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Fig. 1 Technology paths and application areas for SL
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Fig.2 Examples of current source density methods
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(b) A

Fig. 3 [Examples of concentric ring electrodes
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FZ shiEfG (attention-deficit hyperactivity disorder,
ADHD) 19 # S FRAE 2 i B A rh iy 1= e (6 i
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ST X AP i A R AR 3 S T 1) KA H A7 A
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(MG I, LA R I e A3 s A PR A5 e AR
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DI VEP (1925 (0] S Bf[H) 3 BEee 01, T E S
[ SNR, B2 0 T AL EF A R 2 W7
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PR TN A ISR 2 & N R T
U5, JF HLAE 2645 J00 ek 2 30 A0 v X ) o P
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HEHE BIS5 RARAT T AR S5 . AL,
Srinivasan 25 %% i F SL 4 AR5 T SSVEP [ )2
Jr#B U, &7 T SSVEP & i AH XA Y Jag 3 Y il
Iz AFAE R o3 A IR L[] 77 A X — e AL . ZERT
[ 53 BT, SLECARL M T 45 BRUE T8 B i
[BIFEFEIR A, REREXT VEP BRI . AR 5552 B
KAl =, 2 CSDZEH#L S , NIF:i¢ T~ VEP
WY T AR AR B) R S 2 AN TR] R0 P A
TR IATE R (B P 22 5 ) JE T, Petrov
5T 4B T VEP RIR] B Z IR I R R, UE
SR AT B 2 B B RE R A R A B J2 1) R
PTG o Tsoneva %5 N FEHRSY i 4l SSVEP A1 A% 175
FeUiy, ] CSD J5 g e 1 1858 EEG (AR it
FEMmIEE, PR & BT O 35 5 SSVEP A A% &
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MR RO IR R VEP(EMELL, 55 e T ais
e B e 5% T Y EEG 2,

PR B ARG R FH 5 T, SL B R A 1 i AR i 3
fr U BF 2 AR M6 5 & B (multifocal visual
evoked potential, mfVEP) ZEAgiR5 <2, FE 2
N, AR TE Sk KR X Rl — R e I A0 HEA T
LO. Oz, RO =AHitk, i## 5 202z-(RO+LO)
RAF — 4k SL A 11 7T A8 1% 48 B 12 5% T =K.
Baseler 4 " iz FLAF HL AR PRAEP RS 48R T %0
R Ar e, A BUR FH—4E SLAK T AT L 4
mfVEP ) SNR, Jf HLCE 7 AL X A 0 69 Fe A E 6%
JOSR BN A RIS e ) S S iR S S, Rl
FEHR AL WS 5 2R . Mackay 55 ) #E— 2P FH—
At SLASTHSE B T PR RN =y fURk B 1) L EE AL PEA
SLEE A /N T 1 55 21 38 21 [# 22 B E Y VEP {5 5 B
BRI EFE] (detection time, DT), H@&E fH F &
JIEEIRAE R BTN i LA

PRz Wi N T, 5N YIREAH G 1Y VEP
W HH B0 VR R I AR, 1T SL 2 R BE M8 3 5k
B 5 IR X IR 22 (B ()RR 25 5. 8 CSD
HJE, WABAE BB 1Y P3 AR 43 BE O KT 2 IR
T B R, LIl 25 S A A AR DX
KON 20244F, GaodF Y WKL, TEXIAN R I5t
AFRI B, TABAE FE Y 56 5 P3 A3 BE IR
TR EREAG, R TSRss it — BT T SLEAR
TEPVABAE 2 W b L35 X TG #4324, CSD
JRER T BREE SR AR S, e Ths
I P3R5 K A X8 U T B SR, RIS R
FRITEL IR A7 A R O B4 T80 - TOURE8E DX 4 Dy REAZ 40 1. itk
Hb, SLEARTLE A MRS R BT . AAAE 7 45
PR b R REUE SR R4
23 EH;HEXBARBRIETE

B R PATII RSB X B A
OIS S N TS 70, 2N [ e o = < 7 N [ R
ST R W] N ) A = 8 S B (TR ST R D B eawm) Y S S
B, {i/ (movement-related potential, MRP) A £ ¥
W RRAE, A LL S A OC K [l 2B/R 2P (event-
related(de)synchronization, ERD/ERS) 25844 iz 5l
AR ERRERFHE Y, SLEARMGE T iz
G T = A B MRPRRAE,  RENS I 5 $2 7 HR
AMERE, Z 0 T APl 1 (brain-computer
interface, BCI) #%t.

XPTRERAFIE, EMESE 22 4l T =4 CRE R
L LEEGH 5 W Pk, ket Tiz s

SR R X PR BA A9 ERD BE 4, Tang %5 2
AT . RRIT . B, ARG 4 T 55
AL FIALAI NG . (AR, X LERFSE M A
& B SL $ AR 78 14 5% ERD/ERS fE & 457 4E F 9 1k
P20 IR ARAE, SLE AR B UE S RENS
% MRP [ SNR, HA5 8 5 M M EFHEir .
MRP {55 5 Y SNR 54530 8 E CON R 5 I 16 H
RER SRR L. PSR, METELR
T, MEXUK CRE., WA CRE Fll = CRE R 4E
() MRP {55 4 B A7 1 3 00 = 1 SNR, o =)
CREZUR A, LT ik 4509 SNREET > @
BESEEMN T ES (mutual information, MI) FIFH%
P (coherence) F T 2 A 7] H Al 6] 455 55 19 #H €
FREE, FLAEBRARRAE 25 0] 5 HEBE J) 4% . Babiloni
& X LA FE AR S R MRP R T 4
JRCSD 5k, BEWRKIESE T SLAZA A LT MRP ()
e PEPE . RS, WFSC KB = CRE iC 31
MRP {55 ELA B AR 4 MIFRE G 1 7 i
TE X 3 BAAS T4 112 s A G TAT: 55 1sF HA B
g2 MR & I B AR 26 B SL AR T
ARISFEAE S Z IR GER, AR AN
LT

BCIL &40 7T, SL A% A 3 45 5 (5 1
A B AR B A OG5 T MRP A5 5 5 & Al
Ao, BRREHGTR BCI R RIEMR . 5 EME
ki# 2 (information transfer rate, ITR) ZE{4fAEFE
B 7, —BURFSE SR FH CSD 5 B IR T T s 5
G BCUBR IR BIRCR, (HaxF oA H a2 220
B[] B A 5, 43 52 W 7E 48 BCL R 45 11 50 i) 4
fE 20 2014 4F, Boudria%F ™ B KR =W
CRE#E# T /A Fiz sl 2415 FIEL BCL &R
Gk S — AR shs il RS SRR, =
W CRE R4/ LEEG {55 b8 %8 EEG SE 8 T 5 v]
SER R, 8 44 RS H 43 28 e G R 4 i oA
70.2% F159.1%. A T SEBUERE 40 F) F-4812 2R 5]
Pham % "' JF & T —FBi BITR S 2 SRR, DLz gl
AT IR AN BOIR S TR BAI % 4 22 )5 1 Ry A 750 iy
A, WA FHRIZ 0TS T LEEG 5 5 197 e
FHTFE 96.4%.,

3 AERENEHHRREBESRE

3.1 ERER LR ETEARAE
1445 EEG it 53¢ 10 S 224~ 1 22 70 X 3R W) 485 115
SERTE AIZs 0] FRY RS, iUk S i as )b
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PEROR . W SERRHL M . W, BEG &) 5 T4
W SR AR FREAIE . OoEe . WILHL A O & AR TR
B, SYA G SR ", i SLE A —FRLT
PR T IR B AR R, AR T EEG
() LIRA R, HAESAT A8 R LA JLAS 7T

a. 2% T

EEG il & 2 5% [ 2 3 o)) L il L 225 H Al 22 (]
(AR . — 7T, AFRIMSH R ge &=
AT RSk B oA, DRITTARMEAE AN [R5 22 (7]
BB IE R —Jrm, AT E
L TP PR O AR B2 5, BEG PRI 0 5 T AN
BRI, 555 ASHERACRE SIS 5
S 1 SLAEARIRIGHY LEEG {5 52 3k Je 42 [ B 0
TS AT, HAMEFR A T3k B R T 4% 1)
I 7, B, LEEG B 22—, BA
FEE YRR SR R H G sh AR h, N2 S5 iy
RN

b. %5 [ PR

SL AR 32 A AT 9 A% 0o A 35 2 3 2o 7 325 7 7
BTREN T A BUL RN, R S (A R SRS
FRAE, #8757 EEG W25 (B 20 BF% ¥, Nunez 5
WEFEH8 H, L5 EEG W28 [0 BERm 5 F S cm,
Ifif CSD J77:45 8/ LEEG g5 5] 1~3 cm. IL4),
Koka %5 ') R B, =Mt CRE RAES 5 125 ] e %
PEAHE FAE G R A B = T 292,565 . B mss
(] 73 B3R 1Y) SL 2 AR B IIE S B b 35 i 25 1]
W RN SRR EAER 7Y A
E28. WK, LEEGH T HUNRMIETsh, 5
SR PRI F F 5 06 A ZH A A ] iz J2 i i A 2
VEREFER R EY) (biomarkers) > * #,

c. Rl

bR T 25 [ R AR 2 4, EEG 7 B[] 4 5
FIRA T 2R ERIRTG SN, (A5 A )R
WAL F RIS . FRETE ERPAFSEH, M
EEG & °F-21 )5 3459 1Y ERP 3 b 1 384 00 K ik
TG Sh B R UERR SR AN TSR, DR A B S TR A I T
Hon BRI TR | HE A R R R 2=
5 o7 Burle 5% P JFJRF H AR UL T A BUE S
Xt 3k B¢ EEG I [ 2 R2 A 520, [l 7E 24~ BEG 4X
PitE LXTHL T CSD R MUY . IR B A
WESE T SLH AR A HAF i 2 FE . Tenke % 77
PRIE T SLAEA T M s 1 AR AH A RR 4550,
LEEG #4458 EEG 111 55 BERE AT 1 L B4 il HL 1% sh A A
(VESEICH

d. VT

HFABUE SRS g, )z
T A D REPE I F23 RS BE A 850 Wi X 22 () ) Bl ]
KR, TR T (3% e 43 BT RE RS TR HE 70 BT K ik
W ogg 1 SL o R & 3 5B UR % % (source
connectivity, SC) MEZE T HZ —, # % RH
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Abstract Electroencephalogram (EEG) is a non-invasive, high temporal-resolution technique for monitoring

brain activity. However, affected by the volume conduction effect, EEG has a low spatial resolution and is

difficult to locate brain neuronal activity precisely. The surface Laplacian (SL) technique obtains the Laplacian

* This work was supported by grants from The National Natural Science Foundation of China (62122059, 81925020).
## Corresponding author.

Tel: 86-22-83612122, E-mail: xmp52637@tju.edu.cn

Received: August 1, 2024 Accepted: September 30, 2024



-438- EMLESEYYIEHE  Prog. Biochem. Biophys. 2025; 52 (2)

EEG (LEEG) by estimating the second-order spatial derivative of the scalp potential. LEEG can reflect the radial
current activity under the scalp, with positive values indicating current flow from the brain to the scalp (“source”

and negative values indicating current flow from the scalp to the brain (“sink™). It attenuates signals from volume
conduction, effectively improving the spatial resolution of EEG, and is expected to contribute to breakthroughs in
neural engineering. This paper provides a systematic overview of the principles and development of SL
technology. Currently, there are two implementation paths for SL technology: current source density algorithms
(CSD) and concentric ring electrodes (CRE). CSD performs the Laplace transform of the EEG signals acquired by
conventional disc electrodes to indirectly estimate the LEEG. It can be mainly classified into local methods,
global methods, and realistic Laplacian methods. The global method is the most commonly used approach in
CSD, which can achieve more accurate estimation compared with the local method, and it does not require
additional imaging equipment compared with the realistic Laplacian method. CRE employs new concentric ring
electrodes instead of the traditional disc electrodes, and measures the LEEG directly by differential acquisition of
the multi-ring signals. Depending on the structure, it can be divided into bipolar CRE, quasi-bipolar CRE, tripolar
CRE, and multi-pole CRE. The tripolar CRE is widely used due to its optimal detection performance. While
ensuring the quality of signal acquisition, the complexity of its preamplifier is relatively acceptable. Here, this
paper introduces the study of the SL technique in resting rhythms, visual-related potentials, movement-related
potentials, and sensorimotor rhythms. These studies demonstrate that SL technology can improve signal quality
and enhance signal characteristics, confirming its potential applications in neuroscientific research, disease
diagnosis, visual pathway detection, and brain-computer interfaces. CSD is frequently utilized in applications such
as neuroscientific research and disease detection, where high-precision estimation of LEEG is required. And CRE
tends to be used in brain-computer interfaces, that have stringent requirements for real-time data processing.
Finally, this paper summarizes the strengths and weaknesses of SL technology and envisages its future
development. SL technology boasts advantages such as reference independence, high spatial resolution, high
temporal resolution, enhanced source connectivity analysis, and noise suppression. However, it also has
shortcomings that can be further improved. Theoretically, simulation experiments should be conducted to
investigate the theoretical characteristics of SL technology. For CSD methods, the algorithm needs to be
optimized to improve the precision of LEEG estimation, reduce dependence on the number of channels, and
decrease computational complexity and time consumption. For CRE methods, the electrodes need to be designed
with appropriate structures and sizes, and the low-noise, high common-mode rejection ratio preamplifier should

be developed. We hope that this paper can promote the in-depth research and wide application of SL technology.
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