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[Abstract] Brain-computer interface and neuromodulation technologies are promoting the intervention for neuropsychiatric
disorders to evolve from fixed-parameter stimulation towards personalization, closed-loop operation, and intelligence. Focusing on
representative scenarios such as Parkinson's disease, treatment-resistant depression, Alzheimer's disease, drug-resistant focal epilepsy,
and post-stroke hemiplegia rehabilitation, this article integrates and reviews the application status of deep brain stimulation,
responsive neurostimulation, non-invasive brain stimulation, and brain-computer interface-assisted rehabilitation, incorporating
recent clinical research and technological advances. Overall, the evidence for neuromodulation in Parkinson's disease and some

epilepsies is relatively robust, providing a practical foundation for further advancement towards closed-loop and intelligent systems.
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Applications related to depression, Alzheimer's disease, and stroke rehabilitation remain primarily exploratory and translational, with

their efficacy stability, indication boundaries, and long-term benefits requiring further validation. Artificial intelligence shows
potential in signal decoding, parameter optimization, and follow-up management, but most research remains in early stages, with a
distance from standardized clinical application. This article aims to assess the practical foundation, key issues, and feasible directions
for the integrated development of brain-computer interfaces and neuromodulation from a clinical practice perspective, providing
references for the standardized application of related technologies and subsequent research.

[Key words] neuromodulation; brain-computer interface; closed-loop stimulation; artificial intelligence; neuropsychiatric

disorders

2R B K, e b E # w3 (deep brain stimulation, DBS) 7 % Al # #| 3 (transcranial magnetic
stimulation, TMS)%, ® T £ W& &5\ KIEE, EEWMARRE . BURKINAE & 4 28w R R P 7 SLis 7
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1 4 7% /% (Parkinson's disease, PD)Z —# % Wy #ZRATH AR, AR OREX T ZFWER S B4
ALH#TEEL, NTRHEFHRE, WBE., BLERTMERFSEREFZMGEER. B, PD
RENMEWZAEERR A SN ENIEZ -0, SHAHREMIY BB EHRLN, S THYETE
P45 | B 35 B % 3 A 25 R M 30, i R 4% (subthalamic nucleus, STN)/#& & Bk N ] B (globus pallidus interna,
GPi) ) DBS 7 i T % # 4t — 8 4 7% & i £ & % (unified Parkinson's disease rating scale, UPDRS)iz 27 iF 2+, #E K
“THE BHIE, FREEERE., Deuschl &L I, DBS 47 K5 6/ A TR B 7 5h iy B 3 it 8] %2 2 438 Jn
W ah, T AT B, Weaver €004 5 0 I R KB NI 22, DBS R BE . WD %
B wEfRAEFERETEARTRESGDET, BHE— 2B FAMEX T REH, EEERE- AR
EU%E)% K MM U7 FERHR R, B B R AZ IR A (subthalamic nucleus deep brain stimulation, STN-DBS)Xt 5% #”
EHIERO B ETEFFS~10F, REMBERFI:E, ﬁ?t’}cfﬁtfl‘ﬂﬁk AR AR BT, EFEEN
%, PDUEEM AR WERAERBELERNANEMNZ —, TFk, MEEER I WEARNRENE
FRE, %'T‘F]}:‘:iﬁl%fi(localﬁeldpotentlal LEP)B R 77 Bk AR A . B 3& 2 % B A | 3% (adaptive DBS, aDBS)
EETEHGH-LAEGENSEMRN, EARSB SN B REANE, HZCBEFEEME “BREHA
BRE”, Wﬁ;ﬁﬁﬁﬁﬁfﬁ”DBSf%{ﬁﬁﬂﬂi #H—F RO TR G, B, FEREEAREE, FRTRK
ERHMEREF . PDIRIEE “RAMZRZENIE" § “WHR/ATFRQANEEER” FoemARKNKE
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= JZ A 4 P 1AV JE (treatment-resistant depression, TRD) ¥, F & £ /i # #| ¥ (repetitive transcranial magnetic
stimulation, rTMS)#a4 il B i B, hiilb- 4 (transcranial direct current stimulation, tDCS) B # %I E TN N LIT B
B, AELGMET KRN BETRBTER L ENEREMRE, EMAMY B2 EHLT “AW+ERE
WA ST TR WA, XTI —REE AR, AR EEE, & HZ L 40 E (subcallosal cingulate,
SCC)AnHE X 1 2 ] 4 9 2 )R 9 DBS, #2048 By In R LB o AR T B oh LWl 54 .

FIF M TR R, SCC-DBSH 4 — % TRD &% F K BFH 5% M. 4 Alagapan % P4 32 &y 10 ] FF 7%
VR o, 24 B K37 25 o2 B L2 3 (05 /R WUATAT B R 3T 20 P 1K >5096) T 2 A 2 (WU AR LIS B R 3T 290<7 2)
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5] 90% F170%;  Ja B A [F] H L B NEEAHE 58 45 R AR L0, 2019 4F Crowell By K M HF K 5 R B R,
7286 SCC-DBS £ H, Bt 2~8F WM E, NMARBAUFFE>0%, ZMEAEFE>30%. LF, & TK
EV 1SN EET, 2H A 4G NGA TR T A T8ERLT D F4E MM, Eb, 216](75.0%)
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3 BRI BB (Alzheimer's disease, AD)

L PD A TRD £ [7], AD 474 # DBS B 77 17 A& T4 & 22 AL 9 5 20 B B, Aol ) BN — FF 48 38 1 2
“EHE-BHCER”, MERTRATIRILNEESN ., BEAFHRRDDY. AAARETEEFE T # (fornix)
ARFURALIE . WSk, BEBCE R E R4S S 7 Foag H B % & 8 4% & Meynert 35 & # (nucleus
basalis of Meynert, NBM)-DBS STADW R B, FRBIANBM S X E T AME F AN EFESE &R,
% 2 W 45 7 # & NBM-DBS 7447 AD # 7 i 24 1),

ADvance #F % (4] 2 WA HERFWEN RIEER S B (deep brain stimulation of fornix, DBS-f) W R R 5
—, %X % B 7 ClinicalTrials.gov & 1T, (NCT01608061)", Lozano "7 FHL W F X3 1 3E 52, I DBS-f £ %
FEAD B & H30d N Z MR, FAMKTEFLEL L EXEK, BEABRKMEHE M E LT R4
JZ 134 (fluorodeoxyglucose positron emission tomography, FDG-PET) i 7~ py Ml & v 1 g & 4o a7 253017 [ 2 X 3 By
HARRHE M, METFRGHEAN., XE . BAGEIXEADvance AN THEEAD B4, KHHENLEE
CEMAET 5 “ERRET A, KA EELR 12AH N R EBREIT A E %K -A %5 4 (Alzheimer's disease
assessment scale-cognitive subscale, ADAS-Cog). i /K /i & iF £ & % - 7 4 & #1 (clinical dementia rating scale-sum of
boxes, CDR-SB)¥ A& R, WA RERE T, BAMATHAETE A AR ERNEEAAHER, €
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GREZBTIHREFMTRETRT, WA RULFEENBLRM AR L lERIERE 2 Hik, A4
FHE#E A, ADYURWRBUWEFEETH NN AR EE LM TIERAE, MEFLET. HE K
FRECTE, ERZNEEZLABEAGMNZR, WECEMEYRENIFETL 6, A E L, T
BHRFWEHETITRMER, PRGN ATEEREAAR, FREFELEHYET A RESESEETHER
W B A

B ZEEN, ADMXRRUEMEFELEMEREN “THE, HLEFEAERTR” hiym, M
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KA IR B P AL PR KB E AE RNS J5 97 J5 148 44%, 24 4 53%, HES 6EH — FRE F66%, #TFHME
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B AT B A, M MR kM R B A 2 A B AL AN DRI R, R R AR R T REBL A LK
MEWE R ZAEERZ —, BHESHRARTERETRE., RALRERKHEFERR, 5AI447 T,
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s BaFHIERRE

MY e bR R A P, & Tz 5 B 4L W E K (electroencephalography, EEG) By i #/l # 1 (brain-
computer interface, BCH A, FEHMF/EHRINE, RAFREREMIBPREGWETET B —.
Frolov %P7 B % A SR R Te, ¥ ERVEIEREEF EH ML EE “BCIEH FHIEH+HH
BA” BCDAY “INEEMINF+FARE” (HB)L, NARAMA10KREHEE), ZHARERET,
BCI %41 7 _F 5 3 1E #F % 1T 7 (action research arm test, ARAT)#432 ( 0 2 Ft £ 3.0 4, P<0.01)F14E /1 (A 04
RAZ10%, P<0.0L) 2B K E, MAXHELALYHLKE; W 4 H Fugl-Meyer | X iF 2 (Fugl-Meyer
assessment for upper extremity, FMA-UE)¥# & # (P<0.01). ElH, Z3/ E L EEGE THLEHRE S F %
# 2 EAH X (ARAT: r=042, P=0.014), 17 -3 B & 7 f 2 T B & 3k 22 B9 48 4707

T —RKI s, ZRMAARLEARMEEPI 4 NBFRE T IIE T BCLRZ B # 4 . Mansour % ™% 12 7 14
WL B AR B (3 298 7 B 20 #AT S E /AT K I, BCITHAE MK E LRZ s vhak 7 @B A U B4 % (Hedgesg
=0.73), {218 M3 B H R A R (Hedges g=0.41, P=0.138). 20254, Li%Iiy A 41418 (U % 21 TLRCTs. 886
(A )5 — 4, BCLY 4 25 45 W[ EMA-UE F 41 2 (MID)=3.69) 50 B i I 2 43 (2 36 b i oh b 1 8 602
BEZRTERERN, NEAEXFRUERA, MITHEETRARZEER, BWTHENAHE—W “FE-K
TR 38

REFSIWINEEFRATE2 L EEGHAH AR AR E M., KanE35H, M E KR = EHE
3 (common spatial pattern, CSP)+% 14 #| | 4 47 (linear discriminant analysis, LDA)% 77 %, &M E M % | HE
BANEAELEAEEEGHERR EEAERNEHNE, TUERD ARFETRGHRATENE T NE L L
REHE, 20244, — NG\ 296 ] e P A o B2 B B AL A BB AR B0 BCT | 2Rk N AR R EL B4R, T At R
PHEIHNECREFARE, TEFHEHENIANAP, ZHRERE T, BCIAEFMA-UEF 4 L ik & %
B 4h T A B4 (MD=3.35, P=0.0045), {2 K% ARAT 45K HA k4 M RHEREE S . Ao &
HXBCITHRMEE, IMRUANATERBET L E.

BEKE, BCNEHEANKEAET: —RTELHERRAMDE AR FWINEHRESI i
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“ERGERAEM EWNEAEST, MESRIMBAARET £, REMANERRSHARE . Anfoif
AWM FFERER; QERTOEANE P RE AP SN A AT E M A Z] LA R R R
B, Si— IS A M, Sk FapE R R B, K F FMA-UE, ARAT. % E Rankin & % (modified Rankin scale, mRS)
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BCIANHHEEA B HANE—FARTE, AR T HEFAAEEXGEERNN “FEABHTHFE, TL
EHERTER AR TEMAET.

ERZEN, BCIAAE#/MMFRET R EE Y ERBEAFNHAREBRMREEIRETRE, EH
FTHBKRE AL RERANITEREER TR, 5AI446F70, BORUIESR BRI B &R LR
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BAr, ALG#ERE, MlEOWEEGARBEETAINET: FERADEHERR, S8R MLE MEL
e, MR KSR, XINEBHARBUERN, MENX “EREES, 2| “2#ES5H", B3
“HBBORKT B R
6.1 55 HAERN £ BCIAE, K#Ho TIEELEEG. X = i # (electrocorticography, ECoG)7FH LK
JE 1] fi #, [ (stereoelectroencephalography, SEEG)/ & kt 37 . {iL (local field potential, LFP) & JF . & G 45F4E T 42 %
IR B F . F 4 x % B M 1/ F 2 fb (event-related desynchronization/synchronization, ERD/ERS) X CSP %
ik, WEK, XEFERHUERHMENL . HFERNEMEEINHFTREFIEAFTER. FRA
BRET, £EHER, AABRFLAEAT, REFIEEEZSRERE AT THE ) LLRETER
ik, hARAARBERS . GEFFRERBNGED, 435+ RE T, 2023—2025 FH 2 H XK
RTEZHEZEEGH N AH A, flin, LR EARXRET LREE, A Za EXMIE DI A+ 0
WEEH RN ERHERERFN), ERMELTEEGHEEIME L R E, B, X THEEY
FMEEAREEGH &, SnFRE T REGREFIEM, AFRETRE TR ERE N 7214%, W FE
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62 ZHEMUAE MENRE HADBSHEHERMAF ERFMRE RS, ZRITL AL T EH1 R
#H, FEK, —% “DBSHE20" BRBEHAN: UAEHHEERNERNMCE ., ENEF LA 0T B iE
R BAEAT (I K MERA ., WEG TR EREERE XA AR R B N Eah, BN EF /5
TR M “HE (sweet spot)” KA B 5B . Horn WO K M3 “#f K7 B4, ¥ % .U DBSIAF] +
WAL E R RSB AR R, ATHRESEH N MM B, Boutet T EI, H#
AEAFRASTHHRMRIEXTTNARSH A THNEHRERE, BATMNES “RERE" EWE
MRIEF GIERONERARALETEN A, AEM L, —BATFHER N EF XN RHELE,
Lange AT ALK/ 7 DBS A Z| oF, B E TR G A BBEINLANEE, 52 FEWNHEEN
HATHE, KAELRENEREFBEAR SRR T TAE SR, HHREE T A RERRIIFN
# R KB, Rassoulou 28I 3 3t v 4 AL FN DBS B AL BT H H, N E S LEBEMRT LR,

63 MIHEH KTt EESTHG. 2ETHEZE, WTILRL “HCREME ., AR, AR
ThRZEYTHERES Y SE L, PEHANT EHER/RERRR. EHREABTo 3% £TH
R EEA . ETRANTMNES, ETERMFIRN g E Ny K8 %, BRMENS 8 PD B & K
&P 1 | %1 (adaptive deep brain stimulation, aDBS) 2 7 #]#y [l 3F 23X 2 —, % LFP B 4k 7% 4k 18 #4 3 71 1% B {5 B &
A H, KTRENELE, Bl SAMRERKE T BR, %38 KA RIEST 200 R, o B KR
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W B Ao dk EUE AR, MR, A AL TN 42 %] (model predictive control, MPC)# 5| A DBS: K 3 ik %7 2 # 8 5 A
FHMATHE RS, UBIREERIERIER N RIEEAT A, AES SRS HAR#HSE ., #0Zh
EWRETHERANT R T T EEFTE R AR,

SBALFE N B E RN S BB 5 BER” SR K. GoERBETRER
fo# 3 8y 3 DBS E #I sk ws, AXTPDMAWNGEF T B WK MM HAER, LI B zhF 0973
AR, 202S E LA R AT E, SIANTEMEH XS EFh K, eAEESHEEERE
Wi, MEALGATARR N2 BRAEMRETHEYSY, B X TELHMEGETEGTEIMNAE LS
FRNE, EEANEGERNAYEREREE, EE40 “2HF AR EREE” WaEERETHA
fif %o

7 RBESRZE

BB BT 2R 5 MALEE U A PD, #AIE . AD. R R P R R B SE B, T DU Bl — AN AE Rt
RO E B AL SR — . MR ERAAIT R E Z AW R (I PDE S ER . RO R A
1), BEKMMAMEZESTEREM E, BFFNENEE, AXREBEMAIE R, 2HN “BEXEK" £
MoOEERRAT R CMEOEET. A Dy, RERIEARKAEREERABARMH, BEFL K
B, WL EHNIA DI BEN NSRS, WA — 5o ok kT

MEREHAEE, FTRRARLAHAAN B THE: APDMHBLBREETE, RAWERAERE
BEINATG R BB, A E R R (T R 3R A ALSR T+ BE R T 8 T A AD Fe B8 ot MR e R UL, M
WEXBHEAHRENFLR, FIFENARHRIER LG, XFPREATE, WFEEARERE. &
FRMME RREF R AN T Z MR AL P wrtaR, FEWMR, SRR RE AR RS
PENF A, TR N AR IR R R o R ey R e

MER—4WE, ARERALNESTREAA—M2HNERHEZRERR, T2EECHSRBNE
MAEAR L, BIAE T R AN R A F AL A PD, R, TRDIX L& MiEF, 3 ATA 4% 5 &k
MEAEEERE (R D R B, BRiAE, HERBEN. REKHER); EFPRIAMAD KX
EEHEREEGEREENTER, EFARTRANANAERE, RREF SHEAR. EF2HEEAH
B, UHL2 45 BmEFEAR". AAAEXSBEA EHRTEANNEE, MA2EET “BAE" 1 "B
T ", oV AL TR A T AL R B\ E AL SO Y EIRALE

MEKHE, wEFEMEEO N R E, AME2EE “ZA%E67 it —REREWERF
WEe—RATHRRNEX —AZE, MEEERTIHENNEER, KRR EEA ST HEEERAN
X, REAZBGMELERRES SR, —REEGHEEHFRIRZNEG—RAI L PO, MELNHET
&, EoHAEFFER. FREELNESMHEFELRRTHE, TRIENFR, MTEEH AN “F
RINE”; ZZEARUMCEEEFCRANGEo—ERE G, $ELL, RETRBEEXTENVRTH
TEEGALN, 3k A f BT A OT 45 MR i 7 8 9 5% BN AE R B AT o
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