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Upper limb weakness following a stroke affects 80% of survivors and is a key factor in preventing their return to
independence. State-of-the art approaches to rehabilitation often require that the patient can generate some
activity in the paretic limb, which is not possible for many patients in the early period following stroke. Ap-
proaches that enable more patients to engage with upper limb therapy earlier are urgently needed.

Motor imagery has shown promise as a potential means to maintain activity in the brain’s motor network,
when the patient is incapable of generating functional movement. However, as imagery is a hidden mental

process, it is impossible for individuals to gauge what impact this is having upon their neural activity.
Here we used a novel brain-computer interface (BCI) approach allowing patients to gain an insight into the

effect of motor imagery on their brain-muscle pathways, in real-time. Seven patients 2-26 weeks post stroke were
provided with neurofeedback (NF) of their corticospinal excitability measured by the size of motor evoked po-
tentials (MEP) in response to transcranial magnetic stimulation (TMS). The aim was to train patients to use motor

imagery to increase the size of MEPs, using the BCI with a computer game displaying neurofeedback.

Patients training finger muscles learned to elevate MEP amplitudes above their resting baseline values for the
first dorsal interosseous (FDI) and abductor digiti minimi (ADM) muscles. By day 3 for ADM and day 4 for FDI,
MEP amplitudes were sustained above baseline in all three NF blocks.

Here we have described the first clinical implementation of TMS NF in a population of sub-acute stroke pa-
tients. The results show that in the context of severe upper limb paralysis, patients are capable of using neu-
rofeedback to elevate corticospinal excitability in the affected muscles. This may provide a new training modality
for early intervention following stroke.

1. Introduction

The incidence of stroke is expected to almost double between 2010
and 2030 (Feigin et al., 2010). Advances in acute stroke care over the
last decade have resulted in a substantial increase in the number of
survivors (Shah et al., 2019; Johnson et al., 2019; Stroke Association,
2017; NCPRM, 2017). Rehabilitation of these survivors to enable them
to return to independent daily living is becoming an increasing research
priority. Among the survivors, 8 out of 10 experience some degree of
hemiparesis in the upper limb contralateral to the lesion site (Lawrence
et al., 2001; Wade, 1992), ranging from mild to completely disabling.
Many of the current gold standard approaches for improving upper limb
function after stroke require the patient to be capable of generating
some voluntary movement with the paretic limb. Constraint-induced
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movement therapy (CIMT), for example, has been shown to have
beneficial effects when applied in the acute or chronic stages (Boake
et al., 2016; Miltner et al., 1999; Taub et al., 1998) but can not be used
for those with very poor function. Accordingly, CIMT is not suitable for
many patients early after stroke who have not yet regained some re-
sidual movement capacity. Getting patients to a stage where they can
generate voluntary muscle activity sooner would allow more intensive
physical therapy to commence earlier during the critical period for
neural reorganisation within movement pathways in the brain (Dro-
merick et al., 2015; Murphy & Corbett, 2009).

While biofeedback of affected muscles is also beneficial (Crow et al.,
2009), this too comes with the caveat that the patient must already be
capable of generating some voluntary motor activity. One approach that
does not require muscle activation is Brain Computer Interface (BCI),

Received 30 June 2020; Received in revised form 14 September 2020; Accepted 6 October 2020

Available online 13 October 2020
2213-1582/© 2020 The Author(s).

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier Inc.

This is an open access article under the CC BY-NC-ND license


mailto:ruddykl@tcd.ie
www.sciencedirect.com/science/journal/22131582
https://www.elsevier.com/locate/ynicl
https://doi.org/10.1016/j.nicl.2020.102465
https://doi.org/10.1016/j.nicl.2020.102465
https://doi.org/10.1016/j.nicl.2020.102465
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nicl.2020.102465&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

W. Liang et al.

which has been used in a stroke rehabilitation context to detect move-
ment intentions directly from the brains of patients with hemiparesis.
The BCI readout is used to drive computerised or motorised effectors
(Soekadar et al., 2016; Ushiba & Soekadar, 2016; Van Dokkum et al.,
2015) or promote ‘healthy’ patterns of brain activity (Coscia et al., 2019;
Laffont et al., 2014). It has been suggested that this form of feedback-
based learning serves to close the dysfunctional central-peripheral
loop following stroke, promoting Hebbian-like plasticity in the
damaged brain circuits (Coscia et al., 2019). BCIs typically require the
patient to engage in motor imagery in order to generate detectable
electrical brain signals on the scalp over motor regions.

It is known that motor imagery activates many of the same neural
circuits as actual movement (Ehrsson et al., 2003; Hanakawa et al.,
2003; Lotze et al., 2006). This logic has been applied to neurological
rehabilitation in stroke patients (Jackson et al., 2001) as when they are
unable to execute movements with a paretic limb, imagination of
movement may reactivate damaged motor pathways and encourage
reorganisation to occur. However, the quality and type of motor imagery
has a large impact upon the neural circuits that are activated, and the
resulting effects on corticospinal excitability (Stinear et al., 2005). As
imagery is a hidden mental process, it is impossible for individuals to
gauge what impact it has upon their neural activity. Having overt
feedback on their imagery-related brain activity may assist patients to
learn how to best exploit this mechanism to augment stroke recovery. In
the current investigation, we propose a novel BCI allowing patients to
gain an insight into the effect of motor imagery on their brain-muscle
pathways. This is achieved by providing real-time feedback of their
corticospinal excitability measured by the size of motor evoked poten-
tials (MEP) in response to transcranial magnetic stimulation (TMS).

Despite having no functional movement in the paretic limb, a ma-
jority of stroke patients exhibit MEPs when stimulated over the damaged
motor areas of the brain. The presence of MEPs in the paretic limb in-
dicates intact pathways from the brain to the muscles and predicts better
subsequent functional recovery (Byblow et al., 2015; Stinear et al.,
2012). In the early days following stroke, the excitability of neuronal
pathways from the brain to the muscles is substantially reduced. This
most likely reflects the demyelination of axons, leading to conduction
failure. Within the first 12 weeks, a degree of spontaneous proportional
recovery of motor function typically occurs, up to 70% of the in-
dividual’s maximum possible improvement. Interestingly, this time
course of recovery coincides with the resolution of corticomotor excit-
ability, which also resolves to 70% of normal levels within the same 12
week period (Byblow et al., 2015; Cicinelli et al., 2003; Thickbroom
et al., 2004). The interconnectedness of the functional recovery process
and resolution of corticomotor excitability provides some insight into
the neurobiology of spontaneous motor recovery and raises the
intriguing possibility that perhaps interventions directly targeting the
neural mechanisms of corticomotor excitability in this sensitive period
would causally impact upon and accelerate recovery.

In a recent investigation, we designed an operant conditioning pro-
tocol to train healthy individuals to optimise their motor imagery per-
formance using real-time neurofeedback of their -corticospinal
excitability in order to reach two distinct ‘states’ (Ruddy et al., 2018).
Over the course of 300 trials receiving feedback of their MEP ampli-
tudes, participants learned to generate distinct patterns of brain activity
to optimally excite (upregulate) or inhibit (downregulate) their motor
pathways. By the end of two days of ‘up’ training and two days of ‘down’
training, they had converged upon effective mental strategies to voli-
tionally increase or decrease excitability, which were associated with
distinct oscillatory signatures in concurrent EEG recordings. Impor-
tantly, a control group executing motor imagery without feedback did
not learn to modulate their excitability, implicating that the feedback
was essential in order to reach the optimal state.

In the current investigation we applied the protocol described by
Ruddy et al. (2018) in a clinical environment, with sub-acute in-patient
stroke survivors. Additionally, we introduced an action observation
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component to the protocol, giving patients the opportunity to view wrist
extension or hand opening movements while simultaneously imagining
the same. Action observation alone has been shown to improve motor
outcomes in stroke (Ertelt et al., 2007), but more recent evidence sug-
gests that the strongest reactivation of the motor network occurs when
action observation is combined with simultaneous motor imagery
(Taube et al., 2015, 2014). We hypothesised that by providing feedback
rewarding large MEP amplitudes to patients while they viewed and
imagined movements, they would learn to effectively tailor their motor
imagery strategies to optimally increase corticospinal excitability in the
paretic limb. While we do not expect significant functional improve-
ments over the course of this initial 4 day trial, we expect that the results
will inform the development of a large scale randomised controlled trial
testing the utility of TMS NF over a more extended recovery period.

2. Materials and methods
2.1. Participants

Eight sub-acute stroke patients (4-26wks post stroke) were recruited
from the stroke rehabilitation unit of China Medical University,
Shengjing Hospital in Shenyang, China over a one month period in June
2018. Patients were eligible to participate if this was their first stroke,
they had a single-hemisphere lesion, exceeded a score of 24 on the Mini-
Mental State Examination, exhibited no visuospatial neglect and pre-
sented with an upper limb deficit (see Supplementary Fig. 5). Patients
provided written informed consent, and procedures were approved by
the Medical Ethics Committee of Shengjing Hospital, China Medical
University, approval No. 2018PS371K, in accordance with the Decla-
ration of Helsinki. Following a screening procedure using TMS
(described in detail below), 1 patient exhibited no MEPs in the arm and/
or hand when stimulated over the motor cortex contralateral to the
paretic limb, and thus was deemed ineligible. Of the 7 who participated
in the study 2 were female, mean age 59.0 + 6.5 years. All lesions were
ischemic (locations reported in Table 1). Mean upper limb function on
the Medical Research Council (MRC) stroke scale was 1.8 4+ 1.5 (out of a
possible 5), and 29.3 + 18.5 on the Fugl-Meyer upper extremity scale
(out of a possible 66). All patients scored 2 or less on the Modified
Ashworth Scale for spasticity (mean 1.1 + 0.8). For all patient scores and
other functional measures see Table 1 and Supplementary Table 1. Pa-
tients continued to engage in their usual standard upper limb rehabili-
tation activities throughout the course of this trial.

2.2. MEP status screening

The Abductor Digiti Minimi (ADM) of the stroke affected hand and
wrist Extensor Carpi Radialis (ECR) were prepared for electromyog-
raphy (EMG) recordings using an abrasive gel and alcohol wipe to
ensure good conductance with the skin. A fitted swimming cap was
placed onto the patients head to provide a smooth surface for drawing a
grid of 1 cm squares with a coordinate system. The head was measured
and the approximate scalp location overlaying the cortical motor rep-
resentation of finger muscles in the lesioned hemisphere was marked on
the head (5 cm lateral and 1 cm anterior from the vertex). This marking
at the coordinate [5,1] served as the starting point for a search pro-
cedure to locate the motor representation of the finger muscles. TMS was
applied with a figure of eight coil (internal coil diameter 70 mm) con-
nected to a Magstim Rapid? stimulator (Magstim, Whitland, UK). The
coil was held over the starting coordinate marking with the optimal
orientation for evoking a descending volley in the corticospinal tract
(approximately 45 degrees from the sagittal plane in order to induce
posterior-anterior current flow). Magnetic pulses were first delivered at
a low intensity (~30% of Maximum stimulator output, MSO), to
familiarise the patient with the sensation of TMS. This was gradually
incremented in 5% steps until an MEP > 50 uV was detected in the ADM
muscle. If no MEP was detected even at 100% MSO, the coil was placed
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Table 1
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Patient Characteristics. Patient demographic, stroke information and Fugl-Meyer upper extremity scores pre and post TMS NF training. Other functional measures are

reported in Supplementary Table 1.

Patient code  Age Lesion location Lesion side Lesion type Time since stroke (wks) FM-UE(66 max) FM wrist (10max) FM finger (14max)
pre post pre  post pre  post

NF1 66 unclear Left Ischemic 9 56 57 7 7 14 14
NF2 65 Basal Ganglia Right Ischemic 21 15 23 0 4 1 1
NF3 66 semiovale, radiation crown area  Right Ischemic 7 49 54 7 7 9 13
NF4 55 Basal Ganglia Left Ischemic 26 14 17 0 0 3 2
NF5 57 Basal Ganglia Left Ischemic 9 10 13 0 2 1 1
NF6 51 Basal Ganglia Right Ischemic 17 39 38 4 4 6 6
NF7 53 Basal Ganglia Left Ischemic 14 22 21 0 0 0 1
Mean 59.0 14.7 29.3 319 26 34 49 5.4
SD 6.5 7.0 18.5 17.9 3.4 2.9 5.1 5.8

on each of the surrounding coordinates and 10 pulses were delivered at
each, until an MEP was detected. If no MEP was detected at the co-
ordinates within a 1 cm radius of the starting coordinate, the locations
within a 2 cm radius were tested, followed by those within a 3 cm and 4
cm radius. The presence of MEPs in the wrist ECR was monitored
concurrently. If no MEPs were detected in the ADM muscle, but were
detected for the wrist ECR, the participant was eligible to participate in
the wrist feedback variant of the task (MEP feedback from ECR). If MEPs
in the stroke affected limb were smaller than the 50 uV criterion but
clearly discernible from background EMG, the patient was still deemed
MEP positive. If an MEP was detected at any time during this procedure,
the patient was eligible to participate. Also, if a patient had no MEPs at
rest but did during mild contraction with resistance applied by an
experimenter, they were eligible to participate. If no MEP was detected
at any of the tested locations for finger or wrist muscles, the patient was
deemed to have a negative MEP status and was not eligible to
participate.

2.3. Familiarisation session

Immediately following screening with TMS, eligible patients (who
exhibited MEPs when stimulated- ie. MEP positive) underwent a famil-
iarisation procedure, where they were introduced to the techniques that
would be used. They were shown videos of wrist extension/flexion and
whole hand finger spreading, and asked to perform these movements
with their healthy limbs, attempt the same with the paretic limb, and
then imagine the feeling of performing the same movements (kin-
aesthetic imagery) with the paretic limb. This was to prepare them for
the subsequent training sessions, and allow time for full explanation and
answering of patient questions and concerns. During this session we also
established which muscles would be the most appropriate targets for
TMS-NF (Finger muscles or wrist extensor), based upon the patient’s
functional needs and bearing in mind which muscles exhibited MEPs
when stimulated. Participants were instructed that during the training
sessions they would see the videos again and should try to imagine the
feeling of executing the same movement with their paretic limb. They
were told that a TMS pulse would be delivered during each video, fol-
lowed by a feedback bar on screen showing the size of their muscle
response.

3. TMS neurofeedback training sessions
3.1. TMS setup and EMG recording

Patients were seated in a comfortable chair in front of a computer
monitor with arms supported with foam pillows (Fig. 1A). Six muscles
were prepared for EMG recordings (Fig. 1B), using an abrasive gel and
alcohol wipe to ensure good conductance with the skin. For all patients
we recorded First Dorsal Interosseous (FDI), Abductor Digiti Minimi
(ADM), Flexor Carpi Radialis (FCR) and Extensor Carpi Radialis (ECR) in

the paretic limb. If TMS NF was to be provided from finger muscles, EMG
was additionally recorded from FDI and ADM on the healthy side, or
healthy ECR and FCR for the wrist feedback variant. Thus, healthy side
recordings were taken from the muscles homologous to the target
muscles to ensure that they remained quiescent throughout training.
TMS delivery and neurofeedback visual display were controlled via
custom MATLAB software.

TMS was applied with a figure of eight coil (internal coil diameter 70
mm) connected to a Magstim Rapid? stimulator (Magstim, Whitland,
UK). The coil was held on the healthy hemisphere over the ‘hotspot’ of
the target muscle(s), at the location with the largest and most consistent
MEPs, and with the optimal orientation for evoking a descending volley
in the corticospinal tract (approximately 45 degrees from the sagittal
plane in order to induce posterior-anterior current flow). Once the
hotspot was established, the lowest stimulation intensity at which MEPs
> 50 uV on 5/10 consecutive trials was taken as Resting Motor
Threshold. The same procedure was repeated on the stroke affected
hemisphere, using the mirrored location of the healthy hotspot (and
knowledge of healthy hemisphere RMT) as an initial guide for searching
for MEPs. If MEPs in the stroke affected limb were smaller than the 50 uV
criterion but clearly discernible from background EMG, the patient was
still deemed MEP positive and proceeded with the protocol. The in-
tensity chosen for evoking MEPs throughout the remainder of the
experiment was 125% of stroke hemisphere RMT, or 100% maximum
stimulator output, whichever was lowest.

3.2. Format of TMS neurofeedback training

On each of the 4 training days, following hotspotting/finding RMT,
20 MEPs were collected at rest serving as a baseline measurement for
calibration of the subsequent feedback display. This was followed by
three blocks of TMS neurofeedback, each containing 20 trials.

Each trial began with a ‘traffic lights’ display showing background
muscle activity in each of the muscles that were being recorded that
were NOT the targets of feedback (Fig. 1C). The colour of each circle
represented (in real-time) the root mean squared EMG in one of the
muscles in the previous 100 ms epoch, with values below 7 pV repre-
sented by green and above this by red. Patients were instructed to try to
keep all traffic lights green at all times. The trial could not progress until
all muscles remained relaxed for 5 consecutive 100 ms epochs. If the 7
uV criterion was not appropriate for the patient due to spasticity, this
threshold could be adjusted. The traffic lights display was intended to
deter the patient from developing inappropriate compensatory strate-
gies to bias MEP amplitude in the target muscles by tensing or moving
non-involved muscles. Background EMG was not discouraged in the
paretic muscles as the ultimate goal was to improve their motor output.

When the traffic lights criterion was met, the trial proceeded with a
brief video clip showing an actor’s arm performing a movement.
Depending on the target muscle, the video depicted wrist extension and
flexion (6 s), or whole hand finger spreading (2 s, Fig. 1C). A TMS pulse



W. Liang et al.

C i) Baseline

ii) Neurofeedback

Neurolmage: Clinical 28 (2020) 102465

iii) Post

TI'IIIS TI\I/IS TbﬂS
E 01 I 1 | I
: I | I
-§ 0.05 ! : } 'l
% 0 M"V‘”MﬁVAPWM‘\#W\”ﬁf\w‘\h“lﬂ‘f\\m\ '.A.,w'w«‘m»\.w\waflu\.\.w' } el WVWMH-\N'W:‘,;.W\H‘-J““ ‘H,.\g.'rf-w-,,w
E 005 : : | : |‘
% -0.1 : : | :
-0.15 : ! 1
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Time (ms) Time (ms) Time (ms)

Fig. 1. Experimental setup, neurofeedback display and EMG traces. Panel A shows the general experimental setup with patient seated in front of a monitor
viewing feedback of MEP amplitude (adapted from Cretu et al., 2019). Panel B shows the visual sequence of events for one trial. Each trial commenced with a ‘traffic
lights’ display (i) indicating background muscle activity in non-involved muscles, followed by a video (ii) showing a wrist or finger movement, during which the TMS
pulse was delivered. Following TMS, a rectangular bar representing the MEP amplitude from the paretic muscles was displayed (iii). The colour of the bar (green or
red) and a positive or negative soundbyte indicated to the patient whether their MEP had exceeded (or not) the amplitude of their baseline values recorded prior to
training. Panel C shows EMG traces from one patient (NF6) during their final session (Day 4), with exemplar trials shown at i) baseline, ii) during the final block of
TMS neurofeedback and iii) at rest post neurofeedback training. TMS delivery is denoted by a black dashed line. A period of 105 ms background EMG prior to TMS is
shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

was delivered during the video, at the point when the viewed target
muscle(s) reached peak extension (+200 ms jitter to avoid anticipation
effects). Participants were instructed to attend to the video and imagine
the feeling of performing the same movements with the target muscles.
Immediately following the video a feedback screen appeared showing
the size of the MEP in the target muscle(s) represented by a coloured bar.
If the MEP was larger than the patient’s baseline (indicated as a hori-
zontal white line) the bar was green, a green tick was displayed and a
positive sound was played. Otherwise, the bar was red, a red cross was
shown and a negative sound was played. Participants were told that
their goal on every trial was to get the bar high enough to cross the

horizontal line. In the wrist variant of the task, feedback was given from
the ECR muscle, and in the finger variant from the average of FDI and
ADM MEPs. The feedback remained on screen for 4 s, before being
replaced by the traffic lights display preceding the next trial. Twenty
such trials comprised one block of training. Patients undertook three
blocks per day, and were allowed to rest between blocks for as long as
required. Following the three blocks, 20 MEPs were collected at rest.

The same TMS NF procedure was repeated over 4 consecutive days.
After the last day of training, the patient’s upper limb function was
assessed again using the same measurement instruments as pre-training
(see Supplementary Table 1 for all measures).
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4. Results
4.1. Patient characteristics

Following the screening procedure with 8 volunteer sub-acute stroke
patients, 7 were deemed MEP positive and eligible to participate in the
study. Six of the 7 patients engaged in TMS NF of finger muscles
(averaged FDI/ADM with finger spreading video). One patient with no
finger function and very poor wrist function engaged in TMS NF of the
ECR, with wrist extension video. All had MMSE scores > 28 indicating
good cognitive function. No adverse events were recorded relating to the

experimental procedures, and all patients who took part completed the
full 4 day protocol with three blocks of neurofeedback. All reported that
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they did not deviate from the recommended mental strategy throughout,
which was to imagine the feeling of performing the same movement that
was shown to them in the videos.

4.2. Training related changes in MEP amplitudes

Using TMS NF, all 6 patients training finger muscles learned to
elevate MEP amplitudes above their resting baseline values for FDI and
ADM (Fig. 2). By day 3 for ADM and day 4 for FDI, MEP amplitudes were
sustained above baseline in all three NF blocks. (See Supplementary
Figs. 1 & 2 for averaged FDI/ADM plots). For FDI, combining data from
all 3 blocks on each of the 4 training days shows a linear progression
towards increasing MEP amplitudes from day 1-4 (Fig. 3A). The same

FDI

800 -

600 - .

200

% Change from Baseline

ADM

Day 1

Fig. 2. Percentage change in MEP amplitudes from resting baseline in stroke affected limb. Boxplots with superimposed individual datapoints show MEP
amplitudes from stroke affected finger muscles expressed as percentage of resting baseline for 6 patients over 4 days of TMS NF training of averaged FDI/ADM. Data
for all 3 blocks of neurofeedback are shown separately. Values above 0 (dotted line) indicate increased MEP amplitudes.
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Fig. 3. Percentage change in MEP amplitudes from baseline collapsed across training days. Data for each day of training were averaged across the 3 training
blocks. Individual patients’ data are plotted as separate data points. Black trendline shows median values across the 6 patients for FDI (Panel A) and ADM (Panel B).

trend is not evident for ADM (Fig. 3B). In the case study of one patient
who trained with TMS NF of the wrist ECR (patient NF4), although the
patient required resistance in order to evoke MEPs on day 1, for days 2,3
and 4 small but clearly discernible MEPs were present (Fig. 4). The
patient was able to elevate MEP amplitudes in blocks 1 and 2 of each day
from day 2 onwards, but reported fatigue each day in block 3 which is
reflected in poorer performance.

4.3. Upper limb function

On average (n = 7) upper extremity Fugl-Meyer (FM-UE) scores
changed by 2.6 (£3.3) points (See Table 1). The patient training with
wrist TMS NF (NF4) increased UE-FM by 3 points. Spasticity scores
measured by the modified Ashworth scale were unaffected (0.1 point
change). Wrist extension force measured by the Medical Research

Council stroke scale (MRC) remained the same for 3 patients, increased
for 3 and reduced for 1. In the Box and Block test, patients were able to
move on average 3.3(+1.3) more blocks with their paretic hand at the
end of training (Supplementary Table 1).

5. Discussion

In the current pilot investigation we tested the efficacy of using TMS
neurofeedback to increase MEP amplitudes in sub-acute stroke survi-
vors. This is the first application of the protocol described in Ruddy et al.
(2018) in a clinical setting, with a population of in-patient first-time
stroke survivors. Despite substantial upper limb disability and hemi-
paresis, patients learned over a 4 day period to use feedback of their
MEP amplitudes to increase corticospinal excitability in the paretic
muscles.

Fig. 4. Case study of patient engaging in TMS NF

e of wrist extensor. Data shown are raw MEP ampli-
tudes recorded from Extensor Carpi Radialis (ECR)
0.08 - from one patient with very poor residual finger or
wrist function. Red points indicate baseline mea-
surements on each separate day, followed by three
; 007 blocks of TMS NF from ECR. The shaded area in Day 1
£ indicates where resistance was applied by a therapist
; 0.06 L in order to evoke MEPs, as none were present at rest.
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5.1. TMS NF to enhance functional upper limb recovery

While we did not observe clinically meaningful changes in scores on
functional movement assessments over the 4 day period (which would
require a change of 5.25 or more on the Fugl-Meyer assessment), the
study constitutes the first step towards development of a more extended
therapeutic version optimally geared towards boosting function. Previ-
ous work using brain-computer interfaces in a stroke rehabilitation
context has suggested that a minimum of 18 sessions may be required in
order to produce clinically significant improvements in function (Ang
et al., 2015). Further testing of TMS NF over an extended recovery
period will be required in order to provide recommendations on dosage
and optimal spacing of sessions.

5.2. Methodological considerations

As stroke is a characteristically heterogenous condition, each patient
presented with unique challenges precluding the application of a blan-
ket ‘one size fits all’ approach to the protocol. Thus, we found it
necessary to edit experimental parameters throughout in order to
accommodate varying levels of disability and spasticity. One example
was the ‘traffic lights’ display of background muscle EMG that preceded
every trial. In the previous study with healthy adults (Ruddy et al.,
2018) we demonstrated that it was possible to learn to modulate MEP
amplitude using a mental-only strategy, strictly discouraging back-
ground muscle activation using the traffic lights display combined with
a software-controlled monitor that stopped the trial at any moment if
EMG in the target or related non-target muscles exceeded 7 pV. In the
current study this was often an unrealistic target for the paretic muscles
due to spasticity. Also, early in training patients showed attempts to use
inappropriate compensatory strategies to ‘move’ the paretic limb to
influence MEP amplitude (eg. shoulder or torso movements). Thus, we
learned during the trial that it was more beneficial to position EMG
electrodes on non-target muscles that we wished to discourage activity
in, to present as the traffic lights display in order to enable patients to
visualise how to relax those muscles prior to each trial. Thus, each trial
would only commence when the non-involved muscles were relaxed.
The target (paretic) muscles did not constitute this display, as EMG ac-
tivity in those was to be encouraged rather than prevented. This leaves
open the possibility that elevations in MEP amplitude that emerged
throughout the training were due to the patient being able to generate
small amounts of background muscle activity, ruling out a brain-only
strategy. In a clinical context where the goal is to maximise output to
the appropriate muscles (keeping other muscles relaxed), this only
serves to boost the rehabilitation potential of the therapy.

In other cases, due to complete paralysis and low muscle tone the
background rms EMG was much lower than 7 pV, and we found it
necessary to reconsider what would be an acceptable MEP amplitude. In
the context of this very low background activation clearly distinct MEPs
with a peak-peak around 30 pV were visible, but traditionally would not
be counted as this is below the usual 50 pV criterion. Therefore, a lesson
learned from this pilot study is that strict parameters used in an exper-
imental lab-based setting may not be appropriate for the clinical context,
and a more patient specific tailored approach is required.

Another practical consideration arising from the study was the
need for some patients to have gentle resistance applied against the
limb in order to evoke MEPs. In the case of the one patient who
trained with the wrist, MEPs were present during the familiarisation
session and first training session only when the therapist applied
gentle support to the back of the hand requiring the patient to attempt
to extend the wrist to push against them. While this patient could not
generate appropriate voluntary wrist extension, they were capable of
this mild contraction against resistance, which enabled MEPs to be
produced. On the first day of training MEPs were evoked in this way,
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but by the second day it was clear that the resistance was no longer
necessary as MEPs were evident at rest. This patient also reported
improved sensation in the paretic hand on the second day of training,
something which was not formally quantified in the current study but
should be for future investigations.

6. Conclusions

Here we have described the first clinical implementation of TMS NF
in a population of sub-acute stroke patients, demonstrating that in the
context of severe upper limb paralysis, patients are capable of using
feedback to elevate corticospinal excitability in the affected muscles. As
the focus of the trial was to assess whether the same acute training-
related modulation of MEP amplitude observed in healthy controls
was present in stroke patients over a short (4 day) intervention, sub-
stantial improvements in upper limb function were not anticipated and
indeed not revealed. Also, it should be noted that there was no control
group. However, the results of this pilot investigation have informed the
design of a larger scale randomized controlled trial assessing functional
recovery in a large sample of patients in the first six months following
the injury. This will ultimately allow more sophisticated analyses to be
conducted to establish whether there is a direct contingency between
training-induced elevations in MEP amplitude and upper limb func-
tional recovery. Further, this will allow investigation into how changes
in MEP amplitude may (or may not) be a useful read-out of the state of
brain-muscle pathways following stroke, and whether manipulation of
this process using feedback and training can augment recovery
outcomes.

7. Data availability

Data for this study are openly available on the Open Science
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