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RIER P3 @ AR T B & AT RRHIER"

EM AER' EEA' AL

DU FE R I8 5O BRRL A IR SE B, HR 610066) (2 R EE 4 B O BREBE, WHE 610500)
C PR 2 R EAT A &5 51T 0 &g hot, WES 611130)

& E AU P3 SR AT S RS AR e Re AR . Ik, BUAT P3 M ORI A 4 R S A T
TS5 B B a0 o YRR PR BE R M Al ), B BT 3R R 32 shl s P3 MR BEXT A TR DI BE VR o ABIFSR
KB R i (neurofeedback, NF)JHIRTAR P3 MR, LISHEEH MHELE VAT AR RIEH . 67 Z80kbLs>
Bt 2 SEH02H (IR P3, n = 34)s X AL (T P3, n = 33), JF7E NF YIZRATS 58 UG @155 . a5 RS UIZRRTH L,
SCEO A NF Y1125 n] 2 FRETAT P3 MR E, ZREHH AT B0k FHRTAR P3 FEAEAIBATHEHIZhRE, MTiAE NF Y25k
T 5 4 R v R AR A AR 2B R T R —— 0 R 4 1 TR S WA 45 TR ISR B A T X G TF )i (late positive
potential, LPP)J MR LML XHRAMIAH/ : NF IG5 1H 20810 BRI AU P3 MR T RE, B4R AERAE %,

)25 53 B, P3-NF Y1125 = 2L H A PRI ROA% P3 i AR S B 28 R it . AP oe e essikibgit A
TR P3 LIS G 45 AT RER, B & — 5 7R 7RI P3 FEAE ARSI PR T4 1 2 B Xot 1 2 1 114
PRAEF, 53— TR I ACTE Y7 IVHISIE 55175 28 115 B i £ 3 F2 It 1 JC QN TCRIE FH 17 2 15 B 77 st i JEL 8
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SR ALY, MR, T, B4 P3, WLIERY

SES B84

1 55

5 28 JR 1 VR S 4.0 BRARBR B A0 e g, X
B FA YT 22 Pk ph s B AT B 22 L (Preece et al.,
2023; Velotti et al., 2024). A RAIIELE AT AILEE
RAATR DR S G 28 05 ) B P 22 2 B A RS, 3
AE I & 203 A MR Y AL 23 35 N BB 0 A AR O T
(Springstein & English, 2024), & 25 V8 15 /E A i A
WIIRE, WL R A A R, A RS 2 S
A BRI R SO 5 O R | RS ]
#1022 ik 77 30 (Sheppes et al., 2014; Zhang et al.,
2025), A HVEE PEAE Sy d L 3 0 1 1 4 8 1 SR
Z—, B A AR X1 2 R A A R R T Y
1% 4% 2% (McRae & Gross, 2020), Kt i G BF5Y
FW, NI CC IR A ) 22 W SR
B2 AN i i DO e 2 1 4 BN R GE Y A

W H 3): 2025-12-27

R B9 R (Morawetz et al., 2025; Zhang et al.,
2025), FE T2 g ORI 228 R I PR R ik 3
FERFFEHE— AR, W0 MO B MO iy 45 - B
J2 R SRR A A B A ) 17 i AR i B, O
.2 AR AT 5L AR OC G DY TR B R HE AE,
2019; HEZsP 4%, 2021; He et al., 2023; Li et al.,
2022, 2024; Mo et al., 2023; Zhao et al., 2021),

55 285 I8 7 Ak AR 0 R0 I BB 32 A A B
TS I B 2 R SR T s ST i 2 T A IR TR 1T
BB RN 21 S DR DA 3 B0 B T R 2
8 JE B A K T7 2ORE T SR 14k . AL
RSt A, it 7 ey R RS A A e 22 A g 4
Tl T HE(Cheng et al., 2024; Ochsner et al., 2012),
ERP 158 A1 46 4 755 1 X — LI By B it 1 Ik (]
SRS o B PSR PR S | T T 5 | R G
f (R4, /T 300 ms; Olofsson et al., 2008),

* [E K HRBHE R A (32271102) MRS I Bk AT T 52 5 H (2023SHIBS0003) 32 ¥ o
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BBV A3 AN E SRR PR R Oy
o AR T SRR T A S, I R R
P B IR 0 R T SR BN ETA P3O BE Y b R
(Bernat et al., 2011; Moser et al., 2014; Yuan et al.,
2015, 2023). HIHL P3 21 4581 S5 PhATH I D g
T B oA R 42 i 5 5 A PH R R B S AR e A AR
¥J(Yuan et al., 2015, 2023; Zhang et al., 2023), 4F %l
1), AWPTFEEX T ES T OAREE) . N
BeuIvs 28 875 A LR —Fh 45075 & M4 P3 . &
B2 R = 2 i I O 7 X V2 O E R 20 R 2|
WL FIN R 250835 250, BUAR P3 MR 2 I 25 1Y o,
X R FTABEA T B 22 DN R ) 5% JROR SR 2
R R I 3h RN S 6 1 £ (Zhang et al., 2023). & A B
GERIE, WAL P3 RYHE R 5 1 A R SR S S
AR 3] 1) 175 28 5 B O BT DG, X R W 01 IA R0
5 i BF R0 A1 28 W ROR B — 5 By R0
YEHI(Yuan et al., 2023), [A] i, DA 1426 D RE 2 54 1Y
TVHRRE 8 5 R0 G PR B AR TE 32 20 17 4 8 7 B 0 vk
ARARTIRIAT P3 MR, T ELAAR R BB E AL
LV %% (Yuan et al., 2023), iXiF—2 R TG E
TIHTA P3 SIANHMEERI BT IR BREK R L5 b, A
DHRGEUESE T P32 45 IR T R 0T R A 4 i
AR B WTERR, H 1 ARAT BT I8 5 BRI 19 i
A P3Gk I LI A 28 R T 4 R B AR, I T4 R
AL P3 FRAE AN FAR ) 28 GEAE N 45 VA 1 S Bl St
A AR

A 5T K A 42 15t (neurofeedback, NF)$H AR
it e bR [A)8NF & —Fi AR RO HoR, Bl 5
i ST DA R I By, K SR Y B 28 T SRR E AL
RFEBR S S A A, A A TR R A S
ShaE STV IZFR bR, AT 3K B 508 4 g il 42 17 A
LA H #R(Krause et al., 2024; Lubianiker et al., 2022;
Sitaram et al., 2024), 5 At &M M 75 ' FL G 28 08
FEHRAA L, NF VR —Fh sk e 4s 7=, B4
XoF B2 R RN R, RE B A AT LA S ERS
EUbR A 2877 05 B R 2% AU AS o . B8 % (Lubianiker
etal., 2022), 7ELAKi i (electroencephalogram, EEG)
ik DU F-Be B NF i, JET EEG TR NF R
O & AT LB A, KMok SCH e A 2ok 38 T
VE1C 12 T8 #r (theta J5i Bt . Eschmann et al., 2020;
Eschmann & Mecklinger, 2022). il #% #il (alpha 45
Bt : Zhou et al., 2024) L) S A% 25 717 (theta 31 ExX : Li et
al., 2025b)% N HITIRE . LT EEG 9 A K51 &
W, A AE S # 7 (event-related potential, ERP)

POA N 5 BRI ANE S) BA TR R, Hitk
LT ERP (9 NF ] LR FAT] T A g A £ BhRs
AR 2 (5 R o SR H TR B T =3 ERP-NF #F5¢
(X3 0 Wi 5 o T 4500s), - G v R T LA 3] 4 2 DR 171
MIIRBEA NF Yk HAn, Mg m 7R AFER T
EIRWT B HE R BE J1(Chang et al., 2014)LA K& F WA
IR BB T 3E TAEICAZ(Pei et al., 2020); 55H
— 50 NF A58 2 I Z50K5 #7208 £8 35 46 vy LT
Pk N100 W B, EAIK BN ARCR HIF R 220 &
HRILIWTRE AR (Rieger et al., 2018),

ST HIA P35 1F 45 5 SRR A N4 ) B U
AW EAE SN, ASFFEIE L AR HTA P3 i B i
AT DA N2 ) B e X155 28 ) 1 Y AR, O 1
25T AT R A A TC RS ME R IG YT R A SR A
7 R EUA B =15 ERP-NF BF536al F, ARHFo8 £
BT T ARk e . B, FIE R IR
i A4 2 — 20 ERP-NF YRR, ] 687
THET BRZH B 1A 2 A RN /N T BN R B P L Sk,
A ST 1L PR AL Bk o3 ) b ) (SR e 2 ) AT I O R
) P3 WRIE, —J7iH, AHRIT IR AR KRIE T NF
RN, I B ES NF IRy Iy mje 55 i
TR bR AT R T A . 53— T, P
TEVN SRy BB S 5, S 302 R R0, 1 2~ 2%
oy 45 PR 2% T i P s R B R 1) — 2, AT
AL3E el RN HEBR 2 o B, FRATAAEFT S
R T A7 045 bR e £ 4R 75 (Chang et al., 2014;
Pei et al., 2020; Rieger et al., 2018), i&SMIA T &M
Y UL 000 i o DA T B AR P4 NF JINZR BSR4
SCRFHTIX B 1E B 43 (late positive potential, LPP)fE
Ry 1 G AR 6 5 R BV T A8CR B B W AS s (1
M 4§, 2023; Li et al., 2023; Li et al., 2025b; Tang
et al., 2025; Zhang et al., 2023; Zhao et al., 2021), fJf
FERITIX LPP i B AT DAHERR #0315 M
22, DB A b 1 45 IR 56 3 B (Zhang et al.,
2023). =, NF YIZRECRA A ZE R NF L
St e o R T AY TR) Bl (Haugg et al., 2020; Hellrung
et al., 2022; Sitaram et al., 2024), MEBETT 242
R M7 I W ]2 A A I
ERP-NF WF58 A ML R HEA T H0E o ARGE LT HIE T
NF IR 25 53 19 I8 73 A iIF 5 (Alkoby et al., 2018;
Haugg et al., 2020) FIAH SCHF 5 SCHR (LI et al., 2025a),
AW ZEPH TS TE R NF YR80 50 e A =%
FEZE Y B HT A P3 IE B2 (Alkoby et al., 2018; Haugg
et al., 2020) . H % { FIA 0 5 PE S W 1945 28 (Li et al.,
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2025a), ASCARBE: P3-NF ] LR SR i ol 20 155 2%
P RO . BARRY, SCISdIREZE NF I 2R
i EAERTE P3 MR, HZ NIRRT i R il
Y5 J5 I 4 T RE T ([R) s S W TE 17 28 32 % UL FE A
D NP0 = W e = e s w0 o A i
ERP-NF (1l R0 30 al ml 2 T L 20 PR 3K i A7 — i
JE R TR0

2 gk
2.1 #ik
ARIE 5T 15 B S0 4 RN BR A A4 ) o 7R SE 56

Bt B, FA1dH G*Power 3.1.9 HAF(F tests,
ANOVA: repeated measures, within-between interaction)
HF E A M NF BFIE R 08O (2 = 0.07;
Eschmann et al., 2020; Eschmann & Mecklinger,
2022; Pei et al., 2020)JE4T T FHAiAEAR BAL T,

G*Power HHJSEHESHEM T Effect size f =
0.28, a = 0.05, 4%k =2, EEMEKE =2, &
B EACRE = 0.5, 5T LRSEL, 7E Power
(1 = B) = 95%IITEOL T, Prfsi/NEFEAE N 46
No MHEARER 64 AW, WML
99%. HIEF| NF YIZRFRRLi ) 4 K 55 i Y ] g &

BREAGLE, FATHSE T 70 2 10)1TE K274
Z 5500, SR A% 35 N RS 55 Y
NAFT, BIIIE R B IR IR, T4 s
M s, HCHTAREEZ 0 NF A SIS, WF9E 3
201 RHE R A P By 2t ife, iy 2 5 & a5
B T I X 25 2 T R A

S (1 )R IRZE 2 Nk 3 AR 58
A RS g AR (NF YN 1R ), FFHHRRR .
2, G 34 Ak, IR 33 APl
S TTIRTD, A S S5 E ML TR DAl
H# % (beck depression inventory second edition,
BDI-II; Beck et al., 1996). 7 ¢ /RAAA% 5 o £ 6 i
%% (trait form of spielberger's state-trait anxiety
inventory, STAI-T; Spielberger et al., 1971)., & %4J#
) 4 /Y IN F E PE F i % (emotion regulation
questionnaire, ERQ-R; Gross & John, 2003). W% 1
J7R, SEERLH AN PR TEAEWS | 1) A i ) 75
g B EESR
22 IR

SHIT R 1A E e, 25 58 IR AT
%, SEA%EYR NF YIE . WA E T
SR, WA HELE LR RN, M5, 5%

F1 FARPMARILH A OFHFE

AR i SR (n = 34) Xt HRZH (n = 33) Gt R
EW () 20.15+0.20 20.58 + 0.27 t=-1.29, p=0.202
I (/55 19/15 21/12 x>=0.42,p=0.518
HAR(BDI-II) 8.12+1.27 9.76 + 1.380 t=-0.88, p=0.384
IR 5 JE (STAL-T) 4562+ 1.54 45.12 + 1.864 t=0.21, p=0.838
A P F 5% (ERQ-R) 31.27 £ 0.86 30.55 + 1.086 t=0.52, p=0.604

e BREEDIE RIS, A M AR t RO RIPAIRSE T RR AWE £ PR, 405 DSR2 (beck
depression inventory second edition, BDI-IT) . 7 B¢ /R P14 435 57 42 J& B 3% (trait form of spielberger's state-trait anxiety inventory, STAI-T) .,

1% 46 V819 7] 28 B9 A HIT EE 11 2 3% (emotion regulation questionnaire, ERQ-R).
A B
" | P3-NFIlZ |—| JEN
I T > 123456
- — 789
wamries || [lll | [ wemres EHA OAEEE W
=0 (0.4-0.8 5) (65) (5sA) (5sH)
C

FENLE=R RBEE AL NF FELZS Bt
(02-045) 135s) 0.55) (02-0.45)

K1

®E
(10s)

1545 R 30
(1.3s)

NF
(0.5 )

LEAR . A RS WEEE . B ANATE IR S RIS YOR AL, C: #1425t (neurofeedback, NF) FAE YR K

gyt 30 HE R T 63 s)IRE 10 so BTG TH @i B P 2L @AKo R IELHE TR, T A .
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%% 5 1 sessions [ P3-NF JlI%k, JIkaik)E, =
5535 B 58 O [A] DN PEAT 55 5 I, DLPEAL
NF Y55 R 17 45 015 RE 0 e As o S50 ) i S
{#i F Psychtoolbox (hi4<: 3.0.14; Brainard & Vision,
1997) T H A,
23 BHPATES

S5 HE 0 A AT 55 A A E AR S5 . PR
1% K i 22 45 (Lang et al., 1997)Fh % H 60 5K 71 14 (&
b, B R 2 AR, EE 2 AR U
T U G 22 5 (B M : t(58) = 0.00, p = 1.000;
2.48 + 0.08 vs. 2.48 + 0.07; MR t(58) = —0.17,
p=0.87;5.31+0.11 vs. 5.34 + 0.16), &} D¢ i 72
WF: DAA TAPS E R 100 5K, 8 HI7E 2.5 43
KAy, MeRREEYEHIAE S iAo 2)R ALY
LR (5] 4n 0 2 i ok i 3 B R A ), R A 45 A i —
ko 3K ALY B & — D BL AP RL o, 4 2
WIZH o 4)THE P B R e BE p {E (S A t A
5), WORA WEZES, BIK IAPS Ky R E R i
PE. OB 1~2 RIE R, BP0 g
T EZES . PR A, JE
HT4E B, 5ol . SCs it fe b ird &
AR BUAE LCD BRserh ke, MAASH 3.0° x 3.5°, il
HIEHHA TN E IR . BN, sz 028 T
BUR B, Balpidts . nlEff s 2 dF o005
P E RS, W& T T VA E T
iR B 44 B 7E 2 /D 2 3 5k k] [/ 1 58 T g
T A AT PR ORI

15 28 AR S B R R LI 1B, K
UITFUREY, S 0.4~0.8 s IUTEM S . 55, A E
MAEE R 6 s, MBI 2 A PR
Wl R I 4 RN . % RSN T gt 5e o
Sn: BT 4%, 2023; Li et al., 2025a), 6 s ]
SRS SE O E P R, (R  E T 44 B ] RS ) A
SEMHAM LA S5 . FA 2 6 s J5, 2 5HGE
5 s Wt s BUAR 2 SR S A 48 Rz, SR 9 AT
(1 FRR R RS 25, <9 F s fesi ZU v A
). MJE, 765 s RS AR PEAT 55 10 IRIMERR B2,
[FIRESR 9 sSPF A3 (17 FR7R I (7T B, <97 RoR i HfE)
RIS 30 ANk, 24 8.3 4i4h . i i
WA 7 20K XRS5 APl Tl
FPAT 55 R MERR 43 o
2.4 ERP-NF iJll%

NF YIZTFIAHT, R T BEALSS w7 21 (52 5
L RRAL) . S0 A AN S5 ) R o R

K0 A 1A B S U AR . AL 7E BB
K ARSI RN SIS ke ) 58 4 A
[A] . NF YIZe3L5 5 BB (session), N Bif
5 MR (run), BYBRMRE 2 408h . AR
R NALE 1C: HAREM 0.2~0.4 s FbL=S
B, BERM 13 s AMEHER A, REEH 0.5 s
TR, ER 30 G idEA 10 s KERE . NF
B B 4 S A SR WA AR AT 1Y) 30 sk B 45 | -, RLA]
A B AER R RIBEHL . 5 4 NF BrBeR AR
MRS E R . 2 58 TEWE % B R iR R
IHEAEM T A SRR (RS EART . 855 1#
Rk e 45, B2, FeReTER, DA, M
S EARBAT I RERAT 5, DR SR T
R SR . HRYE F3. F4 Ml Fz B A9-F44 P3
W AR B T TP £ AR AR Y e B (LA L 2.6 T
NF B AEL AT o X T 92004, AT P3 MR Y
I, LR BE LT P3OE EEN DA, 21
AR B R o X IRAL AR S, 20 R s FE B A P3
BRI b TR R B B S NE I g R R 2 2 39 234

M EE% B R R (A #E 5F, 2005) ik
150 5k e B, A HA ok 5 A T4, B8 S AT
P R 280 e O 32 TG 22 5 (R - F (4, 145) = 0.16,
p=0.960; 2.70 + 0.06 vs. 2.76 + 0.07 vs. 2.71 + 0.05
vs. 2.70 + 0.07 vs. 2.71 + 0.06; MEfEEE: F(4, 145) =
0.16, p=0.960; 5.06 = 0.07 vs. 5.09 + 0.08 vs. 5.10 +
0.07 vs. 5.13 + 0.06 vs. 5.06 + 0.07), FZHIRTE 5
A~ NF B B il i 1 R 7 B 0 3 2o B BE AL 1)
T E -
25 MEBESRE

fii 32 3 3 JC 2k A FL K #% (NeuSen. W32,
TR BB A A BRZS F), v ) SR AR M
o REEREE N 1000 Hz, HH BT HIZE 5 kQ
VIR, ZH B AEMFLEE, Ml F Cz.
2.6 NF #HIBELZS

f#i FH MATLAB (2023a)91 1) [ 5 SCREIA S S
0 P B3 A T AR R A B o ARPERTAT P3 MR AR 1k
SEIHHT IR BT A R . P3 MR EE B LU A
B EEXTEIB Fz. F3. F4 GRS S 51T
0.1~30 Hz By @ s v, THEAE % K A 2 PU5 300~
1300 ms B} [H % MG 5 P20 B, Jf k17T 5 4ehs
1E (s 215 45 A7 P LR AT 200 ms B8] 2 45 5 09
WIWE ), feJait 8 Fz, F3. F4 = AH K41 .
IR R R 20 om, 41 NF 8 ITHE
BB BB A I T R R N 0 cm, 8
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ZEAE AR U P3 M AR 1 4 R T R AR 1497

YR AR AR A A 5K T 15 R I ETAR P3RBT
N Yk BE TE AL R B = . S T
ERP-NF #5%(Chang et al., 2014; Pei et al., 2020),
SIS ZH B SRR Ay - B R 2T R A i B AR T
Bl 75 & P3 M BEFIHT S 5K B 775 & 13 P3 e B
Z2ZE 2 A% BN P3 R EEAH FL 20 5 A P3O B
FIAE BT 0.5 v, WIET a4 B BT 1 om.
ARWEE 2. 3. 4.0 5 RE R A OB = AR
FABCHETIY 1. 2. 3. 4 K P30 B A Y(E UEA T AH R
BT o R AR AR 5 B T T R A 91 R PR A
=2 F| 2 cm Z[H], WK P3 Mg EE RGN oD it
1V, 58 2 cm 38—2 em BOHT O BAR S FE  XFIRZH
Fi B S 21 57 4 A S T T SR AT 0 AR 1R
27 BEREESH

ffi i EEGLAB T. H {1(2022.0; Delorme &
Makeig, 2004)H1 MATLAB (2023a)" (%) [ & XA
XoF 8 28 i P B A AR B e S0 S R
B 1000 Hz FFRFEZE 250 Hz, RS 0.1~
30 Hz iy 3 % I #5 22 BRARAIE AL Al s e s, 9 LA
XU FLZE AR I BIEVE A S B T ES % .
B RIS A BRI A S e A BR AR B A

EEXE NF UIZRAE 2508545 55, K 3% 22 i v 4
P4 A S PLRT 200 ms 2= K 235 1300 ms (NF
YIZH)BE 6000 ms (I 2598 9 11554750 B, JF LI
AL BUAT 200 ms fE RS FT IR AL IE . B, R
FHE150 pV A i 2 5 (8 500 85 Oy e 3k R i) 43 B o

WS ERP 5347 R AR T P JCHE L 43« A
P3 FITIX LPP, SO AWIF, Hi&i P3 & LK E
FRIE 300~1300 ms i [B] & P R4 HL R S (Fz
F3 F4)[W V-2, S me [ BT a o ms il
= PR AY 4 B (Yuan et al., 2023; Zhang et al.,
2023), TilX LPP & X HE R 235 1500~6000 ms
k8 7 P4 T IX R M A5 (P2 P3 . P4) RS- H e, I
MR X155 25 ) T8 P AR e P TR AT 2 e TR ) 5 R (L
et al., 2022; Zhao et al., 2021),
28 HitHiE

féfi i RStudio (2021.09.0)F1 R (4.2.2)# 4714811
GIHT o R PEGE T 45 B DL S HAPR HE DR (SE) T X
TR,

FVEAG NF 2R A8, RITZAPEIR & 20
[0 )9 (linear mixed effects regression, LMER)4: i1 46
¥ NF Y Zrad B2 b i a P3 AR, il lmed T H
52 (Bates et al., 2015), BT IR ETAR P3
R AR A W A v 1 1 S PR (I 5 B B A 4L

i S A B AR ek, dat oy X3 SR FHIE 28 %)
HeZif%(Wu et al., 2022), BARUIT : 451RH 50
X GmAh (LR +1/2, X2 —1/2); VIR BOR
I 2w 05 B session 4 (+1/4).5(+1/4)5 session
1 (—1/6).session 2 (—1/6) .session 3 (—=1/6)H 1T HL#K .
AN, 2 Y A A R Y A K B HIL AR 45 A
(Barr et al., 2013), J&#& f0 55 REHLEEE A2k B B
FERO BENLAFROLAS 1), Wi LMER 8t
FULA 155 150 UL ) 53 )11 25 B B3 = 2807 1 B L AR 236 LA A1
LA K ImerTest t1AY Satterthwaite ¥1 /L%t
B p {H(Kuznetsova et al., 2017), AN RAFAE B EH M
M HE L HAEA, 4 emmeans £ (Fernandez-
Duque et al., 2023)#1 735 J5 L #, H- R FDR J7ik
P p (E DI IE 28 LA
T4 AE S ) RS 2515 . AT E A
. RIHP3 MEIE . TEIX LPP iR AR R 2
K LMER $E1 748 1146 56 o 45 78 A0 55 i 5 0 2 531
1) [T 380 e A2 AR o i A SR P =30 X i 7,
HE AT 5 WA R —1/2, J5 AT 55 B R +1/2, B
1) IR AL 250 235 ) A, 5 T L A B R 7 00 = 2800 1Y)
BEALRER (LA 2),
Y~UII%: Session * 415 + (1 + 25 session|#ix)
(A1)
Y~BOEI * A5+ 1+ FE )
(K 2)
Sk NF I ZR805R 5 Ja SL1E 45 415 s = 1]
MICR, ¥ NF YIZRCR AL TT# P3 7E 5 AU 2%
session HH [ fAT B2 PE [P H B (Li et al., 2025a,
2025b). FifiJ5 2% H Pearson AHCAMHT, Wiz 45 b 51T
e B B IS 2675 . P3 ANTIIX. LPP 0 B 19 48
AT AR OC S [RIAS, SR FDR J7 838 r A5 AH 5 43
Mri p (UM IEZ E . BLok, i NF Y112k
RACRR I A L A Y T A T I RIS P3O AR Ak
A AR A 25 PR T AOR, SR bruceR T H AL (WA
0.8.9)4 ) PROCESS pRELA I Wl E g it 11 A
J3HT(Bao, 2022). AMFFEEIFPIAEAE, R NF
WIERCERARAANE R R A A i A 28 e, ZE9K
EHHAT A, RTLUUTIWAEHEE: 85— NF
2 B A, H AT R U0 ZRES O ] )E A 3
St (WG M Haugg et al., 2020), KA 50%F)
BB NF Hhik 281 B I ZRROCR o TEAHERH,
NF Y1255 F2 vh P3 g B i 45 A2 B s e 115 46
T RO A kAR Rpffife AN, Kiges b
8 P3 BYBN(NF R0 HAE 25 8 15 ROR 0 5 At
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B

#H % 58 &

Y,
=

FRTE. B, ATV HEER NF B0RE
AT AR, S, AR
L VRRUE VR AN AR R T I R . Rk, A 9T
ZHHY NF YIZRRCREE, MUAEGTE Lk T 505
BN, I RIFEAS & 38 2 7+ 7 A A i 4
TR RS T AT SEPE o R4 BT, NF YIIZR300%R
TR ARG, TR AESS i ai P3 ARk (5 D s,
OO AE R AR g, S 2517408 LPP i AR
A O I BRI ) A Ay PR AR s, 4 2H AR S o AR
i FET 1000 > Hh R ] R AE SR RIS FEA B
IR S He 95% I 2546 1E B AR X [BI(CD). Ja N T
#52 NF YIGRCRE T RER 2 m R 2, BT T
TR . PR, ERQ-R. BDI-II. STAI-T HIHij il
P3 I B 1Y) 22 JUZe Pk [ SRR 0N NF I ZR440%
AEIE A FNENE 54T SRR T 43 5 i 22 Z Al
Ui {F

3 45

3.1 NFiIZEER P IEE
TATRA LMER 228 T 5 4> NF JIZkBrE:

(session) R4 P3 MMREEE (K 2). &5 Wos, A0
TRV B, B=2.17, t(65) = 2.51, p=0.015, L&
ZHBYTTA P3 IR (3.256 + 0.676 pV)i & & T-%f i
ZH(1.09 + 0.53 uV). A5 5l %k session Z [AJFETESE
HAEH, B =3.14 uV, t(65) = 3.06, p = 0.002, WK
2A. HJ5 BT HLELHE session 3. 4. 5 ERBLTL
IO 2H T P3 I 35 v XS RE A, SCEG A vs. X HE
session 3: 3.40 = 0.77 vs. 0.75 £ 0.49 pV; B = 2.65
Vv, 1(65) =2.76, p = 0.006; session 4: 3.63 £ 0.85 vs.
0.65 +0.49 uV; B =2.97 uV, t(65) = 3.10, p = 0.002;
session 5: 4.08 + 0.70 vs. 1.15 = 0.74 pV; g = 2.94
uV, t(65) = 3.06, p=0.002, XL XA NF Y12k
BOROTHE X i P3 78 5 Ik session HAY
] B Pk [l A PR HEA T ST FE A ARG 5, S5 5R

SEERLH ) NF IR 0R I 3 5 0 R (S 5 41
0.40 £ 0.16; XFARZ: —0.13 £ 0.13; t(65) = 2.60, p =
0.011; ¥ 2B).

BeAb,  F1 ki) e IR o s U AL o 52
A dn, WA Ay A S iR LR A
i X B 20, W B [ 2 A A ) O 3 2

A
51 SR ok *k *k B 2r . *
5 A 4] (A4
al pogictie N
1r o.o
0 R —
2 2 ~ =
=9t °
_1 L
1 -
0 . . . . . - . .
1 2 3 4 5 SLIAH pay;icti:|
C . Session
6 — ZBH 4 6 6 6
POy
4 4t 4t 4 4
5_ N\/\/Aﬂ VA |
B 2 ‘ /\/ 20k 2t 2 20
L1 i\l i I | ?
'J i | (
) Y Ao Aaad | Aou~A |
0 7 0 0 ,\'\/ ‘ 0 VA 0 \\/\:
| \; { |
_2 1 1 _2 1 1 _2 1 1 _2 1 1 _2 1 1
0 500 1000 0 500 1000 0 500 1000 0 500 1000 0 500 1000
ifE]/ms i} 18] /ms it &) /ms fE]/ms i} [&] /ms

B P3 761 25 L5k (neurofeedback, NF)YIZ: a2 . A: NF Y2k ) 5740 P3 IR EE25 1k, B: SCUb4H 5% 4
NF Il G55 2R (FIA P3 7E 5 11145 session HY A A7 BAL2R P ] I 48k 30 S HOph s BE AR ¢ 4GB0 45 5 . C: NF Il Zrad 72 v
HYRTA P3 IR, AEEA 43500 session 1 F] session 5 T . HiI&i P3 WEJE Mk 25 Fz, F3, F4 fIEE .

Pl R A (0 TR 22 VU L R bR iR, K4 3R7R P IR RTTHART[ & . B PEKFE: * p<0.05, %+ p<0.01,
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x =0.74, p=0.389, AMFFEANAEYIR 5 AT A 40
1555 J5 A4 AT & i 4] o
32 BHPTESH PIEE

1545 AE 55 ETER P3 IR EE AY LMER 43 H7 ik
N, HBIETEM A B, B =5.29 Vv, t(65)
=5.40,p<0.001, WK 3A, FJ5 L ER, JEIE
B, SCHGZHMTTAL P3 EEL(3.49 + 0.94 pV) i E &
FXTHEL, —2.34 £ 2.19 uV; B = 5.68 pV, t(65) =
3.56, p<0.001. FiRF B AW G S A 0] 22 57, 5240
2H: —0.05 + 1.96 pV vs X REZH: 0.77 £ 1.13 pV; B =
—0.01 pV, t(65) = —0.004, p = 0.997, SZI2H (Y45
P3 i B U251 (-0.05 = 1.96) I 455 (3.49 +
0.94 pV)IEXEAN, B = 2.29 uV, t(65) = 3.28, p =
0.001 AH S, X FEZH A4 P3 I BE I ZRTT(0.77 +
1.13 pEIIZE (-2.34 £ 2.19 pV) B ERAL, p =
—3.01 pV, t(65) = —4.37, p < 0.001, HE4HT R,
PIZH B NF Y2RS5 18 45 0154 55 T By RTA
P3 Ml BE A AR Ak O 0980 25 i) i ARG, r o= 0.28,
p(FDR) = 0.034, "L[E 3B,
33 BEATESHEVELSMNTRX LPP IEE

B3R U PEES A LMER Z304T s, 250
B IAZ AR W%, B = —0.59, t(65) = —5.32, p <
0.001, VWLIE 4A. )5 LR WIR, BB, S804
PR (3.16 = 0.21) i F KT XHRZ, 3.83 +
0.25; p=—0.67, t(65) = —2.19, p = 0.028, i il i B
HRWELE L 0] 22 5, LG4 3.46 + 0.20 vs %] HRZH:
3.54 £ 0.23; p=—0.09, t(65) = —0.28, p=0.777. =L
5 20 Y 7R TE 43 IR T (3.46 + 0.20) B3I ZR)E
(3.16 £ 0.21) 2 EFFAK, B = —0.30, t(65) = —3.84, p <
0.001. Az, *FHRZH Y T P4 UIT Rl (3.54 +
0.23) VI (3.83 + 0.25) BN, B = 0.29, t(65)
=3.69, p < 0.001, AHKAHT AN, MBI NF &%

A 20+ Fkok

10

+I—¢LI‘

TR BE /uv

AV AL W3 UARDC, r = -0.43, p(FDR)
<0.001. BLAh, PILH B AE I 28 08 19 A8 55 s i Y
HIA P3 WRAEARfL 5 I o A8 5 I 3 6 AH G,
r=-0.47, p(FDR) < 0.001, W& 4C,

155 28 VR 5 R TOME FE 343 1 LMER J3 AT i, 26
SR Je I sE BAEH W3, B = —0.52, t(53) = —3.86,
p<0.001, WL 4B, FJ5 b ER, SCEK AR
MEFE MIIZERT(3.39 £ 0.19)FVN 45 (3.37 £ 0.21)
FREAR, B = —0.24, t(53) = —2.50, p = 0.012, Hi)2,
Xof HRZH B3 o e BE MUINZRTIT(3.14 + 0.20) BNk
(3.66 = 0.25) @ FHHhN, p = 0.28, 1(53) = 2.96, p =
0.003. MM BR, MAHBIEHE TS T
RTAR P3 e (A Y A8 fb 5 F 0T X B R I At 5 67 A
%, r=—0.42, p(FDR) = 0.005 . {H %A & B9 20 93k
NF 2025 5 3PPk BEREAIR A i EAH G, 1 = —0.08,
p(FDR) = 0.583,

5 [X. LPP 1 £ # LMER 238 S, 75 I 3244
N, B=-2.23 uV, t(65)=—-2.58, p=0.012, #Fix
TEJ5 I LPP W& BE(2.03 £ 0.91 wV) i Z A% F i
(4.27+0.76 pV)., HHEZEARE, 415015028 BAR
2, B =-4.23 uV, t(65) =—-2.45,p=0.017, &L
Kl 4D, F)E e, FpE, SC8an LPP
W R (0.19 = 1.31 pV) i FHAL T X E4L, 3.92 +
1.20 uV, B =—-3.62 pV, t(65) = —2.06, p = 0.039. A
TR B ZE 3 1 2 A0 Ak, SEU04: 4.53 + 115 vs.
XFHRZH: 4.00 £ 1.01 pV; B = 0.61 uV, t(65) = 0.41,
p=0.683 LI 4111 LPP I B MYIZEHT(4.53 £ 1.15)
FIN5(0.19 + 1.31 pV) B EFEK, B = —4.34 pV,
t(65) = —3.56, p< 0.001, AHJ<, X HEZHAY LPP I &
YIZRT(4.00 = 1.01 uV)FIIZEE (3.92 £ 1.20 uV)i%
H2Z5,p=—0.11pV, t(65)=-0.09, p=0.927, #%
I3HT R, BAPEA NF RS LPP I AR {5

1 1 —_ L 1
AT Jail 15 0 500

201 B 9
> o ©
=t I °
b2 10 e ® ¢ ®
= 0 o8 °
M ' [ ]
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a -10 ®
g . i
= 20 e
X B
—30 r=0.281
1000 1500 2000 —40 —‘2 —‘1 O 1 2
At a]/ms NE¥CR

El 3 BIE P3 7RS4V LSS R ek Ar . A: AIAR P3 IREEFANEIE . B Fz, F3. F4 3¥{H. B: NF YIZ3E 501
HR P3O B AR (5 I AT I AR 5% . K * p < 0.05, *** p < 0.001,
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Hir Jaiu 0 1000 2000 3000 4000 5000 6000
5} 8] /ms
a*b=-0.088 ——— NFill%
E [-0.172, —0.004] TS
a=3.688 HIBIP3 g B AL b=-0.024
[ W \[—01)40, ~0.008]
¢’ =0.195
[~0.354,~0.036]
NFSR > TELVATTRR

c=-0.283

[0.446 ,—0.120]

K4 REERHTTRROCRIE . Ar EWAERELREIT . B EIPMER T ;. Co A P3 MR B S0 O M i ) 5 1
PEASLEPF 0 MO 5 ST I A AR SC . D 15259635 b X LPP AYMRBE FIIE . Bl Pz, P3. P4 H9¥I{H. E:

AT HTES R NF YRR AR
AR i DU DBl BT A DA PR A 4

EM A, r=-0.27, p(FDR) = 0.036., Ith4b, WZH Bk
TENE &5 R AT 55 W e I A A5 P3 AN LPP iR A
L& W EMAE, r=-0.32, p(FDR) = 0.019,
34 HAyoHAEIEPSH

T ERE NF IIGRCR G 2508 154 55 1 i
P3 ARAbFIG 25 01 AR Z B O R, AT X =
ARG HEAT T A AT, IREERRR R, KRATIAA
NF I R385 A i s ok 32 00 67 155 2 50 3 11 B i
AT 55 AT P3 IR R AR SR A A o
FEZBRI T NF YIZRBORAE D A A8 i, 1545081 T
25 W RTAR P3 ARk (7 Ml iV Ay h A An i, At
1% 28 VP43 5 LPP i B2 A5 £ (i 00 el w0 )4 Ay PR A8 4t
FEAE I BIE AR i o RIS s Ok B 26 P4 AR
TEH AT 45 5 LI 4B MR 3, ¢ = —0.28

8 2695 AT 55 RO T P3 BCAE O AT IN 1 g h 22
BFEMEKF: * p<0.05, ** p<0.01, *** p<0.001,

UREREE AT

+0.08,Z=-3.43,p<0.001, ARV EE, axb=
—0.09 + 0.04, Z = —2.06, p = 0.040, B HRL i3,
¢’=-0.20+0.08, Z=-2.42,p=0.016, XLz FE
B, 5 28 R 2 AR R (R AT P3 e EE 1 I AE NF Y1125
ROCREE 5 5 4 0 RO PR T 2 R ER 4 R A A
Mo ABJZ, LPP g B AR AR AR s 4 7 A 4
WA LI E RN, axb=-059+044, Z=
-1.35,p=0.176,

JE, N THEZmW Lk [ E—NF Y%
BRI R, FRATE S TSR M. A
I DE H % F AR (ERQ-R) . 455 £5 JE (STAI-T)
FHNARIK F-(BDI-ID)F i I 17 26 5 5 P3 iR B 1 £ 00
SRR I AR, R AT A A ) NF IR0k, i
SRELARAERIIF R 2, R =0.13, F=1.41, p=0.227,
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{H ERQ-R /R i 3 i WAE T, B =0.30,t=2.32,
p = 0.024, WL3E 2. HAhHZAR BR H 52
MAEF(p> 0.05).

4 THE

AHIE T U T AN AR S 8 45 7 W) 5E T
ERP-NF AU ZRd B AN GRASOCR, IESE TIZH0R )
BHOFFIR FHHES M. NF U200, SCe 40 ( -
HIA P3) Y HTAR P3 MR B B I Rk AR 3 T, %
WEZH (T M RTA P3N S 3R a3 (HAR T 12,
P2 (FR R SE S0 2H) ) R B 1 B AR A AR L 2
S BT =12k session Y P3 E EARAL B (1
PRI PG 0, R RN, B E TS T
FarE . X —B bR 5B NF #F0 i 2) ny A2
P2 ) il 28 = B — 30 (Eschmann & Mecklinger,
2022; Li et al., 2025b; Sepulveda et al., 2016), HE
b2 > IS HESE (Lubianiker et al., 2022), %%
SR S T NF (87 [ B ) Ak 7 - IR L, B
I o A PR T R E ARG S H AR NF (55
Z IE) 2eHe; WIZRJE 1, Bt ACKS 404k 8 % [ Be,
i 3 A SR LI LA AR RO W, e 2 S BN I
%P3 (1 Fa s IR (Sitaram et al., 2024), NF JllZk)5,
S ARG 4T AT 55 R R RIAR P3O E R Y
X HEZE DU 4k 2 BTG, L NF YR80 5156 268 15 1Y
HIA P3 W A AAAE IE AR OG . %45 KW, P3-NF
YR EA TN, RPN H] ~153 r i 2 a5 g
AEIL RS U255 117 26 55 4% 55 (Li et al., 2025b).

WS 322 TTERTE T AL T O PR IE
P, UERARGET P3 TR AF A0 HT A DA A R
I/ 28 R T L B Be i pl 22 BE Al . P3-NF RS U1K
VAT S5 b, SR 2H Y FE U M A 26 T4 R TUIX
LPP I 3 b 3 AR, nixd BRZA B oo [R)EsE, T
SIS AL, TR SRR PRI P3O
JE BB HR 5 1 4 T ORI AR DG o Z AR 1

IR A I, E 45 R E A
TR KRB, R VAETH P31 B /Y 1 hn
(Yuan et al., 2015, 2023; Zhang et al., 2023), 40,
AT N B 25 R T s s LA, M9k 330
TH VT RN T A MEIS S, Brgi P3 0E A %
2T, X RIIATEARA T Z AR GRSk
15 26 V8715 B9 )3 B A SE i 1 45 (Zhang et al., 2023), i
— I B, THUA P35 AT R 1 25 E 1
RO, B 3 0 A P 1 4 R B Y BRI (Yuan et al.,
2023), HiX S FEACR T ARG R LI PE 7 i, A
WEoY SN TR P3 AR AR AL, EIER] T
HIAS P3 BT8R (4 I 1458 1) 5 D 0T 07 28 18 7 g R 2R
HEAER . BEAk, T st 45 SRR, NF Y1 ZR8eR )
2 1 A T A VA T AR e R RTAR P3O Ok
PEFHIEL T RORN, #— PR TR P3 (WE
PR

M4 Gross HIBAEEH AYIELE AT perception—
valuation—action HIA&Y, TEF 25 55 (AR BE, A4~
PRSI 7 R B (perception) - BEAT 17 45 1 5
fifi (valuation) A B IE 46 17 I HE#S, X — i B )
HEES . M S ok, BRSH I012HE
il . HERFRAEFIEAN G ZT0AM I GE, = B O LA
HA I R A% O AR ] R S8 (Zhang et al., 2025).
28 PTG R BT 9T C 28 SRE T R A AR 45 Y
I BOE AR, FoE s KIAETS A B B
0. 400 =% 600 ms 475 &M M 5 MI AT A3 - (1 1
28, S REARM TMEE 25 (R 501G 38 (Cheng et
al., 2024), TEICEEAN b, ARAFFE R NF #R & BH,
JAPEHTAR P3 (300~1300 ms: JiZ Bt WA 0042 il e
TR PR B ) 2 AR U TG 25 8 19 I 380R, g 45
W RYRTAR P3 R S50 45 VR 1T ORI T A AR IE
FAOC RN, FEC A 19 =350 ERP-NF BP0 R4 |, &
IR =M AE RIS e bR, B IMA T 2 W)
T IX LPP 45 bR, M S HERH AL NF Y2501 45

&2 NFIZRBERZmMERHE TS5

b 2 40 FrRfEIL R EL (B) SE t p 95% CI
R =0.13, PESHI =-0.08 0.13 -0.66 0.514 [-0.34, 0.17]
pF:OI_';zl; AR =0.004 0.13 0.03 0.977 [-0.25, 0.26]
BDI-II = —0.02 0.18 -0.13 0.901 [—0.38, 0.34]
STAI-T = 0.13 0.18 0.70 0.485 [-0.23, 0.48]
ERQ-R =0.30 0.13 2.32 0.024* [0.04, 0.55]
AW P3 MR BE =-0.14 0.13 -1.10 0.277 [-0.39,0.11]

5. DL g IR R 2 (beck depression inventory second edition, BDI-IT) . 37 5z /R 45 5T £E & & 2% (trait form of spielberger's state-trait
anxiety inventory, STAI-T) . ‘%é’%iﬁﬁr‘?I‘Q%E@U\%ﬂﬁiﬂi%ii’%(emotion regulation questionnaire, ERQ-R), SE PR, MK * p<0.05,
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WHIVER . X EeE bR — BRI, HiA S L R
WA Bt & 25 T W R UG 8h TR, 12
T BRI P34 e B AT AR B v 15 2 R T R

BrT iR FERI, RFFRIAEHELE T NF %
BORBAMAZE F . 45 3 % 31, ERP-NF Il 21 047 5ok
FEAE AR 22 5, IFAEFTA AMAERREAE NF I
rrpf ks, X5 5 H AR FE bR NF A
78R B —% (Haugg et al., 2020), NF i FEZ R gk
SERRER S OGNS SAH G R B AE S, i %F
TIRE TGS Z RS, W 55 MR 2555 2
SR B U A4 JE M (Sitaram et al., 2024), FEAET
A AR BE LT 78 3R B AR AT ZE R RN,
SEU AL 24 74% B RE i B ) L R A P3 e (E (I
FRORNIEMH), FIHANA 52%M 0L 5E 6% K D)
TVRETE P3 R ZRBOR A TUE) IR M5 &
M, LRSS MRS BER NF Y12k,
55 H R 28 VRTT 20 ABURE DG I AR (81 DA G E B 1
el AT ) fig dn 2 TSR 9 NF I R880%, X522
T 35 I A MO 4 15 25 98 15 NF R SR &
Fl—3(Keller et al., 2021; Li et al., 2025a), FETF I,
FRATTHE = 250 Ak 5w AR Xk A1k 2 57 R 1k
i : 1) #E1E 20 NF Y125 22 022 HEET %A 1l 25k (1)
N2 > D R A5 I 4 VR T ORI, TS A S b
[l 2) FENL i HLH (B an A B IPE b IT E2R),
TEAR IO e a0 A ELAG b e T S PE T 77 10 4, DTG
P NF IR (Yu et al., 2021); 3) #3544
XF NF UGk B SbLLA S Zrad R v Rk e 1 2,
PR SRy 1 2 53 B AN S ALK PR E I 2 NF 2038 Y 19
[X # (Kadosh & Staunton, 2019).

FRAT Y BIF 5% X6 FAISE S5 A7 76 1 46 U8 19 D) Be 4
1 A PR T IR IR YT R S B . 5 4R R R
TR R SR R S AR e 2 R H R A B, NF B
BERE. Zets . Z2TREMEH Krause et al,
2024; Stultz et al., 2020), HHB&EIEFERE T 1R
PRI 20 S B TG RS S, O AN A R mT
BE A S ST R R AR DI 2 LA R R T RUCR (Ramot
etal., 2017), AN, WFFEEEREW X LPP Al /EN
135 25 R I RCR FIRE ) MAE AR, BRI B
WA 5 22 5T W A 7 2850V A T T S8 VR L 1Y) 1
52 (Colagiuri et al., 2015). B 1 X1 25 V8 15 B A%
BRI, AW UESE R TA P3-NF Il 2k 094 3%
PEICA BT B BBk A 2 SRR | BT R S BRORE 45
A P IR A A IR R, BRI I pAUE T 4 D
REBRIA

ST, FRATEIE e s R DL Rl R ok
ARG B JEAMF R LA S R . 55—, FRA
HRET 0.3~1.3 s BYRTA P3 IR, DIt REH
A2 51545815 T R RIRY B . ERP A BT
A R I AR T LA I ARG i I o S DA R A
e, (% ARARXMEREZL I 1 AR ) S A A L 72
5, KAFET EEG-NF {15 25 V8 55 0F 58 17 [l s 56
ER IR ERP S (BIAnATA P3) LA K A i 301
EEG #i&37 Fetk, AT BT 4 A7 b i ATy O o8 425 1 26 9
WA R ATIILH . B, AR
e R K24, AT P3-NF BURGESHE =A7E4E
15 28R R B B I R A T ik . 5 =, AHF
% AT T BRI NF I ZRIF %558 T BEBHE AL o
SHE A WG NF BF5E, BSRTCIe 25l
ZR(2) 25 474 . Keller et al., 2021; Paret et al., 2016;
Keynan et al., 2016)if /22K YIZR(4~6 IR, FIKY
15 43 . Herwig et al., 2019; Keynan et al., 2019),
NF #B R THIE 26 P8 15 2808, (H NF &40 23 BE & U1 25
YRS NS (Yu et al., 2021), JfH AT RIFELEE
/b—JE(Young et al., 2017), ANMFFT N 4k L %552
WHTA P3-NF Il 25 % 28 R 0474508 £ 2 K i
BB ER . e, FRATIEN 4R R P3-NF YIIZExT
A 25 94 SR MG S e, A0 30 AR IE AR,
SRy 33K 6 5% W [) R AR I RN 5 il BE IR (L et al,
2023; Shafir et al., 2015),

5 #Es

AR5 R NF I 845 5180 P3 e DA el 28 1
LEVATTRE ST o WA VRS IS DN A 20 7 B Ao RN T X
LPP #54n—B0ERW, LIARIA P3 i v W $2 7t
TE LR, TR UE P3 R R D 0 5515 4 R B
FIRER . Horp, P3-NF I 5 45 00 47 il ol 3% =
LS L N 5 S 4 VR T I RTAR P3O SR
1o 55 DAAE A I 08 00 AH OGP A 52 A Rl R AT ik
ERP-NF [ f =5 AU T RIA P3 481k 1 a4
DA H A ) 9 05 A 1 9T 300 B B A DR R
ZR LA o X — I A B AT 2 R T ) R 2 E A BRAL
BB 7B LA, TR XS I A IR T R PR AT
T G B A1 10 VA T B o 3 e %) SEL B

2 £ X #

Alkoby, O., Abu-Rmileh, A., Shriki, O., & Todder, D. (2018).
Can we predict who will respond to neurofeedback? A
review of the inefficacy problem and existing predictors for
successful EEG neurofeedback Learning. Neuroscience,



% 8

ZEAE AR U P3 M AR 1 4 R T R AR 1503

378, 155-164.

Bai, L., Ma, H., Huang, Y. X., & Luo, Y. J. (2005). The
development of native chinese affective picture system--A
pretest in 46 College Students. Chinese Mental Health
Journal, 11, 4-7.

(M58, D&, B, PVEIRFE. (2005). PEIGHE T RS
2 i —TE 46 2R E R AR, 0B A
Feids, 1, 4-7.]

Bao, H. W. S. (2022). BruceR: Broadly useful convenient and
efficient R functions. v0.8 (version 0.8). https://CRAN.R-
project.org/package=bruceR.

Barr, D. J., Levy, R., Scheepers, C., & Tily, H. J. (2013).
Random effects structure for confirmatory hypothesis
testing: Keep it maximal. Journal of Memory and Language,
68(3), 255-278.

Bates, D., Méchler, M., Bolker, B., & Walker, S. (2015).
Fitting linear mixed-effects models using lme4. Journal of
Statistical Software, 67(1), 1-48.

Beck, A. T., Steer, R. A., Brown, G. K. (1996). Beck depression
inventory (2nd ed.). The Psychological Corporation.

Bernat, E. M., Cadwallader, M., Seo, D., Vizueta, N., &
Patrick, C. J. (2011). Effects of instructed emotion regulation
on valence, arousal, and attentional measures of affective
processing. Developmental Neuropsychology, 36(4), 493—
518.

Brainard, D. H., & Vision, S. (1997). The psychophysics
toolbox. Spatial vision, 10(4), 433—436.

Chang, M., lizuka, H., Naruse, Y., Ando, H., & Maeda, T.
(2014). Unconscious learning of auditory discrimination
using mismatch negativity (MMN) neurofeedback. Scientific
Reports, 4, 6729.

Cheng, S., Qiu, X., Mo, L., Li, S., Xu, F., & Zhang, D. (2024).
Asynchronous involvement of VLPFC and DLPFC during
negative emotion processing: An online transcranial
magnetic stimulation study. Neuroscience, 551, 237-245.

Colagiuri, B., Schenk, L. A., Kessler, M. D., Dorsey, S. G., &
Colloca, L. (2015). The placebo effect: From concepts to
genes. Neuroscience, 307, 171-190.

Delorme, A., & Makeig, S. (2004). EEGLAB: An open source
toolbox for analysis of single-trial EEG dynamics including
independent component analysis. Journal of Neuroscience
Methods, 134(1), 9-21.

Eschmann, K. C. J., Bader, R., & Mecklinger, A. (2020). Improving
episodic memory: Frontal-midline theta neurofeedback
training increases source memory performance. Neuroimage,
222, 117219.

Eschmann, K. C. J., & Mecklinger, A. (2022). Improving
cognitive control: Is theta neurofeedback training associated
with proactive rather than reactive control enhancement.
Psychophysiology, 59(5), e13873.

Fernandez-Duque, M., Hayakawa, S., & Marian, V. (2023).
Speakers of different languages remember visual scenes
differently. Science Advances, 9(33), e0064.

Gao, K., Zhang, Y., Li, S., Yuan, J,, Li, H., & Zhang, D. (2023).

Ventromedial prefrontal cortex plays a critical role on
implicit emotion regulation: A tDCS study. Acta Psychologica
Snica, 55(2), 210—223.

(R al A, sKIGRE, M, SR, 240, sKFHE. (2023).
TS A A T2 E PN RN PP i BRSO AR,
55(2), 210—223.]

Gross, J. J., & John, O. P. (2003). Individual differences in
two emotion regulation processes: Implications for affect,
relationships, and well-being. Journal of Personality and
Social Psychology, 85(2), 348—362.

Haugg, A., Sladky, R., Skouras, S., McDonald, A., Craddock,

C., Kirschner, M., ... Scharnowski, F. (2020). Can we
predict real-time fMRI neurofeedback learning success
from pretraining brain activity? Human Brain Mapping,
41(14), 3839-3854.

He, Z., Li, S., Mo, L., Zheng, Z., Li, Y., Li, H., & Zhang, D.
(2023). The VLPFC-engaged voluntary emotion regulation:
Combined TMS-fMRI evidence for the neural circuit of
cognitive reappraisal. The Journal of Neuroscience, 43(34),
6046—6060.

Hellrung, L., Kirschner, M., Sulzer, J., Sladky, R.,
Scharnowski, F., Herdener, M., & Tobler, P. N. (2022).
Analysis of individual differences in neurofeedback training
illuminates successful self-regulation of the dopaminergic
midbrain. Communications Biology, 5(1), 845.

Herwig, U., Lutz, J., Scherpiet, S., Scheerer, H., Kohlberg, J.,
Opialla, S., ... Brithl, A. B. (2019). Training emotion
regulation through real-time fMRI neurofeedback of
amygdala activity. Neuroimage, 184, 687—696.

Kadosh, K. C., & Staunton, G. (2019). A systematic review of
the psychological factors that influence neurofeedback
learning outcomes. Neuroimage, 185, 545-555.

Keller, M., Zweerings, J., Klasen, M., Zvyagintsev, M.,
Iglesias, J., Mendoza Quifiones, R., & Mathiak, K. (2021).
fMRI neurofeedback-enhanced cognitive reappraisal training
in depression: A double-blind comparison of left and right
vlpfc regulation. Frontiersin Psychiatry, 12, 715898.

Keynan, J. N., Cohen, A., Jackont, G., Green, N., Goldway, N.,
Davidov, A., ... Hendler, T. (2019). Electrical fingerprint of
the amygdala guides neurofeedback training for stress
resilience. Nature Human Behaviour, 3(1), 63-73.

Keynan, J. N., Meir-Hasson, Y., Gilam, G., Cohen, A., Jackont,
G., Kinreich, S., ... Hendler, T. (2016). Limbic activity
modulation guided by functional magnetic resonance
imaging-inspired electroencephalography improves implicit
emotion regulation. Biol Psychiatry, 80(6), 490—496.

Krause, F., Linden, D. E. J., & Hermans, E. J. (2024). Getting
stress-related disorders under control: The untapped
potential of neurofeedback. Trends in Neurosciences,
47(10), 766—776.

Kuznetsova, A., Brockhoff, P. B., & Christensen, R. H. B.
(2017). lmertest package: Tests in linear mixed effects
models. Journal of Satistical Software, 82(13), 1-26.

Lang, P. J., Bradley, M. M., & Cuthbert, B. N. (1997).
International affective picture system (IAPS): Technical
manual and affective ratings. NIMH Center for the Study of
Emotion and Attention, 1(39-58), 3.

Li, S., Cao, X., Li, Y., Tang, Y., Cheng, S., & Zhang, D.
(2024). Enhancing ventrolateral prefrontal cortex activation
mitigates social pain and modifies subsequent social
attitudes: Insights from TMS and fMRI. Neuroimage, 292,
120620.

Li, S., Chen, J., Gao, K., Xu, F., & Zhang, D. (2023).
Excitatory brain stimulation over the left dorsolateral
prefrontal cortex enhances voluntary distraction in
depressed patients. Psychological Medicine, 53(14), 6646—
6655.

Li, S., Xie, H., Zheng, Z., Chen, W., Xu, F., Hu, X., & Zhang,
D. (2022). The causal role of the bilateral ventrolateral
prefrontal cortices on emotion regulation of social feedback.
Human Brain Mapping, 43(9), 2898-2910.

Li, Y., Li, S., Li, H., Tang, Y., & Zhang, D. (2025a). fNIRS
neurofeedback facilitates emotion regulation: Exploring
individual differences over the ventrolateral prefrontal
cortex. Neuroimage, 308, 121079.

Li, Y., Li, S., Tang, Y., Hao, S., & Zhang, D. (2025b). Causal



1504 N i}

3

#H % 58 &

evidence for the role of prefrontal theta oscillations in
emotion regulation using neurofeedback training. Neuroimage,
320, 121457.

Lubianiker, N., Paret, C., Dayan, P., & Hendler, T. (2022).
Neurofeedback through the lens of reinforcement learning.
Trends in Neurosciences, 45(8), 579-593.

McRae, K., & Gross, J. J. (2020). Emotion regulation. Emotion,
20(1), 1-9.

Mo, L., Guo T., Zhang, Y., Xu, F., & Zhang, D. (2021). The
role of ventrolateral prefrontal cortex on emotional
regulation of social pain in depressed patients: A TMS
study. Acta Psychologica Snica, 53(5), 494-504.

[, WHA, KERE, RE, ST (2021). BUEHIE
AT - v I ARAE S8 0 A 2 B 1 TR T RE T
—I TMS W58, O HE# 1R, 53(5), 494-504.]

Mo, L., Li, S., Cheng, S., Li, Y., Xu, F., & Zhang, D. (2023).
Emotion regulation of social pain: Double dissociation of
lateral prefrontal cortices supporting reappraisal and
distraction. Social Cognitive and Affective Neuroscience,
18(1), 43.

Morawetz, C., Hemetsberger, F. J., Laird, A. R., & Kohn, N.
(2025). Emotion regulation: From neural circuits to a
transdiagnostic perspective. Neuroscience & Biobehavioral
Reviews, 168, 105960.

Moser, J. S., Hartwig, R., Moran, T. P., Jendrusina, A. A., &
Kross, E. (2014). Neural markers of positive reappraisal
and their associations with trait reappraisal and worry.
Journal of Abnormal Psychology, 123(1), 91-105.

Ochsner, K. N., Silvers, J. A., & Buhle, J. T. (2012).
Functional imaging studies of emotion regulation: A
synthetic review and evolving model of the cognitive
control of emotion. Annals of the New York Academy of
Sciences, 1251, E1-E24.

Olofsson, J. K., Nordin, S., Sequeira, H., & Polich, J. (2008).
Affective picture processing: An integrative review of ERP
findings. Biological Psychology, 77(3), 247-265.

Paret, C., Kluetsch, R., Zaehringer, J., Ruf, M., Demirakca, T.,
Bohus, ... Schmahl, C. (2016). Alterations of amygdala-
prefrontal connectivity with real-time fMRI neurofeedback
in BPD patients. Social Cognitive and Affective Neuroscience,
11(6), 952-960.

Pei, G., Yang, R., Shi, Z., Guo, G., Wang, S., Liu, M., ... Yan,
T. (2020). Enhancing working memory based on mismatch
negativity neurofeedback in subjective cognitive decline
patients: A preliminary study. Frontiers in Aging
Neuroscience, 12, 263.

Preece, D. A., Mehta, A., Petrova, K., Sikka, P., Bjureberg, J.,
Becerra, R., & Gross, J. J. (2023). Alexithymia and emotion
regulation. Journal of Affective Disorders, 324, 232—-238.

Ramot, M., Kimmich, S., Gonzalez-Castillo, J., Roopchansingh,
V., Popal, H., White, E., ... Martin, A. (2017). Direct
modulation of aberrant brain network connectivity through
real-time neurofeedback. eLife, 6, €28974.

Rieger, K., Rarra, M. H., Diaz Hernandez, L., Hubl, D., &
Koenig, T. (2018). Neurofeedback-based enhancement of
single-trial auditory evoked potentials: Treatment of
auditory verbal hallucinations in schizophrenia. Clinical
EEG and Neuroscience, 49(6), 367-378.

Sepulveda, P., Sitaram, R., Rana, M., Montalba, C., Tejos, C.,
& Ruiz, S. (2016). How feedback, motor imagery, and
reward influence brain self-regulation using real-time fMRI.
Human Brain Mapping, 37(9), 3153-3171.

Shafir, R., Schwartz, N., Blechert, J., & Sheppes, G. (2015).
Emotional intensity influences pre-implementation and
implementation of distraction and reappraisal. Social

Cognitive and Affective Neuroscience, 10(10), 1329-1337.

Sheppes, G., Scheibe, S., Suri, G., Radu, P., Blechert, J., &
Gross, J. J. (2014). Emotion regulation choice: A
conceptual framework and supporting evidence. Journal of
Experimental Psychology: General, 143(1), 163—181.

Sitaram, R., Sanchez-Corzo, A., Vargas, G., Cortese, A., El-
Deredy, W., Jackson, A., & Fetz, E. (2024). Mechanisms of
brain self-regulation: Psychological factors, mechanistic
models and neural substrates. Philosophical Transactions
of the Royal Society of London. Series B, Biological
Sciences, 379(1915), 20230093.

Spielberger, C. D., Gonzalez-Reigosa, F., Martinez-Urrutia, A.,
Natalicio, L. F., & Natalicio, D. S. (1971). The state-trait
anxiety inventory. Revista Interamericana de Psicologia/
Interamerican Journal of Psychology, 5, 3—4.

Springstein, T., & English, T. (2024). Distinguishing emotion
regulation success in daily life from maladaptive regulation
and dysregulation. Personality and Social Psychology
Review, 28(2), 209-224.

Stultz, D. J., Osburn, S., Burns, T., Pawlowska-Wajswol, S., &
Walton, R. (2020). Transcranial magnetic stimulation
(TMS) safety with respect to seizures: A literature review.
Neuropsychiatric Disease and Treatment, 16, 2989—3000.

Tang, Y., Mo, L., Peng, Z., Li, Y., & Zhang, D. (2025). Causal
enhancement of cognitive reappraisal through synchronized
dorsolateral and ventrolateral prefrontal cortex activity.
Emotion, 25(6), 1418—1428.

Velotti, P., Bruno, S., Rogier, G., Beomonte Zobel, S.,
Vacchino, M., Garofalo, C., & Kosson, D. S. (2024).
Psychopathy and impairments in emotion regulation: A
systematic review and Meta-analysis. Clinical Psychology
Review, 113, 1024382.

Wu, Y. J., Hou, X., Peng, C., Yu, W., Oppenheim, G. M.,
Thierry, G., & Zhang, D. (2022). Rapid learning of a
phonemic discrimination in the first hours of life. Nature
Human Behaviour, 6(8), 1169—-1179.

Young, K. D., Siegle, G. J., Zotev, V., Phillips, R., Misaki, M.,
Yuan, H., Drevets, W. C., & Bodurka, J. (2017).
Randomized clinical trial of real-time fMRI amygdala
neurofeedback for major depressive disorder: Effects on
symptoms and autobiographical memory recall. The
American Journal of Psychiatry, 174(8), 748—755.

Yu, L., Long, Q., Tang, Y., Yin, S., Chen, Z., Zhu, C., & Chen,
A. (2021). Improving emotion regulation through real-time
neurofeedback training on the right dorsolateral prefrontal
cortex: Evidence from behavioral and brain network
analyses. Frontiers in Human Neuroscience, 15, 620342.

Yuan, J., Long, Q., Ding, N., Lou, Y., Liu, Y., & Yang, J.
(2015). Suppression dampens unpleasant emotion faster
than reappraisal: Neural dynamics in a Chinese sample.
Science China. Life sciences, 58(5), 480—491.

Yuan, J., Zhang, Y., Zhao, Y., Gao, K., Tan, S., & Zhang, D.
(2023). The emotion-regulation benefits of implicit reappraisal
in clinical depression: Behavioral and electrophysiological
evidence. Neuroscience Bulletin, 39(6), 973-983.

Zhang, D., Liu, Z., Chen, Y., & Mai, X. (2019). The role of
right ventrolateral prefrontal cortex on social emotional
regulation in subclinical depression: An tDCS study. Acta
Psychologica Snica, 51(2), 207-215.

[P, XVEBR, BREE, EBEEE. (2019). 475 SN 4
X e AWAB K P AR N AL 215 45 98 B4Rl — I tDCS
o, OPFH, 51(2), 207-215.]

Zhang, J. X., Bo, K., Wager, T. D., & Gross, J. J. (2025). The
brain bases of emotion generation and emotion regulation.
Trends in Cognitive Sciences, 29(10), 879—891.



58 ZEAE AR U P3 M AR 1 4 R T R AR 1505

Zhang, Y., Li, S., Gao, K., Li, Y., Yuan, J., & Zhang, D. Zhang, D. (2021). The VLPFC versus the DLPFC in
(2023). Implicit, but not explicit, emotion regulation downregulating social pain using reappraisal and distraction
relieves unpleasant neural responses evoked by high- strategies. The Journal of Neuroscience, 41(6), 1331-1339.
intensity negative images. Neuroscience Bulletin, 39(8), Zhou, W., Nan, W., Xiong, K., & Ku, Y. (2024). Alpha
1278—1288. neurofeedback training improves visual working memory in

Zhao, J., Mo, L., Bi, R, He, Z., Chen, Y., Xu, F., Xie, H., & healthy individuals. NPJ Science of Learning, 9(1), 32.

Thefacilitating effect of frontal P3 amplitude regulation on emotion regulation

LI Yiwei', TANG Yuyao', WANG Tingdong', ZHANG Dandan'*?
(" Institute of Brain and Psychological Sciences, Sichuan Normal University, Chengdu 610068, China)
(> School of Psychology, Chengdu Medical College, Chengdu 610500, China)
( China Center for Behavioral Economics and Finance & School of Economics, Southwestern

University of Finance and Economics, Chengdu 611130, China)

Abstract

The frontal P3 component is a reliable electrophysiological marker of the engagement of prefrontal
cognitive control resources. In previous studies, frontal P3 amplitude has typically been regarded as a neural
correlate of early-stage resource recruitment during executive control tasks, including emotion regulation.
However, this correlational interpretation leaves an important question unresolved: whether actively changing
frontal P3 amplitude can causally influence the executive control processes that support emotion regulation. To
address this question, the present study used neurofeedback (NF) training to modulate frontal P3 amplitude and
examined its potential causal role in emotion regulation.

Sixty-seven participants were randomly assigned to either an experimental group, which was trained to
upregulate frontal P3 amplitude (n = 34), or a control group, which was trained to downregulate frontal P3
amplitude (n = 33). All participants completed an emotion regulation task before and after NF training. During
the task, participants were instructed to use cognitive reappraisal to reinterpret negative emotional stimuli and
reduce their emotional impact. Emotion regulation effectiveness was assessed using both subjective ratings of
negative emotion and the parietal late positive potential (LPP), an electrophysiological index of emotional
experience intensity.

Compared with the pre-training baseline, participants in the experimental group successfully increased
frontal P3 amplitude through NF training. This training effect indicated that they were able to more effectively
recruit the executive control function indexed by frontal P3. Critically, after NF training, the experimental group
showed improved emotion regulation effectiveness, as reflected by significant reductions in both self-reported
negative emotion and parietal LPP amplitude during emotion regulation. In contrast, the control group showed
the opposite pattern. After training, frontal P3 amplitude during emotion regulation decreased, and emotion
regulation effectiveness was reduced, suggesting that weakening the neural activity indexed by frontal P3
impaired the regulatory process.

Further analyses indicated that the beneficial effect of P3-NF training on emotion regulation was primarily
achieved by increasing frontal P3 amplitude during cognitive reappraisal itself. This finding suggests that frontal
P3 is not merely a passive neural marker of prefrontal resource engagement, but may reflect an executive control
process that directly contributes to successful emotion regulation. Unlike previous correlational neuroimaging
studies, we utilized ERP-NF neuromodulation technology to causally demonstrate that the prefrontal cognitive
control resources indexed by frontal P3 constitute the causal neural foundation for the early stages of emotion
regulation. These findings provide novel insights into the neurophysiological mechanisms underlying emotion
regulation and offer a new approach for precise, non-invasive brain modulation to treat prefrontal executive
control deficits in clinical populations.

Keywords emotion regulation, neurofeedback, cognitive reappraisal, frontal P3, late positive potential



