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Effects of anodal high definition transcranial direct current stimulation on response inhibition related cortices:

evidence from resting-state functional near-infrared spectroscopy
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[ Abstract ]| Objective To investigate the changes of resting-state functional connectivity and brain network metrics in
the response inhibition-related cortices after anodal high definition transcranial direct current stimulation (HD-tDCS) on the right
inferior frontal gyrus (rIFG) by resting-state functional near-infrared spectroscopy (fNIRS) imaging. Methods The experiment
followed a 2 (stimulation type: rIFG stimulation vs sham stimulation) X 2 (detecting time: pre-stimulation vs post-stimulation)
2-factor mixed design. A group of 48 healthy college students were enrolled and randomly divided into rIFG stimulation and
sham stimulation groups (n=24). Resting-state fNIRS was used to record the changes of oxyhemoglobin, deoxyhemoglobin (HbR)
and total hemoglobin (HbT) signals for 7 min before and after a single anodic HD-tDCS (1.25 mA, 20 min) stimulation of rIFG.
The functional connectivity from region of interest to region of interest (ROI2ROI), functional connectivity matrices, and brain
network efficiency indicators were analyzed for the key cortices of response inhibition (rIFG and right pre-supplementary motor
area [pre-SMA ]). Results The ROI2ROI functional connectivity analysis based on HbR signals showed that compared with
the sham stimulation group, the functional connectivity between rIFG and right pre-SMA was significantly elevated in the rIFG
stimulation group (£<<0.05); the results of the functional connectivity matrix analysis revealed that the functional connectivity
between channel 2 and channel 24 was significantly improved in the rIFG stimulation group than that in the sham stimulation
group (P<<0.001). The graph theory analysis based on HbT signals showed that the nodal efficiency delta values of channels 1, 5,
8,9, 12, 19 and 26 in the rIFG stimulation group were significantly higher than those in the sham stimulation group (all corrected
P<0.05). Conclusion Anodal HD-tDCS on the rIFG significantly enhances the functional connectivity between rIFG and right
pre-SMA and increases the nodal efficiency of the response inhibition cortical network.

[ Key words | functional near-infrared spectroscopy; transcranial direct current stimulation; resting-state; response
inhibition; functional connectivity
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SNl ( response inhibition ) J&F8 W HI A
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1% ( functional near-infrared spectroscopy, fNIRS )
VER—Fh e DA N S RE BT R R TR, A
TAE 55 W AR 55 BT A A 71 O 25 5
SEUN SRS FME DL LU S, R AR T
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tDCS (high definition tDCS, HD-tDCS) #l{#4 rIFG
Xof 52 A1 A 56 B JBT ) e 3 45 i S e, O 8 FH A
HD-tDCS #¥# rIFG (AR TR ) B 11 (IFG
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ffi% (attention deficit hyperactivity disorder, ADHD )
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Axial slice

E 1 HD-tDCS REE
Fig1 Schematic illustration of HD-tDCS
A: Electrode arrangement. Red (FT8) is the central electrode and cyan (FC4, C4, FT10, and TP8) is the return electrode. B: A 3D view
of simulated electric field. C: The section view of simulated electric field and current direction. The arrows point in the direction of

current flow. HD-tDCS: High definition transcranial direct current stimulation; L: Left; R: Right; F: Front; B: Back.

1.4 HLsh IR EREE 4l LABNIRS
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SN 2 RI IR % 34 s (K1 2A)
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FKAEFN 27.78 Hz., i HOGET 08 8 O D6 A% 18] 1 R
BN 3 om, B OROCHR I E O B A —BrE,
AT EPRGE 10-10 R (central
zero) . I HOGHRHEAR B f 1S TR b -
# 15 (occipital zero ) EZH & (K 2A) o
Fastrak 3D E V¥ ( 3 [E Polhemus 2 7] ) il 5% 5
F i (nasion) | Wbl ZEHRTAL (left
preauricular point ) . 45 H-Hij /& (right preauricular
point ) FOGHE FiE 18 1 AL bR, 4 5T MATLAB
i) NIRS-SPM T H £, 15 52 1§ H /K #i 22 0F ¢ i A
bt 47 25 [ fid v (181 2B, 2C) , i H Brodmann
Talairach 15 #ig 5 LPBA40 5 #i 15 2] 38 18 5 i i
B 235K 0 B 6 B MR R Y L AR g e e
S MERAB T 50% A3 18 7] LA R AH N7 SRR X
(region of interest, ROI) , A 9 A AR
F 4 M pre-SMA (JEH 1. 2, 5. 6, 8, 9, 12,
19, 26) , 2 MEIECR FG (GEIE 24, 27) .
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2 fNIRS RRFNBIERE
Fig2 Layout of {NIRS optrodes and channels

A: Optrode arrangement. Red circles are source, blue circles are
detectors, and white squares are channels. Channel 1 is located
at Cz. B: Spatial registration of channels (1-34) on a rendered
brain. C: Different views of optrode locations (red dots).

Cz: Central zero.

1.5 B FESHT (T MATLAB R2021b
) NIRS-KIT T B A 7 Sl mab 5> . (1) %%
PEL TR A AT F R Ae ) 30 s ARG 1 min (%,
REBRENES . (2) HMTRERLM, i
T [l L P s AR M i I I id i
hkBR.  (3) #TE R IERED:, 2 ahIEiERE
BT WA R EOr B 7k, s il TSR ik
I R £, A 0.01~0.08 Hz ™ FJE15%
AP AR S5 HbO . HbR Al HOT AHXFRE .

AN Ar e A B NIRS-KIT T EL A ko7 A5
BHEAT I REIE ST, AR BRI B %
IX. (ROI2ROI) TR i 4% 73 A1 F1 T B 1% 45 0 [ 03
#r. ROR2ROI JREIEFE M B AN« KFidIE 1,
2.5.6, 8,9, 12, 19, 26 5& X N4l pre-SMA
ROI, j# i 24, 27 & XA rIFG ROIL, K4 B[] 77
51| F % HbO ., HbR il HbT A% ¥k & A8 4k, Jeitd
B4~ ROL (4~F- 4 if (8] 5 41, F-3H55 2 4> ROL A [i]
J741 | 1) Pearson AH5C 2248, F£iE4T Fisher-Z 728k,
WAL 5 1) Z (B € R ROI2ROI V) fE % $50 E «
REERE R FR AN . BERRE S GMTE 1,
2.5.6,8.9, 12, 19, 24, 26, 27, #£HHE
T T ) (] S 20 9 I 2T AR B AR A, i A
Yot 38 3 B [8) 7 371) 22 [8] (4 Pearson AH &A1 I AE
A, K15 2 1Y Pearson A1 ¢ & $XE 1T Fisher-Z
A, RS 1Y) Z (B SCOR I TE T (1) D) RE i R
JE . SRJEHE NIRS-KIT T HA0 77 A 1) Th it 1% 432 00 B
F AR Gretna THAL, i KR TR 45 5%
RAGFRT L R R AT IR 9 2 vh AT b PR
BURETT, Mk oE rh AR e bR, AbF
GE T A A AR PR AL A X 2% 42 AR ( network
global efficiency ) . M 4% J53 B &% % (network local
efficiency ) FI5 5 %% (nodal efficiency ) "', H
Hh ) 25 4 Jey R R A R B A I 25 R TR BRI sk
B L SRy R R ARAE 25 5 T A AR AR A5 3
B, SRR R X SN 4 TR B AR
K, fiH] Gretna T HAREMASEIRG, $EHUS I
FEARIEA T AT o
1.6 %itF4  ffiff SPSS 26.0 #4011
ST BRAFEMU, #AMESHE D X+ FoR
1E AP R A Shapiro-Wilk K356, 77 22 57 LK 56
K H Levene £ 55 . X 41~ D) 8 4 422 43 B i 19X 4%
FEARTEAT 2 (R, (IFG R385 vs 3 ) X
2 CRGIMEFR] . ARl AT I vs IS ) A I )y
2570, R R A WA RS T ER
JEAG S, K Bonferroni 54T 545 2 5 ALK IF;
AR S R B S 3 o R 2 R A (R A 28 EOE, PRk
R HRON AR . AR 22500 &
Rl Ui . 55T HOT A7 S BCRIEAr i TR
— H &K 5 A8 P I 2200, R H delta {6 (]
U R AT ) AR ARG HE T
SEREAR K56, UK ARSI R PAE AT AR A PR

(false discovery rate, FDR ) #1E RARFEARAR FHME R
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07 53 HrHAs M o S50 R 28, ST REA ¢ 4G B 4R
& Cohen’s d RN " L #Be/KHE (o) 4 0.05,

2 &% B

2.1 AORIEARAE S rIFG Il FREORI B2 V)

PR —20 (PR 11 Z B 13 att) |, If
HWAMAER . ZHFFER . ADHD HiT# R T
HEUG s FA54y . ADHD HiT=R L3/ thahsy
#1955, ADHD H i 2 555, i I A AR B <
EZRBTGFE L (P>0.05) o W& 1,

F1 WHEHRELRSS
Tab 1 Basic characteristics of participants in 2 groups

n=24,x+ts

Variable rIFG stimulation group Sham stimulation group t value P value

Agelyear 20.38+1.66 20.71+1.27 0.78 0.439
Education level/year 15.294+1.71 15.75+1.54 0.98 0.334
ADHD-inattention score 9.46+3.78 10.63+2.78 1.22 0.229
ADHD-hyperactivity/impulsivity score 7.58+4.03 8.04+4.29 0.38 0.705
ADHD-total score 17.04+7.09 18.67+5.84 0.87 0.390
Sleep duration per night/h 6.71£0.69 6.67%+0.57 0.23 0.820

ADHD: Attention deficit hyperactivity disorder; rIFG: Right inferior frontal gyrus.

2.2 A THbOZHM# 8.5/ iEETH ROIRROI
UIBEEHE AT A A R, RIS 5 s ] 52 B30
gt E IF (1, 46) <0.01, P=0.992] . M
U REE R ULIE 3, rIFG I T RE 1% 12
S R ISP 2R S 0.32.420.13, IS DU
0.34£0.18; B ZH Ty B8 2% 42 [ ) S il ~F- 3%
SRR 0.34+0.20, UK 0.30+0.19,

Z value
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1 25 6 8 9 12 19 24 26 27
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Fig3 Functional connectivity matrices based on

oxyhemoglobin signals in subjects of 2 groups
A: 1IFG stimulation group; B: Sham stimulation group. The
redder the color, the stronger the functional connectivity. rIFG:

Right inferior frontal gyrus.

R Ty 2 as R B s, (GEE 5-15iE 8
[F (1, 46) =4.44, P=0.041, {in*=0.088] #0

WA 12-38 38 27 [F (1, 46) =495, P=0.031,

M =0.097 ] & HRUN A G5 X, {HZ: FDR %
EEHTGI R (FIE PY>0.05) . Eighn
Fraf R woR, W24 R ReR A8 RN Tege it X
[F (1, 46) =1.09, P=0.302] , W% Jm#sk %
LHRN TG 3 X F (1, 46) =024, P=
0.629] , T HBCRAHT W AR 5 9 (RIIE 9)
LHBNA G EXF (1, 46) =579, P=
0.020, fii 7”=0.112] , {HZ: FDR ¥ IF J5 45 it2#
B (KIEP>0.05) , HATSZHBNE TS
HeEEE L (PH#>0.05) .

2.3 AT HORAZH#9# 8.5k E 1L ROI2ZROI
T BE % $2 43 BT 07 A8 HOBUW A I Gk G 2 L
[F (1, 46) =3.73, P=0.060, 1 n°=0.075] ,

8] BALASC 43 BT S 7 USRI TP G R 2 5 Ml
24 %) ROI2ROI Jj fiE % # 3 i 25 S5 oG it 22 5 X
(0.07+0.25vs 0.09+0.29, P=0.840) , Hl# )5
rIFG il 3% 20 Ty il % # 5 T ORI 4l (0.20+
0.30 vs 0.01+021, P=0.011) ., PIHBERINAEERAE
FEULIE 4A. 4B, EENGE 20T WonisiE 6- ik
12 IReE A HRAN A Gt =B L [F (1, 46) =
5.10, P=0.029, f#°=0.100] , {H £ FDR & iE
GG X (K IE P>0.05) 3 hiT Z400r
45 LR E A 1- 0 2 41 RO A it S
[F (1, 45) =422, P=0.046, 1 77=0.086] ,

ARG IE G RG24 L (KEIE P>0.05) , il
2- il 1A 24 HHIN A Gt # B [F (1, 45) =
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WEEERFHR 20234E 6 H, 4544 %

18.03, P<<0.001, fiii #°=0.286] , % FDR £ iE )5
A Gt L (FIF P<0.05) . J7 2504 R
UL 4C, 4D, Zad B PR)S, (IFG 4 i 18
2- 38 H 24 J ¥ 5 I 2 BE % B2 58 E 8 0.10£0.03
(Xts:) , fEORIFLAIN A —0.084+0.03 (X+s:) ,
ERH G X (P<0.001) , W rIFG 1%
ZHIMIE 2- FIE 24 R 0T R R R T O
WA, HAm B D Re 4228 AN TS X
(PX¥1>0.05) o EEAHTEi R ER, M4 R
R HMN TG FE S [F (1, 46) =049, P=
0.485] , M &% Jay P R0 28 AL TCGe 35 7 X
[F (1, 46) =0.08, P=0.785] , T S ELH
WO TICGE TR L (P 34>0.05) .
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Fig 4 Functional connectivity matrices based on

deoxyhemoglobin signals and analysis of variance results
in subjects of 2 groups
A, B: Functional connectivity matrices of rIFG stimulation
group (A) and sham stimulation group (B). The redder the
color, the stronger the functional connectivity. C: F value
matrix. The redder the color, the higher the F value. D: Results
after false discovery rate correction. The white color represents
the significant result, while the black color represents the
insignificant result in the binary matrix. rIFG: Right inferior

frontal gyrus.

24 A THOT/E56# 854454 % 1 ROI2ROI
IR R3S A TS - L [F (1,46 ) =
0.17, P=0.681] . %tF HbT AY Tl BE % 5 46 4 L
S, rIFG I3 T R % He e e o i 0 Yy e 38
4 0.574+0.20, HIFJSEIA 0.57+0.21; Bl
T it 375 422 R 0 ISP 45 ol 0.57 4027, 3
PRI R 0.55+0.21, FEE M E 7 2250 B 45 3 s
{GEIE 9- MiH 12 DRI HAUN AT Gt X
[F (1, 46) =4.62, P=0.037, 1 7n’=0.091] ,

{HZE FDR ®IEJG TEge it 3L (BEGE P>0.05) o &
WS R R, W44 RRCR S BN G2
EX[F (1, 46) =0.10, P=0.755] , P& )m&B%k
RN TGI 2B L [F (1, 46) =243, P=
0.126] o M7 EEA (AGEG 45 R oK, 1IFG R4
1. 5. 8.9, 12, 19, 26 f 7 5 850K delta {6 4
KT (KEIE P#<<0.05, & 6) 5 rIFG HIRg
ZH - YT 540K delta {H R 0.00140.013, il 4L
3—0.02840.020, ZERAGIEE L [ (38.16) =
6.05, P<<0.001, Cohen’sd=1.747] .

Post-stimulation

Pre-stimulation Z value

1 25 6 8 9 121924 26 27
Channel

Pre-stimulation Z value
1.5
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Fig5 Functional connectivity matrices based on total

1 2 5 6 8 9 121924 26 27
Channel

hemoglobin signals in subjects of 2 groups
A: rIFG stimulation group; B: Sham stimulation group. The
redder the color, the stronger the functional connectivity. rIFG:

Right inferior frontal gyrus.

25 RRREAFZXE A TORES 5L A
i FE IR A7 KA, WA B R A T N B,
I H A5 PR, iR . be KRR AE L N FH tDCS 7=
A IERSE, H rIFG 3035 25 5 10 0 e 2 3k 1 2 vt
SRETE 2 RIS R R X[ (413£2.23) J3vs
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Fig 6 Nodal efficiency of functional connectivity based
on total hemoglobin signals in subjects of 2 groups
'P<C0.05, "P<<0.01 vs sham stimulation group (P values were
corrected by false discovery rate). n=24, x+s.. rIFG: Right

inferior frontal gyrus.
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