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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) ; braincomputer interface (BCI) ; multimodal fusion; EEG-IMRI;
prediction
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Jiéi B B (Electroencephalography , EEG) 5 T fig # # 2 9% iU f& (Functional magnetic resonance imag-
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SRR Z A E 2 minfk B, &1T 5 AL IC SR,
1.3 SESBEXRE

AWFFE I EEG A IMRIZE ]y A W26 R A o X R — #2240 7] 328 2 A AT 5530 N, 40 i A7
EEG 5 530 & M IMRIH . Horb, R A ANT Neuro UK 2% & 45 Ml 64 5 Ag/AgClH M IEIC 3 EEG 5
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1.4 SESHERLE
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(LS 53 9 S 0 H R DT )22 49 (SLORETA ) HEA7 U8 28 17 o 12 48 A 3 345 3k Jg v Wi 3l S 1) Ml v A 5 ol 55
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1.6 ZEEHTEMEEE
XA U P S8 B 1 18 S AR R AT B B (B 4.2 s, RAFE2E 1 000 Hz, 2 4 200 4~ R AE 25 19 EEG {5
5, F T A B AHE 4G T T BB i 32 (Functional connectivity, FC) , 7158 o #2 o 2 R 1 8h s 8] % 40 B .
FLR M, 78 AU P 38 X 38 T8 SRR BN 51 R AR 67 22 , O 4l st oR A 320 Tk B AR 67 B 1
(Phase locking value, PLV){H ; B 5 , % Fr A7 30K BT 45 PLV (B 047 B5 301 1, e 2049 3 g7 52 1807 10
WY EREG R M . WA ER PSS () Al y(o) , 2R H i R AA 45 78 #e (Hilbert transform,
HT)JE AT i b5 5 H (o)
H (t)=x(¢)+iHT,(z)
H,(t)=y(t)+iHT (1)

Kb H () FVH ()53 51378 () iy (o) W5 A4~ B5F ] 7 810 09 Ao ZR AV 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 358
- i7§el(¢y(jm)*</)“(j.ﬁ/)) (3)

e R AR R B, A RIS RAE SR RN A RAE R, @, ()N, () 53 31378 () F y (2) 1 1k I
AL

X T IMRIFR 2%, 5% HH Beta J5 71 A 3¢ ( Beta series correlation, BSC) J5 i 44 24T 55 45 5 Pk 19 T RE 3%
FEFE . B, BT 1.4 b GLM AL A48 1938 30K Beta i, 43 B BUAE F A7 T FURES 3 841 55 551
T A R U B Beta )Y 51 o BB L 43 0 B X R 28 MIAE 55, 3H 54T 2 P ik X 22 (8] Beta J7 41 19
Pearson A ¢ 24, U B AR 5 AT 55 45 11 T i DX B) 09 Dh REHE 5 5 B2, I 44 2 00 7 i) IMIRT ) i 3% 455
R, B

r = (4)
Z(x,»*ff Z(yf*y)z

ez, y 23 R WA I (8] 80 TR 26 A I 8] R A5 5 8, L 3 93 99l 378 T A I 8] 5 70 B B4, e s ok
FE RSB, 7, 78 WIS Il X e M AH DG 1
TR H FC A M I, DA RSS2 190 24 e 23 ) 4 BBCJRE w0 b P 3 3 oo PR FVRRAGE 1] 5 v
O APPSR AR o 5 B UL AW 58 T AL G Y F C AR B R AL IE 1) I 4%, L oA X 322 32 30 it Jon 4 £
1o P Ah 3 A A DX =2 ) ) B B8 i 4 R A DA DA A O AR B A XA R i AR R B AE M 2 b, JErh
O RE SO 51 R AR 0 T A SRR Z i B
DC(z’):in (5)
=1

A NI RS BT 1 i S w RN .
I BOF R RE A 4 TR BT A AR e B A PP 280 Y R R B AR T o5 B B A B
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Be(n= 3 %) (6)

s#ire Ost
o, R s B Y AR B 0, (1) X BB AR v 20 T S I AR
T O R SR e 7 3 I v T A G A5 N RS e B AR A R 2 R 4R, B

cCli)=—y— (7)

S d (i, ) S i d B A5 A e B AR R
REAIE 1] A PO E SO SR RO PR S T A A8 Y R M ISR B 8 e 48 4
N R EROPMAEE AL S FS N

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

F P s A K QB AR R 18 de KRR AR AR, e Ay e AR AR B0 B )RR AL 18] B, o, RN AR

TE Z B R RLA B B, ¥ EEG R IMRTRE 5 19 2% 52 JU) 0 28 J& 1R 44 90 DF 422, T2 id 7 81> I 45 ¢
I 1) il R R ) B, A O A b — 2D R B 21 b AR G ZR B A T Al DX T S A R ) R PR DG
MR 3 22 WS U AS I 2% MCNG 3% MCN R 2 D5 326 1) B AR08 7 T 2 3 45 19 B8 rh O M 4 s DA [ 4
JEZ0 WY ST A I R 4 R i S R R B O R R R SR L A Bh O T R A R
W B, 42230 v O P T e O 24 8 5 0% R (o) 2 v P s R 08 90 ) B it o o A B AR Y 0 P
TRPR A 5 T I 2R E A 1], AT X R I RE A B 2 4R R Y A DXCTE 8 4 R AR A5 [A]
rh 5 AL 9 B XA, SR E TATTAE P A S A T B A R O Y T 2% i A7 5 D RE AR 6 X R AR AL T
i if Pearson 1 0¢ RECHAT R AL o R, MCON 1Y 30 AL 52 e 17 i DX T 75 22 452 190 286 Jag 7 J22 T ) P 728 R
MR & X E BRI RER A -
1.7 %itoh

SR HTBC AT REAS £ 6 36 DAk A 22 Fl MIAE 55 45 440 [ 09 MCN 22 5% . -9 MCN 54K MIRE 7 ) ¢
F AR GE B A SR FH R IR b A O 43 B, DL R 1 3 1 KIVIQ-KI 0] 45 J5E i A 73 A o 3% 2 A48 4, 76 42 i
MON ¥ 42 5 J3 50 B 09 B3 45 30 BB SR AT AR 2G40 A o IRl AR KVIQ-KI 0] 4 45 43 1 v (6L $10Kf 32 10 &
K53 R AR MIRE T P2, R FH IR ST REAS (R 30 LU B R 20 AR [R) Bl AR 2 1 N i I s R 4h 22 = 0 B 4T
JRAR p (B4 B E 17 45 % & BLR (False discovery rate, FDR) A9 #¢ 1E , LU il 22 8 Ho 48 S 3500 M FE Ak R
T Ft
1.8 £ -TF MCN Bk MI 42 3R 4E 20 8E Ll

TE U A AE 55 REAE 0 8 B B, AR SO S A8 i /N4 T4 5 3% 4 5 - (Least absolute shrinkage and
selection operator, LASSO) [F] 4 fY 15 W fb Z: K045 &, DL R B T 3% 5 59 TU I 22 4% ( Connectome-based pre-
dictive modeling, CPM) H R 05 16 (9 5 25 1k B4R & o bkt 8 2 500 b o 5 P 09 5 8. it O 5 0 £
B A7 A IEAL (9 % PR, ASE 58 R ™ & fix 22 B — 1 28 LB JiE (Nested leave-one-out cross-validation,
Nested LOOCV)HEZE . 412 LOOCV M ARG A Y (9 32 1 e - B ik AU K 144 324803 1 B 1
Sy AR N— 14 Z i E R IR . TEN )2 50— 3T A2 2R 4 UCR FT N
LOOCV X} CPM 3 1k BIE AT LASSO IEM AL S B A7 MRS 3R . B 0 T8 — 4 i 280, e
TN 2R BT A 25 W 2% 301 5 H AR 28 7 2 0] 1) Pearson A 5¢ 58 B0 I p (8, AR B p (EAK T 24 80 35 M
V5] {1 719 30 A Sy A 328 T AR IE , B S R T T A R AE I 2R LASSO R AR, I8 3o 90 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 241 462
WAERN RS EA S . A SEE SRR IE 02U SR8 00 8005 | 24w oh 2 R4 19 4R 215 BLTE
AT ¥R S 5 S HGR B SR YN 2, T AR AS b A2 1 0 3£ 8 1) DI 5l R 0 Tt O o % 9 )23 3
A Fe O 2 B0OM T 24 BT A R I 2R 48 U1 25 de 2 I AR R 36 Bk B o o 0 3 3 A A . 3 T
FRA B, R 2R FEA ) LOOCV il {4 .

R VA T 08 B S8 1R SR HE 2B HEAT B 55 (5 000 9K ) o fERFIRAMZE LOOCV AR i, B
MUFT AL 2R B2 B bR 2, O T 1 3 S8 B 9 o 22 0 o8 5 U it R, AR A AR5 1 19 Tl A 5% 3R 55053
Vg 2 B LN %) TR 5 L S AE 2 (R) AR OC RS T A LA M A p (B . TEBERLPE A R A U7 T L 3
BRI AR O BB () Y5 HRR 22 (Root mean squared error, RMSE) |34 X % 22 (Mean absolute er-
ror, MAE) FHE 2 50 (R?) , A [F) 4 J3 4 T PFAk 455780 1) 000045 B2 S5 3 DL o itk — B 0 IE Z RS
IR X 268 R AT 1) T R e | AR R 5 [ IE 51 A Ridge [81 U546 S b bl i 4R AR

2 % R

2.1 MCNEBERIMIESHH S EERZEN

BT T AR MIAE 55 22 18] MCON 26 57t 7 12 09 25 8] o A, b (80 i i AU T M 55 I 45 3%
TR W E R TR . WEBMES LFH , MCONFEAFLSS 5 4F T 2B —5E B2 PR, R WA [ MI
A 95 18 DR R JBE I 0 268 88005 B O R AN — B, Hovh T8 AE 55, U HA TAE 55, A S I U™ iz s 5 19 15 Jili
DXPp )i Bl o RIS, 3 %l MIAE 55 22 18] A9 9 4% 3% 4 25 S HA AR 55 e e e o BRI & 7 e T b e
A7 T MITE T O 3 7 100 2% 5 3 2 /8% iz 3y /38R DA A X 2% (i) 2 B 1 B0 1) DI 28 3 4 o A , AR T D
M, T3 MR - 2 B A BROAAE X WL 58 120 s 2l 0 265 [ BT 5 11 o0 246 T 422

— HF>ETF; pem<0.05 —— ZEF>; pere<0.05 — AT pex<0.05
FF<EF; Due<0.05 ZEF<H; pue<0.05 FF<H; pue<0.05
(@) HFvsETF (b) ZEF-vsfi (c) AFvsi

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

V AN 25 9 2% , SMIN-JE3 38 30 9 4%, F PN 15 R0 2% , DAN-E7 00 13 25 B 2%, LN 2% W 2%, DM N8R AR 28 9 2%, VN-HL 3
EES
1 ASE MIhAE R MCN 7 3 22 5 (prpe=<0.05)
Fig.1 Differences in MCN connectivity among different MI actions (pppr<<0.05)

% WL A A5 2 B B D RESE HE 25 S L BRI T T A WK 22 R 4K (pepe=<0.05) , I AESR 1 HhiE — i
TR SREEN ¢ .FDR A IEJS p fH & Cohen’s d UM it o S5 2R WR , 2247 T MIAE 55 [ 14tk 3 22 S 1 4
5% ol M R 5 0 S /e 12 Bl /BRI 3R 2% 22 ] ) 22 S 0 o e B e (6000) 5 78 T 5 AR
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