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Research Article

Motor priming to enhance the effect of
physical therapy in people with spinal cord
injury
Radha Kumari1, Aleksandra Dybus2, Mariel Purcell2, Aleksandra Vučković 1

1Biomedical Engineering Research Division, University of Glasgow, Glasgow, UK, 2Queen Elizabeth National
Spinal Injuries Unit, Queen Elizabeth University Hospital, Glasgow, UK

Context: Brain–Computer Interface (BCI) is an emerging neurorehabilitation therapy for people with spinal cord
injury (SCI).
Objective: The study aimed to test whether priming the sensorimotor system using BCI-controlled functional
electrical stimulation (FES) before physical practice is more beneficial than physical practice alone.
Methods: Tenpeoplewith subacuteSCIparticipated in a randomizedcontrol trialwhere theexperimental (N = 5)
group underwent BCI-FES priming (∼15 min) before physical practice (30 min), while the control (N = 5) group
performed physical practice (40 min) of the dominant hand. The primary outcomemeasureswere BCI accuracy,
adherence, andperceivedworkload. The secondaryoutcomemeasuresweremanualmuscle test, grip strength,
the range of motion, and Electroencephalography (EEG) measured brain activity.
Results: The average BCI accuracy was 85%. The experimental group found BCI-FES priming mentally
demanding but not frustrating. Two participants in the experimental group did not complete all sessions due
to early discharge. There were no significant differences in physical outcomes between the groups. The
ratio between eyes closed to eyes opened EEG activity increased more in the experimental group (theta
Pθ= 0.008, low beta Plβ= 0.009, and high beta Phβ= 1.48e-04) indicating better neurological outcomes.
There were no measurable immediate effects of BCI-FES priming.
Conclusion: Priming the brain before physical therapy is feasible but may require more than 15 min. This
warrants further investigation with an increased sample size.

Keywords: Brain–computer interface, Functional electrical stimulation, Spinal cord injury, Neurorehabilitation, Motor priming

Introduction
Priming is a type of implicit learning where exposure to
one stimulus causes a behavioral change in the form of
an altered response to another stimulus (1,2). When
used successfully in conjunction with a therapeutic inter-
vention, priming results in a behavioral change
coinciding with changes in neural processes (2). Motor
priming can be achieved through mental training via
motor imagery and action observation, repetitive unilat-
eral/bilateral movements, aerobic exercises, and stimu-
lation of the brain and peripheral nerves (1,2).

In the literature, priming is often performed with
repetitive transcranial magnetic stimulation, transcranial
direct current stimulation, or Functional Electrical
Stimulation (FES) (1,3). While the former two methods
activate the motor cortex directly and the sensory
cortex indirectly,FESactivates the sensory cortexdirectly
(orthodromically) as well as the motor cortex indirectly
(3). FES is currently the most widely used form of neuro-
modulation for SCI and multiple studies have validated
the use of FES in helping to restore upper extremity func-
tion following SCI (4,5).
The indirect activation of the motor cortex presents a

basis for neurorehabilitation with FES. During conven-
tional rehabilitation, the neuromuscular electrical
stimulation is set to repeatedly and automatically
move the patient’s hands, i.e. without any voluntary
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input from the patient, and often without a functional
goal. The main purpose of this stimulation is to
strengthen the muscles. However, for FES to work
effectively, voluntary effort must coincide with the
FES to enable beneficial plasticity (6). This is where
Brain–Computer Interface (BCI) can help by decoding
the voluntary effort, even in the absence of muscle con-
traction, relying on input from Electroencephalograph
(EEG) (7).
In people with spinal cord injury (SCI), motor

priming has already been performed with transcu-
taneous spinal cord stimulation prior to robotic gait
training (8). Upper limbs are under the direct control
of the cortico-spinal tract and might additionally
benefit from the motor priming from the cortex rather
than from the spinal cord. This motor priming can be
achieved through BCI, where BCI can be used as a
priming intervention to facilitate the excitability of the
sensorimotor cortical networks which can maximize
the effects of subsequent physical therapy (9,10).
Movement-related BCI systems are typically based on
the modulation of sensorimotor oscillations recorded
through EEG (11–14).about:blank It has been shown
that corticomotor excitability is significantly higher
when the power of sensorimotor rhythms in the alpha
band (8–12 Hz, also called the “mu”-rhythm), or beta
band (12–30 Hz) are low, or when the primary motor
cortex M1 is stimulated during the trough of the oscil-
latory cycle of these rhythms (15,16). A phenomenon
popularly called event-related desynchronization
(ERD), which corresponds to the reduction of the
power, is also an index of corticospinal tract or cortico-
motor excitability (17,18).about:blank.
BCI is often used in conjunction with an external

device such as FES (11,19–21). In a BCI-triggered FES
system or BCI-FES, first the motor cortex is primed
using movement-related action such as motor imagery/
attempt with neurofeedback to increase the effect of
FES. This is followed by the combined modulating
effect of BCI-FES. The facilitating effect of BCI-FES
was demonstrated in a study on healthy participants by
Suzuki et al. where BCI-FES intervention elicited
muscle-specific short-term corticospinal excitability of
the intervention targeted muscle only, whereas randomly
applied FES was ineffective in eliciting any changes (22).
BCI-FES has typically been used as a standalone

intervention in people with SCI (11,19–21) and stroke
(12,13,23,24). The duration of these interventions can
be about an hour with the number of BCI-FES trials
ranging from 40 to 120 repetitions. However, the same
actions are repeated in each trial like attempt/imagin-
ation of hand extension or grasping. In a rehabilitation

setting, the patients undergo a range of hand exercises
that cater to improving their specific functional deficits,
so the hand therapy is not the same for all patients.
This calls for using BCI-FES as a priming intervention,
followed by a patient-specific hand therapy session, for-
mally referred to as physical practice. BCI-FES can
facilitate priming on two levels: firstly, motor priming
while attempting to perform movement, before FES, in
order to increase the effect of stimulation, and secondly,
sensorimotor cortex activation by BCI-triggered FES.
In a previous study by our group, we found the thera-

peutic effects of BCI-FES to be better thanFES alone for
the rehabilitation of the hand (19). However, in this
study, we were interested in testing the priming effects
of BCI-FES, which goes beyond targeting specific func-
tional improvements to the general improvement of the
sensorimotor system and functional recovery. The objec-
tive of this study is (i) to test whether motor priming
using BCI-FES before physical practice is feasible in
clinical settings and (ii) whether it leads to better physical
and neurological outcomes than physical practice alone.

Materials and methods
Study design
The study was a randomized controlled feasibility trial
comprising of initial and final assessments, as well as
intervention (20 sessions, min 3 times per week). The
intervention was performed on the dominant hand or,
on the weaker hand in the case of mixed-handedness
(individual uses one hand for some tasks and the
other hand for other tasks), assessed using the
Edinburgh handedness inventory (25). The participants
were assigned experimental (BCI-FES priming followed
by physical practice) or control (Physical Practice only)
groups in a semi-randomized way using minimization
(26) to match the age (sub-groups 16–30, 31–45, 46–
60, 61–75, and 76+) and the level of injury (sub-
groups C1–C4 and C5–C8) between groups
(27).about:blank The study was approved by NHS
Greater Glasgow & Clyde (ClinicalTrials.gov regis-
tration no. NCT04367623).

Participants
Ten people (M ± SD age 52 ± 13, 3 F) participated in
the study following the inclusion criteria: age between
18 and 80, time since injury less than 6 months, and
incomplete injury level C2–C8 or complete level C3–
C8 with an area of partially preserved innervation.
Participants with neurological disorders, peripheral
nerve injury, brachial plexus injury, brain injury, and
conditions contraindicative of FES usage were
excluded. The participants’ details are shown in
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Table 1. All participants provided a written informed
consent and the study was conducted according to the
Declaration of Helsinki.

Intervention
The intervention flowchart is shown in Fig. 1A and the
intervention setup for the experimental group is shown

in Fig. 1B. Items 1–5 and 7 were used by experimental
group only, while multiple items marked 6, were used
for physical practice, were used by both groups. The
experimental group underwent BCI-FES priming
(∼10–15 min) before physical practice (30 min) while
the control group performed 40 min of physical prac-
tice. The use of hand therapy devices during physical
practice is shown in Fig. 2. FES was not part of physical
practice in either group.

BCI-FES priming hardware and software setup
EEG was recorded from the electrode locations C3 and
C4 (28).about:blank More details are provided in
Appendix Table A1. The details of BCI software such
as real-time processing, visual feedback, online BCI
control, and offline EEG processing have been explained
in a previous publication by our group (29) and
additional details are provided in Appendix Table A1.
The BCI control was based on a threshold switch
where the alpha sensorimotor power (8–12 Hz) of the
contralateral side had to be maintained below a prede-
fined threshold (power threshold) for a predefined time
(threshold time) to activate FES (11,12,30).about:blank
Essentially, the BCI control was based on modulation
of the sensorimotor rhythm, with ERD i.e. decrease in

Table 1 Participant details. Lev and Com correspond to
American Spinal Cord Injury Association (ASIA) impairment
scale level and completeness of injury respectively. The hand
column mentions the hand on which the therapy was
performed. L and R refer to left-hand and right-hand,
respectively. Ex and Co refer to experimental and control
groups, respectively.

Subject
ID Com Lev

Age
(years)

Time since
injury

(months) Hand Group

S1 D C2 61 2 L Ex
S2 B C4 26 2 R Co
S3 C C4 55 1.7 R Ex
S4 C C3 40 3 R Co
S5 B C7 61 1.6 R Co
S6 C C2 51 0.9 R Co
S7 D C4 38 0.9 L Ex
S8 C C3 63 0.6 R Ex
S9 C C1 62 2.6 R Co
S10 C C4 61 1.5 R Ex

Figure 1 (a) Experimental protocol (b) Experimental setup for the intervention of the experimental group. BCI calibration which
preceded the intervention involved a follow along video (item 7). During BCI-FES figure, items 1–5 were used, comprising of EEG
cap with electrodes (1), FES electrodes (2), FES device (3), movement cue (4), neurofeedback gauge (5). Note that the green ball
being squeezedwas part of both the calibration and BCI-FES session for participants whose flexormuscles were targeted tomake
the session more realistic and provide sensory feedback. Item 6 shows devices used for hand therapy immediately after BCI-FES
figure. The able-bodied volunteer provided informed consent for the photo to be taken
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power, being encouraged to activate FES. Stronger ERD
corresponds to the stronger activation of the cortico-
spinal pathways (6). The power threshold was defined
as a percentage of the calibration power (derived from
a calibration session) (29), set in a range from 80% to
100% in steps of 5%, and was fixed for a run. The
threshold time was set between 1 and 1.6 s in steps of
0.2 s and was did not change during a single run.
To deliver FES stimulation (using Hasomed

RehaStim, Hasomed, Germany), bipolar FES electro-
des were placed over the forearm extensor (extensor
digitorum superficialis) or flexor ( flexor digitorum
superficialis) muscles depending on the task. The
pulses were biphasic, delivered at 33 Hz stimulation fre-
quency. The pulse intensity (16–28 mA) and pulse
width (200–260 µs) were adjusted to trigger wrist exten-
sion or flexion of fingers without discomfort. These
muscles were chosen for simplicity of electrode place-
ment to reduce donning i.e. setup type. While FES is
capable of producing complex movements, participants
mainly practiced a simple task, a grasp and release of an
object, because the purpose of BCI-FES priming was a
task nonspecific activation of the sensorimotor cortex.
The purpose of this was to facilitate a subsequent
task-specific practice during physical therapy. It must

be noted that this is different from neuromuscular elec-
trical stimulation (NMES), which primarily focuses on
muscle contractions in order to increase muscle mass,
and does not necessarily involve active patient engage-
ment. As a result of active, BCI-driven engagement in
functional task, FES produces a stronger activation of
the sensory-motor cortex than NMES (31).

BCI-FES priming protocol
The BCI-FES priming was performed in two stages:
BCI calibration and BCI-FES online-control. The cali-
bration involved a follow-along video to facilitate 10
repetitions of attempted movements accompanied by
action observation. The observed actions were pre-
sented on a computer screen. The participants
attempted to perform either wrist extension or finger
flexion, whichever function was more impaired. These
movements are top in the hierarchy of tetraplegia
hand management (32). The same movement was
used for all sessions.
There were at least 3 runs in the BCI-FES online-

control stage, each comprising of 10 trials. Within one
trial, the user was cued to attempt movements (motor
attempt, MA) such that they move the pointer of the
gauge (Fig. 1, 5th part) on a computer screen, towards

Figure 2 Examples of exercises used in physical practice as part of both experimental and control intervention: (a) reach and
grasp, (b) handmanipulation (rotation), (c) increasing grip strength and finger flexion, (d) lateral tripod grasp, (e) finemotor skills, (f)
hand strength and wrist extension, (g) pincer grasp, (h) lateral pinch, and (i) power grip

Kumari et al. Motor priming to enhance the effect of physical therapy in people with spinal cord injury

The Journal of Spinal Cord Medicine 20244



the green side. The pointer was controlled throughmove-
ment-related EEG, indicative of ERD. The participants
had a minimum of 1 s and a maximum of 10 s time in
order to activate the FES, which was active for 5 s.
This was followed by a resting period of 15 s. The total
time of 30 trials (3 runs × 10 trials) of BCI-FES
online-control including the resting period was the
range of 10.5–15 min. Breaks between runs were pro-
vided as needed. Every 4 sessions, a 2-minute resting-
state EEG activity was recorded in the eyes open and
eyes closed state pre and post BCI-FES priming.

Physical practice
Various devices were used to provide hand therapy such
as putty, hand ergometer, stress balls, pegboards,
wooden solitaires, cones and rings, rotating knobs,
nuts and bolts, clothespins, keyboards, coins, decorative
pebbles, and books These devices facilitated the practice
of grip, grasp, and range of motion as well as activities
of daily living. Fig. 2 shows examples of exercises used
in physical practice as part of both experimental and
control interventions. The first author of this study
administered these activities in both groups. As the par-
ticipants had different levels of functional impairment,
the same activities were not performed for every partici-
pant, rather a range of exercises from different exercise
domains (grip, grasp, range of motion, fine motor
skills) were chosen which needed practice. Fine motor
skills or exercises with small objects were often practised
during later sessions of the intervention due to the par-
ticipants’ inability to perform at the start when func-
tional deficits were larger.

Feasibility and usability
These were primary outcome measures. Feasibility was
assessed through the FES Activation Rate (AR) and
usability through aNASA task load index questionnaire.

Activation rate
The ARwas calculated as shown in Equation (1), where
Ns and NT refer to the number of successful trials and
total trials, respectively. There were no false positives
as attempted movement could be observed in each
trial. For each session, the mean activation rate was cal-
culated by averaging activation rates over all partici-
pants. To quantify the trend of activation rate, a
regression line was fitted to the mean activation rates
of all sessions. A statistically significant (P < 0.05) posi-
tive slope indicates that the rates increased over sessions
while a negative slope indicates a decrease over time.

AR = NS

NT
× 100 % (1)

NASA task load index
The NASA task load index (33) was used to assess the
workload at the end of the 1st, 5th, 10th, and 15th BCI-
FES priming sessions. It is a 21-point scale wherein par-
ticipants rated their perceived workload on six aspects:
mental demand, physical demand, performance, effort,
and frustration. Lower scores imply less task load and
therefore good performance.

Attrition rate
This measure shows the number of participants that
dropped out from the study as well as looking at the
reasons for dropping out.

Functional assessments
Assessments
The Manual Muscle Test (MMT) was conducted by a
physiotherapist blinded to the group assignment of the
participant (34). The hand and arm muscles such as
Latissimus dorsi, Pectoralis major, Serratus anterior,
Deltoid, Triceps, Biceps, Brachioradialis, Supinator,
Pronator, Extensor digitorum communis, Extensor carpi

Figure 3 The sequence of events for motor attempt trials. The cross represents the readiness cue at t = −3 s. At t = 0 s the
execution cue appears on top of the readiness cue in the form of an arrow. The gray rectangle represents the time for which the
readiness cue is present on the screen while the black rectangle represents the time the execution cue is present on the screen. B
stands for the beep
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radialis, Extensor pollicis longus, Flexor carpi radialis,
Flexor digitorum profundus, and intrinsic hand muscles
were graded according to the criteria shown in appendix
Table A2, based on isometric “Break test”, which aims
to evaluate the muscle’s ability to resist a gradually
increasing pressure (35).
The Catz-Itzkovich Spinal Cord Independence

Measure (SCIM) was used to assess the participant’s
ability to complete activities of daily living (36). The 5th
(Respiration), 6th (Sphincter Management-Bladder)
and 7th (Sphincter Management-Bowel) functions were
skipped as they were less relevant for upper extremities.
The maximum grip strength of each hand was measured
using a grip force transducer (MLT004/ST, AD
Instruments, USA; resolution 25 mN). The active
Range of Motion (ROM) of elbow flexion-extension,
wrist flexion-extension, wrist abduction–adduction,
thumb flexion-extension, and thumb abduction–adduc-
tion of each hand was measured using twin axis goni-
ometers (SG series, Biometrics Ltd, USA; ±150°,
resolution 0.1°, accuracy of ±2°).

Analysis
The score change (final -initial) for each assessment was
compared between the experimental and control group,
separately for the targeted and non-treated hands using
Wilcoxon rank-sum test. For the ROM assessment, the
changes were pooled for movement of all joints while
for the MMT assessment, the changes were pooled sep-
arately for the upper arm (9 muscles) and forearm
(6 muscles). The significance level was set to P = 0.05
for this and all subsequent statistical analysis in this
study.

Neurological assessment
The neurological assessment involved 64 channel EEG
recording (for setup details refer Appendix Table A1) in
3 conditions: 2 min rest with eyes closed, 2 min rest with
eyes open, and cue-based left and right-hand MA, the
paradigm shown in Fig. 3.

Neurological outcomes
Event-related desynchronization
Event-related desynchronization (ERD) was assessed
during the initial and final assessment of both groups.
The EEG recorded during the initial and final assess-
ment was analyzed offline using the EEGLAB
toolbox in MATLAB (37) after pre-processing (for
details refer appendix Table A1). The noise-free data
were used to obtain baseline-normalized event-related
spectral perturbations (ERSP) or changes in power cor-
responding to MA. ERSP is a way of presenting ERD
in different frequency ranges at the same time in the

form of a spectrogram. The baseline period was
t = −4.5 s–t = −3.5 s (a time immediately preceding
the cue was not chosen as it would have had com-
ponents of auditory evoked potential induced by the
beep) and the MA period was t = 0.4 s–t = 1.4 s with
respect to the MA cue at t = 0. The ERSP was averaged
over the theta (4–8 Hz), alpha (8–12), lower beta
(12–20 Hz), and higher beta (19–29) bands. The post
and pre-intervention ERSPs were compared in
EEGLAB STUDY (38), using the non-parametric per-
mutation test (10,000 randomizations). The False
Discovery Rate (FDR) method was used to correct
for multiple comparisons (39). While the ERSP
includes both synchronization (ERS) and desynchroni-
zation (ERD), the latter is predominantly induced by
movement-related tasks. Previous studies have shown
high temporal stability of the right-hand motor
imagery ERD in the alpha and upper beta bands as
well as high intra-individual reliability of the move-
ment-related beta oscillations (40,41).

EC/EO reactivity
In healthy people, eyes closed to eyes open power ratio
or EC/EO reactivity indicates that compared to EC, EO
is associated with reduced EEG amplitude in each band
in a topographically distinctive manner: global
reduction in alpha, posterior theta, and decreased pos-
terior as well as increased frontal beta (42,43). Boord
et al. (44) found that EC/EO reactivity is reduced in
SCI compared to able-bodied people, and the presence
of central neuropathic pain (CNP) further accentuates
this effect. Therefore, an increase in EC/EO reactivity
would indicate a good EEG-based neurological
outcome. Even though the test-retest reliability hasn’t
been directly tested, EEG-based measures of theta,
alpha, and beta powers were found to be highly repea-
table in healthy participants. 46EC measurements were
found to be more reproducible than EO measurements.
After cleaning the data, 3 participants per group (S1,

S7, and S10 in experimental; S2, S6, and S9 in control)
were available. The EC/EO reactivity was calculated for
all 64 electrodes in four frequency bands. Changes in
EC/EO reactivity were pooled over occipital electrodes
(PO3, POz, PO4, O1, Oz, and O2) and compared
between the experimental and control group using
unpaired t-test. Only occipital electrodes were selected
for comparison as EC/EO reactivity is expected to be
highest in the occipital area.

Effects of BCI-FES priming
In order to assess the immediate effects of BCI-FES
priming on the EEG in the experimental group,
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EC/EO reactivity was derived from the pre and post
session resting state power spectral density (Welch’s
method, window size = 2 s, with 50% overlap) of
the contralateral side. The reactivity was pooled
over sessions and participants and compared using
a 2-way repeated measures ANOVA with time
(before vs after) and frequency band (theta, alpha,
lower beta, and higher beta) as the within-subjects
factors.

Results
The flow diagram for the study is shown in Fig. 4.

Feasibility and usability
The mean activation rates increased over sessions with
the slope of the regression line equal to 0.479 (P =
0.032), and had minimum and maximum values of
84.7% and 98.7%, respectively.
The average NASA questionnaire values are shown

in Fig. 5. Overall, the perceived mental demand, phys-
ical demand, and effort increased over sessions, but
the variability amongst participants was high. The

perceived frustration, temporal demand, and perform-
ance decreased over time. Note that lower scores for
performance imply high performance according to the
NASA task load index.
Two participants in the experimental intervention

group did not complete all 20 sessions (one completed
13 and the other 19 sessions) because of early discharge
from the hospital, but they completed the assessment
sessions. The reason for early termination was the
inability to organize transport from home.

Functional outcomes
The values for functional outcomes are shown in
Table 2. The MMT changes were not significantly
different between the experimental and control groups
for the forearm muscles of both targeted and non-
treated hand. For the upper arm, changes were still
not significantly different for the targeted hand,
however, they were significantly greater for the non-
treated hand. The change in secondary motor outcomes
was not different between groups.

Figure 4 Flow diagram for the clinical study protocol and implementation. MMTstands for manual muscle test. Most participants
completed all sessions two in the experimental group. Nevertheless, they completed the post-assessments before leaving.
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Neurological outcomes
Event related desynchronization
The ERSP topographies are shown in Fig. 6 for left-
hand MA and Fig. 7 for right-hand MA. The blue
color represents ERD (desynchronization or motor-
related activity) while the yellow color represents ERS
(synchronization, or less motor-related activity). In all
conditions, ERS P-values became less negative i.e.
ERD decreased. The electrodes presenting a significant
difference are marked in red in all figures. The exper-
imental group showed more changes for the left hand
while the control group showed more changes for the
right hand.

EC/EO reactivity
The change in EC/EO reactivity for occipital electro-
des, δ EC/EO is shown in Fig. 8. In the control
group, the reactivity decreased significantly compared
to the experimental group in the theta (P = 0.008),
lower beta (P = 0.009) and higher beta (P = 1.48e-04)
bands.

Effects of BCI-FES priming
The EC/EO reactivity did not change immediately after
BCI-FES priming session (F(1,27) = 3.980, P = 0.056,
time x frequency interaction P = 0.676). The mean
EC/EO reactivity was 1.98 (CI [1.53 2.2]) before
therapy and 1.52 (CI [1.27 1.77]) after therapy.

Discussion
This study showed that it is feasible to deliver BCI-FES
priming interventionprior tophysical practice in aclinical
setting. The adherence to the intervention was high, and
none of the hospitalized participants withdrew from the
study. The mean true positive FES activation rate (a
measure of BCI-FES performance) was above 85% for
all sessions and increased over time. This compares to
activation rates reported in previous studies by our
research group (11,30) and exceeds those reported by
Jovanovic et al. (21). Studies based on BCI-FES with
stroke participants also achieved high true positive acti-
vation rate (20,23,26).Theheuristic settingsofparameters
in each run enabled participants tominimize true negative

Figure 5 Changes in the NASATask Load Index scores over 15 sessions, averaged over all participants of the experimental group

Kumari et al. Motor priming to enhance the effect of physical therapy in people with spinal cord injury

The Journal of Spinal Cord Medicine 20248



and false positive rate, however, an increase in perform-
ance over sessions also reflects a learning effect.
The low NASA scores for frustration and temporal

demands indirectly indicate that participants were
relaxed. Previous studies have attributed highmotivation
and low frustration to high accuracies (20,45). The
increase in mental demand, physical demand, and
effort might be attributed to increasing the difficulty
level over sessions by increasing the value of threshold
parameters. The difficulty was increased in order to
avoid false positives and to increase the therapeutic
effect. However, the perceived performance also
increased over time, echoing a real increase in perform-
ance as measured by the FES activation rate. Biasiucci
et al. (13) also adjusted BCI confidence intervals for
each session in each individual participant to make the
FES acquisition hard but feasible. They hypothesized
that the adjustment facilitated effective engagement i.e.
active participation and attention to the motor task,
which play an important role in neural plasticity.
The results from primary and secondary functional

outcomes indicate that both groups had the same
amount of motor recovery for the forearms of the tar-
geted hand, where the therapy was administered. The
upper arms of the non-treated hand improved better
for the control group in terms of MMT, likely due to
better natural recovery. However, the small number of
MMT sampling points and lack of differences in sec-
ondary outcomes between groups require further inves-
tigation in this regard.
The ERD for MA decreased post-therapy for both

groups in all frequency bands. This is in contrast to
studies with stroke patients studies, where ERD increased
post-intervention for active groups compared to control
groups (13,46).about:blank This might reflect the differ-
ences in the nature of the injury (SCI vs stroke) and
related neurological changes in the subacute phase.
Lopez et al. (47) followed people with complete SCI
over several months in the subacute phase. They found
that SCI participants with persisting paralysis had a
decrease in MA-ERD (in α and β) while those who had
functional and neurological improvement had an
increase in α MA-ERD and a small decrease in β ERD.
Most participants in the current study had incom-

plete injuries and were measured within 2–3 months
post-injury, therefore the decrease in MA ERD found
in this study does not imply a lack of improvement. In
our previous study on people with subacute SCI, we
found that participants had initial widespread ERD,
rather than ERD over the sensory-motor cortex. This
“overactivation” was reduced in BCI FES intervention
group as compared to passive FES control group, alsoTa
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accompanied by increased muscle strength in the
former (19). It is interesting to note that in the current
study, most ERD changes in the experimental group
were found for the left-hand MA, although the left
hand was treated in only two participants. Also,
larger ERD changes were found in the beta band
rather than the alpha band which was modulated
during BCI-FES priming. This might reflect the
dynamic changes already happening as part of regular
rehabilitation and natural recovery.
The EC/EO reactivity decreased post-intervention in

the control group while it increased in the experimental
group. The largest difference between the groups was at
the occipital sites. Published literature shows that the
EC/EO reactivity is reduced post-SCI compared to
able-bodied controls, an effect that is further exacer-
bated by the presence of CNP (44). It has been pro-
posed that thalamocortical dysrhythmia is a
mechanism responsible for lowering the reactivity in
both SCI and SCI-CNP (44). Therefore, the experimen-
tal intervention in this study might have a positive effect
on the brain thalamocortical function.

The same long-termEEG-basedneurological outcome
was also used to evaluate short-term priming. The
immediate short-term effect of BCI FES can be reason-
ably expected if there is an effect of priming. The EC/
EO reactivity, only measured at central electrodes, was
not immediately affected by BCI-FES priming. As reac-
tivity changes in the long-term, it is possible that a
single 15 min session of BCI-triggered FES might not
be long enough to causemeasurable changes in reactivity.
Another plausible explanation is that central cortex
might not be an appropriate location to measure
changes in reactivity, because the largest long-term
changesweremeasuredover theoccipital area, something
to consider in future studies.
Single-session BCI-based priming has only been

tested in several studies. In a study on healthy partici-
pants, Suzuki et al. (22) demonstrated an increase in
corticospinal excitability (assessed through motor
evoked potential) immediately and post 30 min of
BCI-triggered FES session compared to a random
FES session where no changes were observed. The
session lasted 25 min, comprised 76 trials, and used

Figure 6 Scalpmaps of ERS/ERD in (a) theta, (b) alpha, (c) lower beta, and (d) higher beta during themotor attempt of the left hand
for the experimental (E) and control (C) groups before and after the intervention. The electrodes marked in red have a significantly
higher ERS post-intervention
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Figure 7 Scalp maps of ERS/ERD in (a) theta, (b) alpha, (c) lower beta, and (d) higher beta during motor attempt of the right hand
for the experimental (E) and control (C) groups before and after intervention. The electrodes marked in red have a significantly
higher ERS post-intervention

Figure 8 Changes in EC/EO ratio of occipital electrodes of experimental (E) and control (C) groups post/pre intervention
pooled over subjects and occipital electrodes in theta (θ), alpha (α), lower beta (lβ), and higher beta (hβ) frequency bands.
** represents P < 0.01 and *** represents P < 0.001
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the same control strategy i.e. modulating sensorimotor
rhythm. Kersting et al. (48) tested the effects of BCI-
controlled peroneal nerve stimulators on people with
stroke and found increased excitability in the BCI
associative stimulation intervention compared to the
BCI non-associative intervention where no changes
were observed. The session involved 30–50 attempted
trials, effectively 15 min of BCI intervention. In that
study, however, the stimulation was timed with the
maxima of motor cortex activation seen through move-
ment-related cortical potential, promoting Hebbian
plasticity more precisely. Therefore, we believe that
the type of BCI control strategy may govern the time
needed to prime the brain. In addition to this, since
the neurological deficit in people with SCI is not in
the brain but in the spinal cord, the effect of priming
might be different.
There are several limitations of the study. The first

involves the type and repetitions of physical therapy
exercises. These were not standardized across partici-
pants and may have affected the dose, subsequently
confounding the differences in recovery between the
experimental and control group. It is however a
common practice to have individual exercise according
to patient’s needs. Another limitation is that there was
no hand function outcome measure even though the
therapeutic activities focused on hand therapy interven-
tions. However, due to very low initial manual muscle
scores and the experience from our previous study
(19) we did not expect to see large functional improve-
ments, hence we chose general measures of muscle
strength, range of motion, and grip strength. Still, in
this patient group, even a minimal improvement in
muscle strength of fingers or wrist may enable them to
use assistive devices including keyboards and switches.
There are some points to explore in future studies.

The most important is increased sample size.
Secondly, the priming time could be increased by
increasing the number of trials with multiple baseline
recordings to see if there is dose–response relationship
in the short-term. Further, short-term priming could
be assessed by other measures typically used to check
excitability such as motor evoked potentials.

Conclusions
Priming the brain using BCI-FES priming before phys-
ical practice may not have better functional and sensory
outcomes than physical practice alone, however, it may
have a positive effect on the EEG-based neurological
outcomes. There was no evidence of short-term
priming in EC/EO reactivity and individual alpha
peak frequency.
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Appendix

Table A1 EEG details for BCI-FES setup and neurological assessments, recorded using GTec gUSBAmp Bio Amplifier.

Setup BCI-FES 64 channel EEG

Electrodes Bipolar FC3-CP3 (C3) FC4-CP4 (C4) 64 electrodes according to 10–10 system (Figure A1)
Reference Left earlobe for right hand intervention and vice-

versa
Linked ear

Ground Fpz Fpz
Sampling rate (Hz) 256 256
Real-time processing
filters

bandstop 48–52 Hz; bandpass 2–40 Hz; both IIR
Butterworth order 4

bandpass 0.1–60 Hz; 50 Hz Notch using IIR digital
Butterworth filters built-into the amplifiers

Offline pre-
processing filters

Rest: bandstop 48–52 Hz; bandpass 1–45 Hz;
both IIR Butterworth order 4

Highpass 1 Hz (FIR, order 846, zero-phase, non-causal)*

Table A2 Criteria for assessing the strength of muscles using manual muscle test.

Grade Criteria Score

5 Normal strength 5
5- Uncertain muscle weakness 4.75
4+ Ability to move through full range of motion and hold against strong pressure 4.25
4 Ability to move through full range of motion and hold against moderate pressure 4
4- Ability to move through full range of motion and hold against slight pressure; or breaks abruptly with pressure 3.75
3 Ability to move through full range of motion against gravity 3
3- Ability to move through partial range of motion against gravity 2.75
2 Ability to move through any range of motion only with gravity eliminated 2
1 A flicker of movement is seen or felt in the muscle 1
0 No contraction palpable 0

Table A3 The slopes and P-values for ERD trends. The underlined values represent statistically significant (P < 0.05) trends. α, lβ,
and hβ refer to alpha, lower beta and higher beta bands respectively.

ID Regression α C3 α C4 lβ C3 lβ C4 hβ C3 hβ C4

S1 Slope −0.411 −0.476 0.33 0.628 0.223 0.536
P-value 0.072 0.034 0.155 0.003 0.344 0.015

S3 Slope 0.113 −0.116 0.345 0.127 −0.122 −0.071
P-value 0.635 0.626 0.136 0.593 0.608 0.765

S7 Slope 0.158 0.341 0.088 0.219 0.17 0.594
P-value 0.605 0.254 0.774 0.472 0.579 0.032

S8 Slope 0.443 0.537 0.059 0.366 −0.257 −0.35
P-value 0.051 0.015 0.805 0.112 0.273 0.131

S10 Slope −0.666 −0.418 −0.136 −0.089 −0.015 0.03
P-value 0.002 0.075 0.578 0.716 0.953 0.903
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Figure A1 Channel locations used for placing sensors for the 64-channel EEG recording
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