Published by: Iranian Society for Biomedical Engineering / www.isbme.ir

Iranian Journal of Biomedical Engineering

gk s 08 www.ijbme.org / P-ISSN: 2008-5869 / E-ISSN: 8006-9685
&

Volume 13, Issue 1, Spring 2019, 85 - 93

Spiral Waves Formation in a Network of Neuron Model with
Monotonically Differentiable Magnetic Flux

Parastesh, Fateme * / Jafari, Sajjad " / Azarnoush, Hamed 2
1 - Ph.D. Student, Bioelectric Department, Biomedical Engineering Faculty, Amirkabir University of Technology, Tehran, Iran

2 - Assistant Professor, Bioelectric Department, Biomedical Engineering Faculty, Amirkabir University of Technology, Tehran,
Iran

ARTICLE INFO

DOI: 10.22041/IJBME.2019.102310.1440

Received: 21 January 2019 Revised: 27/1/2019-30/1/2019 Accepted: 31 January 2019
KEYWORDS ABSTRACT

Modified Hindmarsh-Rose Spiral wave is a particular spatiotemporal pattern, observed in a wide range of complex
Neuron Model systems such as neuronal network. Appearance of these waves is related to the network
Neuronal Network structure as well as the dynamics of its blocks. In this paper, we propose a new modified

Hindmarsh-Rose neuron model. The proposed model uses a hyperbolic memductance
function as the monotonically differentiable magnetic flux. An external electromagnetic
excitation is also considered in the model. Firstly, we study the dynamics of the proposed
neuron model through bifurcation diagram and Lyapunov spectrum, in two cases of no
excitation and periodic excitation. The bifurcation diagram shows the property of
antimonotonicity, which has not been observed in the previous models. Then a square
network is constructed and we investigate the spatiotemporal pattrens. By varying the
parameters values, spiral waves are observed in specific ranges. The formation of these
waves depends on the interaction of all parameters simultaneously.

Spiral Waves

“Corresponding Author

Address Bioelectric Department, Biomedical Engineering Faculty, Amirkabir University of Technology, Tehran, Iran
Postal Code 15875-4413 Tel  +98-21-64542398
E-Mail sajadjafari@aut.ac.ir Fax  +98-21-64542398

Copyright © 2019 by ISBME, http://www.ijbme.org - All rights reserved
Thiswork islicensed under a Creative Commons Attribution-NonCommercial 4.0 International License


http://www.ijbme.org/
https://dx.doi.org/10.22041/ijbme.2019.102310.1440

www.isbme.ir [ ol pl So5  gwdige el 130

www.ijbme.org | A« - F-AFAD i Sug iUl GbLs | Yoo A-BASA s gle sLLs

i“ - /\& 5“~iA )Le‘-? d :O)LD-A:J ‘W' :0)30

%@ %08

ablan HLs Ghls slagygygi I JShoto (glaseuds )0 (ruslo SE g0 (55 S

. " . s Q wor &
el o )'.’.‘»...GM

T ol «5giy3T /T Sl o6 phnz | dabld ¢ sidiw

Ol il S ol inio oSl o Sy owidigen (S0aSls S yiSUlgms 09,5 ¢ iy (owdkien (6 5SS (Sgzeiils —

Ol il oS ol inio oSl ¢ S  pwdigen (G0l (S ;iSUlgms 09,5 ¢ Lobiwl —

Al wlasine

DOI: 10.22041/1JBME.2019.102310.1440 : Jloouws (gawbids

VWAV Goge V) iy WAV ARV Y 26,5554

VAV o Vorailobles (o el

R

Sols slaejly

o7 Sl Sl ()l ;0 &5 aiten (B Gl lagSl 5l (col> £98 (e )le slazse
lizl Seslus Guizped § 450h LS Lo 4 2loel nl 3l )l 2929 (9,95 (slaaSd alex
Joe Gal p wax Sgy8 Joe SOl @lie cpl jo oyl Siws o] gosims uSiis
LS Gl 4 Sgme Sosiree @B o5l el o el ool Wl - 8o
S oz S ) ESIESG Hsb 4 G rdyEiie Sl aS oad oolatl (9,98 (surbline
9 S ol gl ey b ()5 Joe 5 00D 3l (45,58 4 5 (25 (eebliieg iSUL Sl
ol B35 513 ) 3550 oolie WL g (25 Wl g Sl 95 0 (Sl il
O sl Jaw jo aS ool plas 1) S lg Sl Cunls (solpiin Jae S el Slogel
Sossl g oals 43,5 a0 W Soy98 Jow 5l s $AS SO (e ol 00l cdmliee
@rosgaze )3 Lo lell is b eamm)le Slagse WA S 13 o) 900 Sloj- Sl

ol ey ool oL oy Jales &l () (5,05 S 5 0031 asalie B (yone

sl ] g8 Je
Jrosleass
9 D

T le slozse

Jouns (g0 53"

SAAYV-FFOFYYAA il VOAVO-FFAY oy IS
HAA-VV-FEOFYYAN K, 0 sajadjafari@autac.ir  Suig S| oy

Copyright © 2019 by ISBME, http://www.ijbme.org - All rights reserved
Thiswork islicensed under a Creative Commons Attribution-NonCommercial 4.0 International License


https://dx.doi.org/10.22041/ijbme.2019.102310.1440

AY A= AD TR Jlas ) ojlod VT 050 s} Sy (swsiigeo selono G

aSh 4l Ll & Lo 4 oS! LS):SJS*ZBAS'-"-’.’)@)
oS B LYY ols (Kins 58 ewjle liml Sslus 4
5 Oy > des Jeily addlas Gl ook Gl
5 oSele [YV-YY] el a3 5 & go Jo,e sl b,
21 S Jae ok ol sl 10T Jlo o JLuSte
o g0 (o1 5l g L0 o 5 L)l s sl JUIS ety
YY) e S h-Sla s Jow awbe Jow opl saidly Lials
arsgs o g [YF] VsSosl Jow YVF] 5 - 5 leais Jow
Sowzms &5 G- oileane Joe m ol 5o el ool
5 9 adls (LuSla-(rSale oo & Cond 6505 Slalwe
ol 5565 51 00 oamlins (glo ) lid, aday & ol > e
S0 ¥ oYAl cal ais 513 ool 5590 (slos ynS job 4
Ol S0 Lol b oo lozr Joo Sy 5 V217 Lo
s I ws @l o Lol 5 i beans Joe a4 cenbline
Sl & yomie Lid 5y Sl 15 5 S0 slaph> &8l
Sed aid,S ol o b ol 3las sad cwblin o S
gl ombline (S9)88 Joe )0 s pol> allie o
Vg e g Sy L gbliie LS 5 oad Jlael
ol piygie Mol b4 8 T Sp e
oz 5l (Senls Gladelon o Sl 0ad (Sl
Dz S 55, T ortaS il sloges 5 P gL sles LT
e Sl S9y8 S8 Sy 58w o 0 el oud pldl
Sx Ol Lo ahly soti by ot able oz (S8

Ll a8 5 )18 sy 0 9590 (Lo slagzse

ouls zlWol 55— oyl Jowo -Y
Sl 56 as [WV] s oas @l bl gy Joe

Gygo & WS (o owyp |y (Foy8 Cdld p cwnbliae
bl (V) salal,

x=y+bx?—ax®—z+I,, —kxp(®)
y=c—dx?*—y

z=r[s(x+1.6)—z]

O =kx—k,®

M

* Fitzhugh-Nagumo

' Hindmarsh-Rose

" Izhikevich

'" Memductance Function
" Hyperbolic

'* Monotonically

'® Lyapunov Exponents

'* Bifurcation Diagram

doddio —)

S (536 Salins 5 4y 08 ooy (o
)|)3 4.'>5.' 0)3.0 )L........‘ ).._‘>| 6&4&& ).) 9 [Y‘—\] oby 6:3‘5
Szl ol Hhas olaxd 5l oy s SO Lailais S
Lsiss wten Jobss Jbo 50 K0Sy L oS op 4y Jaie
alox 5l oodly slopinan 3l 6k [FF] cadl ous
Olye 4 lyion |y eleizl g (SigleST s laptanns
FEORIP g PN N R ) RIS NS VESUIC .
9 GHNSAS )0 a5 039y (9,98 60k sl Slaad Juls grae
S olge @ wiie ol jo K0S Lo alellsl Jla!
‘ém &)”‘ J..Jé LY 9 [V] W) 4.~.>L,.~J c.,\m W
In-al T obges anle g0l Tomilojlusgs slaensyy
3 Vel 2 s b slazge o DNYIY] TS >
mle slazge JAl cudl oot sl S99 sleaSis
Lo olaSis o a5 sws slopy ~ Sloj- Sl slagSl
aS Sl ool ool lias Kilowds cvmlice i SS m8 (gli
5 70 50 SSU gloales T3l aiilys oo e lo slagse
oS S o b s el V] asl B8 slas low
Dydhise E9rh Srlem(puwgiw 05 lawgi g0
o8 b et Sla i3 2 bl oo (e )le Slazae
el a3 08,5 6 S ol B Zlgel ands jLacl UL
5 00 gl e b 905 SB asile (o8 sl ooyl 55
2 ey ol 3 DAL wig g8 he 25 (aaliél 4 i
ol 35 o3 (Zr )l Slogae (o) Sy Sllllas 5l 6k
Lol b as ..\50)5 ol lice 9 oo)f = gf?:“ﬁ)l"’ GL‘Z’C}"
el sz a4 Jolar llasl golass 0,8
DAl w8 o JSo aSls 10 6,500 slagSl g oas b
@z Jeilis clslee b (B8 (o8 Joo S0
IV -] wsls lias am g0 9 S5 o 1, olas slagSIl g assls
S sl dlESS 0,550 S 5l 5 ML 5 Gl
V-8 558 sl (saSd S 53 (o )le slagse

IV ] w5 oolil

' Complex Systems

¥ Self-Organized

¥ Synchronization
 Chimera State

® Spiral Waves

* Spatiotemporal Patterns
¥ Ginzburg-Landau

A Collective Behavior

Copyright © 2019 by ISBME, http://www.ijbme.org - All rights reserved
Thiswork islicensed under a Creative Commons Attribution-NonCommercial 4.0 International License



& CEES Gt orepbline L S (slaig g8 5] Site (SMSLD 15 (e lo slagge (605 U it AalE A

<y ! / SE

2 | N7

3 /
“
s
s a4 as

S G Sl o i g e 318 (slas (1) JSCi
6?)5
oy 2 = <) :i
Wl el )0 wax Hg)ye Joe 51 las — (V) S

Joe (Seolus oo -¥
Al Sl (eolpring Jow Swulns 380 (gardllas jglais 4
S 9y Sl 53 (sl Jae Byl i 5 S il
e Lal Gosl o i sal el ol @ 55 B salb
S 03,5 3)l5 g Joe (p2aS il ol oud a8 37 L
oadlice .l 00l ool uLw.l (W-Y) JS») 5 Li?)l}
Soads 2l 90 Ggls g0,90 P S>o5 polie jo 4 0gd o
).ls)LS.o 99 YOA.A’:J as Ujl-*-’ 50,90 ‘LS»LMo )g'él.s.c 6‘)‘3
sosb yo &dly ool ouls ) NPV IS PCTRUOII 1 g%
Dol (0,90 (D i m2 g (A pl 93 e o VP /Y
D oo ST Sl Sas oSl s aS su saslive
odmlive paien s Jow ;0 Sig pl a5 cl S5 465U
30 5 B el polie 4 bgy e Baibld slales .ol ouis
31 eolainl b Beibld slales .l oo &SIl (-Y) S5
delone 4l Fee e Sl godgase sl [¥Y] Gy oo,
F) S8 o st o) sl Jlal b Jao S 50
osb o s e cpl o cwl el eoly lad (!
u_:jL».: 50,99 u..\..u al o2 9 L)M ).3‘).3 90 R a‘/\<B<‘/Y
Cools o oI U"‘ o u;‘fLu 9 o oo live
Sl glales 5 (1) USS 5l d92 (S235iShas

¥ Antimonotonicity

Wy Sl cd S 0 @ 52y X slo e by (pl jo
Lie (59, (omebline ;Lo g atmnl g o Sg by Lac
o Sk p9) 5 ) b S oy (L e

Dy oo By a3 (V) gabaly b oS conl cnoblisne

p(®) = a +350?
a,fB >0

™

Dygeo 4 az 40 5 d9ace (g5 G @l & Ll

Ol g 009 pdyEiine CSESH D90 4 (ouebline
09 g0 0olil Sdgs yoad (550 yoo 2 S
dq(9)

p(®) = =5~ =« B tanh(9)

a,fB >0

™)

() Joe 0 5 ()1 (gmpbliseg iUl Wl Sy iz
S gy Sl g0 )3 wax (Ggy8 Joe 9 odd 03938l
@exr = Ecos2mft)) csbine >, WL 5 =)
eblsn (9,8 o nlply 058 o0 JLE oy S50

B9l oo iy a5 (F) adaly O j90 4 2o

X=y+bx?—ax®—z+ Iy —kxp(®)
y=c—dx*—y

z=r[s(x+16)—z]
O=Kx—ky, B+ Bope

™

el 0o Jlagl 2, S o )3 ho Pext calaly ol jo
O adsl 5= leasia Jae Lul—wl e el Ly ol ds
Sy oS sl yial il (6l culie e (godgute g 00
Joe gwly o5 s970 e g (x g 4 o (ommrbliie
5 el 00l 00 5] s 4 il Sg,98 Lozl 4l
el oo 485 I 58 55 Sjge 4 o el )l polie cole
a=1,b=3;k=1;,c=1;d =5;r =0.006;s

=4k, =0.1;k, =0.5; )
a=0.1; § =0.06;f =0.01;1,,, =3.5.E =0.1

B Gl g slacdl> 0wz )98 Jow 58 slas
sols (Lis (V) 5 (V) b S 55 e & wosbie lall

] 00

' Period Doubling
¥ Period Halving

Copyright © 2019 by ISBME, http://www.ijbme.org - All rights reserved
Thiswork islicensed under a Creative Commons Attribution-NonCommercial 4.0 International License



AR A= AD TR Jlas ) ojlod VT 050 s} Sy (swsiigeo selono G

s WO=ACOS(1) 5 Lo, ot SiskysS uyd D a5

g 5185 55 (V) gkl g el Sy (5950

{Tigl =1,fori=0,
0, otherwise
{Tjgz =1,forj=0,

0, otherwise

)

S8 Se S Jlesl b Sl (o o yle slazge o0k
e )3 o Jg)e gamio Lol jlad gy, (W(1) sl
W) Sep25 9 48,5 )13 oy 3500 A g O o Al
Lyls el sad Jlael ast [Ye ] Sy salols o
WP EYZ@)=C10,-Y, ¥, <IN plnlayg,e ples gadsl
Sty e L T sad o (SBgS- ST, ) 5l g oad i85 LS

sl 00y o3liil aSis > (glyy o+ )

SWl g oSl 5o (b g )T
) (blsn

Sbled goas a5 b 0 oo b ply @ext Hlade Cl> ol yo
let 0L > Alides polie ;o (rm)le slagge (b Wb L
Sl Soym Gald Grizes Sl a5 1B ) 890
3% ol g oad 4 )s L 0 B LY Gl ke D90 @
ol ol iy /e e eV g efe N /N /) polas
solie (slp loa= 53 Tl (630028 it ol
el 00l ools i (M) B () sl S jo @ g A alixe
A=) aile) oS slaaials o 0ad co casline a5 joblen
Clee o)) omb Glapuls B )3 (e )le lagge (O JS2)
aS ol aiload auaul 5UL slo uils 3 50 5 00l hles
30 le Gzge wanl asl lBEl Y 4 als laas
Sl /Y SR 0 g eg Ghles 58 UL la s 2
b glael ¥ 4 aals Jlase ol L (P S wleas
JSL) ol 48,55 IS8 (ulS 2 g el Sl s ladke e 0
b glasl F 4 aels jlaae ymoldl b as Jb o (Y
(A JSE) ailoads bles g a8 )3 IS boases

F N lals dex=Y ly )b lozse 5,5 S
BRI AR NPIRY R NPRY R WY A JPP- v Swe| LS RPN g
Cawl I3 a5 o3l el oad ools Llzs (VW) B () slo S
Wl (ool slazge a5 ouls plosil oudlS 3 U Lo Jdo a5
30 Zbe glael B 9 ) laaisls jo (bl o sleas
53 (Y 5 1 sl Ss) wlhas caslin b uils,8 sl

e I
44 o ry
R P
- = 14
> g» =
) »
%2

8 09 1

NOR-R ”’”V“W\m ‘fv AT m\
-0.05
B

Joe Bl (sled (o opiaS Hsal loges (Al = (V) S
S - HPRe

] 01 02 03 04 05 06 07 08 09
B
f
0.02
]
\'“\wwx/\/
0.02
-
o)=
0.04
-0.06 \
-0.08
] 01 02 03 04 05 06 07 08 09

3

L Joe bl (sles (o o poialy Jlagas (il —(F) Uiy
sl o2, sl Jlos!

Joe (F9,9 G o (sl sz e -F
sus zWol
ol o8l o (b slogge JSiS 4 iy ol jo
ol b asies G ol jocwl ool aiBlo y (Fgye8 Joe )
sl 00l @il (F) galal, Oygo 4 g, VY XYY .

Xy =Yy +hxli—axd—z;+ oy
— kaij p(8y)

+ D(%ppag + 2oy + X jun

P xi,j_l - 4-xi,j)

+ (D)0, 7)o, *)
yLJ =C_dxi2j_yij
Z, =T [s (xij + 1.6) — zl-j]
(bij =kyxij—ky @ij+ Doy

' Tissue Excitability

Copyright © 2019 by ISBME, http://www.ijbme.org - All rights reserved
Thiswork islicensed under a Creative Commons Attribution-NonCommercial 4.0 International License



=001

2 4 slagygye sl 5Ly glabaod pgas — (1) S5
(G A=Y 5 o=/ gy eyl @l g0y Sl
®=+/V (& @=+/*\ (@ @=+/*+) (@ @=2/+2")

all) g <)

;:1;60(;0] o ‘ '("";’0.0‘01 o
4o slagygg slad 5y slaland jgai — (V) S8
(G AY 5 To=t]) (gl eyl (lall g0y Sl

@=+/*+) (& @=+/+++)

Te— )

©=0.0001 ®=0.001 ®=001

)

20 4 lagyg e sl 5Ly sladaxd poar —(1)) S
(WA=Y 5 =YV slyp ) @ g0y el
O=+/Y (O @=+/*\ (@ @=+/*+) (© @=2/++")

)3

2 8Ses sy s slas sy slabad gai —(1F) S5
(Gl AF 5 loa=]) (gl o yls Gl g0

O=+/Y (& @=+/*\ (@ @=+/**) (© @=2/++")

®=0.0001

@=0.1

20 4Ll slagyg e slie Ly glabad poai (VW) S

(G AD 5 loa=Y/\ (5l ooyl G g0 2l

O=+/V (& @=+/*\ (@ @=+/*+) (@ @=2/+2")

S8 glamas zlgel oV GulS 3 0 F 5 ¥ slaaisls
wload (mmle gloel a5 Sl 5 00,8 by GG
C‘?“" LS)-EJK“’ o ¥ ogasels o (VY 5 VY sl SS)
J.i..a) Cal o0 oulie L:bwlfjs )| g_ib@.tb ) QJ"‘))L"
S 50 let sl 5 (6,500 polde a5 cwl S3 @ 35U . (V-
Ll u)i;JSwu;w)La C‘9‘°‘ f‘d.f@.:b)b Lol ous cL..S)f

(A 5 lexi=¥ gy e Gl g0y L

="+ ”\(%"0):’ DRI

2 8l slegyg g8 slis 5lly slabamd yga —(7) S5l
(A=Y 5 lea=Y sl (2, Wl gy >

0=/V (& @=+/*\ (@ @=+/**) (© @=2/++")

<)

® wsootor - S o000
2 aSes sy s slas sy slabaxd ygai — (V) S
(Gl AY 5 o=t gy eyl il g0y >

(,0=’/”\ (g:)c(D=’ oo

2 4 slag s slid Slily slalad ygai —(A) S5
(Gl AF 5 To=t gl ez l5 Sl g Sl

O=+/\ (O @=+/+) (© @=+/++\ (©@=+/+++)

Copyright © 2019 by ISBME, http://www.ijbme.org - All rights reserved
Thiswork islicensed under a Creative Commons Attribution-NonCommercial 4.0 International License



Q) A= AD ATAA s o) oylads VY 0,90 ¢ ) Sy smsikis (salono G

o ools Lid (VE) UKo 10 A=Y g lex=Y (gl 4 ey
30 e o oadlin (WHVF) SG jo a5 joblen ool
ool JuSis oy lael g yle gaud g0 o/ ) LS8
@ oyl gaiwe g0 /o) g /o) Gla Wil B 0 el
Y 5 oY USS) caloads bows (el s SO
ol ,8 il as Sl g0 oaalie (1Y) UG 0 (o
S SO 0l g L gates 93 oledil 4 b
aSd @bl el ol S5 wadd e b poe g le
sl S o alize slo il )3 9 7 5 0 F slaasals 5l
oialsal e fee ey ulS L8 s il sas LI QYY) B (VD)
“10) Gl S )0 4 ool vz olass o33l cely asols
el esmlie BB (VYY) 5 (@HVP) (A
O oz el asals golidl cofe ) g o/ ) Gla uils S
gy w2 4 o 90 9 F glaaials )0 (2 )l ladina
o558 50wl oads o/ 0V LS L8 o F sl yo bt
I U3 aeacSS SO 4 (g ube zlael F gassls g o /)
Chud 90 lodzme O (gaialy jo Ll (V0 &) 00,8
7 ogaals )0 o,bgd 9 (VP JSS) ad S Sl alflos

il plesl loazen

G5 a0
S 8,5 LAl o iieloz (F9y98 S Sy Wil 5o
Joe 4 (qmebline [l laie 4y (650 yon STgyep
slool el Sgr Ol il ou s Byre - bl
Sbwl ez ;o 5 Jobw bt ) 50 (So sl e S
T yodd Sl pmblione (Lo ol a5 onls cwnblisn Lo
SIATE sl p3U Gl pli 09— 00 L g)55 s p 30 Se 25
g 4388 51 50 (9,95 Sl Jae ;3 s (sblineg xSl
@ @lS (Sayg Jae ,0 (omabline JLS ol 18 5w b
Coje Cudls dalgs Comdly b g 5 Soay bl ol o
35 iy (Sl Joe 4y Ced i (ol j0 o &l Jow
ool gyl 45 el Sdgtyon ol s gblin S
SIS iz ed il oo G B lgST (5 pd e
ouds Jlasl asa (s, Joe 4y 5 ()5 (gumlolineg 2SI
Ogd Sl g0 o eolpiion Joe Sealind L o]
Ll Jloel U 5 onpbliiong 2SI il el
Sl )loged 9 48,5 )13 (o) 1 3550 ol (omrbliseg 2SIl
LJ‘""‘)S‘ l.: ] 00 —my d};bu (_gLQLm 9 u_m..s)gml.:
(o9l (50,90 (A bl g (S plned (peS HeRl Sl
30 9039 Sl Shus Cosls gonims jLis a5 ooy &,

all) [‘

!
¢

@=0.1

20 45 slagyg g slad jlly slabiod pygas ~(OVF) S

=2/ (s_d.” A=Y 9 Iext=v 6‘).1 £‘5.>)l>. LgLn.” L) cJ>

0=+/\ (& @=+/+ (@ =2/ (&

O

5 LW 6L°Q9)93 o lXe )LJ5 6‘4]4'2.] Reas -(\0) J&u
=]+ (;_éJl A=Y 9 lext=Y’ Lg‘;.g ‘gs?)u ‘_;LS.” la |
0=+/\ (& @=+/+ (@ =2/ (&

)

2 4l sla g e slas 5Ly glabad yaar —(VF) Sl
@=+/+++\ (A A= 9 lext=Y 6‘)4. ‘u:'?)b.' 6L5J| L o>

0=+/V (& w=+/*\ (@ @=+/"+\ (¢

o
(51
o
)

) = )
bi] g

2 88l by s slas 5Ly slalax] jgai —(1Y) S5
e le e o\ (Gl A 5 Tt (gl o)l sl L s

0=/\ (& w=+/*\ (¢ @=/\ (¢

blan WL ol )0 ()l Eao -V-F
B
Po=Ecos2nfl) 90 4 Cglite o265 o Sl ol 5

ol 5o (b glosl RS JSL g 0nd Jlosl Joo 4

Copyright © 2019 by ISBME, http://www.ijbme.org - All rights reserved
Thiswork islicensed under a Creative Commons Attribution-NonCommercial 4.0 International License



& CEES Gt orepbline L S (slaig g8 5] Site (SMSLD 15 (e lo slagge (605 U it AalE v

scale-free neuronal network”, Sci. China
Technol. Sc., vol. 59, pp. 364-70, 2016.

[9] M. Jalili. “Spike phase synchronization in
multiplex cortical neural networks”. Physica A,
vol. 446, pp. 325-33, 2017.

[10]J. Ma, et. al., “Synchronization behaviors of
coupled neurons under electromagnetic
radiation”, Int. J. Mod. Phys. B, vol. 31, pp.
1650251, 2017.

[11]Y. Xu, et. al., “Synchronization between neurons
coupled by memristor”. Chaos. Soliton. Fract.
vol. 104, pp. 435-42, 2017.

[12]S. Majhi, et. al., “Chimera states in a multilayer
network of coupled and uncoupled neurons”.
Chaos, vol. 27, pp. 0731009, 2017.

[13]Z. Wei, et. al., “Nonstationary chimeras in a
neuronal network”, Europhys. Lett., vol. 123,
pp. 48003, 2018.

[14]Z. Rostami, S. Jafari, “Defects formation and
spiral waves in a network of neurons in presence
of  electromagnetic  induction”,  Cogn.
Neurodynamics, vol. 12, pp. 235-54, 2018.

[15]Z. Rostami, et. al., “Elimination of spiral waves
in excitable media by magnetic induction”,
Nonlinear Dyn., pp. 1-14, 2018.

[16]Y. Yao, et. al., “Impact of bounded noise on the
formation and instability of spiral wave in a 2D
Lattice of neurons”, Sci. Rep., vol. 7, pp. 43151,
2017.

[17]1H. Ashikaga, RG. James, “Hidden structures of
information transport underlying spiral wave
dynamics”, Chaos, vol. 27, pp. 013106, 2017.

[18] T. Epanchintsev, et.al., “Spiral Wave Drift
Induced by High-Frequency Forcing. Parallel
Simulation in the Luo—Rudy Anisotropic Model
of Cardiac Tissue”, Proc. International
Conference on  Computational  Science:
Springer, pp. 378-91, 2018.

[19]1Y. Wang, et. al., “Effect of network structural
perturbations on spiral wave patterns”,
Nonlinear Dyn., vol. 93, pp. 1671-1680, 2018.

[20]MO. Gani, T. Ogawa, “Spiral breakup in a RD
system of cardiac excitation due to front—back
interaction”, Wave Motion, vol. 79, pp. 73-83,
2018.

[21] G. Yuan, et.al., “Feedback-controlled dynamics
of spiral waves in the complex Ginzburg-
Landau equation”, Nonlinear Dyn., vol. 90, pp.
2745-53, 2017.

[22] G. Zhang, et.al., “Selection of spatial pattern on
resonant network of coupled memristor and
Josephson junction”, Commun. Non-linear Sci.
Numer. Simul., vol. 65, pp. 79-90, 2018.

[23]R. FitzZHugh, “Impulses and physiological states
in theoretical models of nerve membrane”,
Biophys. J., vol. 1, pp. 445-66, 1961.

[24]JL. Hindmarsh JL, R. Rose, “A model of
neuronal bursting using three coupled first order
differential equations” Proc. R Soc. Lond. B.,
vol. 221, pp. 87-102, 1984.

[25]AL. Hodgkin, AF. Huxley, “A quantitative
description of membrane current and its

‘Si .bl:;u‘ b O ol 0o solie u.._w.u GLQJM
08 Wl g el ead sleid (9)95 5l (ompe G4

90 2 50wl s 18 ) 0550 (o le slazse
sgjL;La u}.-)l_é- 6Lﬁl1 l_; 9 ‘S?)Lé- 61_&” 99— cdls

@ oli g oadooly s b > Jlaae 5 SOy sla il )l
aS cwlools lis mls ol ouls o ol s

68 ol 4 plejen jsb 4 (e glael 5 S5

2518 (K oyl pla
w0 oanlie o lo sbasSIl g Joe o Lel sl
2,5 ooliiul EEG gla JLSew by o i slaools 51 o )lss oo

Sl 2logSIl @ly 10 oo e slagse a5 Lol
slaws b EEG (gools 5l ool il &ygo jo ca i
O=09055 31 b 00 UL sl oa s ool JUiSms slo JUIS
2k s ool oo plin )3 0Bl 1y 95 50 (lie SIS

B og—3 oaills ol 8l g o)l ndolineg mSUI lae S
aS L>u1 )l b Joe o 00l JL«C\ &5~>)l>. S, )fuL,,

ool b Gl b (o) penbline S o0 cl (Sew
slaosls 3l oslaiul a5 aw, oo a5 @ S oy J2los fmri

il sl o gl S as b a—il ol EEG
oaslin glagSll i Lol g cuwyp Sl ¢ 28ly slaools
Al doles ool )8 o gluand (o oud

&=l -7

[1] R. Albert R, A-L. Barabasi. “Statistical
mechanics of complex networks”, Rev. Mod.
Phys., vol. 74, pp. 47, 2002.

[2] S. Boccaletti, et. al., “Complex networks:
Structure and dynamics”, Phys. Rep., vol. 424,
pp. 175-308, 2006.

[3] ME Newman, “The structure and function of
complex networks”, SIAM Rev., vol. 45, pp.
167-256, 2003.

[4] V. Berec, “Complexity and dynamics of
topological and community structure in complex
networks”, Eur. Phys. J. Spec. Top., vol. 226, pp.
2205-18, 2017.

[5] M. Jalili, M. Perc, “Information cascades in
complex networks”, J. Complex Networks, vol.
5, pp. 665-93, 2017.

[6] RV Solé, S. Valverde, “Information theory of
complex networks: on evolution and
architectural constraints”, Complex networks,
pp. 189-207, 2004.

[7]1 Y. Ji, et. al., “Dynamical analysis of periodic
bursting in piece-wise linear planar neuron
model”, Cogn. Neurodynamics, vol. 9, pp. 573-
9, 2017.

[8] E. Yilmaz, et. al., “Enhancement of pacemaker
induced stochastic resonance by an autapse in a

Copyright © 2019 by ISBME, http://www.ijbme.org - All rights reserved
Thiswork islicensed under a Creative Commons Attribution-NonCommercial 4.0 International License



ar A= AD TR Jlas ) ojlod VT 050 s} Sy (swsiigeo selono G

[30]J. Hindmarsh, P. Cornelius, “The development
of the Hindmarsh-Rose model for bursting”,
Bursting: the genesis of rhythm in the nervous
system: World Scientific, pp. 3-18, 2005.

[31]M. Lv, J. Ma, “Multiple modes of electrical
activities in a new neuron model under
electromagnetic radiation”, Neurocomputing,
vol. 205, pp. 375-81, 2016.

[32]A. Wolf A, etal, “Determining Lyapunov
exponents from a time series”, Physica D, vol.
16, pp. 285-317, 1985.

[33]M. Nabaei, N. Fatouraee, ‘“Microstructural
modelling of cerebral aneurysm evolution
through mural-cell-mediated destructive
remodeling,” J. Theor. Biol., vol. 354, pp. 60-71,
Aug. 2014.

application to conduction and excitation in
nerve”, J. Physiol., vol. 117, pp. 500-44, 1952.

[26] EM. Izhikevich, “Simple model of spiking
neurons” IEEE Trans. on neural networks, vol.
14, pp. 1569-72, 2003.

[27]F. Zhan, S. Liu, “Response of Electrical Activity
in an Improved Neuron Model under
Electromagnetic Radiation and Noise”, Front.
Comput. Neurosci., vol. 11, pp. 107, 2017.

[28] M. Shi, Z. Wang, “Abundant bursting patterns of
a fractional-order Morris—Lecar neuron model”,
Commun. Nonlinear Sci. Numer. Simul., vol.
19, pp. 1956-69, 2014.

[29]B. Bao, et. al, “AC-induced coexisting
asymmetric  bursters in  the improved
Hindmarsh—Rose model”, Nonlinear Dyn. vol.
92, pp. 1695-1706, 2018.

Copyright © 2019 by ISBME, http://www.ijbme.org - All rights reserved

Thiswork islicensed under a Creative Commons Attribution-NonCommercial 4.0 International License



