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Table 1 Basic characteristics of the included RCTs
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Figure 2 Bias risk assessment of included studies
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Figure 3 Comparison of FMA-UE score between two groups
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Figure 4 Comparison of FMA-UE score difference between two groups
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Figure 5 Comparison of MBI score between two groups
#®3 TAESHLER
Table 3 Subgroup Analysis Results
=4 )| IN TN
s R oy A P%ﬁﬁ f%ﬁ’j/ AR YT ;f’ij)ﬁ*ﬁ i
FMA-UE -4y 9 0.56 0 Eib gzl 4.04(2.59,5.48) <0.001
TR A A
7 5 0.50 0 [T 2 A5 A 7 4.13(2.56,5.71) <0.001
& 0.35 9 [#6] 5 RN AR Y 3.51(-0.15,7.18) 0.060
W2 0.71 0 [i] 2 I AR Y 3.89(2.49,5.28) <0.001
P PE ] 0.31 16 [ 253y A5 7 4.48(1.40,7.56) 0.004
IRIT RS
BCI-FES+# MRS iGY7 5 0.59 0 [i] 7 A A 7Y 3.66(2.04,5.27) <0.001
BCI-FES+ HAb# it 4 0.42 0 [i] 7 I A Y 5.62(2.32,8.92) <0.001
JrE/JE
4 0.34 12 IF8 E RAR TRY 3.95(2.45,5.44) <0.001
>4 0.66 0 7] 255 g A5 7 5.36(-0.37,11.08) 0.070
B AIF I /min
<30 0.64 0 [T 2 550y A 76 4.02(2.53,5.51) <0.001
>30 0.19 40 [T 2 2550 g A 7 4.36(-1.91,10.62) 0.170
FMA-UE ¥4 2518 0.00 67 BEATL 8 I 4SS 7R 2.77(1.27,4.28) <0.001

587



FEE 2R 2025 4F #5358 6

g3
EL T R T 7
4 A Pgﬁ f%;’j/ MR YT i’[ej‘)ﬁ br e

YR A A

P 2 0.84 0 (351 0 255 I A 7Y 4.85(3.23,6.47) <0.001

5 6 0.05 55 Rl ML 0 AL TR 2.03(0.50,3.55) 0.009
sl

&=L | 2 0.65 0 [i] 7 I A 7Y 3.91(1.67,6.15) <0.001

4 30 6 0.00 74 REMLSCRIREAL  2.50(0.74,4.27) <0.001
IRIT

BCI-FES+ % MUEEE I6IT 2 0.08 66 R ML B Y 2.61(-0.29,5.50) 0.080

BCI-FES+ HAth Gy 7 i it 6 0.01 66 Rl LSS 0 A5 7R 2.84(0.88,4.80) 0.005
IR/ JE

4 5 0.02 65 Bt AL 25 A 75 3.10(1.63,4.57) 0.001

>4 5 0.01 77 Bl AL 35 7 A5 7R 2.16(-3.25,7.57) 0.430
FAYRIAYT I /min

<30 4 0.47 0 [ 7 RV AR 3.83(2.73,4.93) <0.001

>30 4 0.03 66 Bl AILA8 7 A5 7R 1.64(-1.04,4.33) 0.230
MBI #E5 5 0.00 80 Bt I35 7 A5 7Y 7.41(2.47,12.36) 0.003
IRIT

BCI-FES+# #HEZIGYT 3 0.10 57 Bl AT 35 7 A5 7Y 3.93(0.57,7.30) 0.020

BCI-FES-+HAhiGY 7 15t 2 0.08 67 BEMLSOR AR 13.46(3.57,23.36) 0.008
3 i it 8 TE A 22 T S | B e P 22 3% B RGO 220 I
3.1 BCI-FES HAWMEMR A s eaghyy 0 1 A ACRTH R R AL 8 2 5 A2 10 B
fet L e -

A GE Meta 53 #7145 3 o B A G975
FMA-UE 43 . FMA-UE 343 2 (£ 1l MBI 34334 B
b TR IR X $E 78 BCI-FES £ A AT #2 5 fi 7
BE LS S RE A H A TR TS SR T, X SRR
g R —2> 2 RS U TFIREA L. O &T
“rpURX - A JE - R DA BB A B A A JE I
BIRYT LR — ) TR AR S MR R A 5 AR
THHAT DL L I 1 2% Ay M AT R 4R R AN 1Y
YIZRFR AL T RX o 5 1T A0 U1 25 mT s Ak X Al £ 1
PERCBR AR A o B P RN R 4558 8 A R fiE
T e b A R R R R 3 Bl DX O L A
Pz AT M R vl 2 DR 2, @ 1 BCI-
FESH AR5 4, BCL & 48 Al il 4 8 55 iz 3 = Kl FES
A DA TE Y (0 B MILAR AL A oI35, S B0 P B AR ol 1
5 I s sh AR (R, (2 BCI-FES i i 52
J Rt — AR o 2 ] S $R v A R R R
YR EShPE> . fERIT R, BCI R Gofka il 2
A 5 25 R A0 1 28 il BT A A, 28 FES 3006 2810
S M J PO L 5 AR O il B, nI (R AR SRl AR
ZAR AR N FEVR 25 . BCI-FES 5 3L ] A 5%

588

3.2 HREARAT B2 BCI-FESIRYY 1%
by B8) [y & LT A

WA AT A R R, ORI A R R IRTT
Ji FMA-UE ¥4 B & i3 TR 1 Ok A A v i3
PR R KA i A B 22 BCI-FES TR YT I
Rz sh ek HE I . WRES L IR A C . o
U A H i, B ST SR R 2600 R A8 Bl B T
2570 PR 2T 4 K R kb T L a8 o A ] YR MR A
i, L AR 8 4 2 S T BE o X S 25 A0 it 3
I L Yl ZE A S MTE K TG B3 S A e 22
F= S SRR T W AW =0 i7 AP0 ) | (B 2
AR BE K B, Sy I A iR AR R R A R O
Rh™, FE BCI-FESIRYY T, il 2 AT A ph 28
16 20 fisk 22 %) ) 8 PR 038, ST R i A 28 T 8 P L
il , 35 B 1 BN B A S S L e, A7
Wiz sh g TR F B e 1™ AR AT IR AT
3¢ BCI-FES G975 W R HL S AL T %, 720
FHIHC o 28 ] SR O 35 R HE DI RE IR A .
3.3 wArb iR v Wl s BCI-FES IRYT L
by R0 I s LT

WA AT R R, Ak I A A P R R



R S 45 < ik BIL A 11

ZHn

SEA

DIRENE BRI A T A vp R B IHGE S ) REZ IR B Meta 730 H7

J& FMA-UE $£43 . FMA-UE $¥-43 25 {5 34 B 5 o
XA 7 il A vh B8 A 2 PR I 42 32 BCI-FES ¥R 97 -
B2 sh e & A . PTAE S AR IR R A 56 ik
REHJE AR 1A AR 2 mT SR Y e SR R AT
FUH R A BE T T AT B AR 0 A 28 ) e K
5o W2t T AR v £ e T YA M A T e A
L S R 5 BB T AT 3 R X — 1 I i R Ak
“ T - - R PR IR IL D A 2 58 A 5 9 5 T
. X5 KRAKAUER 285 58 W AR L. 18
T A Hp R A e T SRR A, KRR I 50T B

I WA 35 388 DR, X 5 KWAKKEL %559 fifF 5% 7w
A S 6 4~ H N HERT R IR YT BRI T I i 0
SRR, BRI, Ak AT i — 25 Wik 5 e A [ B BB i 4
RS BCI-FES £ A (1 1 FH 5 g K AR FE ML, L3

TG R B R
3.4 BCI-FES A HoAt 55 it vl o8 A3 2808038 v A
B Esshhg

V41 43 B 45 JE 58 7R, BCI-FES Bt 4 Ho A 1% it
FMA-UE 43 . FMA-UE -4 22 (£ 1 MBI 34344 B
% T BCI-FES+ % MR IR YT , iX 27K BCI-FES
10 At it T B A 2800 I A R A L GE B
IhiE. W] fE5 BCI-FES A HoAtb 15 it vl A 2 i 3%
i A v £ R R o O T L BT R 1 K
el 5 T A A2 45 AL, BCI-FES
5 VR B ARMEGE A Al RN 8 TR AL,
25 M A T R R T T B RS B AR
HEME TR E ROR
4 g

=A

BCI-FES AR n[ A & s 4 rh i F Iz s
DIREAN H W AT IS SR ), B U A Il A vh | il A
FRR 3R T BCI-FES 36 7 8 156 A He A 48 it 54
R AARMRAFIELL T AR Z AL, W98 A RCTs
B> SWFRFEA RN ST X S B AT
IME 55, T — 2B N e 2 vty RAEAR I IR
Bl AL X BRI 5, s I BE U, DL BCI-FES
ARIGIT A oz e B 5%

EARALA K BT RS FREL,
L E PN
(1]

N

SCHWARZ A,KANZLER C M, LAMBERCY 0, et al. Systematic
review on kinematic assessments of upper limb movements after
stroke [J1. Stroke,2019,50(3) : 718-727.

WL, Heni 2R R, 5 A v Y BRAS A BRE LYY O R
L ZIRLT]. Wb EA4E, 2023,45(4) : 60-66.

[10]

[11]

[12]

[13]

ZHENG C J, HUA Q, LI S C, et al. Hubei expert consensus on
stroke rehabilitation diagnosis and treatment program of integrated
traditional Chinese and western medicine [J]. Hubei J Tradit Chin
Med,2023,45(4) :60-66.

FEEEI B SR AT 55 S i P SR A I A rh R S B )
REVRIZ i A T e [T ] AR ) B e 2 S iR A2 700K, 2018,
40(3):227-229.

REN H M, CUIZ H,GUO X. Application progress of task—oriented
training in motor function recovery of stroke patients [J].Chin J
Phys Med Rehabil ,2018,40(3) :227-229.

B SCHG , 1R JE  smiEIE Sk i VR I Sl DR LI 52
HERELT ] FPARYHILES 24 5 A 45K, 2020, 42(10) :956-960.
HU Y Q,BAI'Y L. Research progress on the mechanism and clini-
cal application of compulsory exercise therapy [J]. Chin J Phys
Med Rehabil,2020,42(10) : 956-960.

NOJIMA I, SUGATA H, TAKEUCHI H, et al. Brain—computer
interface training based on brain activity can induce motor recovery
in patients with stroke: a meta—analysi []J]. Neurorehabil Neural
Repair,2022,36(2) :83-96.

YANG W W,ZHANG X Y,LI Z J, et al. The effect of brain—com-
puter interface training on rehabilitation of upper limb dysfunction
after stroke: a meta—analysis of randomized controlled trials [J].
Front Neurosci,2022,15:766879.

FIE W ARLLE S ST IRHLE 1 D RETE R
ZER[]) AW B TR A, 2024, 41(4) :650-655.

WANG Y,LI'Y H,CUL H Y, et al. A review of functional electri-
cal stimulation based on brain—computer interface [J]. J Biomed
Eng,2024,41(4):650-655.

TR R 2 o e 2 03 2, TR AR IR 2 e b 2 03 22 I 1L A8
AL A I A 2 T I L A 2 T R 2019 1. A 22
Rk, 2019,52(9):710-715.

Chinese Society of Neurology, Chinese Stroke Society. Diagnostic
criteria of cerebrovascular diseases in China (version 2019) [J].
Chin J Neurol,2019,52(9):710-715.

CUMPSTON M S, MCKENZIE J E, WELCH V A, et al. Streng-
thening systematic reviews in public health: guidance in the
Cochrane Handbook for Systematic Reviews of Interventions, 2nd
edition [J]. ] Public Health (Oxf),2022,44(4) : e588-¢592.
BIASIUCCI A,LEEB R,ITURRATE I, et al. Brain—actuated func-
tional electrical stimulation elicits lasting arm motor recovery
after stroke [J]. Nat Commun,2018,9(1):2421.

KIM T, KIM S, LEE B. Effects of action observational training
plus brain—computer interface—based functional electrical stimu-
lation on paretic arm motor recovery in patient with stroke: a ran-
domized controlled trial [J]. Occup Ther Int,2016,23(1) :39-47.
LEE S H, KIM S S, LEE B H. Action observation training and
brain—computer interface controlled functional electrical stimula-
tion enhance upper extremity performance and cortical activation
in patients with stroke: a randomized controlled trial [J]. Physio-
ther Theory Pract,2022,38(9):1126-1134.

LIMF,LIU Y,WU Y, et al. Neurophysiological substrates of

589



FER 241

20254F 5354 el

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

590

stroke patients with motor imagery—based Brain—Computer Inter-
face training [ J]. Int ] Neurosci,2014,124(6) :403-415.

MIAO Y Y,CHEN S G,ZHANG X R, et al. BCI-based rehabilita-
tion on the stroke in sequela stage [J].Neural Plast, 2020,2020:
8882764.

REMSIK A B, DODD K, WILLIAMS L JR, et al. Behavioral out-
comes following brain—computer interface intervention for upper
extremity rehabilitation in stroke:a randomized controlled trial [J.
Front Neurosci,2018,12:752.

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.

ZHAN G G,CHEN S G,JI'Y Y, et al. EEG-based brain network
analysis of chronic stroke patients after BCI rehabilitation train-
ing [J]. Front Hum Neurosci, 2022, 16:909610.

JETG, ok . AL 4 a0 2 R 4 v O M 2 o
I RERE AT AR S BCR [T, P [ R A e 5 SE R, 2021,
27(7) :802-806.

TANG Q T,ZHANG T. Effects of functional electrical stimulation
controlled by brain—computer interface on upper limb dysfunction
in stroke patients [J]. Chin J Rehabil Theory Pract,2021,27(7):
802-806.

WL, H R TINS5 TR 1 255 S RE VL i o)
YR AR A T R B IR RE AR RO R ()], e
AR DRI 24K, 2018,20(9) : 988-990.

XUY,JTY Y,JIA J,et al. Effect of brain—computer interface com-
bined with functional electrical stimulation training on upper limb
function and cognition of elderly stroke patients [J]. Chin J Geriatr
Heart Brain Vessel Dis,2018,20(9) :988-990.

TERTEN , 5K, EF 7, 55 FETIRLER O A% v oI 2R o 2
HrR B RE R R R AL B R IEFE ()], A2 R TR S i
JK,2022,26(2):163-168.

WANG L L,ZHANG Y,WANG C F,et al. Clinical study of brain—
computer interface based electrical stimulation training in im-
proving upper limb dysfunction of patients with stroke [J]. Biomed
Eng Clin Med,2022,26(2):163-168.

REMSIK A B, WILLIAMS L JR, GJINI K, et al. Ipsilesional mu
rhythm desynchronization and changes in motor behavior follo-
wing post stroke BCI intervention for motor rehabilitation [J].
Front Neurosci,2019,13:53.

REN C L, LI X M, GAO Q, et al. The effect of brain—computer
interface controlled functional electrical stimulation training on
rehabilitation of upper limb after stroke: a systematic review and
meta—analysis [ J ].Front Hum Neurosci,2024,18:1438095.

FE W B, i e A TS T8 ) U R R B A RE SR T
JELI]. PG B g L M M A 4% A5, 2021, 19(22) :3920-3922.
WANG T T, GU J X. Advances in rehabilitation treatment of hand
motor dysfunction after stroke [J].ChinJ Integr Med Cardio Cere-
brovasc Dis,2021,19(22):3920-3922.

BEAR VFSCR , RFKAE, A5 BT TP AN - R i PR T TR

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

RN AR T U RE S MR e [ ], o e BR 2 7 , 2022,
19(15):160-165.

FAN D,XU W Q,YU Q H, et al. Research progress of hand func-
tion rehabilitation based on "central-peripheral-central" closed-
loop intervention system after stroke [J].Med Innov China, 2022,
19(15) : 160-165.

b IR A R ERE A SET SR EE A S R R
RSP ST () ]. R e A 2GR, 2022, 17(10) : 1058-1064.
LI C,TU S T,LIN J Y, et al. Progress on upper limb sensory
impairment rehabilitation after stroke based on closed-loop
theory [ J].Chin J Stroke,2022,17(10) : 1058-1064.

SATTLER V, ACKET B, RAPOSO N, et al. Anodal tDCS com-
bined with radial nerve stimulation promotes hand motor recovery
in the acute phase after ischemic stroke [J].Neurorehabil Neural
Repair,2015,29(8) :743-754.

FEE R, SCHI], B/ S BT RS - PR PR A
0 P A 2 T OO SR R e s kA o iR B IR
RER T (], b B 2546 R L 2022,20(13) : 53-55.

JIANG S R, WEN M M, MAO X L, et al. The effect of repetitive
transcranial magnetic stimulation on upper limb function in pa-
tients with early middle cerebral artery stroke combine with cen-
tral-periphery—center in treatment [J]. Guide China Med, 2022,
20(13) :53-55.

FIH BT AR A - XA R RS P R M1 X
e NG = I A2 O A R I Mz Sl S RE R A 52 (D .
JRCRH « VG T BE 25 R, 2021 :3-5.

WANG Y. Effects of magnetic stimulation on M1 area combined
with Neiguan (PC6) and Sanyinjiao (SP6) acupoints on limb
motor dysfunction after stroke based on the "central-peripheral—
central" closed—loop rehabilitation theory [D]. Xianyang: Shaanxi
University of Chinese Medicine,2021:3-5.

GANGADHARAN S K,RAMAKRISHNAN S,PAEK A, et al. Char-
acterization of event related desynchronization in chronic stroke
using motor imagery based brain computer interface for upper
limb rehabilitation [J]. Ann Indian Acad Neurol, 2024,27(3) :
297-306.

ZEO, 50 T A LA 142 1 1 2 R v R o
R 205 e S P Bt o TR e [0 ] BB 5 S R s 2, 2024,
19(10) :584-588.

QIN H,BO X P, TIAN Q H, et al. Advances in the application of
brain—computer interface controlled functional electrical stimula-
tion in central nervous system injury rehabilitation [J].Neural Inj
Funct Reconstr,2024,19(10) : 584-588.

KHAN M A,FARES H, GHAYVAT H, et al. A systematic review
on functional electrical stimulation based rehabilitation systems
for upper limb post—stroke recovery [J]. Front Neurol, 2023, 14:
1272992.

CRAMER S C. Repairing the human brain after stroke: I. mecha-
nisms of spontaneous recovery [J]. Ann Neurol, 2008, 63 (3) :
272-287.

REMSIK A B, VAN KAN P L E, GLOE S, et al. BCI-FES with



R S48 < IXHILH 101 2455 D RENE L I AR X I 2 v S8 MG S D) BESE IR B Meta 73BT

multimodal feedback for motor recovery poststroke [ J].Front Hum based brain—computer interface on upper limb function and atten-

Neurosci, 2022,16:725715. tion in stroke patients with hemiplegia: a randomized controlled
[34] KRAKAUER J W, CARMICHAEL S T, CORBETT D, et al. Get- trial [J]. BMC Neurol,2023,23(1):136.

ting neurorehabilitation right: what can be learned from animal [37] ERAZE &7, £, 5. L% D ARLEM A RGN R

models? [ J]. Neurorehabil Neural Repair,2012,26(8):923-931. W L) ] A BB A A A, 2023,45(11)
[35] KWAKKEL G, VAN PEPPEN R, WAGENAAR R C, et al. 1031-1034.

Effects of augmented exercise therapy time after stroke: a meta— WANG Y Y,XU N,WANG R F, et al. Advances in application of

analysis [ J].Stroke,2004,35(11) :2529-2539. brain—computer interface technology for neurological rehabilita-
[36] LIU X L,ZHANG W D, LI W B, et al. Effects of motor imagery tion [J]. Chin J Phys Med Rehabil ,2023,45(11):1031-1034.

Effects of Brain—Computer Interface Combined with Functional Electrical Stimulation
on Upper Limb Motor Function of Stroke Patients: A Meta—analysis
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ABSTRACT Objective To evaluate the effect of brain-computer interface (BCI) combined with functional electrical stimulation
(FES) technology on upper limb motor function in stroke patients using a Meta-analysis method. Methods Data were searched and
retrieved from the databases of the China National Knowledge Infrastructure (CNKI), Wanfang Data, VIP Chinese Science and Tech-
nology Periodical Database (VIP), PubMed, EMbase, Web of Science, The Cochrane Library, ClinicalTrials.gov for randomized con-
trolled trials (RCTs) on BCI-FES improving upper limb motor function in stroke patients from the database inception to February
2025. The primary outcome measures included the Fugl-Meyer Assessment of the Upper Extremity (FMA-UE), FMA-UE score dif-
ferences, and the Modified Barthel Index (MBI) score. Literature screening, data extraction, and risk of bias assessment were inde-
pendently performed by two researchers, followed by a meta-analysis using RevMan 5.4 software. Heterogeneity among the includ-
ed RCTs was assessed using the i’ test and quantified with  to determine the magnitude of heterogeneity. A fixed-effects model was
applied when heterogeneity was low (I’<50%, P>0.1); a random-effects model was used when heterogeneity was high (I>50%, P<
0.1). Results A total of 11 RCTs were included, involving 561 participants. Meta-analysis results indicated that compared with the
control group, the FMA-UE score in the experimental group after treatment was significantly higher [MD=4.04, 95% CI(2.59, 5.48),
7=5.46, P<0.000 01]; and the FMA-UE score difference was significantly higher than that of the control group [MD=2.77, 95% CI
(1.27, 4.28), Z=3.61, P=0.000 3]; and the MBI score was significantly higher than that of the control group [MD=7.41, 95% CI(2.47,
12.36), Z=2.94, P=0.003]. Subgroup analysis results indicated that the post-treatment FMA-UE scores in the experimental group
were significantly higher than those in the control group for subgroups stratified by disease stage, first stroke occurrence, and BCI-
FES combined with other therapeutic measures after treatment (P<0.05). The subgroup FMA-UE score differences in the experimen-
tal group were all significantly greater than the control group for disease stage, first stroke occurrence, and BCI-FES combined with
other therapeutic measures after treatment (P<0.05). The MBI scores in the experimental group were significantly higher than those
of the control group for the BCI-FES combined with other therapeutic measures subgroup (P<0.05). Conclusion BCI-FES tech-
nology can effectively improve upper limb motor function and activities of daily living of stroke patients. Better outcomes are
achieved when BCI-FES treatment is administered in patients with first-ever stroke, in the early recovery stage of stroke, or com-
bined with other rehabilitation measures.
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