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A KT BB ERD 5 i 4 41 3R TMS &4t ,
7% Bz 8175 & B AV (motor evoked potential , MEP) #iz
W 1 385 0 A SR R 25 B R AT 55 S T R SR A A
FEFRECRASTT , TMS XHE B A AZ 8l J2 J2 2445 R 1 52

78

M 5 v e J5 [l e 5 4 15 13 (29 10 Ha) B s AH 57 A
B 100~200 Hz TMS =3 Jik ks v 8 2 %
TR B A AL, AT S MEP 4R 1 7 s 2= 0
30 min PN PRFRF LTP FEHS 58 | 38 58 5 3K A5 2 sh H2 g i
ICACILIE B TN — 25 v AR R A2 sh AR 75
K B =R O 25 R A5 Ak B FE Al b SR R a2
Sl = 24 RS AR AR B 10 TMS 52
AT, B = R T e T ) 4, vl e TR 9%
it X 000 ) P RO o H AT 3R TS £ 2
BN RE R A SR L AT LA PR AT B 55 A0 25 i
RERR 0, = Z 0 (RCT WF7E BIE , 14 A 35 5
i A 5 BRI FH R 1
3 MI-BCIFEfaZE A T B R & A9 Il IRk Rz FA

fili 26 v J5 T 2 sh D) RE RS S BUR IS Sh
Z B P T RE RS B A S R Y 2 R
R 2z — , J™ T 5% Wi A8 10 57 A 3 BE ) AR T T
S5 O N S o 3 ) VA R A e AR N LT S
HEEG 55 2™ 5 A5 M AR MELURE B 4 412 5 HL
AT WS S 22 He UL PR RN 56 15 76 25 25 T 30 o9 1 B
[T, T Bz i = A i LR 55 A RO + g
9, fff MI-BCI 7E T JBCHE &2 vb i i T T i 20 45k
G5 AR BEE AR R, MI-BCTl i 45 4 F Ak
FEEHLEE A B4 FES 25 K Ui A7 4% , 76 2038 i A
R T GE B D fg T KPS DT IR C A W
W%
3.1 MI-BCLEA FHEHEEHLASA

RS AL A% AT A il A% v £8 35 4 R K TR0 R i
SRS B R SE R S AR AT S S E . MI-
BCIil i i f8 3 F B2 sh a2 I, R sh ML A4 B
RN Fi 1R ¢ B AR R 32 B, B A BE W B R AR Uk
B AR I e, DT AL R R A Sl i .
G RE T AT MI-BCLAY 2 BRALES A RCT WF 52 45
RWoR, &G ML A2 i, MI-
BCLIR 40 2H BR OG5 7 Jm 1% ) BE | Fugl-Meyer N (1Y
A FE VP FT- D) REVE 2 2 BH I 208 X R R
FE BRI AL ) MI-BCI I Zhfig sk s iz b i 3 2 F
T, HUFFTLEE R WS , MI-BCIAE T AT HLES A
BEABL A A7 U1 25 1T LA BTG 0 2 M 0 B 3 32 3 e 2
TR X, LG RIT AL S BCIIERG R & C2 38 iE B
U ERD 728 1k 52 BH I AH G, 3X A MI-BCI 2 44 28 m[
IAPEFRAIL T F A B R R



F1 T - T L PR )3 Sl AR R WL 1 )1 7 i 24 v R 2 4l 4 1

3.2 MI-BCLEEE I 4

EERT U R S T g B TR E N L N RE = W)

RS A R s I A R ) BCTN 4k, % BULRE [ B il

HREN TR SR, A o H s RE R IE
AHOG, N HL 5 32 S T BE 14 b ) B 2 S I TE 4
R IE R ERFE QA K20 EEG {55, BERAE
fAT {8 EL S PR, {H R X MIAH & #0205 5 A T4 3%
TSRS, RG] ez AR S SN ENE B, A
M55 BCTIZR A ) v S5 HLH i ReRE . Aok T
PL5I A £l il EEG R LA 5 5 25 Wk i
LAl MIUFHIESS 5, $2TF BCI RS AT S5 S
3.3 MI-BCIEA FES IR

MI-BCI 45 4 FES VIl 258 i fif 65 855 1) F iz
SRR R R I HL A A Sk e B B A AL A ) Fe )
W, TS K # sz ol o 78 JICRE 5007 T, S0 ot
P FERELE GO EAMACWIREE L, X
SRR T T RS B Sl A E I Y G REL . A B
LB AR KL, 76 FES 5 8L a8 A PR 52 30 %
RN S LUOM WY A& 0, 38 3 figp s 2 P 0 i
AR R RN B MR MRS E LR
P& fih 2% AR R T AL PR R R, AT 0 FMA-LE 5
MBI P53, X 7R FE i A rh R 15| A BCI-FES -1,
REAE A WO AR U a2 sh DR AT RE I K H F AR
WEIGSIRE 1K E . A W58 & 3, i MI-BCI filt &
FES Jill % B 1T L, AT oo 02 M 10 g A v f8 3 20 47
TRRE A A AME ) 25 K R R ST T RE 9T R s
A4, BCLld EEG i #tis 3 2 & fah % FES,
SEHL NI B 4 o R O | TR R FES 12 RE
MBI, iz SN S 5, Rk 2
P 25 B 5 TSR 455 o

MR FAEAEREA D i 98 R SR
Xt B R B 2 B AR N, 45 SR E A B . Lt
A, XF T MI-BCI A 32 e 28 0] 98 PR AL ] A0 L 422 0E 95
585, BRI 4 ie 23 TR &=
B 05 D A SR AR AR AT (R EEEHE DB , B = B2
TIE S 465 # 5 B 75 41 (0 pR 2 AR 2R el 2
PRAEEYE , SRR T LG Z 1 R A B fFE MI-BCI-
FES o] 55 38 52451 1 o 22 30 18

MI-BCI H AR 7E T Rl B &2 v i iz 4TS 1 i 2 4
[ O T MG SRES . TR MUELM /-
ERD W& {8 %A% T I, 76 LR i i v i R 22 N 55%~
70% , ME VL A2 S5 I 45 i b i % B3 FES B9 75 0K .
@ BCIE G, BRI T HARB) G E . BRI B

G T 2 B AR ) Bk g 1 e R AL
A LR THIG RS P o &80 iF 58 R tDCS FilSE 14
WIB Bl K JE XA, e BT LI s o B
oo A ERD B4 0 i % SR A 5T, i =
BEALGT BB TEE , v A RRAS % T B AL T5
FLBCIYNZR M55 . AR T F & A
AE R 1L iz 2 v R TG A DU 3 R B — s 2 ik i
)25 i =X, e g | 5 B AR 4, ()i
iz PR TP A MU - A A B AR S0 1 fi
B T IREIATE T R R 1 AR A S5 R B
B B SR AT B I 4R T 12,5295 Z2 et ] A il
AT B T MI TR R, S BCL T Fil4R i gk . (2
&, H AT AHSCAF Y 352 R R TR A, e = 4t
XoF A v i 32 ) ) BERE A R ) I R HIE

4 N 2

T i v, [ 19 MI-BCI K fili 2 vh )5 32 20 ) g
SR T BRE . MI-BCI 5 A [6] R S 20 #8 L &
P2 PR B R B P FIAE T, A il 2 v B R
TR R R AT, B MI-BCLE AR Y
Pz G R FH AT T I 22 EE Pk . 2 AT IF 5 AR AR i
38 45 /N H R B s TE A S GG s MT-BCT
RGN REES AN G B T IR ] | S s Asi =
S5 ) M AR PR HEAL 0T A A g n] S IR JE L
il T = B T p 225 A8 2 S AR BRI B IR
P AN, BCLE G BT R A o i 2R B AIG 55E )
I BRI T AR B . RSN B T
JBRFEA 2P0 B9 RCTs, LLB & A 7] 191 56 s Fr)
AR A 5780 T IR AR R MI-BCLAE #E K ik 2y
AE TR ZH 1 N FE ML, oA S B P TR v B A2 29 5 B
Y SLA 5 [5) B B R A B 7 AR TR S S S RS
BT & B AR A S N R ARl B R R
VB, L[R]3l MI-BCI AR PS5 %58 1) I IR, 7847
KAEMI-BCHHE AR FEM S RGP B T v 1, ek
SRR BB AT R I S 5
275 ik
[1] GBD 2023 Causes of Death Collaborators. Global burden of 292

causes of death in 204 countries and territories and 660 subna-

tional locations, 1990-2023: a systematic analysis for the Global

Burden of Disease Study 2023 [J]. Lancet, 2025, 406 (10513) :

1811-1872.

[2] EDELMAN B J, ZHANG S L, SCHALK G, et al. Non—invasive

brain—computer interfaces: state of the art and trends [J]. IEEE

Rev Biomed Eng,2025,18:26-49.

79



RS 24l

2026 4 #5363 o524

(3]

[10]

[11]

[12]

[13]

[14]

80

LORACH H,GALVEZ A,SPAGNOLO V, et al. Walking naturally
after spinal cord injury using a brain—spine interface [J]. Nature,
2023,618(7963) :126-133.

LIUX Y,WANG W L,LIU M, et al. Recent applications of EEG—
based brain—computer—interface in the medical field [J]. Mil
Med Res,2025,12(1):14.

TANAMACHI K, KUWAHARA W, OKAWADA M, et al. Rela-
tionship between resting—state functional connectivity and change
in motor function after motor imagery intervention in patients with
stroke:a scoping review [J]. J Neuroeng Rehabil ,2023,20(1):159.
SHARMA N, SIMMONS L H, JONES P S, et al. Motor imagery
after subcortical stroke: a functional magnetic resonance imaging
study [J]. Stroke,2009,40(4) : 1315-1324.

YADAV H, MAINI S. Decoding brain signals: a comprehensive
review of EEG-based BCI paradigms, signal processing and appli-
cations [J]. Comput Biol Med,2025,196(Pt C):110937.

MA Z7,WU J],CAO Z, et al. Motor imagery—based brain—com-
puter interface rehabilitation programs enhance upper extremity
performance and cortical activation in stroke patients [J]. ] Neu-
roeng Rehabil ,2024,21(1):91.

JI X, LU X, XU Y, et al. Effects and neural mechanisms of a
brain—computer interface—controlled soft robotic glove on upper
limb function in patients with subacute stroke : a randomized con-
trolled NIRS study [J1.1 Neuroeng Rehabil ,2025, 22(1):171.
Bl , m K2, W1 S0, 58 . BT ig sl A IR AL 11 R Geik
B AN A AL g o) A8 P IUTIR 2 o J s S T RE e 1Y
P gE )], A R R 2Rk, 2024,39(8) : 1104-1110.

LU R R,GAO T H,HU Y Q, et al. Improving upper limb motor
function in chronic stroke patients using a brain—computer inter-
face system based on motor imagery combined with different end
effectors : a preliminary study [J]. Chin | Rehabil Med, 2024,
39(8):1104~1110.

LU R R, PANG Z, GAO T H, et al. Multisensory BCI promotes
motor recovery via high—order network—mediated interhemispheric
integration in chronic stroke [J]. BMC Med,2025,23(1):380.
RIEE  TEM I, EF 5 . B THs s g n il pLE 1) Rk
A v R I R R RER TS (1], P R AL, 2024,39(11) :
643-648.

HOU S Y, WANG L L, WANG C F. Improvement of upper limb
and brain function in stroke patients through motor imagery—brain
computer interface training [J]. Chin J Rehabil, 2024,39 (11) :
643-648.

BRUNNER I, LUNDQUIST C B, PEDERSEN A R, et al. Brain
computer interface training with motor imagery and functional
electrical stimulation for patients with severe upper limb paresis
after stroke: a randomized controlled pilot trial [11.7 Neuroeng
Rehabil ,2024,21(1): 10.

LIU X L, ZHANG W D, LI W B, et al. Effects of motor imagery
based brain—computer interface on upper limb function and atten-
tion in stroke patients with hemiplegia: a randomized controlled

trial [J]. BMC Neurol ,2023,23(1):136.

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

WANG A X, TIAN X, JIANG D, et al. Rehabilitation with brain—
computer interface and upper limb motor function in ischemic
stroke: a randomized controlled trial [J]. Med, 2024,5(6) : 559-
569. e4.

LID,LI R Y,SONG Y P, et al. Effects of brain—computer inter-
face based training on post—stroke upper—limb rehabilitation: a
meta—analysis [ ] ]. ] Neuroeng Rehabil ,2025,22(1) : 44.

WEI P F, HE W, ZHOU Y, et al. Performance of motor imagery
brain—computer interface based on anodal transcranial direct
current stimulation modulation [J]. IEEE Trans Neural Syst
Rehabil Eng,2013,21(3) :404-415.

ANG K K, GUAN C T, PHUA K S, et al. Facilitating effects of
transcranial direct current stimulation on motor imagery brain—
computer interface with robotic feedback for stroke rehabilita-
tion [J]. Arch Phys Med Rehabil ,2015,96(3 Suppl) : S79-S87.
HONG X, LU Z K, TEH I, et al. Brain plasticity following MI-BCI
training combined with tDCS in a randomized trial in chronic sub-
cortical stroke subjects: a preliminary study [J]. Sci Rep, 2017,
7(1):9222.

CHEW E,TEO W P,TANG N, et al. Using transcranial direct
current stimulation to augment the effect of motor imagery—assisted
brain—computer interface training in chronic stroke patients—corti-
cal reorganization considerations [J]. Front Neurol,2020,11:948.
ZHENG K Q,GUO L,LIANG W D, et al. Comparison of the
effects of transcranial direct current stimulation combined with
different rehabilitation interventions on motor function in people
suffering from stroke-related symptoms: a systematic review and
network meta—analysis [ ] ]. Front Neurol 2025, 16:1586685.
ZHANG M, WU Y, JIA F, et al. Efficacy of kinesthetic motor
imagery based brain computer interface combined with tDCS on
upper limb function in subacute stroke [J]. Sci Rep, 2025,
15(1):11829.

BAI Z F,ZHANG ] Q,FONG K N K. Effects of transcranial mag-
netic stimulation in modulating cortical excitability in patients with
stroke: a systematic review and meta—analysis [J]. J Neuroeng
Rehabil ,2022,19(1) : 24.

JOHNSON N N, CAREY J,EDELMAN B J, et al. Combined rTMS
and virtual reality brain—computer interface training for motor
recovery after stroke [J]. ] Neural Eng,2018,15(1):016009.
CHEN X L,LI T Q,LIU D M, et al. Using transcranial magnetic
stimulation to improve motor cortical excitability during motor
imagery [J]. IEEE Sens J,2024,24(10) : 16943-16952.
JIATY,MO L H,MCGEADY C, et al. Cortical activation patterns
determine effectiveness of rTMS—induced motor imagery decoding
enhancement in stroke patients [J]. IEEE Trans Biomed Eng,
2025,72(3):1200-1208.

BRI BIWURE | 4, A5 TR o A 28 TR R B 2 M L 1
S HL s AN i 2 v S B Sh o e AT s [T ], K HE
B224,2025,53(9) :957-962.

ZHEN T T,HU ST, WANG Z, et al. Influence of low—frequency

repetitive transcranial magnetic stimulation combined with brain—



F1 T - T L PR )3 Sl AR R WL 1 )1 7 i 24 v R 2 4l 4 1

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

computer interface rehabilitation robot on stroke patients with
upper limb motor dysfunction [J]. Tianjin Med J, 2025, 53(9) :
957-962.

SHU X K, CHEN S G, CHAI G H, et al. Neural modulation by
repetitive transcranial magnetic stimulation (xTMS) for BCI
enhancement in stroke patients [C]//2018 40th Annual Interna-
tional Conference of the IEEE Engineering in Medicine and
Biology Society (EMBC). Honolulu, HI, USA. TEEE,2018:2272-
2275.

AFONSO M, SANCHEZ-CUESTA F, GONZALEZ-ZAMORANO
Y, et al. Investigating the synergistic neuromodulation effect of
bilateral rTMS and VR brain—computer interfaces training in
chronic stroke patients [ J]. ] Neural Eng,2024,21(5):056012.
SANCHEZ CUESTA F J, GONZALEZ-ZAMORANO Y, MORE-
NO-VERDU M, et al. Effects of motor imagery—based neurofeed-
back training after bilateral repetitive transcranial magnetic stimu-
lation on post—stroke upper limb motor function: an exploratory
crossover clinical trial [J]. ] Rehabil Med,2024,56:18253.
GHARABAGHI A,KRAUS D,LEAO M T, et al. Coupling brain—
machine interfaces with cortical stimulation for brain—state depen-
dent stimulation : enhancing motor cortex excitability for neurore-
habilitation [J]. Front Hum Neurosci,2014,8:122.

KRAUS D, NAROS G, BAUER R, et al. Brain state—dependent
transcranial magnetic closed—loop stimulation controlled by senso-
rimotor desynchronization induces robust increase of corticospinal
excitability [J]. Brain Stimul ,2016,9(3) :415-424.

WANG H M,ZHENG H X, WU H R, et al. Behavior—dependent
corticocortical contributions to imagined grasping: a BCl-trig-
gered TMS study [J]. IEEE Trans Neural Syst Rehabil Eng, 2023,
31:519-529.

ZRENNER C, ZIEMANN U. Closed—loop brain stimulation [J].
Biol Psychiatry,2024,95(6) : 545-552.

CHEN H, LIU T,SONG Y L, et al. State—dependent transcranial
magnetic stimulation synchronized with electroencephalography :
mechanisms, applications, and future directions [J]. Brain Sci,
2025,15(7):731.

HOUGLAND J R, KIRCHHOFF M, VETTER D E, et al. Fluctua-
tions in the optimal sensorimotor mu-rhythm phase associated
with high corticospinal excitability during TMS-EEG [J]. Brain
Stimul,2025,18(6) : 1843-1851.

HUSSAIN S J, VOLLMER M K, STIMELY J, et al. Phase—depen-
dent offline enhancement of human motor memory [J]. Brain
Stimul,2021,14(4) : 873-883.

WANG W Z,SHI B, WANG D, et al. Enhanced lower-limb motor
imagery by kinesthetic illusion [J]. Front Neurosci, 2023, 17:
1077479.

RS WA R, 5 ST S L B LB AT
Xof i A v AR B S S RE AN AR ST g [ ], i R AL
PR 24 75,2025,40(6) : 822-829.

ZHAI X X,CAO Y Y, HAO Z X, et al. The effect of foot ankle

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

brain-computer interface therapy based on motor imagery on
lower limb motor and balance function in stroke patients [1].
Chin J Rehabil Med,2025,40(6) : 822-829.

B R LB I, 32/, 45 I HILER O A0 o A R TR
JBCHE S5 30 M B2 am R g [0 ], h e S B2 2 2k, 2025,
40(6) : 830-840.

HAN S Y,ZHAO G S,PENG X K, et al. Effects of brain-computer
interface exoskeleton on lower limb rehabilitation and exploration
of cortical activation in patients with stroke [J]. Chin J Rehabil
Med,2025,40(6) : 830-840.

FEXR IR, B8 45 . AL DG A A s 3R sh 28R JREAL 8 A%t
o2 v RS- R D AT D RRRSE A [) ). vp A R e 2R
2024,39(6):791-797.

TANG H,SU B, CHE P, et al. Effects of a brain-computer inter-
face combined with an end—driven lower limb robot on the balance
and walking function in stroke patients [J]. Chin J Rehabil Med,
2024,39(6) :791-797.

YUAN Z W,PENG Y, WANG L S, et al. Effect of BCI-controlled
pedaling training system with multiple modalities of feedback on
motor and cognitive function rehabilitation of early subacute
stroke patients [J]. IEEE Trans Neural Syst Rehabil Eng, 2021,
29:2569-2577.

WAN C L,ZHANG Q Y, QIU Y, et al. Effects of dual-task mode
brain—computer interface based on motor imagery and virtual reality
on balance and attention in patients with stroke: a randomized
controlled pilot trial [J]. J Neuroeng Rehabil ,2025,22(1):187.
LEERSKOV K S,SPAICH E G, JOCHUMSEN M R, et al. Design
and demonstration of a hybrid FES-BCI-based robotic neuroreha-
bilitation system for lower limbs [J]. Sensors, 2025, 25 (15) :
4571.

LUO X. Effects of motor imagery—based brain—-computer inter-
face—controlled electrical stimulation on lower limb function in
hemiplegic patients in the acute phase of stroke: a randomized
controlled study [J]. Front Neurol,2024,15:1394424.
SIEGHARTSLEITNER S,SEBASTIAN-ROMAGOSA M,CHO W,
et al. Upper extremity training followed by lower extremity
training with a brain—computer interface rehabilitation system [J].
Front Neurosci,2024,18:1346607.

CHUNG E, LEE B H, HWANG S. Therapeutic effects of brain—
computer interface—controlled functional electrical stimulation
training on balance and gait performance for stroke: a pilot ran-
domized controlled trial [J]. Medicine,2020,99(51) :e22612.
LIMA J P S,SILVA L A,DELISLE-RODRIGUEZ D, et al. Unrave-
ling transformative effects after tDCS and BCI intervention in
chronic post=stroke patient rehabilitation—an alternative treatment
design study [J]. Sensors,2023,23(23):9302.

YIN S,YUE Z, QU H, et al. Enhancing lower-limb motor imagery
using a paradigm with visual and spatiotemporal tactile synchro-

nized stimulation [ J . J Neural Eng,2025,22(2) :026030.

(F#% 86 W)

81



