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Abstract: Electro-acupuncture stimulation (EAS) technique applies the electrical nerve stimulation therapy on
traditional acupuncture points to restore the muscle tension. The rapid promotion and development of
brain-computer interface (BCI) technology makes the thought-control of EAS possible. This paper designed a new
BClI-control-EAS (BCICEAS) system by using event-related desynchronization (ERD) of EEG signal evoked by
imaginary movement. The change of EEG signal was observed in the training and stimulation experiments with
visual feedback. The Fisher parameters were extracted from feature frequency bands of EEG and classified into
EAS control commands by Mahalanobis distance (MD) classifier. A feedback training technique was employed to
correlate the enhancement of relevant EEG feature through a visual interface with a virtual liquid column, whose
height varied along with EEG power spectral feature. According to the statistics analysis of 12 subjects,
experimental results revealed the effective improvement of feedback training on signal feature and reliable control
of EAS. It is expected that the proposed control method can explore a new way for EAS system design and help
people who sufferers with severe movement dysfunction. Copyright © 2013 IFSA.

Keywords: Electro-acupuncture stimulation, Brain-computer interface, Event-related desynchronization,
Imaginary movement, Mahalanobis distance classifier.

1. Introduction

Acupuncture originated from ancient China has
been used in the orient to treat various clinical muscle
disorders for thousands of years, with recognized as a
complementary medical method by NIH Consensus in
1997 [1-2], which has been gaining popularity among
practitioners of modern medicine [3]. Among the
previous studies, electro -acupuncture stimulation
(EAS) was widely used as a substitute for classical
acupuncture. It is demonstrated that EAS produces
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reflex changes in muscle motor nerve activity and
successful treatments of patients with clinical muscle
disorders, providing this highly credible method [4-8].
The traditional usage of EAS was found to improve
lower limb motor function of patients with paralyzed
arms [5]. However, the poor autonomy for the patient
to control EAS device restricts its application and
makes it a technical bottleneck for further
popularization. This template provides authors with
most of the formatting specifications needed for
preparing their articles.
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Nowadays, the rapid promotion and development
of brain-computer interface (BCI) technology makes
it is possible for the EAS to be controlled by
imaginary movement. The option for restoring
function to those with motor impairments is to provide
the brain with a new, non-muscular communication
and control channel, a direct brain—computer interface
(BCI) for conveying messages and commands to the
external world. In a variety of methods for monitoring
the brain activity, noninvasive EEG-based BCI
provides an augmented communication channel for
individuals who do not have the motor function
capabilities that are necessary to interact with the
external world [6, 9].

This research proposed a BCl-controls-EAS
(BCICEAS) system to stimulate upper limbs action
based on event-related desynchronization (ERD) of
EEG signal evoked by imaginary movement. Three
modules were contained in this system: signal
acquisition module, signal processing module and
EAS stimulator module, as shown in Fig. 1. A
feedback training technique was designed to correlate
the enhancement of relevant EEG feature through a
visual interface with a virtual liquid column, whose
height varied along with EEG power spectral feature.

Signal Acquisition Module
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Fig. 1. BCICEAS experimental environment
and control platform.

2. Signal Processing Algorithm
2.1. Short Time Fourier Transform (STFT)

Considering that specific frequency bands and a
fixed time delay of ERD, we introduce the method of
Short Time Fourier Transform. STFT is one of the
classic Time-frequency analyses in the EEG signals
under study [9]. The STFT positions a window
function y(r) at 7 on the time axis, and calculates the

Fourier transform of the windowed signal as
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F(w,7) = j FOw (t—-1)e™dt (1)

when the window /() is a Gaussian function, STFT

is called a Gabor transform. The basis functions of this
transform are generated by modulation and

transformation of the window function w(¢) ,
where W and 7 are modulation and translation
parameters,  respectively.  The  fixed time
window /() is the limitation of STFT as it causes a
fixed time—frequency resolution [10].

2.2. Matching Pursuit (MP)

The method of algorithm of matching pursuit
(MP), introduced by Mallat and Zhang (1993),
decomposes any signal into a linear expansion of
waveforms that belong to a dictionary of functions
[11]. There are several restrictive conditions of its
basics. In the first step of the MP, the
waveform g which best matches the signal f(7) is

selected from a redundant dictionary D. In each of the

following steps, the waveform g, is matched to the

signal R" f which is the residual left after subtracting
results of previous iterations:

Rf=f
R'f=(R"f,g,)8, +R"'f > Q)
g,=argmax, € D‘(R”f,gﬁ‘

MP decomposition of a signal f(¢) is carried out
by successive approximations of the signal f(r) with

its orthogonal projections on the atoms chosen from
the dictionary in order to best match the local structure

of the signal. After 7 iterations, a matching pursuit
decomposes a signal f into

=R f.g)80 +R" [ 3)

where R"f is the residual vector after f(r) is
approximated by m atoms, and (R"f 88

characterizes the projection of R"f onto an
atom gm[ll].

The orthogonally of R" f and 8m in each step

implies energy conservation:

— 2
T =§|<R"f,gm>| NI @

For a complete dictionary, the procedure comes
together to
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We compute an estimation of the time-frequency
density of the signal’s energy, which is free of
cross-terms, by adding Wigner distributions W of
selected functions:

Ef e =Y (R .2, W, (t.w)- ©)

2.2. MP-Fisher

However, MP decomposition does not represent
signals with time-frequency modulations correctly.
Thus, MP-Fisher is the advance of MP algorithm. In
this paper, the MP method based on Fisher criterion
for optimization of movement-related EEG power
features is proposed to provide a theoretical guide for
selecting the most relevant EEG frequency
components. Given the time-frequency distribution of
the EEG power features, we calculate the parameters,
called MP-Fisher ratio (MFR) combined with Fisher
criterion in the following procedures

The time-frequency distribution £, (1) of the

EEG power features is found by the MP algorithm.
Sample mean and variances is determined according
to the patterns of imaginary and non-imaginary motor.
Based on Fisher criterion, we may estimate MP-Fisher

parameters S(Z, /) defined by

M,/-(l)(t,f)—M(/.(z)(t,f)]z ,
Stf(l)(t’f)+Szj”(2)(t>f)

() =" @

where M. (¢, f) and M, (¢, ) stand for the
corresponding range of mean, while S, and.S
are variances of elements in two F, (L, f)- The bigger

s(t, ) is, the higher the level of separability is.

2.3. Mahalanobis Distance

In statistics, Mahalanobis distance (MD) is a
distance measure introduced by P. C. Mahalanobis
(1936), and based on correlations between variables
by which different patterns can be identified and
analyzed. It is a useful way of determining similarity
of an unknown sample set to a known one, in order to
explore the classification procedures. The MD
becomes an evaluation between two data points in the
space defined by relevant features. Accounting for
unequal variances as well as correlations among
features, it will adequately evaluate the distance by
assigning different weights or important factors to the
features of data points [6].

Formally, the Mahalanobis distance from a group
of values with mean g = (u,1,, 15, 41,)" and

covariance matrix z for a multivariate vector
r

T.
X =(X,,%,,X;,"+,Xp)" is defined as:

Dy (x)=(x=p)" 5 (x = p) ®)

The formula of Mahalanobis distance can also be
defined as distinction with the following equation:

&%) = (- ) S (=) ©)

where two random vectors X and  of the distribution
with covariance matrix >
)4

Given two data total sets G, , G, and sample

point x , their Mahalanobis distance can be restricted
by the discrimination formula:

w4 G- d 4G, (10

where sample point X exists three patterns: if
w(x)}0 , xeG, ; if w(x))0 , xeG, ; if

w(x) =0, sample point X can not be certain.

3. Experimental Design

In this study, EEG training experiment was
induced by imaginary movements. 12 healthy adult
subjects participated in the experiment were divided
into two groups by with or without feedback with
3 males and 3 females for each group separately. For
individuals, there are three stages in the experiment.
Each stage lasts about 40 minutes and comprises of
four sets (30 trials of imaginary movement for one
set), including preparation, tips, imaginary movement
and resting. The rest time between two trial-sets is
about three minutes and each trial lasts about nine
seconds.

EEGs were recorded by an EMS Phoenix Digital
EEG Equipment at electrode positions C3, C4 and A1,
A2 of the international 10-20 system (as marked with
red circle in Fig. 1). The research of neural
electrophysiology showed that either an actual body
movement or an imaginary movement can increase
obvious intensity changes in the power spectral
density (PSD) of some characteristic band
components in evoked potentials [12]. The decrease of
power spectrum ratio is called as event-related
desynchronization (ERD), while the enhancement is
called as event-related synchronization (ERS). In
addition, both the characteristic bands and spatial
cortex regions of ERD/ERS are related to the kind of
actual or imaginary movements. It indicates that the
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ERD/ERS induced the brain imaginary movements
can be used as an effective means for EEG feature
detection and pattern recognition.

There are many definition and calculation methods
for ERD/ERS, such as Hilbert transformation, band
power spectrum, and power spectral decomposition
[13-15]. Therefore, we adopt the definition of band
power spectrum proposed by Pfurtschellera and
Aranibar [16]. The percentage values for ERD are
obtained by the following equation:

Crp :L;RXIOO(%), (11)

where A represents the power spectral density within
the frequency band of interest in the period after the
event happens, whereas that of the preceding baseline
or reference period is given by R [16].

Under aforementioned study, the training
experiments are applied to electro-acupuncture
stimulation (EAS), in which the subjects can
self-control their upper limbs in an on-line system test
with feedback training. The electrodes are placed in
the acupuncture Qu-Ze and Nei-Guan, which are the
sensitive points of stimulation for lifting the fore-arm,
as shown in Fig. 1.

4. Results

In this study, the PSD was applied to analyze the
EEG activity of hand imaginary and non- imaginary
movements, and discriminated between two stages by
ERD on 12 subjects. All of them were aged between
20 and 30 years old, and divided into two groups by
with or without feedback. For the group of subjects
with feedback, the feedback adjustment of imaginary
movement state can be carried out by a visual interface
of a virtual liquid column representing EEG power
spectral value on feedback tache, as shown in Fig. 1,
and by a visual interface of a virtual liquid column
representing EEG power spectral value on feedback
tache, as shown in Fig. 2.

imaginary movement

start power spectrum

non- imaginary movement

- -100-
{"

Mumber Times

I a0

Fig. 2. Visual feedback interface
of a virtual liquid column.

54

For MP method based on Fisher criterion, the
value of the frequency bands of ERD feature was
calculated for all subjects, as it shows in Fig. 3. For
MP -Fisher criterion, the characteristic frequency
bands of each subject firstly are extracted according to
Fisher parameter criterion. PSD is averaged in the
corresponding characteristic bands and time periods.
After the data being normalized, ERD value of each
imaginary movement can be got according to equation
(10).
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Fig. 3. ERD value calculated from 6 subjects with feedback
(Subject 1-6) and without feedback (Subject 7-12).

The mean of ERD value is from 0.0561 in stage 1
down to 0.0181 in stage 3 for the group with feedback,
while from 0.0548 down to 0.0393 for the group
without feedback, as shown in Fig. 4. Comparing the
first stage data with the third ones, the ERD value is
defined as the ratio of the difference between
imagination and resting period, so the EEG feature of
imaginary movement increases following lower ERD
values. Fig. 4 shows obvious enhancement
phenomenon of EEG, after the participants in the two
groups complete the training process. It is also
concluded that feedback training has a more
improvement of EEG feature in comparison to no
feedback training. By comparing the ERD value of
2 stages through t test, P value which reflects the
extent of difference was shown in Fig. 5. The
remarkable dissimilarity exists when P is less than
0.05, as marked with red star. For the group with
feedback, there are significant differences in the data
between the stage 1 and next two stages. For the
groups without feedback, only the distinctions
between stage 1 and 3 are obvious. Therefore, we can
see the significant enhancement phenomenon of EEG
by feedback training process. Importantly, feedback
training is necessary for BCICEAS system to
overcome the problem, which results from strangeness
to influence imaginary movement efficiency for the
first use of the system. The similarity between stage
2 and 3 indicates a saturation situation resulting from
feedback training which reflects that the feedback
system decreases the training time significantly for the
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voluntary control by the patients using BCI, and
proves a suitable method for medical rehabilitation.
Thus, there is no significant improvement when
training reaches certain intensity. The training process
is of importance for each individual in the experiment.
Thus, clear enhancement phenomenon of EEG can be
achieved by training. Further more, the enhancement
of EEG feature in the test with feedback is higher than
that of non-feedback. Fig. 3 shows the curves of the
mean ERD value for all subjects with and without
feedback. Compared with the group without feedback,
there is more remarkable increase of ERD value and
more significant enhancement of EEG feature in the
test with feedback. These results prove that the
feedback training can effectively improve the
intensity of EEG feature.

0.06
0.05
0.04
0.03
0.02
0.01

ERD value

stage 1 stage 2 stage 3
[ with feedback W without feedback

Fig. 4. ERD value comparison during trainings with and
without feedback in different stages.

0.6
04

with feedback

P value

without feedback
O stage 1-2 B stage 1-3 O stage 2-3

Fig. 5. P value comparison by T-test between two stages
during trainings with and without feedback in different
stages. (%% P<0.05).

Mahalanobis distance was used to evaluate
accuracy of imaginary and non-imaginary. Imaginary
accuracy is considered that the disposed signals of
imaginary movement stimulate the upper limb
correctly, whereas non- imaginary accuracy denotes
movement without real stimulus signals. The
recognition accuracy in stimulus experiment for
non-imaginary task in EAS experiment is more than
90.9 % while that for imaginary task is just more than
76.7 %. The experimental accuracy in non-imaginary
task is higher than those in imaginary task. It is the
reason that the delay comes out in the process of
collecting EEG signals, which can not generate ERD
phenomenon.

5. Discussion

In this research, our aim was to develop a
BClI-controls-EAS (BCICEAS) system to modulate
movement of upper limbs by electroacupuncture and
EEG. An imaginary movement can induce obvious
intensity changes in the power spectrum density (PSD)
of some characteristic band components in evoked
potentials Event-related desynchronization (ERD) of
EEG signal was observed by the decrease of power
spectrum ratio, which is evoked by imaginary
movement. Moreover, the change of EEG signal was
observed in the training and stimulation experiments
with visual feedback. The Fisher parameters were
extracted from feature frequency bands of EEG and
classified into EAS control commands by
Mahalanobis distance (MD) classifier. A feedback
training technique was employed to correlate the
enhancement of relevant EEG feature through a visual
interface with a virtual liquid column, whose height
varied along with EEG power spectral feature.
According to the statistics analysis of 12 subjects,
experimental results revealed the effective
improvement of feedback training on signal feature
and reliable control of EAS.

Several previous studies have shown the benefit of
acupuncture for motor improvement in stroke
rehabilitation [17-20]. However, the effectiveness of
acupuncture on motor functional recovery has been
seriously challenged by the results reported in recent
clinical trials [21-22]. The poor autonomy for the
patient to control EAS device restricts its application
and makes it a technical bottleneck for further
popularization. In the current study we targeted a
self-control electroacupuncture system for clinical
needs. Our results in the present study are promising.
Acupuncture stimulation offered important benefits of
limbs’ motor when combined with BCI training.

Additionally, previous studies have shown that
these applications of the matching pursuit (MP)
method to EEG recordings demonstrate the ability of
this method to provide continuous detailed
decompositions of captured activity into component
waveforms [23]. In our study MP-Fisher is a valuable
tool for time—frequency analyses of dynamic activity
of EEG as the advance of MP algorithm, which is
consistent with previous results.

Previous studies have demonstrated that the
Mahalanobis classifier based on the use of the full
covariance matrix of features is able to classify EEG
patterns during imagination of left and right hand
movements [24]. Such recognition has been
performed by using data from few EEG electrodes at a
high level of accuracy. The classification performance
by using data from the C3 and C4 electrodes of such
method are statistically equivalent to those obtained
by using four recording electrodes (C3, C4, P3, P4)
[24]. Thus, it was used to apply for our study.

After extracting the PSD from the recorded EEG
data, the value of ERD can be acquired. This paper
made use of ERD phenomenon evoked by imaginary
movement to observe the change of EEG signal in the
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training process and two EEG experiments (with
feedback and without feedback). Against the absence
of this exploration of the relativity of EEG features for
training, especially relative research problems about
how training effects the change of these features, the
feature of EEG can be strengthened using the training
process and feedback tache. It is proved that training
can intensify EEG features and the EEG features after
the whole training process for subjects of both groups
show significant enhancement. In addition, the
introduction of feedback tache can improve the effect
of training; the EEG features of the subjects in the
group with feedback were obviously better than those
in the group without feedback. Beside, the subjects
were tested by an on-line system after feedback
training and the highest experimental accuracy rate of
them could reach above 76.7 % equally, with highest
one at 90.9 %. Thus, it can be realized that the function
of transforming imaginary movement into
self-acupuncture stimulization and possess higher
application prospects of serving disabled people to
recover their upper limbs, which was worth making
further research and extension.

6. Conclusions

The development of a scientific electrical
acupuncture stimulization has made it possible to
consider a wide variety of clinical applications that
have been demonstrated. Acupuncture has a great
potential of being used for rehabilitation. This
research provides the basis for the development of
BCI-control-EAS system which might help patients
with severe paralysis to regain control over their body,
which is worth making further research and extension.
Using the fMRI, however, the neurobiological
evidence of specificity of the acupuncture has been
provided by EAS [25]. The important next step in
acupuncture research is to have a better understanding
of the neurophysiologic mechanism of acupuncture in
order that the therapeutic effectiveness of acupuncture
can be further increased.
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