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Estimation Method of Cortico-Motor Unit Coherence
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Abstract: Existing methods for estimating corticomuscular coherence (CMC) can only reflect the
coherence between cortical activity and the compound firing activity of motor units (MUs), without
addressing the issue of independent coherence interactions between the cortex and individual MUs.
In response to this, a method for estimating the independent interactions between the cortex and
MU s is proposed, and the existence of cortico-motor unit coherence (CMUC) is preliminarily verified.
Initially, electromyography decomposition techniques were used to obtain the independent
activities of each MU, 1i. e., the motor unit action potential train (MUAPT). Subsequently, scalp
current density (SCD) is derived using the scalp surface Laplacian to characterize cortical activity,
and CMUC is determined by estimating the frequency-domain coherence between MUAPT and
SCD. Finally, the effectiveness of the proposed method is validated through finger extension

experiments, The experimental results reveal that when subjects extend their fingers, the MUs
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of the finger extensor muscle and the contralateral motor cortex exhibited significant coherence

interactions in the § and ¥ frequency bands. This coherence strength is notably higher than in

other cortical regions.

These findings align with previous research conclusions on CMC,

demonstrating the effectiveness of the proposed CMUC estimation method and confirming the

existence of independent coherence interactions between the cortex and MUs. The introduction of

the CMUC estimation method can serve as a powerful tool for further investigating the neural

control mechanisms of muscles under physiological and pathological conditions.
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Fig. 1 Experiment design of finger extension contraction force
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Fig. 2 Force, EEG and EMG signals amplitude recorded

from a representative trial

ASCHrR Y CMUC At fani&l 3 o, &
B AT IZ F ot MUAP 7 91 52 B, Sk B A U 2% 8
S UL B AU AR T pR KAl 3

MUAP
W
@ﬁw%ﬁ|
ra WEAE - MU
Wi oiEz]
\ S B4 4 Sept
vty > L

3 CMUC it EZd 2
Fig. 3 Major procedure for CMUC estimation

2.1 EzhE T MUAP K3l

SR HIFETF FastICA B350 1 I L 43 i 2 AR
Fiil EMG {55 43 & th 4 MU ) MUAP J¥7%1.
H6. N XL M x FoR G EMGF5,
NALE EMG 5 5@ B8, L IR E R S8 35 x5t
JFih EMG 55 x #1795 A, 29 B R
R = 9. 133 (RN) X L 4t iz . ¥ g ad 72 52 b 2
% EMG 3838 £l 15 17 48 38 5 7 R 14 38 A8
RP 3 b A A 38 EMG 8 18 5. A 80003 Il 57 B4
SIRTIE R R R . A R T R AR A
Bl A e . BeJE . XY R AR E AR 2
H fixed-point #EARSIE, BT 3RAG MU B 43 55 1]
iow AT s TR R R A e, o w S (RND X1
Y ) £, WAL AT AE R AR A




114 [N .

PN

% 58 &

s=w'z €D)
JCHL AR A ¢ AT g e VR AR 43 B A% 0 A E
T2 85 &l 4 FroR  Horh Z 40 805 vE AT e
K-means™ " Bk AR GE AR SAT 345 — 4> MU
(8 3 18 ) R A B R A, AR S X
FiME = 54T 200 REEAWCSL, A% T 200 4~ MU 1
SE. T E S EMG SR T TP R A,
I RIS R A RS Y 200 4~ MU Al g & & L B A4
WA MU 15 B SBR[/ — 4~ MU, {2 45 i
F A [A] A7 [ 72 JE IR . PR Ok, A SO 0 He S 4 T
)5 PEXT A2 1) MU 47 2B . Ak, o T RERS
HERf Al 1 CMUC % 8 55 = 48/ T 200 3R MU
LR AT IR,

PR

G i

MUAP/3*41|

30 30
; S

1
! i
| 1
| 1
| 1
| 1
. :
1 .
: A !
i érlllllIIIIIIIIIIIIIIIIIII:
1

S A 1
L 005 MUAP/F4 :
| 0 !
| -0.05 !
| =010 :
: _015 1 " L L T
! 80.0 80.2 80.4 80.6 80.8 81.01

B4 MU BSI CH S 7 51 & MUAP J7 81 53 26
25 R OB P FIE R 1 AR R HR )

Fig. 4 Binary classification results of source signal, firing
event train and MUAP train of a representative
MU (the discharge sequence value is 1 represents

the discharge state)

SHE B 4 MU sRHC MUAP JF31, & 56, 8
JEL ISP 349 (STAO ™ 3R EL 4% MU () MUAP 3
& BILL MU 45 Wi B 20k 0 B 20,06 R 4R EMG
5% M —20~20 ms Z [B] @ AT 40 ms 1) EMG
s By IR AT B N34, i T2 3h ot MUAP X
Lk R 20 B S R DAL 0k RT3 e S i T 2 R O B
FHehg s K HAl MU shyEm A . K5 FiR BT
— MU %& EMG @i ) MUAP 3B, h F—28 EMG

http: // zkxb. xjtu. edu. cn

A TP R, K LR o J5 NP TR S0
BT o 34 0 {1 g 08 D) o K 1) 308 3 X6F 7 19 MIUAP 8
% h(k) ok = 0,2, K—1,K REIEKE.FlH EMG
SRR RIS SR B MU (9 MUAP J£ 51

K—1
y(D) = D Ut —hk), [ =0,1,,L (2)

k=0

A (D iy MU R R AF 51

64— — e e

ELLEF4E 7 16

K5 fE— MU %6 4t MUAP 3 JE
Fig. 5 MUAP profile of a representative MU

2.2 EHEREE

EEG {55 S Fr R B T id sk i b 5 2 % H il
(] 7 H, 8 22, AL Ot iR B T 2 i SR R . W
MWL AT AR 2 % o — 2 B E IR
S5 B FE L AEAT AR A% R AR AL, eAh L R T
B LT R B BETE T BUL )2 FL T 20 R ™ R Y
[, B A% EEG 75 By 2s [\ #., oy 7 b Bk
P 1] ) 52 W) A SR FH Sk Bz 2% TR B0
AR REUS EEG HIAR AL Y Sk B2 3 25 B (SCDY R 5
FESE AR THBR S 52w W Rl 48 % T EEG (55 1%
[E] 53 5
2.3 CMUC fiit

S T Ak B 2 RS sh A MU 36 3R] AR A 5
HAER R SAE T R 2R SCD 545 ¢ Fllis 3
H5C MUAP J7 41 y (8] B 55 80 TP, 58, $2 L
B S 1 A W SCD 15 5 Hliz 3h 8.0 MUAP
FE 9 45 BOR 88 09 O OBUBORK BE ) 1 s 19K
B, T ¢ Ry [ B D) 3589 B, R

M
S, () =]\1—42c,.<f>Yf N (3)
i=1

K CONY () AR S My 55 A8 B
(7 AR 5 > R S s MO K diE B B >
c =y .S, (f) FRFESHHDRIEEE.




12

FBA% . 45« Ii-12 3 B0 D RE RS 4 A 3 O ik 115

B b AR o Ry a) 9 45080R T L /P CMUUC
WA
Ho(f) = —ASaDL
AL S (.S, () ABIMES  Fly D

2.4

4

St
N TR S S EAR R R & A
HAE R E B T, % H, () KFBEAE, Wk R 56
R RAFE R FE RS AR AL WA R f Ak
ARG EAEM BB T ™ W3R R

3 R 508

3.1 CMUC if

6 Jit s o B4k 4 EEG i (9 SCD {55
A MU f 3 B SAH 3 L Bl CMUC 3%, B
FRE B R AL A 2 R H SR A H B 1 A i GE
FC6.C6.P1 P& A 2k 2 M i oK % H i 47 CMUC
fliit, mIE 6 & E CMUC 10l %, MU 5 %]
(R 2= 32 3 iz J2 FC3 Ab) SCD 15 5 ik & 28 HAE
Fl ek, Hoesmsg HAEH & AEFE B AT LAk 72 A2
M H% FC3 A1 C3 4k ,CMUC #8428 HAE 6 % 2k

T=1—ad"™" (5) TE y B X 5 Z B A8 CMC 28 L 47 B
Ao N B EMEKFE A CE 0,01, By A 25k —
AF3  AF; AF4 AFz AF3 AF4 Fz F1 F2 F3 F4 F7 F8 ACz AC1
0.2

FC5 FC3 FC1FCz FC2FC4

X
cs €3 Cl Cz 2 4 B
CPz e -

LCP1CPzCp 0
cpsCP3 2CP4CP6 %

p3 Pz P2 py CP2 CP3 CP4
P7 POz P8

- 3453 453
A BN

A 6

B /Hz

Bk F % EEG @iE R CMUC 1%

Fig. 6 CMUC spectrum at individual EEG electrodes from a representative subject

3.2 #BF MU #ndE4EF MU

AR T RR B T RS TE] R B A 2R AR TR
a3 3 X8 B 2 Wi 16 S A WL 36 30 i 5, A o 18 3l i 48
JU RN B J2 0P 25 5T Do 58 fish 1 8 X0 H2 AL i AS B AR
FHZA ] GE B A9 S8R+ R BRI B . AR, R AR T
1) a 18 B P 2203 5 B2 2 M 28 J0 A7 7F B 58 i i 422 ¢
ALCHBATHEWL IEERT A M MU ¥ &5 &2 &
TCATELPERS G 3 BHAE R . AR SCEE RIR RN Fik
MU 5x%Hiliz s jz J2 g Fly #iiH B9 CMUC 5 f &
KT HRME AFEMBASCEAEM. T3R50 5%
KRR EMAE LB MUGET MU), A&
SR 3 A A T S K DL AR B 5 4598 R A MU
AT E X e PR FC5,FC3,FC1,C5,C3,
C1.CP5.CP3.CP1 YNz 8 i 2 48 MU
14 EEG HU AL B4 CMUC 1% Y58 5, 50 %
5 B EL y WAk CMUC kA7 A2 MHE 8l iz )2, Hos F
PR B A WA e MU S B8l y B YA T
MU, W AEFT MU, £ 1 4 T8800E By
B AT MU DL TR 5] MU B9 %, IR 171
PLE TN EMG {55 iR el 5] MU 2881 i Fifi

http: // zkxb. xjtu. edu. cn

MU, g A T MU B 5 e AR Fede k25 5,
Pk 1A 2 ARSI MU $84T MU, T 9
3B 8 A MU HrL g F y B AL 1A
T MU, FE¥EER, By St T MU i a] i
B MU (1) He 5l 43 3k 35, 85%.47.17%

A1 B#XFETRAN MU &Z48F MU #9335
Table 1 Number of coherent MUs and available MUs for

individual subjects

PO H MO St :
B A AR T y B AR T GRSV
1 3 3 3
2 3 3 5
3 1 1 8
4 2 2 B
5] 2 4 4
6 1 0 2
7 4 S 14
8 1 1 4
9 1 4 5
10 1 2 3




116 W % oz M

PN

58 &

3.3 #iH CMUC BES %
I FARE#HLE CMUC Eﬁ?ﬁ FEAFAE 22 5 B
ATIH—4k, T8 EH—4k CMUC 3 H,...""" i3k

Hop () = TP

T"(f) (6)
A w(Hwe(H) 439 HR A EEG H % iE E
CMUC 3 J£ (% 24 {H A bR off 22

Bl 7Ca) F1(b) 25t T i A Bk & 1 MU L HE
HHF MU (4 gy B 13— 1L CMUC 5 3 3k
B b B BT A MU B B B A A
CMUC EE & 4HE C5 F FC3 4k, i A+ MU 1 8%
Wy A CMUC EZ R A A FC3 4b, AR Hb, 3E
FHT MU (85 8 Fl y #iilk CMUC ¥R KA A
iz 2l Bz 2 DX, H o B2 i {3 I8 T4+ MU,
TAHT MU By IE £ 22K i CMUC K AETEA
M5z 3 iz 2, B A T MU $ia CMUC - 2 58
FEZEMGE Bl B2 J2 3K 3 e KA RE 2 AH T MU /9 38 #%

TG A . O T HEBR L3R ] fE A 2 — P
TR ARG MU B BRIy SRR 0 — e 2

CMUC 5& &, & 7 (o) frn. BT A i 5] MU
S35 CMUC 88 BE 43 A 0] 0L TG B b & v My . B
i CMUC ¥k A 78 23z 30 Je J2 , o g il &k A
TE C5 F FC3 &b,y Wit &A= 7E FC3 4b.

CMUC;J. J&% CMUCH#%

0.20
0.15
0.10
ioos

CMUCH:%
0.3

) 0.2
Io.z .
0 0
() M+ MU (AT MU (o) iTF \J iR 5] MU
B 7 FrA AT MU JEMT MU, AR5 MU B9 8 F1 y S

H—4 CMUC 38 Ji£ 3k Bz 40 $h &
Fig. 7 Topography of the normalized f and ¥ band CMUC

CMUCHE ¥

CMUCJL

06

% kit

strength averaged across all coherent MUs, non-

coherence MUs and identified MUs

H TSR S5 A F R R R AL MU S
VE TSR oit (9 Bz J2 X a0 T 22 3z 3l jz )22, 6k 22 iz
B R A2 B iz J2 (FC4, FC2, C4., C2, CP6,
CP4.CP2) . Hii #i i} )2 (AF3. AFz, AF4,F3.F1,
Fz.F2.F4) F kL nt iz J2 (P7.P3, Pz, P2, P4, P8,
PO2) ) CMUC 58 B 47 T 8. % IEFIA W MU
52 R A R AR A 2 BAE R AL E R, B ek

http: // zkxb. xjtu. edu. cn

W& MU By Bl y S /Y71 CMUC 58 B2, 9K J5 5K
B4 MU FEA [F] 2 )2 X 38 1) B 5 CMUC 58 B B i
FA R E T MU & 5z J2 XK B CMUC i
177359 5 DT A5 21 25 9kl 5 AN ) 2 2 X3y 19— Ak
CMUC “F¥5m B 25 R E 8 s, Horpr « Ko
[SEERA S HEORTE 5 W2 o O RPN =3 T
B . 4T BB (F(3,36)=11. 61, p=0. 000 018, H:
F AR Sttt , KR MM 2Z R, p B F HEFX
6], %78 gt it W3 PR R fED R0y Al (F (3, 36) =
4.87,p=0.006) . /A6 i X By CMUC 58 J& 2 77 7E
DFELES ., FHEKK (Holm-Bonferroni 8 1F) 45
FW L TE pAAA L LGB 3h B 2 1) CMUC #5458 B
FETHE 3 A WZEXE (p<<0. 05) . ifi 4 iz 3h f
JZ CRUAT I B 2 RN v e 2 TR ) CMUC a8 B G i 2%
ZEFE AR y Al ZEMiE B B )2 CMUC 58 BEAL = T A
32 3h Bz 2 (p=<<0. 05) » 1 5 B & I Bz 23 FRL i Bz )23
[B] CMUC 5 i 76 i 3% 25 5 (p=>0. 05) .

1.6¢

‘\Eﬁﬂg*
1.4 |
Jr 11
210
9 T — — kM
Sos) 0 g s
sl L B PR
mQEE YL
04 LM

0.2 !
LM RM PF oT

LM 7232 3) B 22 s RM - A7 2 3 1 2 5
PF—Hi#iM s OT—#E -,

(a) B i

30

2.5 *
. 2.0
= S
915 ) -
= HKME
“10 H T = _impen

=R
0.3 44 s
. /M

LM RM  PF oT
LM— 7232 8l ¢ 2 s RM— 47 32 8l J2 2% 5
PF—Hij & ; OT—#L
(b)y HiF
B8 gAYy WU AR 2 X 4 CMUC 5 BE 1 L %
, p<<0.05)
Fig. 8 Comparison of the CMUC strength in different cortical

areas of 8 and ¥ frequency bands( * , p<C0.05)




12

KA % - -2 3l B IT D) RERR S A 3T T IR AT 5 17

4 ThgSEe

W 5% FM -5 L PR 22 18 1) £ B A% RS T Ak
FTAETTIE S RBIF G A 3 R B AR T 38 sl 4 il () pp 22
PUHI A EZE S, ME RSN RGN /N YIRE
LI, 32 B ) H X 4 i i 20 0 s 1 45 MU T B
SEELEY . PRHAE MU 7K BIFFE I il A0 UL PR 22 18] 45 5
i, AR A 5838 S5 il i # e AL AR A8 A ) T
H, — A . CMC EZRIE T & 218 shth & ot
5 i 1A 42 T AR ST Ry B2 235 B i 28 T B 5 i %
F2 78 R Bi-MU Iy GE #8677 76 09 4= B Al Pt
CMC Fl CMUC A f8 M AS [] £7 B2 Jsz e 1 AH [] 4 fing i
WLPA )RS & 28 LA 3l AT H A 2R LR AE . DAAE
5T 2 W . CMC F2 %2 % A 7 X2 ol i 2, HLTE B
YA SRS, AR SCEE R R A gy WAl
CMUC ¥ 11 BUAE 2232 2l B2 )25 D02 Bty 26 il
a3l )7 CMUC i J3E 1 35 0 T B R 2 DI s oy Ay
CMUC 2252 2l Je 2 3K 3 5 oK L A5 5 i 450 - F B
I iz J2AH EE AN S 2 LR PR AT B 2 1 A W T
PR AR #8558 TA ] F2 B2 A 7 B

5 CMC FIH EMG {555 1153 1 A1 WL P (8] 48 A
fERANH, CMUC FIH 4 MU 2l 37 33 2l 155 i Fi L
PR [B) AR B 58 AR L e BIOE AR BT A5 /) MU 349 0 4t
W3z 5 i EA7AE B E L AR . A SCEE SRR 1
FrA AR B MU AU 2 40 %6 [ MU i
BB )R WA HAE X — 25 A G T R4
FUXS 32 Bl fe 2 7 A 5028 fih 3 45 B MU A W] g
HEL . CMUC, B F MWL AE 5 & 4 i ir 15
MU B 28 T MU s dEH T MU) 58 2B L, X
— L) LSRR A i RS S . R TR
K 40 iz 3h D RE 3 R 52 B 1 2 A7 7E B2 ko %
(112 )P 28 70 56 B . R I AR 35 i T 48 iz Zh i LA
FHF MU 9 e mT BE 2 i T AL LA .

JUEAER T MU 5 X2 3 52 J2 A £ 75 1 3
A 2 BAE R ABA ST SRR A AR S MU (1)
S35 CMUC 58 BE 43 A5 18 DLk i — L B ik I 5 MU
[E# & 2 BAE B AAAEYE . B A MU 5 iz
] A 5 58 HAE AN A7, 308 A Re B T 4 7 3k
g, W MU 559 CMUC 58 & 2 3% 56 Ik T 2
FEBE , AR MU f 5% 22 BAE T H B 52 247
BREHL . SECEY CMUC 38 B & {8 09 67 5 BB,
ARG EE SRR TR IR B IS v Wl T A AT iR
S MU B F-3 CMUC 58 B 35 78 X iz 3l Kz 2 55 5]
R, X 584 M CMC #5845 15 M5, W ff &

http: // zkxb. xjtu. edu. cn

iz B 4 SO AR 32 Bl Bz J2 T R AF AE 55 ok 1 2
XA AR S, PR, X — &5 R AT DL IE BT 4R
CMUC Al i 77 ¥ W A7 21k 5 18] B 36 90F 7 f-MU ]
WS AR A 2 BAE A TE M

EXF A CMC A58 oAl vH 4 MU Fi i ol 37
28 H A ) R, AR S 5E 3 1 LA o3 i 2 R L 2
T LI MUAP JE FA4E MU 37 3% 3h 59 07 2, R 5
AL T RE-MU B Re R G i Al 2 O R LA
CMC WF5E 73z fiff Y A 52 30 3 =X 90 0 7 BT 4 38 3k
(4G s S 6] 28 B0 152 o) B2 J2 45 MU ] il
SEAZ HAE B AELENE . CMUC Al 117 B4R i, Al
R it — A TR A 5% A B O AR LA 0 i 22 4
AL P 4R 5

S 3K

[1] LEMON R N. Descending pathways in motor control [J].
Annual Review of Neuroscience, 2008, 31: 195-218.

[2] ROSENBERG J R, AMJAD A M, BREEZE P, et al.
The Fourier approach to the identification of functional
coupling between neuronal spike trains [J]. Progress
in Biophysics and Molecular Biology. 1989, 53 (1):
1-31.

[3] KILNER J] M, BAKER S N, SALENIUS S, et al.
Human cortical muscle coherence is directly related to
specific motor parameters [ ]J]. Journal of Neuro-
science, 2000, 20(23): 8838-8845.

[4] BAKER S N. OLIVIER E, LEMON R N. Coherent
oscillations in monkey motor cortex and hand muscle
EMG show task-dependent modulation [J]. The Jour-
nal of Physiology, 1997, 501(1): 225-241.

[5] ZHENG Yang, GAO Lin, WANG Gang, et al. The
influence of unilateral contraction of hand muscles on
the contralateral corticomuscular coherence during bi-
manual motor tasks [J]. Neuropsychologia, 2016, 85:
199-207.

[6] *Am. EW, ik, &, KBEZE-NRLEAENSE

BHXRRMEIHIIE [T, V94588 K224, 2014,
48(6): 134-138.
ZHENG Yang, WANG Gang, XU Jin, et al. Experi-
mental research on relationship between attention and
cortex-muscle interaction [ J]. Journal of Xi’an Jiao-
tong University, 2014, 48(6): 134-138.

[7] JOHNSON A N, WHEATON L A, SHINOHARA
M. Attenuation of corticomuscular coherence with ad-
ditional motor or non-motor task [J]. Clinical Neuro-
physiology, 2011, 122(2): 356-363.

[8] KRISTEVA-FEIGE R, FRITSCH C, TIMMER J, et




118 [ S R N S SR o558 #&
al. Effects of attention and precision of exerted force [18] DE LUCA CJ, ADAM A, WOTIZ R, et al. Decom-
on beta range EEG-EMG synchronization during a position of surface EMG signals [J]. Journal of Neuro-
maintained motor contraction task [J]. Clinical Neuro- physiology, 2006, 96(3): 1646-1657.
physiology, 2002, 113(1): 124-131. [19] DAI Chenyun, HU Xiaogang. Independent component

[9] JOHNSON A N, SHINOHARA M. Corticomuscular analysis based algorithms for high-density electromyo-
coherence with and without additional task in the eld- gram decomposition: experimental evaluation of upper
erly [J]. Journal of Applied Physiology, 2012, 112 extremity muscles [J]. Computers in Biology and
(6): 970-981. Medicine, 2019, 108: 42-48.

[10] KRAUTH R, SCHWERTNER J. VOGT S, et al. [20] HYVARINEN A, OJA E. Independent component
Cortico-muscular coherence is reduced acutely post-stroke analysis: algorithms and applications [J]. Neural Net-
and increases bilaterally during motor recovery: a pilot works, 2000, 13(4/5): 411-430.
study [J]. Frontiers in Neurology, 2019, 10: 126. [21] NEGRO F, MUCELI S, CASTRONOVO A M, et al.

[11] ZHENG Yang. PENG Yu. XU Guanghua, et al. Multi-channel intramuscular and surface EMG decom-
Using corticomuscular coherence to reflect function position by convolutive blind source separation [J].
recovery of paretic upper limb after stroke: a case Journal of Neural Engineering, 2016, 13(2); 026027.

T ~ T ~ _ ++ .
study [J]. Frontiers in Neurology, 2018, 8. 728. [22] ARTHUR D. VASSILVITSKIL S. K-means™ " : the

[12] CHEN Xiaoling. XIE Ping. ZHANG Yuanyuan. et advantages of careful seeding [C]//Proceedings of the

. . . Eighteenth Annual ACM-SIAM Symposium on Dis-
al. Abnormal functional corticomuscular coupling after
stroke [J7. Neurolmage: Clinical, 2018, 195 147-159, crete Algorithms. New Orleans, USA: Society for In-
strial a Applied Mathematics, 2007; 1027-1035.
[13] CHIANG ], WANG Z J. MCKEOWN M J. A dustrial ’l‘l’ld pplied N at eniiflcs 00 0 03‘0
. . . 4 (23] 2=k, A4, H T2 8 BT i 38 55 10 sl 7 i 6
multiblock PLLS model of cortico-cortical and cortico- X . . N o
. L . . T M40 i JAF ST [T, PO %383 K22
muscular interactions in Parkinson’s disease [ J]. Neu-
i, 2023, 57(6): 10-17.
rolmage, 2012, 63(3): 1498-1509.
) ) LI Yixin, ZHENG Yang. Simulation study on CNN-
[14] BERNHARD C G, BOHM E. Cortical representation
) o ) Based motor unit action potential classification method
and {unctional significance of the corticomotoneuronal o ] ]
] ) o ] for activity tracking of motor unit [J]. Journal of
system [J]. American Medical Association Archives of . . . .
Xi’an Jiaotong University, 2023, 57(6): 10-17.
Neurology &. Psychiatry, 1954, 72(4); 473-502. .
. : ) [24] HU Xiaogang, RYMER W Z, SURESH N L. Motor

[15] l§T$y /\JEEHE? g&lﬂﬁ]? % %ﬂ: Gabor /J\U)'zﬂ-]*%:‘?ﬁ . . . . . . .

N N . unit pool organization examined via spike-triggered av-
PRI o - Lm0 20 M 43 A [T, ) AR i B 2 TR 2 .

eraging of the surface electromyogram [J]. Journal of

i 2017, 36(1): 28:38. Neurophysiology, 2013, 110(5): 1205-1220.
XIE Ping, CHEN Yingya, ZHANG Yuanyuan, et al. [25] CHEN Maoqi, ZHOU Ping. A novel framework based
EEG-EMG synchronization analysis based on Gabor on FastICA for high density surface EMG decomposi-
wavelet transform-granger causality [J]. Chinese Jour- tion [J]. IEEE Transactions on Neural Systems and
nal of Biomedical Engineering, 2017, 36(1): 28-38. Rehabilitation Engineering, 2016, 24(1); 117-127.
k3T o 2 2 AN S _fE5

[16] WP 4705 M. PRI . Sp. ST AR S BUS o fif-f i 267 PERRIN F. BERTRAND O, PERNIER J. Scalp cur-
5t B 22 L m A g 2
0 M AL AR 5 5 18 45 50 BT [0, B4R . 2016 65 rent density mapping: value and estimation from po-
(1D 118701. tential data [ J]. IEEE Transactions on Biomedical En-
XIE Pingg YANG Fangmei, LI Xinxin, et al. Func- ginccring, 1987, 34(4) 283-288.
tional coupling analyses of electroencephalogram and [27] CHEN S, ENTAKLI J, BONNARD M, et al. Func-
electromyogram based on variational mode decomposi- tional corticospinal projections from human supplemen-
tion-transfer entropy [J]. Acta Physica Sinica, 2016, tary motor area revealed by corticomuscular coherence
65(11): 118701. during precise grip force control [J]. PLOS One,

[17] CHEN Xiaoling, ZHANG Yuanyuan, CHENG Sheng- 2013, 8(3): e60291.
cui, et al. Transfer spectral entropy and application to [28] BROWN P, SALENIUS S, ROTHWELL J C, et al.

functional corticomuscular coupling [J]. TEEE Trans-
actions on Neural Systems and Rehabilitation Engi-

neering, 2019, 27(5): 1092-1102.

http: // zkxb. xjtu. edu. cn

Cortical correlate of the piper rhythm in humans []].

Journal of Neurophysiology, 1998, 80(6): 2911-2917.
(% FEHO




