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Abstract. Background. There still exists limitations in the recovery of severe
upper limb impairment after stroke, and brain computer interface maybe a hope-
ful therapy. Methods. A 76-year-old male hemiplegic patient with severe paretic
upper limbwas admitted. In the first four weeks, 20 sessions classicmotor imagery
was added in addition to routine treatments. Then, 20 sessions brain-computer
interface training was added over the next four weeks. Behavioral characteristics,
neuroelectrophysiology and neuroimaging were assessed at multiple time, such
as the FuglMeyer Assessment Upper Extremity, the Motor Status Scale (MSS),
the Action Research Arm Test (ARAT), Active range of motion of the paretic
wrist and Modified Barthel Index (MBI). Functional magnetic resonance imaging
(fMRI) was used to investigate the effect of the above interventions on the recov-
ery of brain and its structural plasticity. Results. The patient’s upper limb motor
function improved after two different therapy interventions, however, the efficacy
of BCI training was more obvious: after classic motor imagery, the paretic wrist
could actively flex, but extension is still irrealizable. However, after BCI train-
ing, the paretic wrist was able to extend proactively. The fMRI findings revealed
positive and dynamic changes on brain structure and function. Conclusion. BCI
training could effectively promote the movement recovery after stroke than tradi-
tionalmotor imagery even if they showed apparent initial paralysis. An association
between functional improvement and brain structure remodeling was observed.
These findings serve as a conceptual investigations to encourage further relevant
research.
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1 Introduction

Globally, stroke is still the third leading cause of disability [1]. Stroke patients mostly left
different functional disorders, such as motor dysfunction, cognitive impairment, speech
disorder, dysphagia, etc., among which motor dysfunction is the most common [2].

Y.-Q. Hu, R.-R. Lu and T.-H. Gao—Contributed equally to this work.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
H. Liu et al. (Eds.): ICIRA 2022, LNAI 13457, pp. 71–78, 2022.
https://doi.org/10.1007/978-3-031-13835-5_7

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-13835-5_7&domain=pdf
https://doi.org/10.1007/978-3-031-13835-5_7


72 Y.-Q. Hu et al.

Although a proportion of patients can obtain a certain degree of functional recov-
ery through rehabilitation training, such as constrained induced movement therapy [3],
task-oriented training [4]. However, existing rehabilitation interventions have shown
very little efficacy for those chronic stroke patients with severe motor impairment [5],
which cause great economic and mental burden on the families of stroke patients and
society [6]. Therefore, it is urgent to find more effective treaments. Previous studies
have proved that classical motor imagery could promote the motor recovery, which has
a lower requirements for patients’ actual retainedmotor function [7, 8]. Intensive training
could be avoided which might cause abnormal movement patterns and compensatory
movements, meanwhile, there was an internal stimulation to their brain which could
increase the familiarity of movement [9]. However, classical motor imagery also have
some limitations. During training, patients are required to have inact cognitive function
to match with motor imagery activities, and maintain attention simultaneously. This is
difficult in practical training. Therefore, the researches about it were heterogeneous and
had different clinical efficacy [10–12]. Brain-computer interface (BCI) is a new rehabil-
itation technology, which can directly convert the signals generated by brain activities
into computer commands to interact with the surrounding environment without the par-
ticipation of peripheral nerves and muscles [13]. This stimulation process may have an
impact on brain plasticity, thus promoting themotor function recovery for stroke patients
[14]. This is a good supplement to the current clinical treatment. The purpose of this
studywas to compare the clinical efficacy of classicalmotor imagery and brain-computer
interface on severe upper limb impairment in stroke patients. Functional Magnetic Res-
onance Imaging (fMRI) was applied to observe brain functional and structural plasticity
to explore the potential mechanism of brain-computer interface to promote functional
recovery.

2 Methodology

2.1 Patients

A 76-year-old man with left hemiplegia caused by cerebral infarction in the right lateral
paraventricular and basal ganglia was recruited. He had severe left hemiplegia—there
was no active movement on his wrist, his left finger could only co-flex within a range of
1.5 cm and the initiation of flexionwas slow.He has significantly limitations for activities
of daily living. He depended on assistance for his personal hygiene and dressing and
he walked slowly with the aid of a cane. Moreover, the paretic hand prevented him
from lifting his arm. The absence of speech and cognitive impairments allowed him to
perform motor imagery and BCI training accurately under guidance. The patient had
hypertension in the past, which was controlled by oral drugs and was stable. He received
regular rehabilitation immediately after stroke, but therewas no substantial improvement
in the left wrist and handmore than 4months later (P1). Before entering the study, we had
fully communicated with the patient and signed the informed consent form, which was
approved by the Ethics Committee of Huashan Hospital affiliated to Fudan University.
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2.2 Intervention

Classical Motor Imagery. In the first four weeks, the patient underwent classical motor
imagery (P2) [15]. The treatment was carried out in a relatively quiet and comfortable
environment. Firstly, the patient was told to keep in a comfortable sitting position, then
closed his eyes and imagined that he was in a familiar environment under the guidance of
the therapist. Secondly, the therapist helped him to relax the body, and start instructing
him to imagine the relevant movements. The content of the imagery task was adjusted
by the therapist which could be combined with occupational therapy. For example,
“extending slowly the paretic arm to touch the red apple placed in front of him, and
then withdrawing it slowly”, “imaging the active flexion and extension of the paretic
wrist and fingers” or “stretching out the affected side arm, picking up the water cup on
the table to drink water” and so on. Each imagery task could be repeated several times.
After the imagery task, patient was asked to lift both hands for 10 times. Each training
consisted of 3–4 sessions, and there was 2min to break between each session. The whole
last approximately 30 min, 5 times a week last for 4 weeks. In the process of training, the
therapist should pay attention to keep the patient focused and avoid interference. After
each session, the patient underwent routine rehabilitation therapy, including physical
therapy, occupational therapy, etc.

BCI Training. Over the next four weeks, the patient underwent brain-computer inter-
face (P3). In this study, a new brain-computer interface technology based on motor
imagery was applied, combined with light touch stimulation and visual feedback from
VR which we call it “multimodal perceptual feedback training”. Before the treatment,
the patient was given an EEG cap and connected to the electrode with a conductive
ointment. After the training, the patient first received light touch input from both hands
(completed by a brush), at the same time, the patient wore a pair of VR glasses which
could see the movement of the virtual hands. After the sensory stimulation stopped, the
patient conducted an imagery task about extension of the left or right wrist according
to the prompt in the screen, meanwhile, the screen would give a feedback on the degree
of imagery task completion through the action of the virtual hands, during which the
patient continuously received visual stimulation and feedback. Each training sessionwas
30 min with four cycles, each containing 20 random left or right hand imagery tasks
lasting approximately 6 min with a 2-min rest between cycles. Five times a week, for
a total of 20 training sessions. Similarly, the patient would undergo the same routine
treatment after BCI training.

The brief procedure is listed in Fig. 1.

2.3 Functional Magnetic Resonance Imaging

fMRI scans were performed before and after BCI training. The task was designed as the
motor imagery of both hands, consisting of three types of tasks which were named left
hand grip, right hand grip and rest respectively. A, B, and C were used to represent the
three tasks, each performed for 20 s with no interval between task. In sequence of ABC,
BCA, CAB and repeated three times.
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Fig. 1. A brief illustration of the BCI training process.

Echo planer imaging (EPI) was used to acquire functional MR images data: TR
(repetition Time)= 2000 ms, TE(Echo Time)= 30 ms, FOV(Field of view)= 192 mm
× 192 mm, flip angle= 90, voxel size= 3 mm× 3 mm× 3mm, matrix size= 64× 64.
slice thickness = 3 mm, and slice gap = 0 mm. Forty-two slices of axial planer images
were acquired, including the whole cerebral cortex and the cerebellum.

Preprocessing of fMRI data was performed using the SPM12 software, the main
steps included: ➀ Time difference correction between all scan layers was performed. ➁
The interlayers of the rigid body were rearranged for head movement correction. ➂ The
structural images of T1 are divided into different components such as gray matter and
white matter and matched into the functional images, which the structural and functional
images are converted into the Montreal Neurological Institute (MNI) standard space. ➃
Finally, spatial smoothing was performed to form a spatial smoothing of a half-height
full-width 6 mm Gaussian smoothing core. Statistical significance was considered at
p < 0.001 (after FWE correction) to observe the changes in the activated brain regions.

3 Results

All assessments were conducted by the same physician who did not participate the study
before and after treatment.

Fugl-Meyer Assessment Upper Extremity (FMA-UE), Motor Status Scale (MSS),
Action Research Arm Test (ARAT) and the active motion range of paretic wrist were
observed during P1, P2 and P3 to assess the arm and hand motor function. Modified
Barthel index (MBI) was used to assess the daily living ability. Functional magnetic
resonance imaging (fMRI) was applied to assess the brain change of structure and
function.

3.1 Clinical Outcome

The parameterswere improved in both different treatment options (Table 1). After classic
motor imagery, themotor range and strengthof the left shoulderwas increased.Moreover,
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the patient was able to actively flex his wrist (flexion angle was about 10°), the active
range co-flexion of the fingers increased from 1.5 cm to about 2.5 cm, and the muscle
strength increased in the flexion of fingers, but he still could not extend his paretic wrist
or finger. However, after BCI training, the patient could actively extend his paretic wrist
(extension angle was about 15–20°) and the flexion angle of wrist also increased to about
60°. He could pinch a piece of A4 paper by his thumb and index finger and maintain
a certain strength. The sEMG results also improved, with synergistic contraction rates
(extensor/extensor + flexor * 100%) calculated for both treatments.

Table 1. Test Parameters of clinical assessment in P1, P2, P3

Period The active flexion and
extension angle of the
paretic wrist (°)

FMA-UE MSS ARAT MBI

P1 (baseline) 0/0 12 13.8/0.8 0 75

P2 10/0 16 17.8/1.8 3 75

Number change from
baseline

10/0 4 4.0/1.0 3 0

P3 60/15 22 20.4/3.4 7 75

Number change from
P2

50/15 6 2.6/1.6 4 0

Note: FMA-UE = Fugl-Meyer assessment-upper extremity; ARAT = action research arm test;
MSS=motor status scale; MBI=Modified Barthel Index; Change values are shown in font-bold

3.2 fMRI

No significant brain region activation was observed during the motor imagery task of the
paretic hand before the BCI training. While, after 20 sessions of BCI training, extensive
regional activation occurred in both cerebral hemispheres, including bilateral motor
cortex, superior frontal gyrus, middle frontal gyrus and posterior-temporal lobe among
which the strongest activation was the bilateral motor cortex.

Combined with the results of the clinical evaluation in the previous chapter (Table
1), the patient showed a more pronounced improvement in upper limb motor function
after BCI training. The positive result suggested that the activation of bilateral motor
cortexmay play ameaningful role in functional recovery,whichmight achieve functional
remodeling after injury.

In the motor imagery of the unaffected hand, the differences all appeared in the
motor cortex of the left hemisphere both before and after intervention, but there were
significant differences in the specific brain regions of activation.

Prior to the intervention, standard left motor cortex activation was performed during
the right-hand motor imagery task, while the activation area changed after the interven-
tion and began to move downward (although it was still in the motor cortex, but closer to
the facial muscles area). The change seemed to suggest a functional remodeling occurred
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in the left motor cortex after intervention, in which a part of the left motor cortex was
“seconded” to dominate the motor function of the paretic hand to promote the functional
recovery (Fig. 2).

Left hand motor imagery (pre test-post test) Left hand motor imagery (post test-pre test) 

Right hand motor imagery (pre test-post test) Right hand motor imagery (post test-pre test) 

Fig. 2. The significant activated brain regions in the left or right hand during the motor imagery
tasks before and after BCI training (p < 0.001, after the FWE correction).

4 Discussion

According to our study, after 20 sessions intervention, brain-computer interface based on
motor imagery showed a better rehabilitation superiority than classical motor imagery
that change value of each evaluation index showed more obvious improvement (Table
1), especially functional recovery in wrist and hand. Those previous stroke patients with
severe hemiplegia rarely or even cannot obtain the functional recovery of wrist and
hand, which also strikes the patients’ enthusiasm and confidence in recovery. Therefore,
we believe that this finding is a great encouragement and has great significance for the
existing clinical rehabilitation. As we know, stroke patients with severe paretic upper
limb rarely or even unable to recover their wrist and hand functions, which greatly
struck the patients’ enthusiasm and confidence in recovery. Therefore, we believed that
what we found in this study had a massive inspiration and important significance to the
current clinical rehabilitation. Pichiorri had demonstrated that the rehabilitation effects
of motor imagery could be enhanced in BCI system using a randomized controlled trial
[16], which also indicated the clinical feasibility and effectiveness of this study from
the side. Recently, our research group has also carried out relevant clinical trials, and
the results showed that compared with classical motor imagery, the BCI system based
on motor imagery had a better trend of promoting the recovery of upper limb motor
function [17].
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Of course, we needed to recognize that this was just a case report and may be with
some contingency. Refining and expanding studies need be done in future, preferably to
conduct randomized controlled trials to obtain more reliable conclusions. The results of
this study still indicate huge promise for patients with severe paretic upper limb.

From the fMRI results, corresponding structural changes occurred in both bilateral
brains after BCI training. Motor cortex of the ipsilateral hemisphere showed obviously
enhanced activity which suggested that BCI training might help to enhanced the activity
in motion regions of the ipsilateral hemisphere to achieve functional recovery. Mean-
while, It should also be noted that the motor cortex of the contralateral hemisphere also
showed corresponding changes. The brain area activated during the task of right-hand
motor imagery was shifted downward from the standard M1 region to the facial mus-
cle group region. The dynamic change might suggest that the contralateral hemisphere
might “second” some part of motor region to assist the ipsilateral hemisphere to com-
plete the control to motion function. This was different from the previous theory of
contralateral compensation or ipsilateral compensation [18, 19]. This might suggest that
function recovery after stroke do not depend on a simple brain structural change, but
might be related to the lesion location and severity, thus showing changeable structural
restructuring and functional improvement. These above still need to be verified by more
rigorous randomized controlled trials.

In addition, the ability of daily life did not show visible changes, considering that
might be related to the choice of assessment scale, and we also should realize that the
improvement of motor function did not directly represent the improvement of life ability
because of the transformation from motor function to life ability still need many aspects
to cooperate which also suggested that we need to consider more in the future research.

5 Conclusion

As an exploratory case-report, this study has a suggestive and encouraging effect that
BCI trainingmay be effective in promoting functional recovery in chronic stroke patients
with severe hemiplegic upper limb, especially in those with severely paretic wrist. The
fMRI results also suggest that BCI training may facilitate brain structural remodeling.
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