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E T EEG-TMRI ZEShTWEMNIZ oI B R B Z RN EE
AR 5 32 4R

£ RBR DRE ISR SRR & OB
B, g

(1. AL TR R 2 A B2 5 HOR 2B, S IR 2 BT 52 g 6 R 12 5, 22 5 B 30 W R 2 R %8, IR 611731 5
2. WL TR R 22 I A% 52 ELWF ST BE , D 6117315 3. WL T BRI 27 ik AL 2 17 5 20 I 0 R I )11 4 B 0 S e 3 D
611731)

# E. i3z 48 % (Motorimagery, M) 2 JEiiE o 5iE s B A P o £k 42 B ETARNG £
BREUMMER., REFRSATE—HAEALE EXBFMIERTEAAEAEELKG S E
2P F W & RHLE] . AU T4 A0 R 4 69 e & B (Electroencephalography , EEG) = 2 & 4% 7% 3 3k
4% (Functional magnetic resonance imaging, fMRI) # 3% , % 3 % #£ A& ¥ % ® % (Multimodal covariant
network, MCN), & & 594 3£ MI3E 4445 T MCN 364 2 F  E AR & L s Ao T AL, A &
RE MIAE R Z ) 69 M % £ FAuH], § 2 5 EEG-IMRI B 2 k445 42 5 M1Ab 2 & A2 24k ) 69 me
HEZ, EREN IHBIELEMHTHOMCNHYZAN B ESRHFIE, LT L2FEFESFHEN
BRI SEFE PR NETFREELE, AMIF AR (RIEEZNE RN )T 55 K 5
FAEA BAFE FH, A F MCN AL 2 F 6 Tl k4t , @ Bpdf MCN R 230 % 2 3569 A 4 it
— % B HORARIE P B A X 5 A MLAE A & KA GF 34T 463t , B 04k 2 3 % MIT 45 4 F 49 MCN 46 41
HEERFZEZR , 220 A THRIABANL BRALEHME ALMNLEFRAMML, LEREREN,
MCN #& A 2 %) 3 M1 9 4E 44 i BAK £ 5, 50K 3 A R A W % B @ % 3 5 EEG-IMRI 8 % ik 4
185 MIAY 2 R AR AL 6 e % R R T Fe94RIE

KW EBHAE;EAE T ; S B RS EEG-IMRI; Al

HESES: R318 MHEKAR SR A

Sl AR RELMG , B ki, % LT EEG-IMRI Z A5 45 B 48 1 2% (132 2y A5 4 i 28 R AR A RE e S st L [0 ] i
KA S AT, 2026,41(4):981-994. JIANG Lin, SONG Xipeng, MA Shuqi, et al. Mapping between EEG-fMRI multi-
modal covariant network and neural representation efficacy of motor imagery[J]. Journal of Data Acquisition and Pro-
cessing, 2026, 41(4):981-994.

51

[l

12 Bl A 42 (Motor imagery, MT) & Xt B fA 3 75 1600 B 36 25, BOE J2 DA 0 ot 28 ) 2 o 0y S AT 58 9 =K,
1 2 K HL3% 1 (Brain-computer interface, BCT) R G M LA, B AR EY M K& 2
AR FE B DX 3 L R B T A IR 3 B B A I B )2 TN R R R A R A P R R T e
P46 A TR 3 S IR 4% 1 21 40 0 3R R AT 55 R S A R A L S AT B T 5 3 5 Sl i A B AR

HEE B B A8 2030——F K3 H (20222D0208901) ; TCL H4E2# &4 .
I 5 B #: 2026-05-26 ;1817 H #1:2026-07-02
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42 T TF MY BCTFE #2285 55 4 B 52 T 255 S5 b 0 o 0 2 il LA ol B 07

Jiéi #1 ] (Electroencephalography , EEG) 5 T ig # # 2 % iU f& (Functional magnetic resonance imag-
ing, IMRI) & H R4 I MTAR 56 0 3% 3 19 3 F 0 28 5 A2 B R 0 W% BB A 1AM 3 (H.4% [ 77 75 [
AR B EEG I (8] 43 B 5400 5, 7 52 P it 2 4% 1 20 2 (0 HL 23 () 5 6045 A PR IMIRT DU 8 422 4 K5 40
f4 1003 3 7 2 5 1) 13, 0 B = 3 B D T 19 4% 58 1 BT i 1) I D L X R 22 R G B RS o L S5
0 m MR RAE . B0, EEG BF 5738 & 58 8 3% M1 A% i gt iz 20 37 3L 0 35 40 ¢ L W) 2P 4k,
T EVURTAIF 55 W) BEC X 5 245 T9 - K /0N I X 3 9 3 1o IR b, i 20 22 JE — ol R 06 7 5 — 90 245 AE 2 [l st
eI ] Bl 25 5 25 (B H R PR 43 BT 5 ik, AT 57 EEG ORI IMRT B 25 il 515 8. 5 R A MIAR =X 22 1]
R T LIRS 56 2R AR, AT T B SR T R R A e S A L P K AR R SR, B 4 R
TR T T Tl T 46 23 I 0 A AR o BT R OGS L B BT @R EEG 5 IMRIZ (8] 19 B2
ZER . AN, S 2R IS PR AR ) 4% (Multimodal covariant network, MCN) BE 15 £ 4t 4ili #E4T 55 55 F 1 1Y
MI I 4% B AT S — AN A 15 B0 B A A% T

FRABEAS lE A BOR BRSNS R MIZhAE 5 J5 19 22 5 P I 28 Z5 /0 16 20805 5% T M= R ot .
N2 it 30 2 A B R, T AR 5 AR R AR AL T IR G B 2 A AN [ DX, I RT RE O AT o B 0 R 2 KR 2T
R X s 22 S RE A B B A B B 4 kR E WL, BRI . R, ASATE MTRE T B
FEAE S0 3 25 5, 0 0 1 32 B 3R 4k Bk IR A0 BRI B T BB AT AR O B BESE A B, M fig
5 AT I ) 28 Th B 4 0 R KO DL S BCTAT 45 6 30 22 () A 7E — 5 RIS I, 38 7R i
AR 2 5 AE MON 0 $b P () FLAR SRAE | 3 56 0F W 2% 48 AiF X MR 30 0% 0030 68 ), J2 48 7+ BCL I A~ 1A ih
JH P RS2 B 7 FH 254 RE 1 DG B BT

BEXT bR ) 8, AR SR ] 22 B35 B A2 I 45 43 BT HE 22, 5 76 220 1 M5 o 5 i 48 SR AR S0 RE A DG Y K
FUBE Jili ) 28 20 URRAIE o BRI 22 F A7 T SO 3 28 28 il MR A AF: 55, 8 e 4R 98 T A Al MILAE: 55 19 MCN
I 2 % A o M AT 55 e S P 2 5, Jhy ol T I S Rl R IR S MITASE 2 22 ) 6% I Sk O R 4 it Ltk B S
£ 5 MCN RFAIE 2 75 BE 0% A R0 AN R MITZE B8 0 ; 5 Jm , MR 1) 45 15 43 %o 52 10 & 0 47w L AIRAE ) 43
4, M 73 BT MCON & 15 BE 98 15 75 AN [ BE 07 AR Z 1) 0 I 25 #4025 5 o dl ok B3k 3 B, AR SC R FEUE B BT
it MON AN A R B2 M ik 2 v i) O B 3 42 B2 08 R 48 /s L 5 P 22 RAE AL BE K 22 57 Z 18] 1 9
TE I, DT A BE A M B Al 28 AL 0 32 45 BCT R A 1 04 8 1 1 I 2% R AF , DA TR % e 36 F i 5 il
A WS B 1 T8 N AL R G, SR A 0 £ J2 TR A
1 77 &
1.1 Zik&E

AW ST 28 W T RHE R 2E MLA B ST A0 3 25 5Y S b e, O™ s S0 OB R 27 26 5 3 )M DG IR . L 40 3%
S22 ERA RTINS AL R, Hh Lotk 24 &, F 4RI S (23.27£2.03) % . SLHIF MG HT, i A 5%
WA T 7SR IS B MG R A . I A 3218 A 50 50 45 o5 SR A5 A N . T A 2
B T TE R B I 2R, HX JC A 2 W T s P sl DA R R A R 2 R G B
1.2 Eigt

TE S o v, A2 38 T AR S TS AL R A S B0 i A R 58 i AE T A T ROBUI 3 AP MIAT: 55 . 56
BT IRATN E 4.2 s B HER B BE KK E B 2.1 s ) “Preparation Time” SCF /R A1 2.1 s B A MR
PR o BEJS AT 55 WY B e R CEE R A (N 25 03 0l 22 A BR A TR BRSO #a % ) L FF2E 2.1 s
Jo  AATED Ry b o, 32 A T AR AR IR B s X AR N S EAT AR HF SR A2 s IR R 2.1 s



2 H F.XA FEEGIMRI 245 % M %6915 2 48 A% 2 R AE R e o 4 2 42 983

1 “Rest Time” SCFHEm J 2.1 s B9 P13 008, W8] A2 38 3 457 1k AR 2 01 O AR L o A3t ok s v
KoH14.7 so BT AT RALE 30 MR IK, 3 24T 55 $E R WUA LA BE ML 7 S B0, 2R T 5 E R 10K #M
SRR Z A E 2 minfk B, &1F 5 AL IC SR,
1.3 SESBEXRE

AWFFE I EEG A MRS Jy A W26 R A o W R — #2840 7] 38 2 A AT 5530 N, 40 i A7
EEG 15 530 & M IMRIH . Horb, R A ANT Neuro UK 2% & 45 Ml 64 5 Ag/AgClH M IEIC 3¢ EEG 5
SR FERE R 1000 Hzo 7E 28 H7 18 98 9% Y0 B B 8 0.3~100 Hz, B 43 i i BT 35 3 1 76 5 kQ AR .
AL T HTA (1 AF 2z B R T v g Xk 9 C Pz F A 43 4 Sk 2 2 e A ORIz i L A

IMRI %4 % F 3.0 T GE Discovery MR750 49 4 A% Fl 45 B [a] 6 -F- 1 [l 5 B4R (GRE-EPD) J¥ %1 3%
£, P SET & W E =700 ms, [ E =30 ms, #5% f =90, 5 M K/N=64 X 64, 111 =
240X 240 mm?®, )2 & /)2 M E=4 mm/0.4 mm , A2 K/N=3.75X3.75 X4 mm?, H R £ 35 AL 4] Fr .
1.4 SESHERLE

B X EEG 84, 1 e R 2 % s bn i b H R AT S % RS S0 8~30 Hz Y 25 £k 417 i &
P, LA BE 5 MIRH OG5 A 05 21y, ] el 4100 i AP A0 58 4% AR e A UL P PR3 o DB IS 19 EEG 8548 wl itk — 20 43
B, BN B MI AT B B A9 B[] . 26 4% — 100 ms & 0 ms X ) FE R B4R, 74538 vk 3 A7 49 (8 B 4 A
1E o SRA 80 pV i BIE S Bk 2 W 58 Ol (93U o oot R AL 1E 5 Pl B BR S , SF 35 B 44 2 3K ) Ay
14 JI7 A A 8 Uk, DA R AR M 7 O il — 2B 4 e 5 M b . o T R TR Sk S I e T 1 s i 40 R SR R oA Ak
PR AL 53 9 S 0 H R DT J22 9 (SLORETA ) #EAT U8 28 07 o 12 48 A 3 245 3k Jg v Wi 3l S 1) Mg v A 5 ol 55
#6239 R I, SH MU ) 2 2 TG sh i B . RS , M Schaefer 3 &1 ! 4 Y 200 A 84 HR X b 4
HOF Yyt 18] 2 80 T i — 4 20 M o P4 B0 I EEG Dh 38 1 K T B 530 ok HE R 0 BT L e XA 50 &
WA BN A BT -

XFF IMRIZE i DPABT T HLA (5.1 W) #EAT AL B . Ol BRIE RS 3738 BIRRES | B 2 & 75 80 104> Hf
() 5o i o 7 A PR A5 R 3 47 )23 B A TE A Sk B A T, R L o Ak 8 5% R D R B 2R 2R 0F 5 T
], O B R A 2 3X3X3 mm’ o PR . ZJ5 R 2K & 4 98 (Full width at half maximum , FWHM) 24
4 mm By 5 TR R AT 28 RS 3, 9F 0E4T 0.01~0.1 Hz # @ B8k . M43 88 3 JE BB ML 2 Bl A MIAT 45 X 7 (9
S5 W 7 I 2% 1 1L 3R 3 F7 24 W 7 pR EX (Hemodynamic response function, HRF ) #E3R | A B 57 764~ (4 K
1) — g £ 1 455 8L ( General linear model, GLM) o ¢ AN Uk (43 0% 2 22 F A7 F BHFRAT 55 ) 16 R
ST WS AR B 5 AR HRE #E7 88, IR AL sh S 8UE M A & . 36 1% GLM, B IR R A R4
IRIR 1Y Beta {0 O 5 22 ) 8 14 4 1 TH 0™ A% 26 TR 8 MUE S 40 F TRy pr&ma . BiJS R 5 EEG
T R [0 1 A P13 1 BB A 3 VT 45 M X 1) SF- 2 Beta £l T, LA A5 J5 2% Beta J581 AH G 20 BT .
1.5 MIEKRENIER

AR SR FH H SC R B -9 A8 4 1R) 4 (Kinesthetic and visual imagery questionnaire, KVIQ)"“* ¥4 52
WHE MW EMZ LR S . AT WL (Visual imagery, V1) 1359 5 4 (Kinesthetic imag-
ery, KD ANERE , & & 10 EA H o A VLA BT 52 (00 BRAT 55, 37 88 7 #0853k COR i) A4 % Bk
(e A BIA s, R PR B AT 1204 H . ZI0E TR — AP AT 220 1 i
(R D8 2 ) SRR 5 3 (Bl a2 ) 4% 1~5 3 AT oy (1="2 & AN IE M 7/« ", 5="5 B H W
— BTG/ S BT S E—RERREL ) o A5 4R RS 12~60 43, M4 B4l 24~1204% . H
R KVIQ-20 76 1F & AT CUE 52 B AT BT (4 45 K 008 AN B2 220 ol AR 9 T 3 3 3t A8 4 X,
J& 8253 B F 2R T KVIQ-KIWE4r (124 45 H A% 40 Z FDAE Ry W MIfig 1 19 RAEFE 45 -
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1.6 ZEEHTEMEGE
XA P 58 B 10 18 S AR R AT B B (B 4.2 s, R AFE2E 1 000 Hz, 2 4 200 A~ R AFE 25 19 EEG 15
5, FE T A B B A T T BB i 32 (Functional connectivity, FC) , 7158 o #2 o 2K R 1 8 s 18] % 40 B .
FLR M, 78 AU P 38 X 38 T8 SRR BN 51 R AR 67 22 , Ol ot oR A 320 Uk B AR 67 B 1
(Phase locking value, PLV){H ; B 5 , % Fr A7 30K BT 45 PLV (B #E47 85 01 1, e 2049 3 g7 32 1807 10
WY EEG U RE M . WA ERPAES () Al y(o) , 2R A A R AA 45 78 #e (Hilbert transform,
HT)JE AR i b5 5 H (o)
H (t)=x(¢)+iHT,(z)
H,(t)=y(t)+iHT, (1)

Kb H () H ()53 51378 2 () iy (o) W5 A4~ 155 ] 7 810 09 Ao JR A1 R 722 4
B, AN B BRI AR AL ¢, ()R g, ()35

(1)

HT, (s
¢, (1)= arctan
x(r)
(2)
b(0) . HT,(z)
)= arctan ——
! y(1)
i, PLV Al 315
- i7§el(</}y(jm)*</)“(j.ﬁ/)) (3)

e R AR R B, A RIS RAE SR L RN A RAE R, @, (), () 53 31378 2 (o) F y (2) 1 1k I
AHAL .

X T IMRIFR 2%, 5% H Beta J5 71 #H 3¢ ( Beta series correlation, BSC) J5 i 44 24T 55 45 5 Pk 109 T RE 3% 2
FEFE . B, BT 1.4 b GLM AT A48 1938 10K Beta i, 43 B BUAE T A7 T HUKES 3 841 55 &1
T A RO B 1 Beta J¥ 51 o BE S L 43 0 B X R 28 MIAE 55, 3H 54T B A ik X 22 (8] Beta J7 41 19
Pearson A ¢ 25, LU B AR 5 AT 55 45 17 1 i DX B) 09 D REHE 5 5 B, I 44 2 00 1z A IMIRT ) g 3% 45 5
R, B

r = (4)
Z(x,»*ff Z(yf*y)z

ez, y 23 R P I (] 90 AR 26 A I 8] R A5 5 8L L 3 93 90l 378 T A I 8] 7 10 B B4, m s ok
FERAE, R WIS Il X e M AH DG 1 o
TG HE FC R I I, DA RSS2 100 24 e 43 1) 4 B8 rhco P A b P 3 3 oo PR RR A 1] 5 v
O AP ENR R AR o 7 B U AW SE AL G Y F C AR B R AL E 1) I 4%, L oA X 322 32 30 it Jon 4 e
1o P Ah 3 A A DX =2 ) ) B B8 i 4 R A DA DA A O AR B A XA i AR R B AE M 2% b, JErh
O E SO 51 R A B T SRR Z N B
DC(z’):in (5)
=1

A NI RGBT 1 A w, RN .
I BOF R RE S 4 TR BT A AR e e A P 2 Y A B AR T o ) B A B
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Be(n= 3 %) (6)

s#i#e Ost
o, R s B R AR B 0, (1) I BB AR v 20 T S I AR
FE A T R SR e 7 3 I v T A G A5 0 A e B AR A R 2 R 4RI, B

CCli)=—y— (7)

S d (i, ) 2w d B A5 A e R B AR R
REAIE 1] B PO RE SO R RO Pk S T A A8 Y R M ISR B 3 e 4 R
N R EROPMAEE AL S FS N

1Y
EC(Z')ZIZZUUIJ- (8)
j=1

F P s A H QR AR B 18 d KRR AR AR, e Ay e AR AR B0 B )RR AIE 1] B, o, RN AR

TE Z B R RS W B, 8 EEG R IMRTBE 5 19 4% 52 JU) 0 28 J& 1R 44 8 DF 422, T2 A 2 81> I 45 ¢
I 7Y Fl 5 4R IR ) B, A O Ry b 2D R B 21 AR G ZR BB A T Al DX T S AR R ) R PR DG
MR 3 22 WS D A2 I 2% MCNG 3% MCN R 2 D5 326 F) B AR08 7 T 2 3 A5 19 198 rh O M 4 s DA [ 4
JEZ0 T2 ST A I R A R i SR R R B O R R R SR L A Brh O T R A R
W B T, 42230 vt P T e O 24 8 5 0% R o) S v P s R 08 90 L Bt o o A R BRI Y 0 P
FEPR A A T 0 2R E A 1), AT X R DD RE A B 2 4R R Y A i DXCTE 8 4 R AR A5 [A]
o 5 AL 9 B XA, SR E TATTAE P AN S S T B R O Y N 2% i A7 5 D RE AR 6 X R AR AL T
i it Pearson A1 0¢ RECHAT R AL o R, MCON 1Y 30 A 52 e 17 i DX T 75 22 452 190 266 Jag 7 J22 T ) P 728 R
MR & X E BRI RER A -
1.7 Sitoh

R HTBC AT REAS £ 46 36 DPAG A 22 Fl MIAE 55 45 420 (] 09 MCN 22 5% . RS MCN 54K MIHE ) 1 ¢
F AW GE B A SR FH R IR b A O 43 B, DL B 8 3 1 KIVIQ-KIT 0] 45 J5 G A o3 A o 3% 82 A48 4, 7 42 i
MON ¥ 42 5 J3 50 B 0 B3 45 30 BB AT AR 2G40 M o IRl AR KVIQ-KI v] 45 43 1 v (6 $10K 32 1 &
K53 R AR MIRE T P2, R FH IS REAS (R 30 LU B R 20 AR [R) Bl AR S 1 N i I s R 4h 22 5 0 B X
JF AR p 1E 4 B E 17 45 % & BILR (False discovery rate, FDR) 9% 1E , LA il 22 8 H 4 5 3000 M BE A R
T Fts
1.8 E-TF MCN Bk MI 42 3R 4 20 8E Ll

TE U A ASE 55 REAE 0 8 B B, AR SO A8 SR /N4 6P U4 5 3% 4 551 (Least absolute shrinkage and
selection operator, LASSO) [F] 4§ 15 W fb Z: K0 45 &, DL B T 3% 5 59 TU I 22 4% ( Connectome-based pre-
dictive modeling, CPM) HRRAIE 05 1€ (9 5 25 1k B4R & o okt 8 2 500 b o A P 09 £ 8. it O 5 0 £
B A7 A VEAL (9 % PR, ASF 58 R ™ & fix 2 B — 15 28 LB IiE (Nested leave-one-out cross-validation,
Nested LOOCV)HEZE . 412 LOOCV HI T AL A 1Y (932 1 BE - B kA K 144 324803 1 B 1
e AR N— 14 Z i E W IR . TEN 2 80— 3T A2 2R 4 UCR IR
LOOCV X} CPM 3 1k BIE A LASSO IEWAL S B AT MRS 3R . B 0 T8 — 4 i 280, e
TR 2R BT A 25 W 2% 301 5 H AR 28 7 2 0] 1) Pearson #H 5¢ 58 B0 I p (8, AR B p (EAK T 24 50 8 35 Mk
156 {1 719 30 A Sy A 328 T AR IE, B S R T T A R AR I 25 LASSO R AY I3 3o P90 58 B e AL i 2
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B AT BTN )7 % 22 (Mean-square error, MSE) , 2 BUE P %8 MSE fi /N1 — 20 2 801k R 251 462
WAERN RS AR . BASEE R IE 02U SR8 00800 | 24w oh 2 R4 0 4R 215 B TE
AT ¥R S 5 S HR B SR YN 25, T AR AS b A2 7 030 A5 8 1) DI 5l R 0 Tt O o % 9 )23 3
A Je U 2 BOM T 24 B0 A R I 2R 48 1 25 die 2 AR Y X6 Bk B o o 0 3 3 A A . 3 T
FRA B, R 2R FEA ) LOOCV il {4 .

R VA T 08 1) S8 1R SR HE 2B BEAT B R 55 (5 0009K) o AERRIRAMZE LOOCV AR i, B
BUFT AL 2R B2 A bR 28, O T 1 3 58 B 9 e 22 0 o8 5 U1 2 i R, AR A 22 AR5 1 19 Tl A 5% 3R 8505311
Vg 2 B LN 1) TR 5 L S AE 2 TR) AR OC RS T A LA M A p (. TEBERLPE M SR AR T T L T
BRI AR O BB () Y5 MR 22 (Root mean squared error, RMSE) 344 % % 22 (Mean absolute er-
ror, MAE) FHE 22 50 (R?) , A [F) 4 J3 4 T PFAh 455780 1) 000045 B2 S5 4 DL o itk — B 0 E 2 RS
IR X 2% R AT 1) T R e | AR R 9 ) BE 51 A Ridge [81 U5 4 S b bl 3 4R AR

2 % R

2.1 MCNEBETIMIESHH S EEZEN

BT T AR MIAE 55 22 18] MCN 26 57t 7 12 09 25 8] o A, b i (8 i i AU AT M 55 I 45 3%
R R E TR . WBHES LFH , MCONFEARFLSS & MF T 2B —5E B2 P, R WA R MI
A 95 8 DR R JBE I 0 268 88005 B O R AN — B, Hovh 8B AE 55, LA AR 55, A B I U™ iz s 5 19 15 Jiki
DXCP )i Bl o Rl 3 %l M 55 22 18] 9 9 2% 3% 4 25 S HA AR S5 e e e o BRI & 7 e 7 T b
AT MITE T 0N 3 5 100 2% 5 3 2 /8% iz Sy /38R A A X 1 286 (i) 2 B 1 SR ) DI 28 3 4 o b A , AR T D
M, T3 MR - 2 B A BROAAE X WL 50 1B 0 s 2l ) 265 [ BT 5 11 o0 46 1 422

— LF>ETF; pee<0.05 —— TS pey<0.05 — AT puy<0.05
FF<EF; pre<0.05 FEF<; pee<0.05 FFH; pupe<0.05
(a) HFvsETF (b) ZEFvsill (c) & Fvsh

(a) Right hand vs. left hand (b) Left hand vs. foot (c) Right hand vs. foot

VAN i 75 9 %% , SMIN-EE 32 215 0 %%, FPN-4 10 16 25 , D AN 78 25 19 4%, LN 2% [ 4%, DMN-2R B0 R 4%, VN-RL 3
] £
B 1 R [E MIZhAE E ) MCN 2% 4 22 5 (prpe=<0.05)
Fig.1 Differences in MCN connectivity among different MI actions (pppz<<0.05)

% WL A A5 2 TR B D BE S HE 25 S L BRI T TR WK 22 R K (pepe=<0.05) , I AESR 1 HhiE — i
TR SREEN ¢ .FDR A IEJS p fH % Cohen’s d UM it o SR LR, 2247 T MIAE 55 [ 14tk 3 22 S 1 4
5% ol M R 5 1 S /e 12 Bl /BRI 3R 2% 22 ] ) 22 S 0 4 o e B e (6000) 5 78 T 5 AR



2 B E.% FEEG-IMRI % 4 5t % M & 0915 3 48 LAY 22 £ A 2 Ak w5 i 42

MIAT 45 6] 1 22 S e #3615 4%, EE & TR 5 B0k
AR/ 0/ 5 00 3 3 00 45 22 T, oy 4 2 2 S o 4
[ 46.67 % ;s 47 T- 5 B30 MIAE 45 6] (4 25 S e 4 8 4%,
F A o T BRI X 5 B 32 Bl /I A R 4/ R
W 2% (37.50% ) , LA B 35 0 4 2 5 40 0 1) 4% (37.5026)
Z 1],
2.2 ZESHETR LIS E MIHE R BE R

pUESES

& 2 275 T MCN % KVIQ-KI i) % i1 15 i 45 5 K
FOARE BUN 3 H 0 25 8] 43 AT o SVHAORE L MOCN XA 1A
MI 468 ) R B — & 1 00 8 ) AR AS ] 8h 4 4F: 55
ZIAATE W 22 57 Horh A TAT 55 1 T A% 3R e ik
HSH 5 10 22 18] A B 2 E A OE (r=0.61, 0,0, =
0.01, RMSE=0.62, MAE=0.45, R*=0.34) ; /£ T-1£ %
35 5] 5 3 WK F (=048, p,,,,<<0.05, RMSE=
0.68, MAE=0.49, R*=0.20) ; Ifij B 84T 45- % 151 00 5% iz
B, R I8 B gE i 2 Pk K (r=0.26, p,..,=0.20,
RMSE=0.76, MAE=0.56,R*=0.01) . M il ] 1%
10 23 6] 43 A R E (B 2(d~1)) , A [a] MIAT: 45 %F 1 1
MCN B AEAE W] 822 57 . 4 T MIE 55 R B R kY
R T A R B 2 HoAr A Tz, I T ) £
B TR M R I Bl K BRA R K R % 2 (] 1Y i
2, i GRS A2 D) 43 A TR T T T R A T %
ZIa . 2T MUE S, 40 1F B0 28 B4R v AE 75
BOILBE 5 R OAASE 2 0 % 2 [ 1) 34 4 A% O B T A8 L
I 2R AR T BROA A 5 W5 I 4% 22 R Y 3% 42 . IR M
55 AR B — SRR T 3, X — 25 SR R T %
AT 55 TOUM0 S550 0E AS 3 0 D A B A AR ) BRUA T R 25 5
B, ME LA S8R — S0 B B

g E— K B MON A 55 % 00 M #2836 1F 54 fig
MG F ARG DL 328 MIAE 55 19 EEG 43 25 IE 1 R AE

987

£1 AEMIZHEER MCNEZERSITIER
Table1 Statistical results of MCN differences

between different M1 actions

e 45 A tHH Drox Cohen’s d
3.76 0.04 0.53
5.34 <0.01 0.76
HFvs EF 4.20 0.01 0.59
—4.26 0.01 —0.60
4.50 <20.01 0.64
—3.76 0.04 —0.53
5.78 <20.01 0.82
3.94 0.02 0.56
3.76 0.04 0.53
3.88 0.03 0.55
3.96 0.02 0.56
3.99 0.02 0.56
=T vs 4.50 <0.01 0.64
4.15 0.01 0.59
3.78 0.04 0.53
3.70 0.05 0.52
3.82 0.03 0.54
4.03 0.02 0.57
—4.17 0.01 —0.59
3.70 0.05 0.52
—3.75 0.05 —0.53
—4.13 0.01 —0.58
4.14 0.01 0.59
4.44 0.01 0.63
T vs
—4.37 0.01 —0.62
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Mapping Between EEG -fMRI Multimodal Covariant Network and Neural
Representation Efficacy of Motor Imagery

JIANG Lin"*?, SONG Xipeng"*?, MA Shuqi"**, WANG Guangying"**, YAO Dezhong"*?,
XU Peng"*?, LU Jing"**, LI Fali"***

(1. The Clinical Hospital of Chengdu Brain Science Institute, MOE Key Lab for Neuroinformation, School of Life Science and
Technology, University of Electronic Science and Technology of China, Chengdu 611731, China; 2. Brain-Apparatus
Communication Institute, University of Electronic Science and Technology of China, Chengdu 611731, China;3. Brain-Computer
Interface & Brain-Inspired Intelligence Key Laboratory of Sichuan Province, University of Electronic Science and Technology of
China, Chengdu 611731, China)

Abstract: Motor imagery (MI) is a key cognitive process in brain-computer interfaces and motor function
rehabilitation, yet substantial individual differences exist in its behavioral performance. Previous studies,
largely based on unimodal data, have struggled to reveal the brain network organization mechanisms with
high spatiotemporal resolution that are closely associated with behavioral performance during MI. To
address this gap, this study constructs a multimodal covariant network (MCN) based on
electroencephalography (EEG) and functional magnetic resonance imaging (fMRI) data. We focus on
analyzing the topological differences of MCN across three types of MI tasks, its predictive performance
regarding individual imagery ability, and the differential network mechanisms between participants with
high versus low task imagery ability, aiming to establish the mapping between EEG-IMRI spatiotemporal
fusion features and neural representation efficacy of MI. The results show that the MCNs under all three
action conditions exhibit clear task-dependent characteristics, with both left-hand and right-hand tasks
demonstrating richer and more stable cross-subnetwork connections compared to the foot task, and the
behaviorrelated network being most extensive for the right-hand task. Furthermore, based on the
questionnaire scores, participants were divided into high and low MI ability groups. Between-group
statistical differences reveal significant topological differences in MCN between the two groups across all
three tasks, mainly distributed in the default mode network, sensorimotor network, visual network, and
frontoparietal network. These findings demonstrate that MCN effectively captures the task specificity and
individual differences in MI, providing new evidence for establishing the mapping between EEG-fMRI
spatiotemporal information and the neural representation efficacy of MI from the perspective of multimodal
fusion networks.

Highlights:

1. Propose a multimodal covariant network (MCN) framework that integrates EEG phase-locking value
and fMRI beta-series correlation into a symmetric fusion architecture, enabling the unified characterization
of cross-modal brain network organization during motor imagery (MI) without presupposing a dominant
modality.

2. Construct task-specific MCNs for three MI tasks, and systematically reveal hierarchical and task-
dependent connectivity patterns, with hand tasks, particularly the right hand, exhibiting richer and more
stable cross-subnetwork interactions than foot tasks.

3. Design a nested leave-one-out cross-validation prediction pipeline combining least absolute shrinkage and
selection operator (LLASSO) regression and connectome-based predictive modeling (CPM)
demonstrating that MCN features can predict both subjective imagery ability (KVIQ-KI scores) and
objective MI classification accuracy, with right-hand MI achieving the strongest predictive performance.
Key words: motor imagery (MI) ; brain-computer interface (BCI) ; multimodal fusion; EEG-IMRI;
prediction
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