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Fig. 1. The time-frequency analysis results of EEG C4 decomposition of one subject: (a) The results of
EMD decomposition; (b) the results of VMD decomposition.
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Xt 8 1 52 ik (S1—S8) [ R4 EEG
AITEMG 43 5 #E 47 EMD 2 fi#, B 1 (a) B N2 iR
# S1MNHL{E 5 C4 [ EMD 204 SR, il i, &
S8 EMD fefi% [ 3G B HK (5 5 34T 7, (A7 LE B
AR B R 2 A R R A4 . ATREHR T
EMD J7 %42 5 T W AE s A 26 SR BT 3, 2 k0
WA 73 il I B 285 ik TR ZE R TEOR, AN BE R AH I 1 A
Ko R IER s 10 SREARYE 3.1 AN 8 1%
K& I EEG M EMG 43 7 4T VMD 43 i, 32 iE
S1 Wi HLAE 5 C4 Mo il s A 1 (b) Fios. AT,
VMD J5 4445 5 o i el T AN IMF o0 &2,
g TSRS, BT RIERE R EEG M
EMG 45 il 2 #2018 & 5 5 W0E L AR 4 1) 20
HLA 7 FE AR AL B 25 B I 45 51, B 98 (A %
PEANZ2 ROBERE 55, 1 VMD J7 325 R i 2 BUIE 52 4
R A BRI R A5 5 B IS N RO [ )50 B
TRt VMID 53 B % 1R U R S 3 H AN UL HL A 5 11
BB 7 5.

itk — R 58 EEG F1 EMG £ AN [F 48 & 77 1)
(EEG—EMG, EMG—EEG) I A~ [A] 45 B [4] f) 4%
AR, YR (8) A1 (9) it 5 8 44 %2 & Mk WL L
&5 AN [ B AR RE 18] i VMID-TE . B HL 3% B
HAF W4 5203 (S3, S5) 1 VMD-TE 43 #7 45 S itk
1T (2 #FH 45 R 5 0L, X 32
S3, S5 1) FL RN UL EBAS 5 2 Sl 1E4T VMD 43 fi#, 15
F 1) FA IMF 73 8 14717 8 2 FL At B 14 2 g A B
A TR IME 2, v LLE HE& i VMD Hid M
I3 f I 1 R RN LS 5 1 %S 20 B R 08 5 A M k)
L T REAIAT . S3 1S5 AN [F 4 & 7 A L AN [R] A
Bl py e LA &5 B 2 o, it — D HhEs
BT 523 B 2 LR B 1) #2511 22 S5 1, $RE
Frf 3% % EEG—EMG, EMG—EEG J5 A | %
AB (8] 4 A () VMD-TE f KAE, E 3 iR N8 i
AR L H 15 43 55 0 e () 5 B 1) e K
VMD-TE 8, B35 7 2 7R 5 2 LA ] beta 5 B
AV M D-TEAR, 216754 P9 A fioi v 5 L
gamma # B (5072 Hz) [A1# & 1 VM D-TE 4.
2 AT 3 AT L, R 8 A 52 4 3 1A i H AL e
55450 VMD JG i IMF 43 & MO TR, (B30 52
WA B E LRSI (8] ) f & S (5 BRI E R A
AL, B2, 2R3 1 K E VLA T e il & 2 X
) 1Y), 3% 5 SCHR [16] BT 7L el SAE — 2, SRR AR
TR s s T R 2 LR 4 ) B B REAE, B
B EIE 318 4 TAT EA LA, [F It 0F b 5 K

I 46 UL PR A N b e it A D)L R R, 2
5 LA beta 4 B (1535 Haz) [8] 85 & 58 B B0 N
BE B3RS, 4R 500 M5 SR
1% sz Be A T EEG-EMG [R] 25 4% 4 B 58 40 24
£ 18200 L EESE T I8 30 2 beta S XS & H%
xR B s el B L2l AR, ALY
beta $ B A FRT iR 5 4 DA DR A2 B o A i Ak o A 7
JZHFERIRSD, 1 JZULAE] beta SEL L& 4R % 4
LT LA 5 &5 3 2 R 4E B AL

#1 BRE S3 VMD HMIRJF & 53 B 1045 55 K SLFT et

IThBESB,

Table. 1 The frequency range and the corresponding

function spectrum band of each component after VMD

decomposition of the third subject.

(Ehe7 I WG /Hz X RLTh AR
IMF1 55—7T75 gamma
IMF2 42—58
IMF3 32—44
i e, C4 IMF4 22—34 beta
IMF5 14—24
IMF6 4—14 theta, alpha
IMF7 1—5 delta,
IMF1 0—72 gamma
IMF2 40—54
IMF3 33—42
Ul FDS  IMF4 23—33 beta
IMF5 15—25
IMF6 8—16 theta, alpha
IMF7 0—4 delta

2 ZWFH S5 VMD 73 fift 5 % 73 B T 56 e e oS B
1T AR

Table. 2 The frequency range and the corresponding
function spectrum band of each component after VMD

decomposition of the fifth subject.

55 R G/ Hz Xof B2 D e St
MF1 52—68 gamma
IMF2 39—50
N IMF3 30—40
i H C4
IMF4 15—32 beta
IMF5 8—15 alpha
IMF6 0—S8 delta, theta
IMF1 58—T72 gamma
IMF2 50—62
MF3 40—50
JUlHe FDS
MF4 30—42
IMF5 15—34 beta
IMF6 0—12 delta, theta, alpha
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Fig. 2. (color online) The VMD-TE values between different frequency bands on both directions of the fifth
subject (a) the third subject, (b) the fifth subject.
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Fig. 3. (color online) The maximum VMD-TE values between different emg components and eeg coupling strength

(IITIRE ) A [FIRE A 75 1 A AL ER % 255 I e ) S 5 i FEE PR B KA, [ 5 8020 R B R LA 8] et STBC RS A )

on both directions of all subjects, the gray shadow shows the VMD-TE values of functional corticomuscular coupling
in the beta-band, the red square shows the VMD-TE values between EEG signal and the gamma band (50-72 Hz)
of EMG signal.
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Abstract

The functional corticomuscular coupling (FCMC) is defined as the interaction, coherence and time synchronism
between cerebral cortex and muscle tissue, which could be revealed by the synchronization analyses of electroencephalo-
gram (EEG) and electromyogram (EMG) firing in a target muscle. The FCMC analysis is an effective method to describe
the information transfer and interaction in neuromuscular pathways. Forthermore, the multiscaled coherence analyses of
EEG and EMG signals recorded simultaneously could describe the multiple spatial and temporal functional connection
characteristics of FCMC, which could be helpful for understanding the multiple spatial and temporal coupling mechanism
of neuromuscular system. In this paper, based on the adaptively decomposing signal into frequency band characteristis of
variational mode decomposition (VMD) and the quantitatively detecting the directed exchange of information between
two systems of transfer entropy (TE), a new method—variational mode decomposition-transfer entropy (VMD-TE) is
proposed. The VMD-TE method could quantitatively analyze the nonlinear functional connection characteristic on mul-
tiple time-frequency scales between EEG over brain scalp and surface EMG signals from flexor digitorum surerficialis,
which are recorded simultaneously during grip task with steady-state force output.

In this paper, application of VMD-TE method consists of two steps. Firstly, the EEG and EMG signals are adap-
tively decomposed into multi intrinsic mode functions based on variational mode decomposition method, respectively,
to describe the information on different time-frequency scales. Then the transfer entropies between the different time-
frequency scales of EEG and EMG are calculated to describe the nonlinear corticomuscular coupling characteristic in
different pathways (EEG—EMG and EMG—EEG), to show the functional coupling strength (namely VMD-TE values).
finally, the maximum VMD-TE values between the different time-frequency scales of EEG and EMG signals among the
eight subjects are selected, to describe the discrepancies of FCMC interaction strength between all time-frequency scales.
The results show that functional corticomuscular coupling is significant in both descending (EEG—EMG) and ascend-
ing (EMG—EEG) directions in the beta-band (15-35 Hz) in the static force output stage. Meanwhile, the interaction
strength between EEG signal and the gamma band (50-72 Hz) of EMG signal in descending direction is higher than in

ascending direction. Our study confirms that the beta oscillations of EEG travel bidirectionally between sensorimotor
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t Corresponding author. E-mail: pingx@ysu.edu.cn

118701-8


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I8 % 48 Acta Phys. Sin. Vol. 65, No. 11 (2016) 118701

cortex and contralateral muscles in sensorimotor loop system, and the oscillation of beta-band of EMG signal is consid-
ered to be driven from cortex pyramidal tract and cortex and likely to reflect the information transmission from muscle
to the sensorimotor cortex. The beta-band corticomuscular coupling reveals the information transmission between the
muscles and sensorimotor cortex. Additionally, the corticomuscular coupling strength discrepancy varies on different
time-frequency scales between EEG and EMG signals. The results show that the VMD-TE can quantitatively estimate
the nonlinear time-frequency interconnection and functional corticomuscular coupling between sensorimotor cortex and

muscle.

Keywords: functional coupling, ariational mode decomposition, ransfer entropy, ime-frequency scales
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