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Recently, surface electroencephalogram (EEG)-based brain–machine interfaces (BMI) have been used 
for people with disabilities. As a BMI signal source, event-related desynchronization of alpha-band 
EEG (8–13 Hz) during motor imagery (mu ERD), which is interpreted as desynchronized activities of 
the activated neurons, is commonly used. However, it is often difficult for patients with severe hemipare-
sis to produce mu ERD of sufficient strength to activate BMI. Therefore, whether it is possible to modu-
late mu ERD during motor imagery with anodal transcranial direct-current stimulation (tDCS) was 
assessed in a severe left hemiparetic stroke patient. EEG was recorded over the primary motor cortex 
(M1), and mu ERD during finger flexion imagery was measured before and after a 5-day course of tDCS 
applied to M1. The ERD recorded over the affected M1 increased significantly after tDCS intervention. 
Anodal tDCS may increase motor cortex excitability and potentiate ERD during motor imagery in pa-
tients with severe hemiparetic stroke. (Keio J Med 60 (4) : 114–118, December 2011)
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chine interface

Introduction

Recently, the usefulness of a brain–machine interface 
(BMI) that controls external devices based on neural ac-
tivity of the brain during motor intention and imagery 
has been reported for people with disabilities.1 It has been 
suggested that BMI might be used to restore severely pa-
retic limbs, and its application to rehabilitation is attract-
ing a great deal of attention.2,3

The event-related desynchronization of the alpha-band 
(8–13 Hz) electroencephalogram (EEG) (mu ERD) is in-
terpreted as the desynchronized activities of the activated 
neurons appearing during motor imagery. It is well rec-

ognized that motor imagery induces an ERD of 8–13 Hz 
over the motor cortex.4 This mu ERD, which reflects mo-
tor preparation and appears during motor imagery, has 
been used with BMI to control external devices such as 
robotic hands and motor-driven orthoses.5

It is known that the magnitude of ERD varies among in-
dividuals, which means that not all subjects can use ERD-
based BMI. In people with brain injuries, it is known that 
measurement of stable ERD is often difficult;6 therefore, 
use of BMI in patients with severe motor disabilities has 
been limited.

Cortical excitability can be modulated with transcra-
nial direct-current stimulation (tDCS). Anodal tDCS in-
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creases excitability of the motor cortex, whereas cathodal 
tDCS decreases it.7 If application of tDCS could enhance 
cortical signals such as mu ERD, it would be beneficial 
for the use of BMI in persons with severe motor paralysis 
due to central nervous system injury. In this case report, 
mu ERD induced by motor imagery was assessed in a 
patient with severe left hemiparetic stroke, and its modu-
lation with anodal tDCS was examined.

Case Description

The patient was a 61-year-old man who had suffered 
left hemiparesis secondary to thalamic hemorrhage due 
to long-lasting hypertension 3 years earlier. He was able 
to walk independently with a single cane and an ankle–
foot orthosis. He could raise his paretic hand up to nipple 
height from the knee, and he could flex his paretic fingers 
but not extend them. His Fugl-Meyer upper extremity 
motor score was 17. Light touch and position sensation 
were severely disturbed. The modified Ashworth scale 
(MAS)8 score for the finger flexor muscles was 2. He 
could not use his left upper extremity practically in daily 
life, except for placing it on a sheet of paper on a desk 
to hold it in place. He did not exhibit apraxia, aphasia, 
agnosia, or memory deficit. Fluid-attenuated inversion 
recovery (FLAIR) magnetic resonance imaging (MRI) 
showed low-intensity areas in the right posterior limb of 
the internal capsule and corona radiata (Fig. 1).

The protocol of tDCS intervention was approved by the 
ethical committee of Keio University School of Medi-

cine, and the patient gave his written informed consent to 
participate in the study. The patient received anodal tDCS 
for 5 days. The tDCS was applied for 10 min through rect-
angular, saline-soaked, sponge electrodes (50 × 70 mm2) 
with a battery-driven stimulator (CX-6650, Rolf Schnei-
der Electronics, Gleichen, Germany) while the patient 
sat on a chair with his hands placed over the armrests. 
The stimulation intensity was set at 1 mA. The anodal 
electrode was placed on C4 according to the international 
10–20 system for placement of EEG electrodes. The cath-
odal electrode was placed on the contralateral supraor-
bital area.

Assessment of ERD

One day before and 1 day after the 5-day tDCS ses-
sion, mu ERD with finger flexion imagery was measured. 
To assess the long-term effect of the 5-day tDCS session, 
we measured mu ERD 1 year later. The patient sat on a 
chair with his hands placed over the armrests, his shoul-
ders flexed to 10° and elbows flexed to 90°. The patient 
was asked to imagine flexion of his paretic finger for 5 s 
initiated with a visual cue on a computer monitor. EEG 
signals were recorded with 20 Ag/AgCl disc electrodes 
(1 cm in diameter) with binaural references according 
to the international 10–20 system of electrodes. To de-
termine the electrode pair showing the largest ERD, all 
adjacent pairs of bipolar derivations of EEG were used to 
check for the presence of mu ERD following motor imag-
ery. The selected bipolar EEG showing the largest ERD 

Fig. 1 MRI (FLAIR) images of the patient. 
Each of the arrows shows low-intensity areas in the right posterior limb of the internal capsule (A) and corona radiata (B).
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was used for further analysis. A surface electromyogram 
(EMG) was used to check that no activity of bilateral first 
dorsal interosseous muscles (FDI) appeared during motor 
imagery.

Event-related trials of 5 s during motor imagery were 
selected for off-line data processing. All trials were visu-
ally assessed, and trials with artifacts (resulting from eye 
movement), as well as those with increased EMG activity 
of the right FDI, were excluded. All trials were segment-
ed into successive 1-s windows with 100 overlapping 
samples, and Fourier transformation with the Hanning 
window was applied to each segment. The power spec-
trum densities of each segment were estimated over the 
trials by Welch’s averaged periodogram method.9

The mu ERD was expressed as the percentage power 
decrease in relation to a 1-s reference interval before the 
patient was notified to be “ready.” The ERD was calcu-
lated for each time (resolution of 0.1 s) and frequency 
(resolution of 0.98 Hz) according to Equation (1):

 ERD(f, t)=[(R(f) − A (f, t)) / R(f)] × 100 (%)  (1)

Where A is the power spectrum density of the EEG at 
a certain frequency f [Hz] and time t [s] after the imagery 
task was started, and R is the power spectrum at the same 
frequency f [Hz] of the baseline period (a 1-s interval be-
fore “Ready” was displayed). The largest power decrease 
during motor imagery in the alpha band (8–13 Hz) was 
selected as the value of mu ERD. Before tDCS applica-
tion, the values of mu ERD were compared in all adjacent 
pairs of bipolar derivations of the EEG to determine the 
electrode pair showing the largest value of mu ERD.10

Results

Table 1 shows the mu ERD changes in both hemi-
spheres during motor imagery of the paretic and non-
paretic fingers before (T1) and after (T2) a 5-day tDCS 
session. Anodal tDCS applied to the affected hemisphere 
for 5 days increased mu ERD induced by paretic hand 
imagery in the affected hemisphere and decreased it in 
the unaffected hemisphere.

One year after the 5-day tDCS session, the mu ERD 
during motor imagery of the paretic finger flexion was 
25.1 ± 3.8% in the affected hemisphere and 26.4 ± 5.1% in 
the unaffected hemisphere. Clinically, the MAS score for 

the finger flexor muscles decreased from 2 to 1+ and the 
Fugl-Meyer upper extremity motor score increased from 
17 to 20. The patient used his paretic upper extremity for 
holding a bag, in addition to pressing a sheet of paper on 
the desk in his daily life. The MAS score, Fugl-Meyer 
score and his paretic upper extremity function in his daily 
life had been maintained for 1 year after the 5-day tDCS 
treatment. The patient did not experience any adverse 
side effects during the course of the study.

Discussion

This is the first report demonstrating that anodal tDCS 
applied to the affected hemisphere can increase mu ERD 
induced with motor imagery of paretic finger movement. 
At baseline, mu ERD induced with motor imagery of pa-
retic fingers was low in the affected hemisphere, while 
it was high in the unaffected hemisphere. We thought it 
difficult for our patient to imagine paretic finger move-
ment because he had suffered from severe hemiparetic 
stroke more than 3 years before the time of the study. 
Furthermore, it has been reported that disuse of the up-
per extremity reduces cortical excitability during motor 
imagery.11

Anodal tDCS increases motor cortex excitability. Pre-
vious studies suggest that cortical excitability changes in-
duced with tDCS are due to modifications of membrane 
polarization and the synaptic mechanism.7,12 The ERD 
mechanism is attributed to a decrease in the synchro-
ny of the underlying neuronal population.13 Therefore, 
ERD changes after tDCS may be explained by changes 
in the oscillatory behavior of cortical neurons, such as 
membrane potentials in the primary motor area, and the 
probability of neurons firing according to input signals 
in response to motor imagery. Matsumoto et al. showed 
that mu ERD significantly increased after anodal tDCS, 
whereas it significantly decreased after cathodal tDCS in 
healthy subjects.14 There was a significant correlation be-
tween mu ERD and motor cortex excitability. The ERD 
is suggested to be generated by the neural interconnec-
tion of the feedback loop involving the thalamo-cortical 
or cortico-cortical loop.13,15 tDCS seems to activate the 
intermediate neurons projecting to pyramidal tract neu-
rons (PTN) in the cortex.16 Therefore it is suggested that 
mu ERD could be modulated by a change in excitabil-

Table 1 Change of mu event-related desynchronization (ERD) value (%) in the affected and unaffected hemispheres during motor 
imagery

 Motor imagery of paretic fingers Motor imagery of non-paretic fingers
Before (T1) After (T2) Before (T1) After (T2)

Affected hemisphere ERD (SE) 4.1(8.8) 25.1(6.2)** −4.6 (11.5) −2.8 (7.2)
Unaffected hemisphere ERD (SE) 32.1(10.1) 13.0 (6.0)* 26.6 (6.5) 19.6 (7.0)
tDCS, transcranial direct-current stimulation; SE, standard error. 
Mann-Whitney U test: **p=0.001, *p<0.05 compared with before (T1) value.
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ity of the intermediate neurons projecting to the PTNs. 
Increased cortical excitability results in more activated 
and desynchronized neurons, which results in an ERD 
increase.

It has been reported that the after effects of tDCS for 
10 min at 1 mA continue for 10 min to 1 h.7,12 Reis et al. 
showed the existence of a consolidation mechanism sus-
ceptible to anodal tDCS.17 Long-term effects induced by 
tDCS may include the build up of new synapses, with the 
mechanism of long-term potentiation and long-term de-
pression critically involved. The glutamatergic system, 
in particular NMDA receptors,18 seems to be necessary 
for induction and maintenance of neuroplastic after-effect 
excitability enhancement by tDCS.19 It was supposed, 
therefore, that 5 days of tDCS intervention resulted in a 
significant increase of ERD in the affected hemisphere.

We found that anodal tDCS applied to the affected 
hemisphere for 5 days decreased the ERD in the unaffect-
ed hemisphere. Increased motor cortex excitability in the 
affected hemisphere could increase the inter-hemispheric 
inhibition from the affected to the unaffected hemisphere 
and reduce the compensatory activity of the unaffected 
hemisphere.20

Besides modulation of cortical activity, repeated ap-
plication of tDCS reduced spasticity in paretic fingers in 
this case. Recently, Roche et al. showed that anodal tDCS 
increased disynaptic reciprocal inhibition.21 This might 
explain the observed decrease in spasticity with tDCS. 
It was supposed that increased motor cortex excitabil-
ity and decreased spasticity might induce improvement 
of upper extremity motor function. The improvement 
of motor function allowed the patient to use his paretic 
upper extremity more than before. It has been easier for 
the patient to imagine paretic finger movement than be-
fore. That could be one of the reasons why the change of 
ERD in the affected hemisphere during imagery has been 
maintained for 1 year after the 5-day tDCS session.

In this patient with a thalamic lesion, mu ERD with mo-
tor imagery was increased after anodal tDCS. Cicinelli et 
al. suggested that the changes in imagery-induced corti-
cal excitability were not different in respect to the loca-
tion of the stroke lesion in patients whose primary mo-
tor cortex was spared.22 However, further study should 
address whether stroke lesion location may influence the 
ERD change with motor imagery.

If application of tDCS can enhance cortical signals 
such as mu ERD, it would be beneficial for the use of BMI 
in patients with severe motor disabilities due to central 
nervous system injury. However, this present study is a 
case report, and further larger-scale and more systematic 
studies are needed to test the usefulness of this approach.
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