

during forward reaching. Ergonomics 42, 1200–1215. https://​doi.​org/​10.​1080/​00140​13991​85081 (1999).
	 5.	 Sinnott, K. A., Milburn, P. & McNaughton, H. Factors associated with thoracic spinal cord injury, lesion level and rotator cuff 

disorders. Spinal Cord 38, 748–753. https://​doi.​org/​10.​1038/​sj.​sc.​31010​95 (2000).
	 6.	 Akbar, M. et al. Prevalence of rotator cuff tear in paraplegic patients compared with controls. J. Bone Joint Surg. Am. 92, 23–30. 

https://​doi.​org/​10.​2106/​JBJS.H.​01373 (2010).
	 7.	 Altmann, V. C. et al. The impact of trunk impairment on performance-determining activities in wheelchair rugby. Scand. J. Med. 

Sci. Sports 27, 1005–1014. https://​doi.​org/​10.​1111/​sms.​12720 (2017).
	 8.	 Unger, J. et al. Intensive balance training for adults with incomplete spinal cord injuries: Protocol for an assessor-blinded rand-

omized clinical trial. Phys. Ther. 99, 420–427. https://​doi.​org/​10.​1093/​ptj/​pzy153 (2019).
	 9.	 Tamburella, F., Scivoletto, G. & Molinari, M. Balance training improves static stability and gait in chronic incomplete spinal cord 

injury subjects: A pilot study. Eur. J. Phys. Rehabil. Med. 49, 353–364 (2013).
	10.	 Kaminski, T. R., Bock, C. & Gentile, A. M. The coordination between trunk and arm motion during pointing movements. Exp. 

Brain Res. 106, 457–466. https://​doi.​org/​10.​1007/​bf002​31068 (1995).
	11.	 Levin, M. F. Interjoint coordination during pointing movements is disrupted in spastic hemiparesis. Brain 119(Pt 1), 281–293. 

https://​doi.​org/​10.​1093/​brain/​119.1.​281 (1996).
	12.	 Aruin, A. S. & Latash, M. L. Directional specificity of postural muscles in feed-forward postural reactions during fast voluntary 

arm movements. Exp. Brain Res. 103, 323–332. https://​doi.​org/​10.​1007/​bf002​31718 (1995).
	13.	 Hodges, P., Cresswell, A. & Thorstensson, A. Preparatory trunk motion accompanies rapid upper limb movement. Exp. Brain Res. 

124, 69–79. https://​doi.​org/​10.​1007/​s0022​10050​601 (1999).
	14.	 Khanafer, S., Sveistrup, H., Levin, M. F. & Cressman, E. K. Age differences in arm-trunk coordination during trunk-assisted reach-

ing. Exp. Brain Res. 237, 223–236. https://​doi.​org/​10.​1007/​s00221-​018-​5412-2 (2019).
	15.	 Levin, M. F., Michaelsen, S. M., Cirstea, C. M. & Roby-Brami, A. Use of the trunk for reaching targets placed within and beyond 

the reach in adult hemiparesis. Exp. Brain Res. 143, 171–180. https://​doi.​org/​10.​1007/​s00221-​001-​0976-6 (2002).
	16.	 Eginyan, G., Williams, A. M. M., Joseph, K. S. & Lam, T. Trunk muscle activity and kinematics during boxing and battle rope 

exercise in people with motor-complete spinal cord injury. J. Spinal Cord Med. https://​doi.​org/​10.​1080/​10790​268.​2021.​20059​93 
(2021).

	17.	 Williams, A. M. M. et al. Arm crank ergometer “spin” training improves seated balance and aerobic capacity in people with spinal 
cord injury. Scand. J. Med. Sci. Sports 30, 361–369. https://​doi.​org/​10.​1111/​sms.​13580 (2020).

	18.	 Sasaki, A., Milosevic, M., Sekiguchi, H. & Nakazawa, K. Evidence for existence of trunk-limb neural interaction in the corticospinal 
pathway. Neurosci. Lett. 668, 31–36. https://​doi.​org/​10.​1016/j.​neulet.​2018.​01.​011 (2018).

	19.	 Sasaki, A. et al. Task- and intensity-dependent modulation of arm-trunk neural interactions in the corticospinal pathway in 
humans. eNeuro https://​doi.​org/​10.​1523/​ENEURO.​0111-​21.​2021 (2021).

	20.	 Chiou, S. Y., Strutton, P. H. & Perez, M. A. Crossed corticospinal facilitation between arm and trunk muscles in humans. J. Neu-
rophysiol. 120, 2595–2602. https://​doi.​org/​10.​1152/​jn.​00178.​2018 (2018).

	21.	 Chiou, S. Y. & Strutton, P. H. Crossed Corticospinal facilitation between arm and trunk muscles correlates with trunk control after 
spinal cord injury. Front. Hum. Neurosci. 14, 583579. https://​doi.​org/​10.​3389/​fnhum.​2020.​583579 (2020).

	22.	 Chiou, S. Y., Morris, L., Gou, W., Alexander, E. & Gay, E. Motor cortical circuits contribute to crossed facilitation of trunk muscles 
induced by rhythmic arm movement. Sci. Rep. 10, 17067. https://​doi.​org/​10.​1038/​s41598-​020-​74005-z (2020).

	23.	 Christiansen, L. & Perez, M. A. Targeted-plasticity in the corticospinal tract after human spinal cord injury. Neurotherapeutics 15, 
618–627. https://​doi.​org/​10.​1007/​s13311-​018-​0639-y (2018).

	24.	 Puhl, J. G., Bigelow, A. W., Rue, M. C. P. & Mesce, K. A. Functional recovery of a locomotor network after injury: Plasticity beyond 
the central nervous system. eNeuro https://​doi.​org/​10.​1523/​ENEURO.​0195-​18.​2018 (2018).

	25.	 Long, J., Federico, P. & Perez, M. A. A novel cortical target to enhance hand motor output in humans with spinal cord injury. Brain 
140, 1619–1632. https://​doi.​org/​10.​1093/​brain/​awx102 (2017).

	26.	 Cramer, S. C. et al. Harnessing neuroplasticity for clinical applications. Brain 134, 1591–1609. https://​doi.​org/​10.​1093/​brain/​
awr039 (2011).

	27.	 Chiou, S. Y., Clarke, E., Lam, C., Harvey, T. & Nightingale, T. E. Effects of arm-crank exercise on fitness and health in adults with 
chronic spinal cord injury: A systematic review. Front. Physiol. 13, 831372. https://​doi.​org/​10.​3389/​fphys.​2022.​831372 (2022).

	28.	 Rossi, S. et al. Safety and recommendations for TMS use in healthy subjects and patient populations, with updates on training, 
ethical and regulatory issues: Expert guidelines. Clin. Neurophysiol. 132, 269–306. https://​doi.​org/​10.​1016/j.​clinph.​2020.​10.​003 
(2021).

	29.	 Borg, G. Borg’s Perceived Exertion and Pain Scales (Human Kinetics, 1998).
	30.	 van Helden, J. F. L., Martinez-Valdes, E., Strutton, P. H., Falla, D. & Chiou, S. Y. Reliability of high-density surface electromyography 

for assessing characteristics of the thoracic erector spinae during static and dynamic tasks. J. Electromyogr. Kinesiol. 67, 102703. 
https://​doi.​org/​10.​1016/j.​jelek​in.​2022.​102703 (2022).

	31.	 Campanini, I. et al. Fundamental concepts of bipolar and high-Density surface EMG understanding and teaching for clinical, 
occupational, and sport applications: Origin, detection, and main errors. Sensors 22, 4150. https://​doi.​org/​10.​3390/​s2211​4150 
(2022).

	32.	 Abboud, J., Daneau, C., Nougarou, F., Dugas, C. & Descarreaux, M. Motor adaptations to trunk perturbation: Effects of experi-
mental back pain and spinal tissue creep. J. Neurophysiol. 120, 1591–1601. https://​doi.​org/​10.​1152/​jn.​00207.​2018 (2018).

	33.	 Kaewmanee, T., Liang, H. & Aruin, A. S. Effect of predictability of the magnitude of a perturbation on anticipatory and compensa-
tory postural adjustments. Exp. Brain Res. 238, 2207–2219. https://​doi.​org/​10.​1007/​s00221-​020-​05883-y (2020).

	34.	 Vieira, T. M., Merletti, R. & Mesin, L. Automatic segmentation of surface EMG images: Improving the estimation of neuromuscular 
activity. J. Biomech. 43, 2149–2158. https://​doi.​org/​10.​1016/j.​jbiom​ech.​2010.​03.​049 (2010).

	35.	 Behrman, A. L., Ardolino, E. M. & Harkema, S. J. Activity-based therapy: From basic science to clinical application for recovery 
after spinal cord injury. J. Neurol. Phys. Ther. 41(Suppl 3), S39–S45. https://​doi.​org/​10.​1097/​NPT.​00000​00000​000184 (2017).

	36.	 Grigorenko, A. et al. Sitting balance and effects of kayak training in paraplegics. J. Rehabil. Med. 36, 110–116. https://​doi.​org/​10.​
1080/​16501​97031​00204​01 (2004).

	37.	 Bjerkefors, A. & Thorstensson, A. Effects of kayak ergometer training on motor performance in paraplegics. Int. J. Sports Med. 27, 
824–829. https://​doi.​org/​10.​1055/s-​2005-​872970 (2006).

	38.	 Bjerkefors, A., Carpenter, M. G. & Thorstensson, A. Dynamic trunk stability is improved in paraplegics following kayak ergometer 
training. Scand. J. Med. Sci. Sports 17, 672–679. https://​doi.​org/​10.​1111/j.​1600-​0838.​2006.​00621.x (2007).

https://doi.org/10.1016/j.jelekin.2017.06.007
https://doi.org/10.1016/j.gaitpost.2017.08.032
https://doi.org/10.1109/TNSRE.2004.827222
https://doi.org/10.1080/001401399185081
https://doi.org/10.1038/sj.sc.3101095
https://doi.org/10.2106/JBJS.H.01373
https://doi.org/10.1111/sms.12720
https://doi.org/10.1093/ptj/pzy153
https://doi.org/10.1007/bf00231068
https://doi.org/10.1093/brain/119.1.281
https://doi.org/10.1007/bf00231718
https://doi.org/10.1007/s002210050601
https://doi.org/10.1007/s00221-018-5412-2
https://doi.org/10.1007/s00221-001-0976-6
https://doi.org/10.1080/10790268.2021.2005993
https://doi.org/10.1111/sms.13580
https://doi.org/10.1016/j.neulet.2018.01.011
https://doi.org/10.1523/ENEURO.0111-21.2021
https://doi.org/10.1152/jn.00178.2018
https://doi.org/10.3389/fnhum.2020.583579
https://doi.org/10.1038/s41598-020-74005-z
https://doi.org/10.1007/s13311-018-0639-y
https://doi.org/10.1523/ENEURO.0195-18.2018
https://doi.org/10.1093/brain/awx102
https://doi.org/10.1093/brain/awr039
https://doi.org/10.1093/brain/awr039
https://doi.org/10.3389/fphys.2022.831372
https://doi.org/10.1016/j.clinph.2020.10.003
https://doi.org/10.1016/j.jelekin.2022.102703
https://doi.org/10.3390/s22114150
https://doi.org/10.1152/jn.00207.2018
https://doi.org/10.1007/s00221-020-05883-y
https://doi.org/10.1016/j.jbiomech.2010.03.049
https://doi.org/10.1097/NPT.0000000000000184
https://doi.org/10.1080/16501970310020401
https://doi.org/10.1080/16501970310020401
https://doi.org/10.1055/s-2005-872970
https://doi.org/10.1111/j.1600-0838.2006.00621.x


13

Vol.:(0123456789)

Scientific Reports |        (2023) 13:22120  | https://doi.org/10.1038/s41598-023-49053-w

www.nature.com/scientificreports/

	39.	 Sliwinski, M. M., Akselrad, G., Alla, V., Buan, V. & Kaemmerlen, E. Community exercise programing and its potential influence 
on quality of life and functional reach for individuals with spinal cord injury. J. Spinal Cord Med. 43, 358–363. https://​doi.​org/​10.​
1080/​10790​268.​2018.​15431​04 (2020).

	40.	 de Oliveira, C. Q., Middleton, J. W., Refshauge, K. & Davis, G. M. Activity-based therapy in a community setting for independence, 
mobility, and sitting balance for people with spinal cord injuries. J. Cent. Nerv. Syst. Dis. 11, 1179573519841623. https://​doi.​org/​
10.​1177/​11795​73519​841623 (2019).

	41.	 Herzog, T., Swanenburg, J., Hupp, M. & Mittaz Hager, A. G. Effect of indoor wheelchair curling training on trunk control of person 
with chronic spinal cord injury: A randomised controlled trial. Spinal Cord Ser. Cases 4, 26. https://​doi.​org/​10.​1038/​s41394-​018-​
0057-8 (2018).

	42.	 Jo, H. J. et al. Multisite Hebbian plasticity restores function in humans with spinal cord injury. Ann. Neurol. https://​doi.​org/​10.​
1002/​ana.​26622 (2023).

	43.	 Tak, S., Choi, W. & Lee, S. Game-based virtual reality training improves sitting balance after spinal cord injury: A single-blinded, 
randomized controlled. Trial. Med. Sci. Technol. 56, 7. https://​doi.​org/​10.​12659/​MST.​894514 (2015).

	44.	 Lotter, J. K. et al. Task-specific versus impairment-based training on locomotor performance in individuals with chronic spinal 
cord injury: A randomized crossover study. Neurorehabil. Neural Repair 34, 627–639. https://​doi.​org/​10.​1177/​15459​68320​927384 
(2020).

	45.	 Kesiktas, F. N. et al. Comparison of the functional and cardiovascular effects of home-based versus supervised hospital circuit 
training exercises in male wheelchair users with chronic paraplegia. Turk. J. Phys. Med. Rehabil. 67, 275–282. https://​doi.​org/​10.​
5606/​tftrd.​2021.​6533 (2021).

	46.	 Willigenburg, N. W., Kingma, I. & van Dieen, J. H. Center of pressure trajectories, trunk kinematics and trunk muscle activation 
during unstable sitting in low back pain patients. Gait Posture 38, 625–630. https://​doi.​org/​10.​1016/j.​gaitp​ost.​2013.​02.​010 (2013).

	47.	 Riek, L. M. et al. Exercises with optimal scapulothoracic muscle activation for individuals with paraplegia. Top. Spinal Cord Inj. 
Rehabil. 29, 43–55. https://​doi.​org/​10.​46292/​sci21-​00059 (2023).

	48.	 Tharu, N. S., Alam, M., Ling, Y. T., Wong, A. Y. & Zheng, Y. P. Combined transcutaneous electrical spinal cord stimulation and 
task-specific rehabilitation improves trunk and sitting functions in people with chronic tetraplegia. Biomedicines https://​doi.​org/​
10.​3390/​biome​dicin​es110​10034 (2022).

	49.	 Halloran, K. M. et al. Moving forward: A review of continuous kinetics and kinematics during handcycling propulsion. J. Biomech. 
159, 111779. https://​doi.​org/​10.​1016/j.​jbiom​ech.​2023.​111779 (2023).

	50.	 Oudega, M. & Perez, M. A. Corticospinal reorganization after spinal cord injury. J. Physiol. 590, 3647–3663. https://​doi.​org/​10.​
1113/​jphys​iol.​2012.​233189 (2012).

	51.	 Fouad, K., Pedersen, V., Schwab, M. E. & Brosamle, C. Cervical sprouting of corticospinal fibers after thoracic spinal cord injury 
accompanies shifts in evoked motor responses. Curr. Biol. 11, 1766–1770. https://​doi.​org/​10.​1016/​s0960-​9822(01)​00535-8 (2001).

	52.	 Courtine, G. et al. Recovery of supraspinal control of stepping via indirect propriospinal relay connections after spinal cord injury. 
Nat. Med. 14, 69–74. https://​doi.​org/​10.​1038/​nm1682 (2008).

	53.	 Pierrot-Deseilligny, E. Transmission of the cortical command for human voluntary movement through cervical propriospinal 
premotoneurons. Prog. Neurobiol. 48, 489–517. https://​doi.​org/​10.​1016/​0301-​0082(96)​00002-0 (1996).

	54.	 Alawieh, A., Tomlinson, S., Adkins, D., Kautz, S. & Feng, W. Preclinical and clinical evidence on ipsilateral corticospinal projec-
tions: Implication for motor recovery. Transl. Stroke Res. 8, 529–540. https://​doi.​org/​10.​1007/​s12975-​017-​0551-5 (2017).

	55.	 McKiernan, B. J., Marcario, J. K., Karrer, J. H. & Cheney, P. D. Corticomotoneuronal postspike effects in shoulder, elbow, wrist, 
digit, and intrinsic hand muscles during a reach and prehension task. J. Neurophysiol. 80, 1961–1980. https://​doi.​org/​10.​1152/​jn.​
1998.​80.4.​1961 (1998).

	56.	 Hoffman, L. R. & Field-Fote, E. C. Functional and corticomotor changes in individuals with tetraplegia following unimanual or 
bimanual massed practice training with somatosensory stimulation: a pilot study. J. Neurol. Phys. Ther. 34, 193–201. https://​doi.​
org/​10.​1097/​NPT.​0b013​e3181​fbe692 (2010).

	57.	 Jo, H. J. & Perez, M. A. Corticospinal-motor neuronal plasticity promotes exercise-mediated recovery in humans with spinal cord 
injury. Brain 143, 1368–1382. https://​doi.​org/​10.​1093/​brain/​awaa0​52 (2020).

	58.	 Vinit, S. & Kastner, A. Descending bulbospinal pathways and recovery of respiratory motor function following spinal cord injury. 
Respir. Physiol. Neurobiol. 169, 115–122. https://​doi.​org/​10.​1016/j.​resp.​2009.​08.​004 (2009).

	59.	 Baker, S. N. & Perez, M. A. Reticulospinal contributions to gross hand function after human spinal cord injury. J. Neurosci. 37, 
9778–9784. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​3368-​16.​2017 (2017).

	60.	 Zhou, R., Alvarado, L., Kim, S., Chong, S. L. & Mushahwar, V. K. Modulation of corticospinal input to the legs by arm and leg 
cycling in people with incomplete spinal cord injury. J. Neurophysiol. 118, 2507–2519. https://​doi.​org/​10.​1152/​jn.​00663.​2016 (2017).

	61.	 Pitcher, J. B., Ogston, K. M. & Miles, T. S. Age and sex differences in human motor cortex input-output characteristics. J. Physiol. 
546, 605–613. https://​doi.​org/​10.​1113/​jphys​iol.​2002.​029454 (2003).

	62.	 Rozand, V., Senefeld, J. W., Sundberg, C. W., Smith, A. E. & Hunter, S. K. Differential effects of aging and physical activity on 
corticospinal excitability of upper and lower limb muscles. J. Neurophysiol. 122, 241–250. https://​doi.​org/​10.​1152/​jn.​00077.​2019 
(2019).

	63.	 Nguyen, D. T. A. et al. Developmental models of motor-evoked potential features by transcranial magnetic stimulation across age 
groups from childhood to adulthood. Sci. Rep. 13, 10604. https://​doi.​org/​10.​1038/​s41598-​023-​37775-w (2023).

Acknowledgements
We thank the participants for their participation in our study.

Author contributions
J.F.L.v.H., E.A., P.H.S., E.M.V., D.F., J.R.C., and S.Y.C. conceptualized and designed the project. All authors col-
lected, analyzed, and interpreted the data. J.F.L.v.H., H.V.C., P.H.S., E.M.V., D.F., and S.Y.C. prepared and revised 
the manuscript. All authors gave approval for the final version of the manuscript.

Funding
This work was supported by the INSPIRE Foundation and the University of Birmingham. The funders had no 
influence in the design of the study, analysis, interpretation of the data, or in writing the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.-Y.C.

https://doi.org/10.1080/10790268.2018.1543104
https://doi.org/10.1080/10790268.2018.1543104
https://doi.org/10.1177/1179573519841623
https://doi.org/10.1177/1179573519841623
https://doi.org/10.1038/s41394-018-0057-8
https://doi.org/10.1038/s41394-018-0057-8
https://doi.org/10.1002/ana.26622
https://doi.org/10.1002/ana.26622
https://doi.org/10.12659/MST.894514
https://doi.org/10.1177/1545968320927384
https://doi.org/10.5606/tftrd.2021.6533
https://doi.org/10.5606/tftrd.2021.6533
https://doi.org/10.1016/j.gaitpost.2013.02.010
https://doi.org/10.46292/sci21-00059
https://doi.org/10.3390/biomedicines11010034
https://doi.org/10.3390/biomedicines11010034
https://doi.org/10.1016/j.jbiomech.2023.111779
https://doi.org/10.1113/jphysiol.2012.233189
https://doi.org/10.1113/jphysiol.2012.233189
https://doi.org/10.1016/s0960-9822(01)00535-8
https://doi.org/10.1038/nm1682
https://doi.org/10.1016/0301-0082(96)00002-0
https://doi.org/10.1007/s12975-017-0551-5
https://doi.org/10.1152/jn.1998.80.4.1961
https://doi.org/10.1152/jn.1998.80.4.1961
https://doi.org/10.1097/NPT.0b013e3181fbe692
https://doi.org/10.1097/NPT.0b013e3181fbe692
https://doi.org/10.1093/brain/awaa052
https://doi.org/10.1016/j.resp.2009.08.004
https://doi.org/10.1523/JNEUROSCI.3368-16.2017
https://doi.org/10.1152/jn.00663.2016
https://doi.org/10.1113/jphysiol.2002.029454
https://doi.org/10.1152/jn.00077.2019
https://doi.org/10.1038/s41598-023-37775-w


14

Vol:.(1234567890)

Scientific Reports |        (2023) 13:22120  | https://doi.org/10.1038/s41598-023-49053-w

www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Home-based arm cycling exercise improves trunk control in persons with incomplete spinal cord injury: an observational study
	Methods
	Participants
	Bipolar surface electromyography (EMG)
	Transcranial magnetic stimulation (TMS)
	Experimental procedures
	Experiment 1. Modulation of corticospinal excitability of the ES following a single session of arm cycling
	Experiment 2. The effects of arm cycling exercise training on trunk motor control and corticospinal excitability of the ES in participants with SCI
	Assessments. 
	Kinematics. 
	HDEMG. 
	Data analysis. 


	Statistical analysis

	Results
	Overview
	Experiment 1
	Experiment 2

	Corticospinal excitability
	Functional outcomes
	Neuromuscular function

	Discussion
	Conclusions
	References
	Acknowledgements


