2025 4F #5354 45240 http://kfxb.publish.founderss.cn/

Rehabilitation Medicine

foizerb s ShebR i I Tia s %

bz 1 W I Ak T3 i 5

FLH U SR, L AR RN 1, R R, T BT

1N ERN R 2B S LB, )48 1M 5107005
2 N BERLR 258 TR R#BE )4 T 5107005
3 i1 BE 22 B A — MR EE B, Wi R Ak 4220015
4 T R 2GR AR MR EERE )T AR T 510120
* WEVEH MR T , E-mail : Haining@gzucm.edu.cn

Wk H 31 :2024-11-263 352 H 1] 2025-01-11

FEATHE ¢ 7R A 3 e R S AU L T (2021ZDZX2063) ;) AR A EE B EE BEEAA 5 355 H (01020184) 5

JRE TR A AR AL G FIE (E57977)
DOI: 10.3724/SP.J.1329.2025.02015

o
RS (A TERRS ) RIRTS (OSID) : (It

WE Ao (BCDA—F TR TSN P ZIUA R 4%, 208 K b BB R ey sfsh R Zde ) R 4, i F &
BAYZ R A& TR E, A TEHEZ A BILE T (MI-BCD) £ 5 7 )5 15 3) o) f [ AF ik s o) AL T 25
SRR P AR BRI, 128, B T 82 MI-BCIAH A a4 P 5 Sh e &5 e a9 A bn o JA AL o,
MRHTRH T HB TR AT . KR LA MI-BCILER A P 5 LR/ T RGE 3) 9 4E A3 A Zm T Ak
[ 55 Fo 5B Sy R FEAF P oG L AL o7, AR T BT E AR R RG TR F R AR ILARG R
o Hr3F MI-BCI 57 2k 89 A2 AT TR B Z (e AL/ 9 58 RAR AR B % Fo fik 58 B B BABL 52 R VA R AE
RN R AR ) . MI-BCIAE i 5 b B 5 06 97 4 77 69 KA AR T (Do TR E K I7 A2 B RG 7 i
B )53 FRARENEFERGE — LA — BRI, BB R A 4T, 5k MI-BCI & 4089 97 20

2 F P, 3 MI-BCI & 57 4R R 89 HLTE AL Fe FE PE | A MI-BCI A2 % 2 P Bt ZARR 69 o R AR A E
KEIF WEPIREAZREL RAE D EHAL MRS

Jigi H1L#% 17 (brain—computer interface, BCI) i i3
RAEAR S FRIURRAE 0 28 08 I Y 14, P28
SRR L SEBL P AR 2 R GE AN A 0
FEACH., C A I AR R B A AU AT 5 R i TR e A Y
it 7R Y BCIYE S, 2k T iz 3 A8 4 BCI
(motor image—based brain—-computer interface, MI-
BCI) & —Fh i AL, 7E N RE R A A RO BR 23R
J7 R I B B . 32 3R A (motor im-
agery , MI) J& 48 AAE NI o A8 R — > Sl g R sl
& VE R, MIAS A SE PR iz Sl i, e
FEREBS WG AL T 5C briz 3l 1 Bt iz 3 X

MI15 BCIHE ARMZE A, REff o TR iy h i &
HERMGIAS 5 AR, CHNE T MR
J7 il = 1 SRR E SR, FE I R FH R T B R
WP A E RN A B B IR YT J5 s, MI-BCL &R
40 OB Wl N TR g R A Sl

iy 2 v g — i ply T S L 2 i 4 ik B €
UM IR RE A I I 5 | & Wik 418U 00 0 B9
EL A R [ O R — 1 BR s Bl As P e 2 g
W2 IR AT  H AT AR IZ S Y g N D RE L
KAWL RE G . MI-BCIAE A —F i 2 R 45
MBI S B  CAE R EZE IR 7

1RGS2 A2 BRI JUl e 55 . A T R T RE RS T 12 S ARG L 1 AR DT e L) ] A 2241, 2025,35(2) :212-220.
JIANG S'S,QIU Z Q,YOU T T, et al. Application prescription of brain—computer interface based on motor imagery in post—stroke dysfunction [J]. Rehabil Med,

2025,35(2):212-220.
DOI:10.3724/SP.J.1329.2025.02015

ORI ) S5, JF R CC BY-NC-ND 4.0 /38
212

© Rehabilitation Medicine, OA under the CC BY-NC-ND 4.0



ZIAZAE 2 v D RERRLAG A T 12 3l A R INALEE 1 NI Ab 7 05

P T AR T S £ T AR AR R . SR
MI-BCIAEN RN e B2 36 57 a7 48 5 7™
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MI-BCI 7 i 52 32 120 g i KM iz J2 036 94 0 1Y)
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M X T MI-BCIHE AAE I R I FH B BA- 0036 T B 1]
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1] ML 9% 57 , IR UL AR TE YR Y7 1R 3 22k A
LE

SRV AR 55 0 ML, LLZE 050 1o i i
M i H P15 S8, & B I [R] ML S 200 RS Al 57 23 B

213



FEE 2R 2025 4F #5358 4523

I B A AR 26, O EURS #5723 = 8500 il B e
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N AT FE A MI-BCI LR AT A 24 3] . VOURVO-
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90 min {7, XTI L5 Ay fisi A% v R 3 A R TE 2 UK R
LA B PR 55 1 TP WA T RS L

gk LTIk, MR YT OB B & 52 2 5 34 19 M1
TP, MY S S EUBCIVERE R e, [t , MI-
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T B Bt Y AL AEAE I R N D e = 06 TR
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Yliz By Bl 2 VR FH AL v AT 48 L X BR ) T 4t
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Zr(2W/d FrEz2 7], Bt 24 ) T Hi )5 Fugl-Meyer
T iz 3 D) G 3 42 & R (Fugl-Meyer Assessment
Lower Extremity Scale, FMA-LE) PEH B, &
B MI-BCIHARTE A 5 T B &2 v BAT R 43K
. SEBASTIAN-ROMAGOSA 5> 5% i 7x , MI-
BCI T 7 % (3 1k /J], B3t 25 U0) AT A 380 i 4
T AL S DI RE R AT A AP AT BURE R IS Sl LA
WU Wi 3 6. LIMA 5524058 s, 140 b I P
Ao e R B2 52 MI-BCL(20 min/ YK, 5 %K/
K& VR HL 3l B AR AT 45 B B B I 2, (] osf 1 o A
%ﬂé&:@ﬁ]ﬁ}%(primar}f motor cortex , M1 ) A #0 i 14 22
11 B L 3 (transcranial direct current stimulation,
tDCS) , + 1 3 i J& 10 23 B 4 47 i (10-minute
walking test, IOMWT) % 3 % 20 B0 W] Wb 9l /0>, A8 i
i EYIEE PRI R WY A, AT RE P BRI d
(BCI) + #2842 (tDCS) " WU S WM I A 56
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ZRIIRYT X T RE Rt T M B )2 vh SCRE R iz
ST RE Ry X AN, — B2 BG4 2 T
NREACEATBR s T Bz sh D Re W e Z LA A2 Y
R0 IR, K S X B AR, X A 45 T JB0IE B D) BB K
SR RN FXE. 0 YUAN %258 R 42
ZU R (2K /d) T B BCTRE S I 2] DATERS
JL i JET I A B s R B B ST RE
1.3 b iNashRERERG i) MI-BCLIRY ¥ b Jj

A WTFERB], MI-BCI 1] GEHE 52 5 8 & A0 AH G
A RE ANl st =5 18] 3R JCIC R 0 5)
VFZ M2 Rl A b B AR DB, A 455 1 0 s
A KRIFRICAZ 2 0 AT D RE AL R B AL B
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YREORAFE IR MLl & S 5t A8 10 2 I 25
PRSI SES R K B H R S SRR
MI-BCI Il 5 (20 min/ ¥R , 5K/ J8, #54E 3 i) nl 2k
5 ki 2 v BB B 7 45 0 4 (Attention Network
Test, ANT) | £if 5 £ 7 £ 45 ] i (Symbolic Digital
Modal Testing, SDMT) 343, YUAN %258 i Fpl &
5 19 i 2, [ (electroencephalogram , EEG) 5 & 43 Mt
J B, A MI-BCT N I 2 AT A0l o J 3 1
FTIFNFIIIRE o (HZ A W58 R W] MI-BCI7E 0%
Arp e A a) | TARIC A R ) T T RUCR KA, SE-
BASTIAN-ROMAGOSA %>/ 5 k7w , MI-BCLIR YT
34 H R A v T i R AR A T R SR E DT 43
[ AR (B 28 R TG o

£ LI ik, MI-BCI £ AR AE i 2 Hh s A A D g
OUHE TR h BA B e, B F—2
WFFE AR 5 TR Fe LR AR T R R Y7 I TA] L K M-
BCLH AR W25 R AN T AR I S A A S B 952
Wil o F T, MI=BCIAE M A H s DA R D RE 19 RS
Ak T AP B B, A G ST i B b . ik e B T
TERZ LT BCIRY T I I b, 2R 8 A
—E R AT BE | LA P A 0 U R B A =
— B 7 N R B B8 i Y AR TR AR W HEBR AR A
{EAT LU 5 12 , MI-BCIYI 2 AT LA R8s il 4 o
AR AR HAb A -0 (e iz g R
FIRL5E 25 () BE ) 55 ) 1Y S W 8 RIS B S0k . Pk,
AR MI-BCTHFFE I 3R A8 T T 8 22 2 TR X
(9 BCIEAR , IR R Z S BCURTT I 1, LU &
A e SR A I RE Y 4 T R A
14 iAo s en) MI-BCLIGY ¥ b Ji

i A v I A W D R R A 2 i PR A O S X
5 T T 18 32 3 52 A0 T 5 B30 WA DR 3 5 I 925 A T
[ — T 2y B8 B 65, 52 W 24 76% 1Y 2Pk il 2 8
#HP o MI-BCIE A IR 7 I A% )5 £ WA 2y e e 7%
I F RIS B B . YANG 5035 F 5 iz 8 &
% (motor imagery of swallow, MI-SW ) 17 #0128l &
% (motor imagery of tongue movements , MI-TM ) £; Il
BRI T i A% v J 7 W PRI BB A2 1) 52 451 oK
k& €T . KOBER 457" EE T £L /PG iR 4
K (functional near—infrared spectroscopy , INIRS) M%<
i 7 v I A A B A A MI=SW et R %) A If
TBh 1275 Ak, 4 B ER A 30 min PS8 UBORIFEE 15 s
AR AW SR, 45 R, MI-SW i i A<t 3
B R NSRBI SR AT [ X 4R 28 MI-SW

A LA A A T 0 AU ) A R A A DG A X
i MI-BCI L FH T WA T R B i 9 3 7 S 41 18T 1Y
J7 1] o SZYNKIEWICZ 452 40 A 6 il { )i % 4F £¢
PE, 45T 6 JAJE T MI-TM A9 35 Sk Br B VI 2% , 45 50
71, FE T MI-TM Y75 Sk I 25 AT 42 v A 75 M TR X DU
falt AR & ks . (0 Har A B AT
IIfi R MI-SW 37 1 , AT fig 5 LA R IR A 56 . D 70 2
— VR B 3B B R A A, R B
TR PR 28 R G0 38 S RIS sl T ) S T Y
Bl 2R U R X A R 1) S AR AR
XFE—NE AR R, @ MI-SW SRR R M, 7E
SR N7 FH G e v b B A AT R 1 A i 2
Sl BT AR & — PR, Wi X Fh s KA o A
BRI St B — . @ mixth e
A WA ) il o A A 5 P PR o 78 7 R G, AR 2 S
PER A, B AR ) i ) 1) 25 St B, 30KE 52 i)
MI-SW \MI-TM R 4E fif# i DA S o0 B o 45 2% MI-
SW 42 AR 255 =47 B IRIG T LA R e B,
KA T ] HE ST AT 5 1 A O3 R AT RAEAR Y
I R 5T, I R IT FE A= A 2 r i bl 2 o0 4 ofl 4
RO Sl AT AT %S MI-SW B & 1 T Ak
A HP A I T BB B A YA

2 &3 MI-BCI & fr 7 LRI IE B N T 7
FSES

2.1 dEfR A PRI

211 ZfE A JEE AN (non—in-
vasive brain stimulation, NIBS) 4& 5% Il MI-BCI J7 &k
ISNEIR R Z — . iz dhal & 12 sh a8 i B v Mu Al
B 1 IE B AW 5 , 3R 55 B AR 10 Sy S5 R A O
#:[7] 2 (event—related desynchronization, ERD), ERD
J& MI-BCI (Y 2£7 , Mu ERD JR 18 5 iz shAH 56 1 12 J2
BTG 5 . A WFE i ik NIBS £ R 3% 35 Mu ERD ¢
W, $2 25 BCIYERE , ff D “BCI SCH "8, «DCS ] $2
o BRE B B MR 2 H 3 MI-BCI 1328 s A 4 K iz
SPATHERITERY . HONG 255 BF 58 & B, ki 26 v 1
FHHE MI-BCLIA YT HI4%5Z 20 min tDCS H 34, AT A&
I ES Y/ NEOR T RN B0eL e A R R g i < k1 DS
] AU A 199 11 5 5 38 1 18 o, $2 7R (DCS BX A M-
BCIIA Y7 ] B4 i b 4 8 w9k g ik 2, B HoA
JE =AY NIBS J2& 4] 5 i BCI Y 2R 3R 8 A ik —
2.1.2 ORGSR 2 G R (repetitive
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transcranial magnetic stimulation, rTMS) J& & H A%
NIBS He AR Z — , W 8 1175 5 B J2 BTG 1 15,2 T-
MS ELA7 B = (R [E] /25 ] 20 BER, 5 1DCS i
i ot b R SR I B X B 9T s TS AT 42
MI-BCI 4 BE AR 280 38 2o 0 i) X)) f 2k =k £
[0 3R 6] 98 , v TMS ] A AR 45 v 5 32 3h o)
fEIR 5, rTMS 156 & MI-BCI 1 32 3 B 35 350 50t %5
477, SHU S5 RIS 7, 85 4 v TMS ] B f
P M 2 v R 3 AT MIAT 55 FNis s T 55 B MER % .
BRI BB ST 7R ' TMS B tDCS 564 MI-BCI7E ik
A5 D Re R A B R TR . HUE, BT
W AR AL IRTT R IRIT R ERE R, T2
F 58 38 75 I AL NIBS $2 AR D2 85 BCT I 2R 5%
IR R NIBS £ R 5 MI-BCIHERERI &R, M
NIBS £ AR B A MI-BCI T o A< T fig fe 15 £8 3 42
&%,
22 MR RS

AWFFE R, S8 5t AT TR MLAH G /932 By iz
JE SRR, i MI Y32 3h B J2 0 AR B A 31 5 5L B
18 BT 55 A S FE H E i K KONDO 460
TR, T P RECR &2 AT 4 d FAE
MI-BCLI& T, 24 75% fid B 32 1 35 32 90 14 5 W ik 1
ERD, #2/R BCLIA Y7 H ] E 47 40058 4038 T LA 3 i iz
L ERD ) A &4 . IR R Bt 2SR
It (W3 4+ I3 ) S5 2, [RIRE BB A8 4 5 32 30 1) M
WERG R . FOONG 25" F 5% bR , SR FH A3 2 155
1 A4 GBI iR E Rl MI-BCLIA YT I 2 vp f 8 69T
6 JE J5 FIAE 24 R 17 FMA $F43 15 B i 2 2 L $2m
B B AN RE S 3 502 B0 B 2 BT L 8 BE A
BCI Z 4t i fERf 14 o

g5 LTk O R AR B 1R MI-BCLYT 20 )5 1
B R B T, A0 B R T bR E A R 5 7
2, BRITACRER K. T AR R
A5 2R GeAE MI-BCI 4 R AL LA R ey O A AR
W S R G LA R BCTYIZR A 35CR
2.3 WPt ARG

AR BN, 32 058 R 5 i MI-BCL A P L
1552 W 5 Ik i MI-BCI FH J 78 0] 3R By BE 6 B0
I ARAERFERIRYT SRR, BT W B S5t 1 MI-BCI
FH P00 S 24 3 25 o 0 5 TR0 349 08 1 43 2K v fy O
= NIJBOER 48 A 2 55 3 H2 57 Jk 1 90 3 o
P T 5 RO BCIIR YT Jm #9255 ) R B, W ot S 1t
ZH )2 > T RS (H 2 42 S R IE A R A 2
{HR W B2 S A AR 5 N 2 MI-BCT Pk R Y 5 25 1)
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PRI 2R, 76 FH SR P 3 57 AP By = 4 T 0 i I A5 AN
[vi] (4 3255 A0 5 AR B, MI-BCT PERET AT IH (i AR fk ), 25
T W v B AL S G5 AR S M MI-BCI 1
B A A ST B AR B AR AN [ B B RS (] FH P A
HRT BB R I AN [R] AR . W e R A5 T e
Z IR YT B R SR YT OB AR 2 B LA Ak L 7E
SRS EIRYT ISR W o B 05t ] BB S5 B R 5 — A
AL
2.4 ARG S bt R it RS

NAKAYASHIKI 28/ 0 5% & B8, 5 MIAH & 1Y
ERD 56 J& B 30 B AR P A8 Ak, s 7Ei s A 4
I R AR AR BB ) AR S5 RS MR RE I R B . AR
TR B B MI-BCIE BE (4 52 i & A 1, 9 HL
LU AR 5 52 157 7 5% 1) B A B dk . NICOLELIS 45 fff
FER RN, FE A0 1 S 40405 R 248 BBk BCI
TRYT LR I A D S 5 S AT A R R BCL Ay e
(I HERR P | B il bt S i T DA 5 BCL RS PERE , T
BCT I 1) o B R 10 32 3 R T IR 5 38 3 1 U2 10 %
TG R RE N I A TP R i2 3h D BE APk &2 SR AL
B . GRIGOREV 2“7 HEIG 7 h 5| AR 3l fish 5
25, 45 R R B 5 H XHINGE Bl K2 X Mu Y
B, 2 5 MU AT WL iz B 57 2%
ARG £ LR, 28V B CRLAE L AR
PRI AZ I ) AT A3 ML 0] (432 3l Je i A ik, &2
RS B2 7 v AT L4 5 BCLYF &8, L AR k5 3h
B )2 AT B o R AR AR S 5 ik o 2 457 v g
J5 3 PR AR B WA A R R
2.5 RIS R

A WEFE i |, 3 T U S R 5% i MI-BCTYR
J7 ] R G A P R R B ST RE Y TR A
SRR AT W ARGE | Bl R R Sl ek f 5, VR
AR 0 RCE R, i — 204k MI-BCI
PERE . NUNES %'BF98 &3, 5 MIUAE 55 X B s
HPATIE 55 L8, VR-BCI AT 55 BB 5 5| & B 58 114 fiki
BRI R, B T R AZ sl FRG IS 8l R AN, BT
VR-BCIE: 55 952380 i 8 3 1 KB 43 To it R i
B 5 X 38k, 40 35 5 sh A ULERAH 56 A B AR #4200 &
Gt , LA K 550058 T 3 RA2 B A #5654 X 8
X H 78 VR-BCI Z 8¢ 78 Kl 80 77 1 2 A — &
P IR IE VR AE MUE S5 H I ERVE . REN 280
5 R, FES B VR n] 3855 MI-BCI P RE , 15 Bh 4
TR AT RGNy 2584 E M. VOURVOPOULOS 2515
58 @7, BCI-VR & 48 1] DL 15 R4 ik K1 15 20



ZIAZAE 2 v D RERRLAG A T 12 3l A R INALEE 1 NI Ab 7 05

A5 X i HL A R T S Bris sh AT . PARK
LEIEGY R, 5 RS T sl e S R LR, £
RIS R i T RE 2 5 SMR-BCI P RE . 25 I, 3£ F VR
RSB MI-BCL & G8 R & iR 97 X F R 5 bz
BHINREMR B P BE A R (B AT 75 B E AT B KRR
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ABSTRACT Brain-computer interface (BCI) establishes a direct communication pathway between the brain and external devices,
bypassing the peripheral neuromuscular system. This technology has attracted increasing attention in neurorchabilitation research.
Particularly, motor imagery-based BCI (MI-BCI) has demonstrated therapeutic potential in post-stroke rehabilitation targeting motor
dysfunction, cognitive impairment, and swallowing disorders. However, the lack of standardized treatment protocols significantly
hampers clinical efficacy and widespread implementation of MI-BCI interventions. This review examines existing application proto-
cols of MI-BCI in treating post-stroke upper/lower limb motor dysfunction, cognitive impairment, and dysphagia, with emphasis on
the impact of treatment frequency, total intervention duration, and single-session time allocation on rehabilitation outcomes. Further-
more, it explores non-invasive interventions to enhance MI-BCI efficacy, such as visual/auditory feedback, proprioceptive and tactile
feedback, virtual reality feedback, and non-invasive brain stimulation techniques. Current limitations in MI-BCI-based stroke reha-
bilitation include a lack of standardized protocols for parameter settings (e.g., treatment frequency, total course duration, single-ses-
sion duration) and augmenting therapeutic effects, and technical challenges in signal processing. Future directions should prioritize
optimizing application protocols to reduce variability in treatment outcomes, improving system standardization and stability, thereby
providing a reference for MI-BCI clinical translation in stroke rehabilitation.
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ABSTRACT Motor imagery (MI) refers to an active central nervous system intervention involving conscious mental rehearsal of
specific motor actions without producing physical movement, in order to activate neural networks analogous to those engaged during
actual movement performance to achieve cerebral functional reorganization. Characterized by high operational safety, procedural
simplicity, and cost-effectiveness, MI serves as an effective adjunctive approach for rehabilitation training in stroke patients. This
review systematically examines five critical aspects, including concept and development of MI, motor imagery-based brain-comput-
er interface (MI-BCI) technologies, MI capability assessment methods, clinical applications of MI in stroke rehabilitation, and neuro-
physiological mechanisms of MI, aiming to establish standardized implementation guidelines for MI interventions in stroke recov-
ery. MI capability assessment incorporates three primary approaches, including standardized questionnaires [Motor Imagery Ques-
tionnaire (MIQ), Vividness of Movement Imagery Questionnaire (VMIQ), Kinesthetic-Visual Imagery Questionnaire (KVIQ)], psy-
chometric evaluations (mental chronometry and psychomotor rotation tasks), and supplementary measures (temporal consistency
analysis and autonomic nervous system parameters). Clinical applications of MI in stroke rehabilitation encompass four domains, in-
cluding upper extremity motor dysfunction after stroke, lower extremity motor dysfunction after stroke, swallowing/speech impair-
ments after stroke, and depression after stroke. Neurophysiological mechanisms of MI included functional near-infrared spectroscopy
(fNIRS) for cortical activation mapping during MI training, functional magnetic resonance imaging (fMRI) for neural circuit analy-
sis, neuroelectrophysiological recordings for cortical excitability assessment, and resting-state functional connectivity (rs-FC) for
baseline neural network characterization during MI. However, there are still some limitations in the application of MI in stroke reha-
bilitation, such as incomplete elucidation of MI's neuroplasticity mechanisms, prerequisite MI capability screening for individualized
therapy, and lack of standardized protocols for treatment parameters (e.g., session duration, operational instructions, procedural speci-
fications) in clinical implementation.
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