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Fig. 1 Computational model of visual cortex

(a) The composition diagram of the visual cortex, which is composed of 10 X 10 macrocolumns, each small square represents a macrocolumn in the

figure. (b) The composition diagram of the inner macrocolumn, and a macrocolumn is composed of 10 x 10 macrocolumns. Each microcolumn is

represented by a WC model (also known as WC node), as shown in (c).
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Fig. 2 Network connectivity of visual cortex

(a) Three connection types of a WC node. (b) The distribution of remote connections. (c) The distribution of excitatory local connections. (d) is the

distribution of inhibitory local connections.
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Table 1 Definition and value of visual cortex model parameters

Parameter name Meaning Value
W Self-excitation of excitatory population 24
W Inhibition of excitatory population in the same unit =20
W, Excitation of inhibitory population in the same unit 40
W, Inhibition of inhibitory population in the same unit 0
CEL, Local neighbor excitation from the excitatory population Connected 0.15
Not connected 0
CIL, Local neighbor excitation of inhibitory population from the excitatory population Connected 0.1
Not connected 0
CER; Remote neighbor excitation from the excitatory population Connected 0.05
Not connected 0
E, Background activity of the excitatory population 1.5mV
1, Background activity of the inhibitory population -2mV
T Time constant of the excitatory population 0.06 s
7 Time constant of the inhibitory population 0.026 s
m Determines steepness of the sigmoid activation function 1
n Offset of the sigmoid activation function in terms of input 4
N The scale of network 100
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Fig.3 Stimulus signal
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Fig.4 Spontaneous oscillation

(a) The spontaneous oscillation waveform of visual cortex, when the noise intensity is 1 mV. (b) The spectrum of spontaneous oscillation.
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Fig. 5 Power spectrum of the SSVEP in the visual cortex model under different stimulus and noises
The abscissa of each image represents the stimulus frequency f;, whereas the ordinate represents the response frequency f, of the SSVEP. The color
represents the power densities. To clearly display the characteristics of the power variation at different frequency points, the original power density in

Figure 4 is calculated as log 10 transformed. 4, is the stimulus intensity, and 4, is the input noise intensity. The points on the diagonal line is the

noise

power of the fundamental wave. On the upper left diagonal line is the power of second harmonic wave, and on the yellow diagonal line at the lower

right is the power of the 1/2 SSVEP subharmonics.
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Fig. 6 The range of induced frequency changes with the stimulus intensity under certain noise intensity

The abscissa represents the stimulus frequency, the ordinate represents the stimulus intensity, and the color represents the 1/2 subharmonic power.
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Fig.7 Variation of the SSVEP 1/2 subharmonic power with the stimulus intensity under certain noise intensity and
stimulus frequency

The abscissa represents the stimulus intensity, and the ordinate represents the 1/2 subharmonic power.
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Fig.8 Power distribution of the SSVEP in seven subjects stimulated with 2.3 Lux

The coordinate is the same as that in Figure 5. The abscissa represents the stimulus frequency f,, and the ordinate represents the SSVEP response

frequency f,. The color represents the power.

Table 2 Stimulus frequency range of 1/2 subharmonics induced at different stimulus intensities

Stimulus intensity/Lux Sub A Sub B Sub C Sub D Sub E Sub F Sub G
0.1 None None None None None None None
0.5 None None None None None None None

1 30~31 Hz 32~33 Hz 31~33 Hz 20~21 Hz 19~20 Hz 18~20 Hz 20~21 Hz

23 30~33 Hz 33~35Hz 32~35Hz 20~22 Hz 18~21 Hz 16~20 Hz 17~21 Hz

6.3 30~33 Hz 33~35Hz 32~35Hz 20~23 Hz 18~22 Hz 16~20 Hz 19~22 Hz
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The abscissa represents the stimulus intensity, whereas the ordinate represents the 1/2 subharmonic power.

SRR IR A BRI R A A R — U
4

AR A BN S SR 1 Ik, W98 T SSVEP
YRV 175 & % A RN ) S8 AR AL A . (7 BRI S 5 F
GESE T, % & U Ik 1) ) IR0 R L AR
20 Hz [P i, AW ARG RM 245 . X5
Herrmann 55 ' [ S50 25 30— 2. AT — P8 &
B, A ] 7S i B ADRIOOR T, elo2s i s
JE, WM IRARAAAE 3K TifLIX . &
PR DR AR 5 175 2 YR B 110 SR 003 6 51 ]
SRR B S KA TS, S AR ZE 5 MRS XTI
(375 e HAG IR . ax se b /R T UGl i o) %
SR G AN ¢ e Y e A B[ S5 S
#, RPN RG S DL RS
YRR I A5 BE IS R DL B 3 AN IR R B IR E A AY
ZER.

[ AR LM R G —Fh i LG . A FSTIA
k2 SSVEP 7= A J2 A P L SE 3035 TR o IR 35

2P R EE IR >, e i S 2R 2 2
[FEEE, 12 0GB R EL. Rk, AT s MR
H TR [ D B R AR B U IR D) 2815 e S T 3%
ARAEHLE] B0 AL S B LLE B SSVEP YL A5
(1: L[EZD) EEWUIEHERsT (1 nlFl) HEY
B R TIAE] 1 n [R5 T B R R R
T1 2 VD A TR B IO 236 F S5 AR IR 7
(individual alpha frequency, IAF) 45 &, i T IAF
) n A% BRI . AR S LT RD S g At 15 2 05
12 YR U O 2R3 BRI FE 20 Hz (i3, 2978
H & PR320 2% . R B 5 AR A AR
G RGP R R ROR R, [R)2D
T NG B 2 S NN S IR B D e = D b
FEHGR, AU I A RO 30 R AR 58 . 12 UG
U 33 Bt it B AR A 1) 3 S X AT AR R R . 24
SR EEARGEME P RS 1 2 2 [F2P AT, AR
ABN20OEWE ;. MPDRGELER 31 2[FIPE,
WLZE B 1/2 YRI5 ) 25 I o) 3 5em  F 35 R T 38 K
HHGERIREN 1 2[R, 12 YGEE IR



1008+ EMUEEEYEER

Prog. Biochem. Biophys. 2020; 47 (9

Tk

DI EIHE A, B R M P o B S A5 UG I s
RAZ BN . XS YRR SR O, Ab T
F 3R AR J2 PTRE MR P IR 5 R 2 (g
FIEIRT AR, BRI ZEEK, AMIR
ARG S R T 2 B RIS, I H BRI
BRI, AR S S B X UG
PRI G . K Sd~E ] AR E, 360 5 A2
17 M 7 500 B B AN ISE , SSVEP AY 1/3 YIS I 1 S 1
B, R 12 UOBE I RSO 330 BB B 4 /N, )
BT MR ) s B R B BRI VR . 9 H., SSVEP 5K
WAL, EMFERRETESETT, 20 852ZiKE T
A 13 2B A WSS BIURIS I . b I, i A IR s i
JE WA 2 SSVEP YRR IE 14378 32 1K A7 7E 25
SE AT REIRA

KT SSVEP BRI I (0 il SO 2 i 1, 45
HITAZRGILRERAES  THEM, KRR
TR I %) TR O A 17~24 Hz. 75 AR SCHY 52 36 ) 52k,
L B 442K FAE 16~23 Hz IO R F 3k
W, XHHEAR-8G A3 A2 TR
JETE30~35 Hz il thl, S5 a 2%
5. FF FLAE 30~35 Hz JIlFO0 R T HBLGE I 4
ARAE NSRS oy A 08 . 24 1 AT fig
Jir PR R AR S ST )2 (R SO JA AR, B 5
i Jz 2 X B PERT . iF9E K] . SSVEP WYIE i K3
AL AR, AN FESEOIE G2 FEAE 2
S B8R SSVEP B R JZ TR A dh 4k
BEFILa L A2 2R, (HoR B H A X S M2 i 55
iy AL 23 X%F SSVEP [ 41 35 4 4 7 A — g 5 ) . [
b, o 2% 3% 42 119 25 7 T B 30 T SSVEP I I
5 RGN ] . BRI AL J2 X LA AR B i 2242
FEC AT SSVEP Ui 175 A RS2, 75 275 AN
[F) B 22 DX 3R 35 ) 24 222 ] 7 32 42 R 6 45 52 2% )
B, SORRATT — BB TAE.

5 4 1

ARSOR A O SR PRI T 3%, BFSE T
SSVEP [ Ui 175 A PR 28 M) AR RL R . BIE5E 4
SR, RIS 65 R 5
SSVEP U7 A MR AEAL I 3 N EHESH, K
WU B A A3 3 S R BUE S DA G
a. MR i S MURIEOBCR AR R, 172 U 2 R B
RFHGR LRI R, UG BUIGHE A IX | e X
AL 3 AN AN RV w7 DXl s 73 34 XA

P, 12 YRS Dy 2R g o A 3 5 . #EIE T 0
B IR B LR PR L I L TR E (A b, MRS XS 1/
2 YA RS e S T i — o R A AR . MR
SR EER/INIE 12 YOI IR R R R K
B, 172 R 5 28 R R AR TER A BB B A & .
c. Mg FE AR RIS, 172 YRR I 935 & 000 Y L B
LR B P8 KM AR B . AR ORI 45 A BT PR
SSVEP I i 75 A LI, o AT DA BRI A )
AF5 F = 24400k i o7 FH S VR

2 % X M

[1]  Vialatte F B, Maurice M, Dauwels J, et al. Steady-state visually
evoked potentials: focus on essential paradigms and future
perspectives. Progress in Neurobiology, 2010, 90(4): 418-438

[2]  Herrmann C S, Murray M M, lonta S, et al. Shaping intrinsic
neural oscillations with periodic stimulation. Journal of
Neuroscience,2016,36(19): 5328-5337

[3] RobertsJA, Robinson P A. Quantitative theory of driven nonlinear
brain dynamics. Neurolmage, 2012, 62(3): 1947-1955

[4]  Tsoneva T, Garciamolina G, Desain P. Neural dynamics during
repetitive visual stimulation. Journal of Neural Engineering, 2015,
12(6): 066017

[5] Herrmann C S. Human EEG responses to 1-100 Hz flicker:
resonance phenomena in visual cortex and their potential
correlation to cognitive phenomena. Experimental Brain
Research,2001,137(3): 346-353

[6] Hughes J R. Responses from the visual cortex of unanesthetized
monkeys. International Review of Neurobiology, 1964, 6(4):
99-152

[71  Silva F H L D, Rotterdam A V, Leeuwen W SV, et al. Dynamic
characteristics of visual evoked potentials in the dog. i. cortical and
subcortical potentials evoked by sine wave modulated light.
Electroencephalography & Clinical Neurophysiology, 1970,
29(3):246-259

[8] Regan D. An effect of stimulus colour on average steady-state
potentials evoked in man. Nature, 1966,210(5040): 1056-1057

[91  WonD O,Hwang HJ, Déhne S, et al. Effect of higher frequency on
the classification of steady-state visual evoked potentials. Journal
of Neural Engineering, 2016,13(1): 016014

[10] Iscan Z, Nikulin V V, Xu L. Steady state visual evoked potential
(ssvep) based brain-computer interface (bci) performance under
different perturbations. Plos One, 2018,13(1): 0191673

[11] Spaak E, De Lange F P, Jensen O. Local entrainment of alpha
oscillations by visual stimuli causes cyclic modulation of
perception. Journal of Neuroscience, 2014,34(10): 3536-3544

[12]  Wieser M J, Miskovic V, Keil A. Steady-state visual evoked
potentials as a research tool in social affective neuroscience.
Psychophysiology,2016,53(12): 1763-1775

[13] Vlahou E L, Thurm F, Kolassa I T, et al. Resting-state slow wave

power, healthy aging and cognitive performance. Scientific



2020; 47 (9

Wrge, %: SSVEPRIEKHIER RRFMINETU—EERTHHR

<1009

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

(23]

[26]

Reports,2014,4:5101

Samaha J, Postle B R. The speed of alpha-band oscillations
predicts the temporal resolution of visual perception. Current
Biology,2015,25(22):2985-2990

Annika N, Herrmann C S. Flicker regularity is crucial for
entrainment of alpha oscillations. Frontiers in Human
Neuroscience, 2016,10: 503

Annika N, Kurths J, Herrmann C S. Modification of brain
oscillations via rhythmic light stimulation provides evidence for
entrainment but not for superposition of event-related responses.
Frontiers in Human Neuroscience, 2016, 10: 10

Keitel C, Quigley C, Ruhnau P. Stimulus-driven brain oscillations
in the alpha range: entrainment of intrinsic rhythms or frequency-
following response?. Journal of Neuroscience, 2014, 34(31):
10137-10140

Angelini L, De T M, Guido M, et al. Steady-state visual evoked
potentials and phase synchronization in migraine patients.
Physical Review Letters, 2004, 93(3): 038103

Maciej L, Rafal K, Alicja B, et al. Nonlinear origin of SSVEP
spectra—a combined experimental and modeling study. Frontiers
in Computational Neuroscience, 2016, 10: 129

Yang Z D, Guo D Q, Zhang Y S, et al. Visual evoked response
modulation occurs in a complementary manner under dynamic
circuit framework. IEEE Transactions on Neural Systems and
Rehabilitation Engineering, 2019, 27(10): 2005-2014

Jadi M P, Sejnowski T J. Regulating cortical oscillations in an
inhibition stabilized network. Proceedings of the IEEE, 2014,
102(5): 830-842

Wilson H R, Cowan J D. Excitatory and inhibitory interactions in
localized populations of model neurons. Biophysical Journal,
1972,12(1): 1-24

Peters A. The morphology of minicolumns. The Neurochemical
Basis of Autism. Springer US. 2010, 45

Voges N, SchiizA, Aertsen A, et al. A modeler's view on the spatial
structure of intrinsic horizontal connectivity in the neocortex.
Progress in Neurobiology, 2010, 92(3): 277-292

Wang Y J, Trevelyan A J, Valentin A, et al. Mechanisms underlying
different onset patterns of focal seizures. Plos Computational
Biology,2017,13(5): 1005475

Wang Y J, Goodfellow M, Taylor P N, et al. Phase space approach
for modeling of epileptic dynamics. Physical Review E Statistical
Nonlinear & Soft Matter Physics, 2012, 85(1): 061918

[27]

(28]

[29]

[30]

(311

[32]

[33]

[34]

[33]

[36]

[37]

[38]

[39]

Wilke M, Mueller K M, Leopold D A. Neural activity in the visual
thalamus reflects perceptual suppression. Proc Natl Acad Sci,
2009,106(23): 9465-9470

Spiegler A, Knosche T R, Schwab K, et al. Modeling brain
resonance phenomena using a neural mass model. Plos
Computational Biology, 2011, 7(12): ¢1002298

Jansen B H, Rit V G. Electroencephalogram and visual evoked
potential generation in a mathematical model of coupled cortical
columns. Biological Cybernetics, 1995, 73(4): 357-366
Lea-Carnall C A, Montemurro M A, Trujillo-Barreto N J, et al.
Cortical resonance frequencies emerge from network size and
connectivity. Plos Computational Biology, 2016, 12(2): e1004740
Castelo-Branco M,  Neuenschwander S, Singer W.
Synchronization of visual responses between the cortex, lateral
geniculate nucleus, and retina in the anesthetized cat. Journal of
Neuroscience, 1998, 18(16): 6395-6410

David O, Kiebel S J, Harrison L M, et al. Dynamic causal modeling
of evoked responses in EEG and MEG. Neurolmage, 2006, 30(4):
1255-1272

Robinson P A, Loxley PN, O'Connor S C, ef al. Modal analysis of
corticothalamic dynamics, electroencephalographic spectra, and
evoked potentials. Phys Rev E Stat Nonlin Soft Matter Phys, 2001,
63(1): 041909

Pikovsky A, Rosenblum M, Kurths J. Synchronization: a universal
concept in nonlinear sciences. Cambridge, UK: Cambridge
University Press. 2003, 65-101

Frohlich F. Experiments and models of cortical oscillations as a
target for noninvasive brain stimulation. Progress in Brain
Research,2015,222:41-73

Thut G, Schyns P G, Gross J. Entrainment of perceptually relevant
brain oscillations by non-invasive rhythmic stimulation of the
human brain. Frontiers in Psychology, 2011,2(170): 170

LiF L, Tian Y, Zhang Y S, et al. The enhanced information flow
from visual cortex to frontal area facilitates ssvep response:
evidence from model-driven and data-driven causality analysis.
Scientific Reports, 2015,5: 14765

Zhang Y S, Xu P, Huang Y L, et al. Ssvep response is related to
functional brain network topology entrained by the flickering
stimulus. Plos One, 2013, 8(9): 72654

Lithari C, Sanchez-Garcia C, Ruhnau P, e al. Large-scale network-
level processes during entrainment. Brain Research, 2016,
1635:143-152



-1010- EVUESEYYIEHRE  Prog. Biochem. Biophys. 20205 47 (9

Induced factors and power variation of SSVEP subharmonics
—— Modeling and Experimental Study”

CHEN Ni"?, QIN Yu-Rong”", GAO Huan”, LI Yu-Qin”, SUN Peng-Fei’

(VCollege of Electrical Engineering, Guangxt University, Nanning 530004, China;
DDepartment of Biomedical Engineering, Guangxi Medical University, Nanning 530021, China;
ISchool of Computer and Electronic Information, Guangxi University, Nanning 530004, China)

Abstract Steady state visual evoked potential (SSVEP) is widely used in the study of brain perception and
cognition. At present, the mechanism of SSVEP subharmonic is ambiguous. The induced factors and power
variation of the SSVEP subharmonics were studied by a visual cortex network model in this paper. Further, the
SSVEP of 20 subjects' head surface was tested to verify the simulation results. The simulation and experimental
results show that the stimulus frequency, stimulus intensity and noise intensity are three important parameters that
affect the 1/2 subharmonic induction and power change of SSVEP. Subharmonic is induced by the synergistic
action of three parameters: a. when the stimulus frequency and noise intensity are same, the curve of 1/2
subharmonic power with stimulus intensity is similar to sigma function, and there are non-induction region, linear
growth region and saturation region: in non-induction region, 1/2 subharmonic power is approximately 0; in linear
growth region, 1/2 subharmonic power is proportional to stimulus intensity; in saturation region, 1/2 subharmonic
power tends to be constant; b.when the noise intensity is same, the stimulus parameters area that can induce the
1/2 subharmonic obviously is similar with arnold tongue in nonlinear synchronization, that is, the effective
stimulus frequency range widen with the increase of stimulus intensity; c¢. when the stimulus parameter is same,
the noise intensity determines the 1/2 subharmonic energy ; the higher the noise intensity is, the stronger
restraining effect of inducing 1/2 subharmonic and power is. The experiment and simulation results in this paper
are basically consistent, which shows the feasibility of model simulation. The research results provide theoretical
and experimental basis for understanding the generation mechanism and effective application of SSVEP

subharmonics.
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