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Functions and applications of implantable brain-computer interfaces in
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Abstract: Brain-computer interfaces (BCI) currently exist primarily as a neuroprosthesis that allows electronic
devices to communicate directly with parts of human brain, typically the cerebral cortex. In recent years, implantable
BCI technology has made remarkable progress, and its applications have been expanded significantly, indicating that
research achievements on neuroscience and their important transformation to BCI technology are interacted more
efficiently and effectively. BCI is a process in which collected brain signals are decoded into digital information by a
decoding algorithm through signal analysis, and computer, mechanical prosthesis, or other electrical stimulation device
can be controlled based on this information. The most common applications of BCI are in medical applications, usually

by capturing brain signals to synthesize understandable communications. For example, artificial tactile stimuli can be
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obtained through targeted electrical stimulation of the sensory cortex of brain, allowing patients with upper limb
paralysis to imaginatively move their arms with the help from a tablet computer, restoring hand control through
electrical stimulation of specific muscle tissues in the hand, and so on. Diseases like spinal cord injury, motor neuron
disease, and stroke are currently untreatable, and BCI can be used to restore many interactive functions for paralyzed
patients so that they can live and work normally, such as being able to communicate with others, such as talking,
typing, and online socializing. On the other hand, BCI is also a powerful tool in neuroscience to study brain functions,
such as conscious and subconscious feedback in brain-behavioral relationships. BCI for the motor function is the
mainstream of research in these two fields. More and more BCI applications would be introduced in the near future,
which could benefit paralyzed patients and patients with mental disorders, improving, even restoring their life qualities.
In this article, we review the development of BCI and the different types of signal sources, with a focus on the medical-

oriented and research-oriented BCI as well.

Signal sources

Signal analysis

Neuroscience

) Neuroprosthesis Neural [decoding

Motor function

Medical Communication

Artificial tactile stimuli

Keywords: neuroprosthesis; communication; medical; artificial tactile stimuli; paralysis; neuroscience; motor

function

EEG) 55, HAPm—"NE5H M B, H
P300 i B, A2 X 7 7 ) ) B, TR i MLz 1
A DL X A s SR BES 7 RE . B0, AE H N B 5

1 BHLRE UK R v

A AL 1 YR P 2 St BRI A5 5 1Y

BAEPE SR A T Bt s — RO ik 9 R
B3 B = AL T RS B, IR
e =R B AT O B AR VIR AS I, e T AT
AR E A T AR . IR A R AR
SR AR SO I H o 1 e B 1) B A 12 Bl i L
FST o i L2 B 9 AR N S 466 R 4 4 7 R
FH B9 76 B 1 Sk Bz 1 B PE] - Celectroencephalograph,

FRRIAETE, RN —HT R M
& B L VE B T BEROGI At R R AR T
P300 M 5. o AL AL 30 20 A g 4 A AR A4
W6 J5 K A7 (steady-state visual evoked potentials,
SSVEP) o A iz 5l [X i L Pl w451 (8~12 Hz)
BB (12~25 Hz) Ty 28 1) 38 9 A ok ikt g R AL
iEZ ik ik S, B DR R e i Bz 1 ET B



%£4% www.synbioj.com 409

MY BRI, BRIl 2 2l i i s 4
ORGP P AN [R] A (R D, O R R S i
IR E RS . BEE AATX KN s 3 12 it
frig syl (A B 2 R B AR N B AR, Hh i
RO T W Is3h B Z A niEsl 517 FE K
it 7 1] BEAE O, X e oA ) A
W7, BE5FEMBTT 80, st
R, BB LEE DT AR 68 i 3 B R S S 1
AL AR Sl s

20 HHZL 90 EAX,  BJ= A 2 HIAIG [ A7) ) R e S
BT R LR 2 BAMAITTHE S T, X
B 7T 2 J R A LS S LR
REVR o XL R TEN RAES YA G -
HWHEAT 7 SR AN GAE ™0 B 1o I B 422 11 K Je 2
PR B, B R R F N SRR K B s 8
JERZ TG S, TR SL M AE T W B IR
BB IEAD A, AT A 22 HL I Bl e A D xt A
BEg R E S 0

PLEAr AR RS 5 A R L 1, BIKE
ORI 5 B AR - B A D s 1) R A £ S B L4
. ERHHRERMB LN, KR
58 B R TT

2 fE SRR PN U

F LA 1SR DN b mT DA I ke B ORI Y & A S
FORIEHI) . X LEF 5 AT LSS TSI E NS S
sk B2 A rE . i % Bl (magnetoencephalography ,

% s
%maa'.:, £

T e . ;Q;ﬂrﬂg

R - g

& pmmsss
RSl RSk

(a) MBTHLEE 1 F FELA 5 G0 O ) A 22 LA 55 e R i A i B

(a) Signal sources and sensor locations of various brain-computer interfaces

MEG) i MLy B (T e i 3 3R AR A0 Dy g il 41
A MY, R DLELHE S B E (S T, 0K
Jibi S 1 1) B2 2 HL Pl Celectrocorticography, ECoG)
T CHE DG S R A5 ) 1 o o 5 T P Pl g s
A0 EEEEZENGES GIERMEURIRIZEMD .

21 MiRES

MG 5 5 & TG s AR KA kM, 1)
Ae G L 4R 1 I 48 K P MK 3 (blood oxygen level

dependent, BOLD) 15 & T # Uk W] 5 3 W A7 AH
K Dy REREFL IR AR I i R AE T T 43 R A

7, SEREABEORIE, B & & ot H S AR,
ATHREERAR, HAEM sz D. 1)
AL 4461 (functional near-infrared spectroscopy
fNIRS) ¥4 B A% LA, 17 Ho 2 (45 50, W LA
T — s dlaE R A s Y, HErEgL
A 25 HE R AR A TR, PR REIRTH 2 A A K

2.2 FOIRERBHEES

LSS5 2 i WML O ESE (BD,
R 9 A Sk B M R P T R P ) A S AR A
RN, H PR Sk A A il R S T
FIT CAART 3R 10 o 45 2 AR 2D o 32T Mg e T 1 g AL 82 11
AR TR E A, AER A . il B 2 Fh
FREHS & R AE T Bl H . P300. SSVEP 4%
BRWNAS S, @ AT EERE, Foeai kit
PR ERPES ", BT TS R R

ﬁ%@%%\hﬂmﬂmwﬂ“ﬁwumy
R MM

-

=
g
T

Is

(b) AHLEE O A A ] HLA5 -5 I 1 T

(b) Signal waves of various brain-computer interfaces

BT B S SR e R AL E S SR Y

Fig. 1 Sensor locations and signal sources and waves of various brain-computer interfaces

[15]



410 BRENE F45E

WEEH THE S 0. o B U (S 5 T LU TE3)
Pt U, n#BL (8~12Hz) FIPHIE (12~25Hz)
HEEESMER, WA, Wil iR L
BB Th 2R AE o L E S ) R R D AR B
Bl B ER T R 2 R FATG HERAR A IR
— R AR S st ) T 2R A R e ) A T
X T B K I ok R ok 3R A5 9 = I M e P
KA B EES FHEE LT ERE, Btk
BN R . R A ML 1 M e R R
T 3 2 S5 PR 2 v A 15 5 SR ORI G Hi, A5 5 2
W R R ™ X RAEYHESA N, NRES
SINTIRI R, T RE T B AR A A o G R LA
b i H P 9 S 1R 9 S 5 R B A A B B AR
PPN E PE SR B y B (£130~60 Hz), Jf
185 Bl y A0 B Th 20 SR ASE P AL 11 o 57 34 i il 12 %
SR, g des Bt IEEN— it
BORIRPEAR T BAS, L s se i —ue B HR
LY ok T R P 1 B i TR0 AT B S R sk e ) £
FENE S

2.3 AEIREMNBES

i 52 J2 A SR 1) HLE 5 &t 0.5~300 Hz 47
WPER, 133 R B AL (local field potential ,
LFP), £ il ¥ @B (300 Hz~10 kHz) Al {4
WP, AT LAIS BB /E AL (action potential, AP)
R A28 kg 227, s ik & B HUE 5, LAY R
FEIEL (BRANMZ D) Bkl 2 ook . 2
HHAR) 2 WS 5 L Do 7e 3 B T A
LN QL SRS B ) o L E e s e o M A e v
IR b K 22 S0 5 300 i AL B2 1 B4 B B e Bk b A 5 .
T ) BLEE VRIS 0 8 T 46 458 FH 22 5 0 ik v A
JR s BALAE 5 o JR R I HL A A — Bl 4t B A F AL
ERERIN: 0D SR G2 NS L =R VA OPS il
e

— MR UL, BB G K P L S Bk H AR
FIE AR iz R A . T O M FE L
WiEshEZ Mz R &2 EE. 28 uhkp
CRIV 5 L R 5 BE A ik b /45 845 B0 3 e ik ok 1
EEREAM Y. 2R aE ] Dl g
300~6000 Hz Sl B 1) ik Kk KR IE LS 5 2. &

SRR 22 R 2 N I LB 1 I 7 #8448 ik v
T, H R TR A kS S I B WL D E IR R
B A T T T W R Hk . R0 G R 2 A HR
% Bl 51) 2 3 a4 ) F FRRR B R RN i R JE ), X
WA BR 2 N i 2H 208 i — LR A . X R EL AR A BRIl
S BN ARG TS T, H A R AR IR B iR A
255 . RFMAES HEESH T ek,
B 75 R B TR s AU 0 AU (S 5, T HL
5 22 LN TH AR (1) 12 3l AR O Rz J2 IX 38k Y gl g 32
BB B M. B2z A Bl B A USCER A 2245 16
M, WP T AT R At S E AR,
Wk B AT 5 1R sh AR . E R H AR )
P2 20 G345 405 4 B 3 N TR) A4 A T2 BOBIR, AT
IS5 AR EIE 5, [E5 RN AEmERE GE%
REeRLA) B, 1 BAG 5 &R 26 A0 el A 2 1)
SR A S EUS = ThEE

IEJVERBE R R, 123052 KR B AL
15 5 FIRR 2 ik i A5 5 B A A 2 1 R AEIZ Bk A& M
WLAE SN AR 1045 B B LEP s y BEBL (470~
300 Ho) 5B &FE, ERILMERSH (0~
4Hz), LK wHiB (8~12 Hz) MIBHIEL (12~
30 Hz) A& KEMZEIMHEAEER ™. Rilmh
PAE 5 7E I PR A 7 T B G B e, iss
KA a G SfRatt, BRZES 2
T E TR ISE. RERTHBAES
s e R ikmE swar Loz —, W
I hFE TR SRt SRR 2 o

T i R 2 F IS 5 2 e s A R i SR
THI ) F AR G S R 3 B AEAS 5o AR I AN I N I
2, FTUAAHSIE AR A 2. 2 )Z BB AR G i
H SR 2 (S 2, X Rl 3% 07 e A T
TR B AE TR B 0 05 Jcb TR AT B B e
BEBEIEE R T AR M. ECoG — J5 T 7]
PALYEN EEG 1) ks BERE X, T AR 4 I 0t 284 i AL
B0, 55— J71H ECoG H v I Bo B 7 K& ok T
F L FREE) B IR BT B Y DLRGE
SEMZ ARG R ™, AT UHAT 2 T RE I L EE O
FE55 . I PR bR #E ECoG H M B4 51 /& 10 mm 43 #%
RV, R FH B o MR ECoG U RE 1, TR
5 [RVRE K 1) 5 J2 T AR, AN AT BAAS 3 B s (45
RS, W] DR TE 2 (5 8 1Y WA



$4% www.synbioj.com 411

WA T WAL b, 2448 ] B #E ECoG HL )
I, B FRE RS A0 3 A5 5 7 v y B B35 1)
BENHRE R ZRAK T,

3 Thil Ry BRI

K2 BOE N UL 10 H Fr ot Pk 2 M 4 &
SLUIREREAT B IS D RE e B e XU
IBAN AR ZE TOIR A T B A B R L A R 445 S
T 3 2000 VY JBRE e L A B 40 2 G 45 45 3 B0
i RE 7 BT R R B S5 A 22 AR AT PR O 3 B
CIZBEGEE, #A B AL D BRI

3.1 hE2SBRBENRRED

IO B 2% 11 B A9 01 I P B 5l 2 K R 4 O R e
B I SCUURE . BT A T R i LR 1 RE SR
BEEE > Bl LA T BERE S A, T AR 3 4 4
e G B & B S R . FAh, BRRAEHING A
Ve o L 2 11 408 5 22 S8 47 T o rL R O R AR 4
KRB SRR R U 8. H AT, fNIRS
£ 308 5 R A I IR T B I AL o B2 AL
B DR ] 2 AR B ST RS DL R, AT DU I 4 )
THE NG S AR BEAT T 5 1, T
i T 7 B T IR B A Bl 30 2 A TR, XA
FEIK B T KA o3 4 B g 5 A s AR BEKCT .
N 5N T T A2 90 A e PR 7 302 B4, AR B2
JE ARG AT S A S TR R R R Y, 1|
Mizsh RS T RERTERIGEE ™, ZIX
SR B 2 N I FRLAE S B2 T LA 23 Y A b P
AHIEEHER, HFHTUKN@EL a7, S
5 W B E LM 2 AT A B EIRE S, ERE
PEHE T A IS0 R X A s, S
fErE e sh 8 GOk B RS N7 BT 5 2
H A BIL 2% AT R, 3K 8 7 BERTRS 5 AT DA
JRORS L )T, B I Ry CEEAT AT 5 AR R AT
BBEGE 70 2N BE B R AT DL I N B S
SR UL R A AR THT T, XKL N
1 2 DLk 2 A T 1R % A T ALREAT 4T 7 1
FEBY BA, JUTEA RIEAAE S WL Do
WEH RN R EHEN TR EAY),

ALK RSO A REREAT, XXX AL
P L S A A R 1 — e R S O BHELAS

3.2 kS MRk EL A B A ARRAE R I RE

Xt B8 BB AR HEAT T e HL R P ek R
AL 42 L& A B, AT BUR 52D B e 5 &
BN B B B T RE . AR FH X D e HL R SR AT
(IR 7E 7 1, 36 3 A e PG ML % 1 0 T S EE AT 2
AE LR, B AT DA ) T8 2 AR B 4
i I A N SRR AL 10 b R AT D RE R,
H LR R AR SN RIS T BN -4 72
AFRX 3 A A FRE IR, JFr . P
Joi s T X 3AN S R AR 1 2 R
FEIG G0 T, 38 I AL 432 11 R & 32 4T 2 e R R
Wl DAk B IR AT AT . K A D RE R O
X, B DR R R A Esh hig, Z1RZ Y
JBOE e B 1) A B Y FE AN AU LR 1 4% ) 1
PLEs NIBAR e eh, Wi I seil 14%
#1235 104 B B EERIHLESE = e AR U
ML 1 32 ] A AL 38 N SR i F e e, i e T A HR
FEL T VR 5 PO I AL 32 10 TP R 2 ) L T o0 % 2
J8 BT R U AR 5 0 28 2 2 47 368 o i e, el 4% 1)
RIBR RSN BRI 25 Ja ., B H AT ERENIR R T
W I GE o B LR 4 AL a8 R A 5%
I U A JE R 2 (R 48R R AT LR IE A
— AT A

3.3 FXEKEHHERRBIRE

X F X BB 5 1 i 952 05 BB AT R T i
REA, HR AR RN SO AL 11 5] e e m] 2Rk
KRB AT RE. WML D, —JrmRiEE
ARG HERG, 513 [F 00 o 2R AR 3
g5 s R e B B iesh R A, 91T
ML B N SUR AL DR BE iz e
BITEREREN, S EEFREITRCR: 5%
A ER 7T, DS D B AEE BAE B A SR IR A5 5
BAERANZE2HER, ARSEE; €530
EEVETT I, AT DUARE — A B = X i Bl IR 2 ok
R — A R X, Fean 24 K R a8 sl i =
P4 I AR AR R S e e 3 K BRI



412 BRENE F45E

AR R I Zh RETR R

e K6 3 A i B I AL 4 11 3R AT I i s i
F S RLSE S BB IR I 8, 1 L B AR I2 3
F e RO R B S R 1 o 8 e R A 2% B R
IR RSE B SR AN RIS B, B AT ARG A SR 1
AE R (EZERMD B, AT Z
EAITERE .

A4 i ) SRR AU R U LR 1

JiBi AL 102 5 K HL RS (0 o 22 A B 22 i L T
Ho MElN R 2R EIURK, a5 IlA
X Z MEH R R, 2R ELZ A E H
FERIIZB) 7o B 1 L il B2 oh B E ST
AL oe, BOH 115 i 3l 2 34 s BB AL
PR R R RO B, BRI AE B R R, BT
PR BL 2% 5 — R xR AR P 235 3 54T N 2
() o] AR S PR RO E TR, T S /AR
55 AN Y I B R R R AR . AL, LR 1
AREM T AR TR, WA
=47 255 2 R R R R B LA, B

4.1 HRFRESHRERESR

RAE ML AF 5 B AR E T T BT Ak RE N
PLEE D R E B, BT Lk (R EAE — R
WREFRE (K2, HFETILRARREEER
. ZHTTlkERE, EEAFmREK, [

ERHRF
- A T B

i[5l —AEhE

WK Fnk
(a) BEE I RIHERS, 20 R B AR RIFETlE 5

(a) Different neuronal signals are recorded over time!™!

PARFRRAE Y, RERAE S REE, FERF
i, AT RLOREE — 4. AL D T
6 MR, R IEsE B R E & T
Z IRk . B AE T RS B ar # T 1Y
TEOL, AR 8 5 B A fr AR IR K ZE 5

4.2 REMBSERSFEIERE

XML i B AR 55, b2 o AT is 8 K=
P22 TR B0 5 L P AL AT D 2 (A Y
BEEBCR (B3, ST T K B2 % 18 3l 1
] J U AN S . LR AR IS AR S5 2 S i R
EE B 4 T AL DG AR, 123 B 7 2 o Al P
> H TRk R TR R ' b 38 ) 2 1) FR) R E Ik
BEOR AR WA ] RS, A S E LR 1
fif i 4% h s sh e 2 T B PR 2 g I, BB
FE fP R 5 PR A 22 7 0 R U A U AR T S P
HURE 0 )5 8 T i 1 42 P B 5 A JR) B8 ) ECoG {5 5
L HE ML 2

ETMaEshi g 2 R p Ry, B
BN RO R REE L, 1880 B R 28 e AR w2 )
5B R A 22 I 295 5 ) A AR DK AN [R) FR) e 2 37 2l
Ao XU, R R R 5 RATE
SINA B REA LR B, AT AT DU R 3 2
RIEAWERE . BRI TR, 28 R
2870 FH LS 1 I 8] 3l E I 8 o i 22 37 2 A 2ok DL
FC S5 B AL e & 7

M HLEE D Se B Al B 1, BARIE SR B A

FIRK  FISK F30KR HASK

FUEE M P o
%21*“@:%%%@
so 4 AN

(b) B I JBIHERE, R da SR & R AR B (LBZHINH 2%

(b) Nerve signal waves can change significantly or fade away over time

B2 B O D SR B 22 ik R A5 5 AN BE LR I () A2 e

Fig.2 Nerve pulse signals recorded in brain-computer interfaces cannot remain stable for a long time



$4% www.synbioj.com 413

=500 0 500 1000
'1\
izghi
(2) WIZIZ ) 1 R AT A I 307 14 B R R

(a) Responses of a primary motor cortex neuron to different motion directions

(b) ¥1LEEN B ST R [FZ B J7 19 SR Y % A
(b) Vector sums for populations of primary motor cortex neurons
responding to different motion directions

B3 IR H) M T IE N S RIS SRS B N R R

Fig.3 Activities of primary motor cortex neurons correlate directly with limb movement state™

MIHE s Bz 1) — e g e s sh 5 5 (B4,
{HIX e 22 0 i) 5 S IR A 3l 1 O I i A 4
W 4R SRR E B e A R R E) R
e, TR KR .

A B b 2 Ji WL A R RIE AT A AR Y AR A 20
FEHAE 55 IO PAT B HT A “INE1” B “ B 37

(a) AVETHE AR FT N B 2
BTN TN B IE s B R R P TE B
(a) Two-photon neuroimaging study of neural
activities in the motor cortex during mouse
learning to push and pull a handle with one hand

(b) I 14K 5 2] /N A2
e iR T
(b) Mice learn to push and pull a handle
steadily through learing for 14 days

AT AL OISR S B R E s ) AT
RefE AL A3 B, PEIss 2 ) Eh
R RARRAE . X BT FTEF A6 78 Rt e s
[, be i ar DL ik AL 12 20 0 05 ORI 7 e
MR 22 > (R “ Bk ” 22 30) AN > U i AL
W 5T . BEARAE BN AL EE O A T RE R IS

(c) TE2E 2] 2 J MRz Juif b
AN FEIL H WL PR
(c) Activities of neuronal populations after
learning exhibiting a distinct temporal order

B4 [REEn S N RIS s R A RS A AL

Fig.4 Changes in neural activities in mouse motor cortex during natural motor learning

[67]



414 BRENE F45E

gy ST RIHLE] 84t AT DA E i AL 1 R 2R
HREE ¥ e, X — A sE
LI AT IS SRR AT .

5 W #H

B2 1 A WA T 46 e R i PR 70 o KSR A
fE 5 Ml DA R B AR I S Bl TIRK
(A B2, (BRI PR e A0 O T T I 2 — S fe g, B
e A ML AL B &I R, (F5REED
Fr S FEM R A7 A, DARAR 5 173 i MRS 52 1k 5%
2 PR . 3 AL b T e A IS
B FRAFIA TT B0 58 AR T A0 SR
X U W RE N A5 5 A AL ) BORAE W R % AL B
BT e A MG 0 s

F AN 2L 3R 2 e ARHBIE 45 35K 17
I G N ] U AL, SR &y 2 XA R 3R
FDA ) G 4 B 46 PR 5 ITIE B 32 N 83 I PR 1
BT A A PR 2R T 48 BRORT 45t 1Y) i B %
FUARGE, R T & k RE 5 22 4 il 8 A 6 o
FEREAET T, BEE RN T, Rl 5. HIEANE
LR S BOR B WEREED , A UM B 3R E
ERFBIENT S AT, SR LR D
KEWZBLERMEN, £5 7 ANWE LS E,
FE ST AR AL TR, R I e K A Ji
BB . N ML R R A A F5 A
fFEEAE, BEBRENETRS, RIAEH &
{1 77 5 A0 xE BORE 1 B A5 R Tr i o AR RN FUK
PLEE DS I A h, REEH . a iR
BErE. REEIN. BN G2 T SR A T RE K
70 DA N UL O R g8 0 AR I B L =
I A RCOK # e TR S LA R Sk i A .
EH TS SO R, BEAESRE.
FERFLAN LSS TT R E V) IE, BT
HEH i T R S8 BE . %7 KBS T,
FHEh B R B2y A ) T RERE .

DhRe e B RLIE D R G R B E R, &
B EARTIRZ, HEZRE. fMEEN ANET
e B AT A0 D AR A S A B R R
AT R AN R AR 1 . SR 7 S0 e Xt A
(¥ %% AL AT 22 A PRI Gk, SR 5 0 & B Ik R A

ARG A RAEVEI T DR — A EORP
£, A BLR AL 2 R ELR R A A A
7 AT I B 2% 10 77 e S0 o A HEAL AT RE
TR I LR D) B Aok SRR R OCHE .l BUM =
TR 2 AR 7 EARRE N
AR e LR, JREFX T
M55 ik, e — B A UM B M 2
SR B RN A AR

W8 5 T AL 2 11 ) oL AR I 4503808 A 1) i PR
N2 TR o AR T AR B AL 1 B 7 3 H
WAEGE o IX AT 18] AT RE R FH A B B 22 A
P o WA K BORAE K AN T AL 2 18] 4% 33
(EUSTIE 55 % NI F=P PN TIPSy aEE: &S

SR N D Z R S W &, IR2
PR [ B RS B AW ST, KER RS
AT UL AL IR B 6 AT VR T

& £ X M

[1] FETZ E E. Operant conditioning of cortical unit activity[J].
Science, 1969, 163(3870): 955-958.

[2] EVARTS E V. Relation of pyramidal tract activity to force ex-
erted during voluntary movement[J]. Journal of Neurophysiolo-
gy, 1968, 31(1): 14-27.

[3] GEORGOPOULOS A P, KALASKA J F, CAMINITI R, et al.
On the relations between the direction of two-dimensional arm
movements and cell discharge in primate motor cortex[J]. The
Journal of Neuroscience, 1982, 2(11): 1527-1537.

[4] CHENG M, GAO X R, GAO S K, et al. Design and implemen-
tation of a brain-computer interface with high transfer rates[J].
IEEE Transactions on Bio-Medical Engineering, 2002, 49(10):
1181-1186.

[5] PFURTSCHELLER G, ARANIBAR A. Event-related cortical
desynchronization detected by power measurements of scalp
EEG]IJ]. Electroencephalography and Clinical Neurophysiolo-
gy, 1977, 42(6): 817-826.

[6] SERRUYA M D, HATSOPOULOS N G, PANINSKI L, et al.
Brain-machine interface: instant neural control of a movement
signal[J]. Nature, 2002, 416(6877): 141-142.

[7] ROUSCHE P JNORMANN R A. Chronic recording capability
of the Utah Intracortical Electrode Array in cat sensory cortex[J].
Journal of Neuroscience Methods, 1998, 82(1): 1-15.

[8] NICOLELIS M A L, DIMITROV D, CARMENA ] M, et al.
Chronic, multisite, multielectrode recordings in macaque mon-

keys[J]. Proceedings of the National Academy of Sciences of



% 4% www.synbioj.com

415

[10]

[11]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

the United States of America, 2003, 100(19): 11041-11046.
MUSALLAM S, CORNEIL B D, GREGER B, et al. Cognitive
control signals for neural prosthetics[J]. Science, 2004, 305(5681):
258-262.

HOCHBERG L R, SERRUYA M D, FRIEHS G M, et al. Neu-
ronal ensemble control of prosthetic devices by a human with
tetraplegia[J]. Nature, 2006, 442(7099): 164-171.
CHAUDHARY U, XIA B, SILVONI S, et al. Correction:
Brain-computer interface-based communication in the com-
pletely locked-in state[J]. PLoS Biology, 2018, 16(12): €3000089.
WANDER J D, BLAKELY T, MILLER K J, et al. Distributed
cortical adaptation during learning of a brain-computer inter-
face task[J]. Proceedings of the National Academy of Sciences
of the United States of America, 2013, 110(26): 10818-10823.
LOGOTHETIS N K. The underpinnings of the BOLD function-
al magnetic resonance imaging signal[J]. The Journal of Neuro-
science, 2003, 23(10): 3963-3971.

GALLEGOS-AYALA G, FURDEA A, TAKANO K, et al.
Brain communication in a completely locked-in patient using
bedside near-infrared spectroscopy[J]. Neurology, 2014, 82(21):
1930-1932.

SLUTZKY M W. Brain-machine interfaces: powerful tools for
clinical treatment and neuroscientific investigations[J]. The
Neuroscientist, 2019, 25(2): 139-154.

BIRBAUMER N, HINTERBERGER T, KUBLER A, et al.
The thought-translation device: an update[C]//Proceedings of
the Psychophysiology. New York: Cambridge University Press,
2000, 37: S28.

FARWELL L A, DONCHIN E. Talking off the top of your
head: toward a mental prosthesis utilizing event-related brain
potentials[J]. Electroencephalography and Clinical Neurophysi-
ology, 1988, 70(6): 510-523.

GUAN C T, THULASIDAS M, WU J K. High performance
P300 speller for brain-computer interface[C]//IEEE Internation-
al Workshop on Biomedical Circuits and Systems. December 1-
3, 2004, Singapore. IEEE, 2005: S3/5/INV-S3/13.
PFURTSCHELLER G, MULLER G R, PFURTSCHELLER 1,
et al. ‘Thought’-control of functional electrical stimulation to
restore hand grasp in a patient with tetraplegia[J]. Neurosci-
ence Letters, 2003, 351(1): 33-36.

WOLPAW J R, MCFARLAND D J. Multichannel EEG-based
brain-computer communication[J]. Electroencephalography and
Clinical Neurophysiology, 1994, 90(6): 444-449.
MCFARLAND D J, SARNACKI W A, WOLPAW J R. Electro-
encephalographic (EEG) control of three-dimensional move-
ment[J]. Journal of Neural Engineering, 2010, 7(3): 036007.
GANGADHAR G, CHAVARRIAGA R, MILLAN J D E L R.
Fast recognition of anticipation-related potentials[J]. IEEE
Transactions on Bio-Medical Engineering, 2009, 56(4): 1257-

[23]

[24]

(25]

[26]

(27]

(28]

[29]

[30]

(31]

[32]

(33]

[34]

[35]

[36]

1260.

MITZDOREF U. Current source-density method and application
in cat cerebral cortex: investigation of evoked potentials and
EEG phenomena[J]. Physiological Reviews, 1985, 65(1): 37-100.
BOTO E, HOLMES N, LEGGETT J, et al. Moving magnetoen-
cephalography towards real-world applications with a wearable
system[J]. Nature, 2018, 555(7698): 657-661.

WANG Y J, WANG R P, GAO X R, et al. A practical VEP-
based brain-computer interface[J]. IEEE Transactions on Neu-
ral Systems and Rehabilitation Engineering, 2006, 14(2): 234-239.
MORROW M M, MILLER L E. Prediction of muscle activity
by populations of sequentially recorded primary motor cortex
neurons[J]. Journal of Neurophysiology, 2003, 89(4): 2279-
2288.

TODOROVA S, SADTLER P, BATISTA A, et al. To sort or not
to sort: the impact of spike-sorting on neural decoding perfor-
mance[J]. Journal of Neural Engineering, 2014, 11(5): 056005.
BUZSAKI G, ANASTASSIOU C A, KOCH C. The origin of
extracellular fields and currents—EEG, ECoG, LFP and spikes[J].
Nature Reviews Neuroscience, 2012, 13(6): 407-420.

STARK E, ABELES M. Predicting movement from multiunit
activity[J]. The Journal of Neuroscience, 2007, 27(31): 8387-
8394.

CHESTEK C A, GILJA V, NUYUJUKIAN P, et al. Long-term
stability of neural prosthetic control signals from silicon corti-
cal arrays in rhesus macaque motor cortex[J]. Journal of Neu-
ral Engineering, 2011, 8(4): 045005.

SANES J N, DONOGHUE J P. Oscillations in local field po-
tentials of the primate motor cortex during voluntary movement[J].
Proceedings of the National Academy of Sciences of the Unit-
ed States of America, 1993, 90(10): 4470-4474.

MURTHY V N, FETZ E E. Oscillatory activity in sensorimo-
tor cortex of awake monkeys: synchronization of local field po-
tentials and relation to behavior[J]. Journal of Neurophysiolo-
gy, 1996, 76(6): 3949-3967.

BUNDY D T, PAHWA M, SZRAMA N, et al. Decoding three-
dimensional reaching movements using electrocorticographic
signals in humans[J]. Journal of Neural Engineering, 2016, 13(2):
026021.

SCHALK G, KUBANEK J, MILLER K J, et al. Decoding two-
dimensional movement trajectories using electrocorticographic
signals in humans[J]. Journal of Neural Engineering, 2007,
4(3): 264-275.

CRONE N E, MIGLIORETTI D L, GORDON B, et al. Func-
tional mapping of human sensorimotor cortex with electrocorti-
cographic spectral analysis. I. Alpha and beta event-related de-
synchronization[J]. Brain, 1998, 121(12): 2271-2299.
KUBANEK J, MILLER K J, OJEMANN J G, et al. Decoding

flexion of individual fingers using electrocorticographic signals in



416

BENZF

£4%E

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

humans[J]. Journal of Neural Engineering, 2009, 6(6): 066001.
FLINT R D, WANG P T, WRIGHT Z A, et al. Extracting kinet-
ic information from human motor cortical signals[J]. NeuroIm-
age, 2014, 101: 695-703.

MCCRIMMON C M, WANG P T, HEYDARI P, et al. Electro-
corticographic encoding of human gait in the leg primary mo-
tor cortex[J]. Cerebral Cortex, 2018, 28(8): 2752-2762.
MUGLER E M, PATTON J L, FLINT R D, et al. Direct classi-
fication of all American English phonemes using signals from
functional speech motor cortex[J]. Journal of Neural Engineer-
ing, 2014, 11(3): 035015.

WANG P T, KING C E, MCCRIMMON C M, et al. Compari-
son of decoding resolution of standard and high-density electro-
corticogram electrodes[J]. Journal of Neural Engineering, 2016,
13(2): 026016.

PANDARINATH C, NUYUJUKIAN P, BLABE C H, et al.
High performance communication by people with paralysis us-
ing an intracortical brain-computer interface[J]. eLife, 2017, 6:
el18554.

MOSES D A, METZGER S L, LIU J R, et al. Neuroprosthesis
for decoding speech in a paralyzed person with anarthria[J].
The New England Journal of Medicine, 2021, 385(3): 217-227.
COLLINGER J L, WODLINGER B, DOWNEY J E, et al.
High-performance neuroprosthetic control by an individual
with tetraplegia[J]. The Lancet, 2013, 381(9866): 557-564.
BOUTON C E, SHAIKHOUNI A, ANNETTA N V, et al. Re-
storing cortical control of functional movement in a human
with quadriplegia[J]. Nature, 2016, 533(7602): 247-250.
NOWAK D A, GREFKES C, AMELI M, et al. Interhemispher-
ic competition after stroke: brain stimulation to enhance recov-
ery of function of the affected hand[J]. Neurorehabilitation and
Neural Repair, 2009, 23(7): 641-656.

BACHER D, JAROSIEWICZ B, MASSE N Y, et al. Neural
point-and-click communication by a person with incomplete
locked-in syndrome[J]. Neurorehabilitation and Neural Repair,
2015, 29(5): 462-471.

JAROSIEWICZ B, SARMA A A, BACHER D, et al. Virtual
typing by people with tetraplegia using a self-calibrating intra-
cortical brain-computer interface[J]. Science Translational Medi-
cine, 2015, 7(313): 313ral79.

GUENTHER F H, BRUMBERG J S, WRIGHT E J, et al. A
wireless brain-machine interface for real-time speech synthesis[J].
PLoS One, 2009, 4(12): e8218.

BOUCHARD K E, MESGARANI N, JOHNSON K, et al.
Functional organization of human sensorimotor cortex for
speech articulation[J]. Nature, 2013, 495(7441): 327-332.
WILLETT F R, AVANSINO D T, HOCHBERG L R, et al.
High-performance brain-to-text communication via handwrit-

ing[J]. Nature, 2021, 593(7858): 249-254.

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

HOGGAN E, BREWSTER S A, JOHNSTON J. Investigating
the effectiveness of tactile feedback for mobile touchscreens[C]//
Proceedings of the SIGCHI Conference on Human Factors in
Computing Systems. April 5-10, 2008, Florence, Italy. New
York: ACM, 2008: 1573-1582.

PRASAD G, HERMAN P, COYLE D, et al. Applying a brain-
computer interface to support motor imagery practice in people
with stroke for upper limb recovery: a feasibility study[J]. Jour-
nal of Neuroengineering and Rehabilitation, 2010, 7: 60.
AJIBOYE A B, WILLETT F R, YOUNG D R, et al. Restora-
tion of reaching and grasping movements through brain-con-
trolled muscle stimulation in a person with tetraplegia: a proof-
of-concept demonstration[J]. The Lancet, 2017, 389(10081):
1821-1830.

DALY J J, WOLPAW J R. Brain-computer interfaces in neuro-
logical rehabilitation[J]. The Lancet Neurology, 2008, 7(11):
1032-1043.

WODLINGER B, DOWNEY J E, TYLER-KABARA E C, et
al. Ten-dimensional anthropomorphic arm control in a human
brain-machine interface: difficulties, solutions, and limitations[J].
Journal of Neural Engineering, 2015, 12(1): 016011.

MILLER K J, SCHALK G, FETZ E E, et al. Cortical activity
during motor execution, motor imagery, and imagery-based on-
line feedback[J]. Proceedings of the National Academy of Sci-
ences of the United States of America, 2010, 107(9): 4430-
4435.

MORAN D W, SCHWARTZ A B. Motor cortical representa-
tion of speed and direction during reaching[J]. Journal of Neu-
rophysiology, 1999, 82(5): 2676-2692.

KAREN A, MOXON, . Brain-machine interfaces beyond neu-
roprosthetics[J]. Neuron, 2015, 86(1): 55-67.

GALLEGO J A, PERICH M G, CHOWDHURY R H, et al.
Long-term stability of cortical population dynamics underlying
consistent behavior[J]. Nature Neuroscience, 2020, 23(2):
260-270.

CHESTEK C A, BATISTA A P, SANTHANAM G, et al. Sin-
gle-neuron stability during repeated reaching in macaque pre-
motor cortex[J]. The Journal of Neuroscience, 2007, 27(40):
10742-10750.

FLINT R D, WRIGHT Z A, SCHEID M R, et al. Long term,
stable brain machine interface performance using local field po-
tentials and multiunit spikes[J]. Journal of Neural Engineering,
2013, 10(5): 056005.

WESSBERG J, STAMBAUGH C R, KRALIK J D, et al. Real-
time prediction of hand trajectory by ensembles of cortical neu-
rons in Primates[J]. Nature, 2000, 408(6810): 361-365.

SHEN L, ALEXANDER G E. Preferential representation of
instructed target location versus limb trajectory in dorsal

premotor area[J]. Journal of Neurophysiology, 1997, 77(3):



% 4% www.synbioj.com

417

[64]

[65]

[66]

[67]

[68]

1195-1212.

GANGULY K, DIMITROV D E, WALLIS J D, et al. Revers-
ible large-scale modification of cortical networks during neuro-
prosthetic control[J]. Nature Neuroscience, 2011, 14(5): 662-667.
GOLUB M D, SADTLER P T, OBY E R, et al. Learning by
neural reassociation[J]. Nature Neuroscience, 2018, 21(4):
607-616.

GANGULY K, CARMENA J M. Emergence of a stable corti-
cal map for neuroprosthetic control[J]. PLoS Biology, 2009,
7(7): €1000153.

PETERS A J, CHEN S X, KOMIYAMA T. Emergence of re-
producible spatiotemporal activity during motor learning[J].
Nature, 2014, 510(7504): 263-267.

JAROSIEWICZ B, CHASE S M, FRASER G W, et al. Func-
tional network reorganization during learning in a brain-com-
puter interface paradigm[J]. Proceedings of the National Acade-
my of Sciences of the United States of America, 2008,
105(49): 19486-19491.

BIWAEE: 25ME(978—), 5, IE
(R Y [ A e o= e o X 1 e |
A v R AN RN R TR

E-mail: xj.li@siat.ac.cn

1. X3E1998—), L&, it
WEFEAE o WF 58 05 18 A G AL 422 10 0 2K i
ik,

E-mail: ling.liul@siat.ac.cn

TR RHA RA R (=)

JTERT| AT K YR IRA R 5 B —) JURFENBHE O A BRA R U5 %




