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Phase locked stimulus method of EEG based on variational mode decomposition
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Abstract: The phase locked stimulus technology has great application prospect in the neural mechanism research and clinical treatment.
However, the problem of phase locked between electroencephalogram (EEG) and stimulus need to be solved. Due to the complicated time-
varying characteristics of EEG, there is still lack of effective stimulus algorithms that can be used to lock with the EEG phase. Therefore, a
phase locked stimulus method for EEG is proposed, which is based on the variational mode decomposition (VMD) and autoregressive ( AR)
prediction. Firstly, EEG is processed by VMD to obtain multiple eigenmode signals. Then, each eigenmode signal is predicted by the AR
model. The predicted values corresponding to all modes are accumulated. Finally, according to the frequency and phase characteristics of the
accumulated results, the stimulus is generated, which is phase-locked with EEG. The method is evaluated in the synthesized EEG and
20 subjects (aged 20~36, male 12, female 8) offline resting EEG respectively. Results show that VMD-AR can overcome the influence of EEG
instability and generate the stimulus with higher phase-locked value (PLV). When the length of prediction time increases from 0.01 s to 0.4 s,
PLV of opened EEG decreases from 0.99 to 0.39, and PLV of closed EEG decreases from 0.99 to 0.65. When the length of modeling time
increases from 0.25 s to 2.5 s, PLV of opened EEG increases from 0.4 to 0. 83, and PLV of closed EEG increases from 0.53 to 0. 65. The
phase locked performance of VMD-AR is superior to the methods of AR and AR based on empirical mode decomposition EMD-AR under all
test conditions. This method can also be applied to other non-stationary closed-loop phase-locked systems.
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EMD-AR and VMD-AR under different modeling time lengths

LS TN B 2 A AR A 1S o, X IR EEG,
AR il EMD-AR J7¥: ) MAE 1 RMSE JE i/ 8 K %
THIR EEG, WHZZ /N, VMD-AR J5 60 T 1 AR
EEG , P 25 48 b 40 Bifi 4 BB AT A 38 T i a0

Il 6 T, AL Aot 5 A M B 1 AR fb oG R R R
Ve, (1) %T AR Fl EMD-AR J5 i, @B KN T
0.75 s(HHR EEG) 5% 1 s( iR EEG) I}, PLV B K
FIXE KM K, MPhE Bifi (BB K 4 38 R s/, X 2
PRI A 35 4 10 335 i g A B et mT L AR A RIS 0 ) 0 0 A
R VRS IR AR S N K, MPRE 1 PLY 3iT
RIAAE

(2)X}F VMD-AR J7 ik, Bifi dE A 9 3 0, MPRE
W/ PLV 38K, B IE BT VMD-AR 5 364 TR f
FERA IR TERE . TR EIEIR EEG i J2 MR
EEG, VMD-AR J5 2 (W BAH I BRI UL T AP FR 775

HE—2F  XF MphE FI PLV #4738 2507 22307, 463

ARSI 3 FhO7 2 B BE AR 32 3 PR A7
TEETEZE S TR RN p HUN3 2 Fis

F2 AEEEHKEp E
Table 2 The p-value of different modeling time lengths

AN /s IR MphE IR MphE  WERR PLV PR PLV
0.25 0. 027 0. 886 0.013 0. 686
0.50 0. 004 0. 266 0. 030 0.513
0.75 0. 007 0. 024 0.014 0. 040
1.00 0. 006 0. 046 0.015 0.016
1.25 0.012 0. 036 0. 027 0.012
1.50 0.016 0.018 0. 049 0. 047
1.75 2.4x107° 0.048 2.1x107* 0. 009
2.00 9.0x107 0. 050 0. 004 0. 008
2.25 3.8x107° 0.017 1.2x107° 0.018
2.50 1.7x107° 0. 039 5.4x107° 0. 009

M 2 AT % TR EEG, MphE 1 PLV By p i 14
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Table 3 Comparison of evaluation indexes under
different SNR

SNR/dB MAE/mV RMSE/mV MPhE/rad PLV
0 0.013 6 0.0199 0.500 7 0.916 4
-4 0.017 0 0.0255 0.514 7 0.907 1
-8 0.028 5 0.039 8 0.571 6 0.901 4
-12 0.039 8 0.0553 0.839 1 0.801 6
-16 0.067 8 0.092 1 0.902 4 0.717 2
=20 0.107 5 0.145 1 0.981 5 0.702 2

1% 3R] AT, Bifi A M P SR BE 1 3G 00, MAE | RMSE #1
MPhE 5 FIVE$ PLV B8/, fe/N PLV=0.702 2,
FEWIRDff 76 e A8 K (SNR=-20 dB) BT L T,
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