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ABSTRACT

Introduction This multi-centre, randomised controlled
trial (RCT) investigates the effects of intensive upper limb
(UL) motor training on neurophysiological and functional
recovery in individuals with cervical spinal cord injury
(c-SCl) during the sub-acute phase. The study aims first
to assess neurophysiological adaptations in the central
and peripheral nervous systems and functional changes
to evaluate the impact of intensive UL motor training on
recovery. Second, it determines dose dimensions and their
correlation with neural and functional improvements.
Methods and analysis A total of 44 individuals with c-
SCI within 13 weeks post-injury will be recruited from five
rehabilitation centres in Belgium and the Netherlands. They
will be randomised into an intervention group, receiving
six additional hours of goal-directed UL training per week
for 8 weeks, or a control group receiving standard care.
Primary outcomes are changes in resting motor threshold,
a proxy for corticospinal tract integrity; compound muscle
action potential amplitude, indicating peripheral nerve
excitability and functionality; and assessments of strength,
sensory function and prehension, with the primary
comparison between groups at baseline and after the
intervention period. Secondary outcomes cover additional
neurophysiological assessments and motor function. Dose
dimensions will be quantified and related to primary and
secondary outcomes.

Ethics and dissemination The central medical ethics
committees, METC Maxima MC (NL84212.015.23) and
MEC Gent (B6702023000227), as well as local ethics
committees, reviewed and approved this trial. The protocol
is registered (ClinicalTrials.gov; NCT06065384). The
findings of this RCT will be disseminated through articles
in peer-reviewed journals and at neurological rehabilitation
conferences.

Trial registration number NCT06065384.

INTRODUCTION

Impairment of arm and hand function
heavily impacts independence and quality
of life in people with cervical spinal cord
injury (c-SCI), making its restoration a key
rehabilitation goal." Following an SCI, the

STRENGTHS AND LIMITATIONS OF THIS STUDY

= The study is a prospective randomised controlled
trial to comprehensively investigate central and pe-
ripheral neuroplasticity concomitantly with a train-
ing intervention in people with a sub-acute cervical
spinal cord injury (c-SCl).

= Rigorous documentation of the provided care and
longitudinal assessment offers a crucial insight
into motor training and recovery in sub-acute
rehabilitation.

= Lack of blinding of participants and therapists due
to the nature of the intervention introduces potential
biases.

= Same assessment protocol for an expected hetero-
geneous study population, including all levels of in-
complete ¢-SCI.

central and peripheral nervous systems
undergo changes triggered by disruptions
of descending and ascending neural path-
ways and direct damage to upper and lower
motor neurons. Functional and structural
reorganisation occurs, first in the form of an
inflammatory response, demyelination and
neuronal and glial cell death. Subsequently,
compensatory mechanisms are initiated, such
as the unmasking of latent connections in
spared motor pathways or the promotion of
axonal sprouting.” Damage to lower motor
neurons, dependent on their proximity to
the lesion, can result in absent or abnormal
function.” Motor neurons farther from the
lesion are initially spared but experience
altered supraspinal input and, over time, can
be subjected to transsynaptic degeneration.*
Subsequently, regeneration and reinnerva-
tion within the peripheral nervous system
can occur, leading to a redistribution of the
motor unit activation.”

Rehabilitation, particularly active motor
training, can potentiate adaptive neuroplastic
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changes by stimulating latent connections and triggering
beneficial neural adaptations following exercise, for
example, releasing plasticity-stimulating neuromodu-
lators.® 7 Especially in motor-incomplete SCIs, motor
training can strengthen the spared connections to
enhance function.® This proposed underlying mech-
anism for an activity-based improvement is hypothe-
sised to increase further during intensive training,”
but functional recovery, especially in people with ¢-SCI,
remains limited."" Potential explanations could be that
the optimal dosage for recovery is not established or that
intensive training schemes, which should further incor-
porate task-specific and goal-directed practices,''* are
not sufficiently implemented in rehabilitation practice.
Ongoing research, such as the SCI-MT trial, investigates
early, intensive motor training in SCI rehabilitation,'
emphasising the current need to assess the impact of
intensive motor training in people with ¢-SCI, whereby
the measurement of neurophysiological changes can
uncover potential recovery mechanisms.

Transcranial magnetic stimulation (TMS) is an estab-
lished method for assessing corticospinal tract (CST)
neuroplasticity via motor-evoked potentials (MEPs)."
Large-scale studies highlight the importance of neuro-
physiological assessments, like TMS, during recovery
following SCI and revealed associations between
measures of CST integrity and functional recovery.'” '®
Prior research has demonstrated neuroplastic changes
following upper limb (UL) motor training in people with
chronic SCI, such as increased cortical representation of
motor areas'’ and increased MEP amplitudes of trunk
muscles after arm exercise.”’ Currently, no randomised
controlled trials (RCTs) have assessed the effect of inten-
sive UL motor training on cortical excitability in people
with ¢-SCI in the sub-acute stage.

Concerning the neuroplasticity in the peripheral
nervous system, Van de Meent et al' found that the
compound muscle action potential (CMAP) measured in
the upper and lower limbs of people with an SCI following
nerve stimulation displayed severe degradation within
the first 6 months after the injury. Importantly, they noted
that such a decrease negatively affects the muscle power
and functional abilities of people with SCI. In people with
incomplete SCI, recovery of CMAP amplitude has been
observed, potentially due to peripheral reinnervation.'®*!
However, analysing only the absolute CMAP amplitude
fails to capture essential information, as reinnervation
could mask motor unit loss.”” * Newer measurement
protocols for peripheral nerve stimulation can provide
details on underlying de- or regenerative processes, such
as the degree of axonal loss, and identify signs of rein-
nervation.”* % However, no such assessments have been
done in people with ¢-SCI in sub-acute stages, and neither
has the effect of training interventions on longitudinal
measures been investigated.

To summarise, this research aims to investigate inten-
sive UL motor training on arm- and hand function in
early-stage ¢-SCI rehabilitation with measures of central

and peripheral neuroplasticity and functional assess-
ments. The primary objective is to assess training-induced
neurophysiological changes using TMS (CST integrity)
and peripheral nerve assessment (nerve excitability), as
well as functional changes in strength and prehension,
which serve as mediators of motor recovery. A secondary
objective of this study is to determine the training
intensity and dose parameters associated with neural
and functional recovery. We hypothesise that partici-
pants receiving additional UL motor training will show
steeper recovery, with increases in measures of neuronal
excitability, reflected in a reduced activation threshold,
increased CMAP and greater improvements in functional
outcomes. Connected, we propose that higher training
intensity and dose will be associated with greater neural
and functional recovery. Lastly, a third objective is to
explore additional central and peripheral excitability and
functional measures to analyse subtle effects and poten-
tial associations between different outcome measures.

METHODS

This international, multicentric, prospective investigator-
initiated trial entails tworandomised-controlled 1:1 parallel
branches with assessor-blinded repeated-measures.

Study population

Forty-four subjects with ¢-SCI will be recruited from five
centres across Belgium and the Netherlands. Eligible
participants must have a traumatic or non-traumatic c-SCI
in the preceding 13 weeks, classified as motor incomplete
by the American Spinal Injuries Association Impairment
Scale (AIS), that is, AIS C or D, or complete AIS A with
zones of partial preservation (ZPP) as defined by the
International Standards for Neurological Classification
of SCI (ISNCSCI). The participants must be medically
stable and provide consent. Exclusion criteria are clas-
sification AIS A without ZPP, AIS B, or other significant
medical conditions that could prevent participation in
the measures or intervention. Participants are excluded
from TMS measures if they exhibit any of the following
contraindications: epilepsy, metal implants in the brain,
a defibrillator, a pacemaker or pregnancy.”® Each coop-
erating rehabilitation centre will have a team of reha-
bilitation physicians who will continuously identify and
approach eligible patients in the spinal cord ward. Their
consent will be collected by a medical doctor or medical
staff, using the informed consent form for the Belgian or
Dutch sites (see online supplemental material 1). Subse-
quently, a medical doctor with full access to the partici-
pant’s medical file and history, will conduct a screening
for TMS eligibility.

Intervention

The present research implements a goal-directed, inten-
sive. UL motor training programme for people with
¢-SCI within 13 weeks of their injury. This programme
is adapted from the SCI-MT programme developed by
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Harvey et al,">? with a specific focus on promoting neural
recovery through repeated muscle activation at and below
the injury level.

Unlike the original SCI-MT programme, which includes
upper- and lowerlimb training, our adapted version
focuses solely on UL training. As part of this adjustment,
we reduced the overall intervention time to 8 weeks, which
is the required timeframe to achieve at least moderate
improvements in arm and hand function,12 and to 6 hours
per week, thereby improving the feasibility of clinical
implementation. These changes were made in response
to difficulties reported in implementing 12 additional
hours of training as initially planned. More importantly,
we limited the additional UL training hours to prevent
overtraining, as standard care is already comprehensive
in Belgian and Dutch rehabilitation programmes, with
roughly 3 hours of daily UL training in sub-acute c-SCL.**

In alignment with the SCI-MT trial, all participants will
continue to receive standard care, whereby the therapy
hours and content for both upper and lower limbs are
consistent with those of non-participants. Participants in
the intervention group will receive an additional 6 hours
of UL motor training per week provided by trained phys-
iotherapists and occupational therapists. The training will
focus on goal-directed, targeted and functional activities
aimed at muscles at and below the lesion level, particu-
larly in tasks related to UL activities, such as reaching and
grasping.

Goal-setting will be client-centred, using the Canadian
Occupational Performance Measure to establish four
goals: two to be addressed within 8weeks and two within
6 months. Additionally, weekly goals will be set to guide
the additional training.

Following the protocol of the SCI-MT trial, each centre
will assign a therapist to plan the additional training using
a workbook that includes targeted exercises, dose param-
eters and weekly reflections. This will allow for adjust-
ments to the programme as needed. Training intensity
can be modified through high volumes of task repetitions
and progressive adjustments in resistance, speed or range
of motion. Optional supplements such as neuromuscular
electrical stimulation may also be used to enhance the
programme.

Therapists will document the content and duration (in
minutes) of the standard care (usual training) and the
additional training’s content, duration and repetitions on
specified practice sheets to ensure consistency and track
progress.

Outcome measures

Outcome measures will be collected at baseline, 8 weeks
and 6 months after randomisation (table 1). A shortened
measurement protocol will be assessed at the end of the
fourth week of training. A researcher blinded to the group
assignment will undertake all measurements on-site at the
rehabilitation clinic, where participants are inpatients for
the duration of the trial.

Neurophysiological outcomes

CST excitability will be measured with TMS over the
primary motor cortex. The stimulation target is a distal
muscle of the primarily trained side, as determined by
the treating therapists and the participant’s goals. The
abductor pollicis brevis (APB) will be the first muscle to
test for a measurable MEP, that is, a peak-to-peak ampli-
tude of 200 pV. If no MEP can be elicited, this finding will
be noted as ‘MEP negative’. For the outcome collection,
the researchers will pragmatically assess suitable stimula-
tion targets based on muscles that exhibit muscle activity.
All the following measures will be repeated in the same
muscle.

The primary endpoint is the resting motor threshold
(RMT), which will be assessed using the threshold-
tracking technique, an adaptive method in which a
continuous target MEP of 200 pV is tracked by an auto-
mated logarithmic adjustment of stimulation intensity to
reach the target threshold.” RMT 200 pV is defined as
the percentage of maximum stimulation output (%MSO)
needed to elicit an MEP 200 pV. Motor threshold will be
taken as a direct measure of corticomotor excitability,
with higher reliability in SCI populations and faster acqui-
sition compared with other measures.”’ ! Secondary
endpoints concerning cortical excitability will be assessed
through measures of a stimulus-response function,”
short- and long-intracortical inhibition,” and neuro-
navigated motor mapping with the RMT 50 pV, centre of
gravity and map size'’ as outcome variables.

The peripheral nerve assessments will be collected by
stimulating the median nerve at the distal wrist crease
on the primarily trained side using an isolated constant-
current stimulator (DS5) with a maximum output of
50mV. The elicited CMAP will be measured at the APB,
and CMAP amplitude will serve as the primary endpoint
for the peripheral assessment. Secondary endpoints will
be collected using the nerve excitability testing protocol,
consisting of five subtests that assess axonal excitability
through stimulation paradigms, allowing assessment of
axonal membrane polarisation and ion channel func-
tion. This detailed assessment elucidates the mechanisms
underlying the described pathophysiology in the periph-
eral nervous system. The MScanFit Motor Unit Number
Estimation (MUNE) test measures CMAP activation from
supramaximal to subthreshold activation. A subsequently
fitted model (MScanFit-2) estimates the number of motor
units, motor unit sizes and the corresponding activation
profile. The outcome measures of MUNE thereby provide
information about motor unit distribution and recruit-
ment, which are prerequisites for motor activation during
motor training and voluntary movement. This quantifi-
cation of the extent of axonal loss and damage to lower
motor neurons can therefore serve as a biomarker of
peripheral denervation and adaptation following SCL.**

Functional outcomes
Motor recovery, specifically arm and hand function, will
be assessed using the Graded Redefined Assessment of
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Strength, Sensibility and Prehension (GRASSP).” % As
secondary endpoints, the upper extremity motor scores
of the ISNCSCI and muscle strength will be measured
using hand-held dynamometers to indicate motor
recovery."”*” The Van-Lieshout test provides information
on arm and hand movement quality during performance
of basic activities.”® Two patient-reported outcomes will be
collected, namely, patients will rate their independence
with the Spinal Cord Independence Measure Version
III—Self Report using the self-care sub-score,” * and
participants will rate their satisfaction and performance
for each of the four goals on a 0-10scale.

Dose dimension outcomes
The dose dimensions (duration and intensity) will be
assessed during three designated weeks of the interven-
tion period (weeks 2, 5 and 8). During all training sessions
of these weeks, active and inactive time will be measured
using accelerometers (ActiGraph wGT3X-BT) worn on
both wrists by participants. A MATLAB analysis script will
be used to determine both arms’ active time in minutes.
Additionally, within these weeks, the patients will rate
the subjective training intensity and subjective difficulty
with the visual analogue scale (0-10) as well as perceived
exertion with a BORG scale (0-10) after each training
session.”’ The total session length and length of UL
training will be derived from the therapists’ practice sheets
and workbooks. Following Bertels et al, therapy dose will
be categorised in the dimensions: UL session length,
objective active time, subjectively perceived session inten-
sity and subjectively perceived session difficulty.”

Proposed analysis and expected results

Descriptive statistics on participants’ baseline charac-
teristics will be obtained. Continuous variables will be
presented as mean+SD, while categorical variables will be
reported as absolute numbers and percentages.

Objective 1

The primary analysis evaluates the effects of the inter-
vention on neurophysiological and functional outcomes.
Changes in primary neurophysiological (RMT 200 pV
expressed in % MSO and maximum CMAP amplitude
expressed in mV) and functional (GRASSP total score)
outcomes between groups will be analysed using separate
linear mixed effects approaches with fixed effects (group
and #ime) and random effects accounting for participant-
specific intercepts and slopes. The linear mixed effects
models are well-suited as they can be fitted to account
for repeated measures over time, handle unbalanced
and missing data, and account for potential confounders
by adjusting for baseline covariates (eg, age, AIS grade,
injury level) and individual variability.

A secondary analysis will use a joint multivariate
repeated-measures mixed model for RMT, CMAP and
GRASSP to account for potential correlations among
the measures. An unstructured covariance matrix will
account for within-subject dependencies across outcomes

and time points using Bayesian or frequentist methods,
depending on convergence. The main effects, beta coef-
ficients (), 95% CI and p values will be calculated and
reported. Post hoc comparisons will be conducted to
obtain estimated marginal means using Tukey’s Honestly
Significant Difference (HSD) adjustment for multiple
comparisons.

Objective 2

The analysis aims to assess the correlation between
training dosage and neural and functional recovery. It
will be examined using linear or nonlinear regression
models, with different dose dimensions (UL session
length, objective active time, subjectively session intensity,
subjectively session difficulty) as independent variables
and neurophysiological and functional outcomes as the
dependent variables.

Objective 3 (exploratory analysis)

Correlational analysis using Pearson correlation (for
normally distributed variables) or Spearman correlation
(for non-normally distributed variables) will be used
to explore the correlations between the delta scores of
secondary endpoints, such as the additional measures
of central and peripheral plasticity, to investigate subtle
changes. The size and significance of the correlation will
be evaluated. Separate regression models will be used
to identify baseline factors (AIS grade, injury level, age,
baseline functional and neurophysiological outcomes)
associated with increased recovery in functional scores.
This allows exploration of distinct intervention effects
within subgroups, for example, by AIS grade.

Trial monitoring

To ensure intervention adherence and treatment fidelity,
all involved therapists received online educational mate-
rials that provide instructions and guidelines for the
implementation and documentation of the additional
motor training. Moreover, adherence will be monitored at
week four. A researcher with clinical expertise will review
the therapy documentation and accelerometer data, and
therapists will receive feedback if necessary. As a final
point, the researchers with clinical expertise meet regu-
larly with the coordinating therapists at each centre to
provide guidance on interventions and ongoing support.
Our proposed analysis can handle missing data, allowing
for the inclusion of incomplete cases and accounting
for within-subject correlations. If deemed necessary due
to substantial data loss and/or a small dataset, Bayesian
models for integration will be explored. A steering
committee meets annually to oversee the trial.

Safety and adverse events

Participants will be in inpatient care throughout the
intervention period and thereby in close contact with
their treating physicians and care team. All measures will
be conducted on-site. In case of concerns about a partic-
ipant’s condition, the continuation of the trial will be
discussed within the care team, and a senior member of
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the research team who is unblinded to the allocation. Mild
and serious adverse events (AEs) will be recorded by the
treating physicians and clinical care team and reported.
Specifically, we will record measurementrelated AEs
(specifically TMS-related events), SCl-related AEs (eg,
spasticity), rehabilitation-related AEs (eg, musculoskel-
etal injuries, fatigue) and general unanticipated AEs (eg,
falls or infections). These AEs will be reported to and
reviewed by the yearly steering committee, which may
determine the continuation, modification or ending of
the trial.

Randomisation

Participants will be recruited and selected by rehabili-
tation physicians not involved in randomisation, data
collection and analysis. Randomisation is done by a set
member of the research team through MATLAB using a
permuted block design, with a 1:1 ratio in blocks of four,
stratified by site, and occurs after baseline assessments.
The involved therapists and rehabilitation physicians are
subsequently informed about the allocation. All measure-
ments are conducted by an assessor blinded to group
allocation.

Sample size

Our primary analysis is a group comparison, comparing
the differences in scores between the baseline and postin-
tervention assessment. Comparable prior research using
UL motor training and RMT as an outcome measure is
limited to chronic SCI, although suggesting large effect
sizes.” A comparable preliminary study using an arm-
and-leg training programme*’ similarly reports significant
MEP changes. In earlier phases after an SCI, most neuro-
logical recovery occurs at the lesion site, that is, the spinal
cord, and such adaptations are expected to be present
in both the intervention and control group. Neuroplastic
changes in the cortex following an intensive training
intervention are expected to be more pronounced in
the intervention group. Taking this into account and
considering that in sub-acute phases following an SCI,
our control group is also hypothesised to display some
degree of delta changes, we propose a moderate effect
size. Power analysis (‘effect size 0.45°, ‘alpha 0.05" and
‘power 0.8, R-package ‘pwr’) suggests 41 participants are
required. Assuming a 10% dropout, we aim to recruit 22
participants per group.

Patient and public involvement

Patients and members of the public were involved at
several stages of the trial, including its design, manage-
ment and execution. The study design was elaborated in a
consortium of rehabilitation physicians and researchers.
As described in section 2.2, the intervention was adjusted
based on patient input and involved therapists and
clinicians. Relevant outcome measures, specifically
concerning training dose, were selected in collabora-
tion with physio- and occupational therapists working in
neurological rehabilitation.

ETHICS AND DISSEMINATION
Ethical approval has been granted from the medical
ethics committees, namely METC Maxima MC
(NL84212.015.23) and MEC Gent (B6702023000227), as
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UZ Gent, UZ Leuven, RZ RevArte, De Hoogstraat Reval-
idatie and Adelante Zorggroep. The trial has been regis-
tered on ClinicalTrials.gov (initial release: 2 October
2023; latest update: 5 December 2025; NCT06065384).
Recruitment began in October 2024, with completion
anticipated by early 2027. Data will be handled in compli-
ance with the European General Data Protection Regu-
lation and will be pseudonymised for publication. The
findings of this RCT will be disseminated through articles
in scientific, peer-reviewed journals and at national and
international neurological rehabilitation conferences.
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