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ABSTRACT

Introduction: Temporal Lobe Epilepsy, especially when resistant to drugs, severely restricts

individuals affected with the disease. The seizures can manifest as focal aware, focal im-

paired-awareness, secondarily generalized, or mixed. This variability allows for the estima-

tion of effective connectivity within EEG signals, hence showing the activity patterns of brain

regions. Mapping EEG signals into phase space provides meaningful information about brain

dynamics and behavior. Thus, the present study aimed at quantifying effective connectivity in

EEG signals by phase-space vector analysis and Poincaré sectioning. Materials and Methods: |

EEG signals from patients with drug-resistant mesial temporal lobe epilepsy were recorded in

both pre-ictal and ictal states. Time delay was estimated with the Average Mutual Information :

(AMI) method, and phase-space reconstruction was carried out in two and three dimensions. :

A Poincaré section was then applied in 2-D phase space. The P8—02 derivation was selected

as the reference channel and its effective connectivity with five temporal channels (T7-FT9,

T8-P8, F8-T8, T7-P7, and F7-T7) was investigated using Granger Causality (GC) indices

computed through four different analytical approaches: frequency-domain GC, 2-D phase- }

space GC, 3-D phase-space GC, and Poincaré-section GC. Results: The GC index signifi-

cantly increased from pre-ictal to ictal states, as expected from previous studies. Comparison :

of frequency-domain results with the new phase-space methods showed that the phase-space— i

based analyses provided more accurate estimation of GC increments. Among the methods

compared, the 3-D phase-space approach had the largest increase in mean GC and showed the

best performance. The T8-P8 channel pair seemed to bear the most salient changes between |

the two states and thus might represent the core biomarker site for seizure onset. Conclusion:

Nonlinear methodologies of analysis, especially the combination of phase-space reconstruc-

tion and GC, represent a very powerful approach to effective connectivity study in EEG signals. |

These techniques can grasp complex dynamic couplings and directional information flows

between different brain regions with good precisions of localizing epileptogenic networks.

The proposed nonlinear methods present greater sensitivity and specificity in identifying me- : Keywords.

sial temporal lobe epilepsy and other seizure disorders compared to standard linear methods. :
£ 1. Nervous System Diseases
i 2. Seizures
i 3. Methods

*Corresponding Author: Elias Mazrooei Rad

Email: elias_mazrooei@yahoo.com

]



3 M (Lo 055 oo qoad)loz )90

Saoliy 3l oolisiw! by )5 Cade 8,59 1 AT o) & 0 50 yFgo Jlail 4 oy Go g
pbfg.‘M‘g;JSJ‘ )‘lé ‘_gLa'é

Mé‘) &9 w‘,»," ‘Volgcai)‘ GLC KWW “"sﬂ)m ‘5)9.o| Slos s"‘_g)gb S0 ‘Y,oba.; Y9y “‘5)5.;;31 @Lo

Ol agie @l ade Loy plol  Madl (s olKils codls 5 (s Sl (s ysbd linizs 55 0"
Ol edgutin cagutin oMl ST olKils o Sy (csdige 05,5
|).|‘ ).m.l;l.\ )..\.\) olS...._\lo Ls.m.h.e{a 9 G)SLS o_xi....‘lo
Olnl e (Ol (o (90T dannsge o Sy giigs 09,57

allie eS|
VEF LT YS by VEF e YY taio Sl VEF ol ye 10 redl o

Gl jebody (il paline g,lo an Cod 45 Slooj o5 gy ¢ B S Cod £ 0 1doudno

Oy gty dlgi go Moz S g0 Sgitre Al Mo (g 5lom i 4y 4 ST, (g0l

Ol e 55 pl 0iS 59,m S 5 L yl s a5l BB PLSTL So5lS 8T Sgsls

= el Lol g, il 5 0S oo ol p [ EEG sla JiSims 09,5 550 Jloail 051

0,00 5ylo s—re Oledbl L8 slad 4y EEG sloa UK cilS ans oo lis |y (g5

9 é‘g—o W) ral_?c.ﬂ o)lS_ﬂ% (v__L:s 9 )lJ 6L.A§ LgLQJo,; J_..L‘)u d—’)‘"’ )‘ EEG ‘_gl_a:JL..i..w 5o

o)ls_a‘ﬁ.: &'45 tj_s o u_e)f ‘nlJul S dw g g0 4O )l_e ‘SLAB ‘_;‘)l_....‘)l.v 9 K \))5])_3 (AMI)

olsil iz o JUI olgmeas P-O2 JUIS ol Jloos! (gum a5 (gamgo L8 lad o

L (F7-T7 4 T7-P7 F8-T8 «T8-P8 «T7-FT9) & =5 JUI z=u L o] 1550 Jlasl g ois

Al Gglain Ldow 0,50, Loz =,k 5l a5 (GO) ,ou 5 cde ol 5l colail

)lJ (_gl_»AB )Jo)fu_o.l.c eu,u_>15)5 09— )_79; u_..l.c MJ;)‘)J = ) ‘..\_3093 03—

Poasls lmadly o)l alad | > 5 ey gomaw L8 slad ;o5 5 c e (gange

PassS les (28l il o)l ixe jebas ades > Sl an ales S8 el o de

P lad aoaz sla i, b wiilS 80 ol anlie . ood, o Ll iy Slsdllae o aS

Cde slamol38l 5l 6,558 05l L slad o e sl dos a S ols ol 5L8

E ot oA 8 sload o, Sug, oadanglie sla by, o jo as oo 4l o S

T8-P8 Jlcas ol sy o, Slae oy fpp g el ) ;o6 )8 e Sl jo ol

Pl 69,0y 8,8 Sde 5 5L slad (lwil oS S omg oS e s

. 6[9(5 L‘,_,_, R L.9>|9_> ul_~A ‘) )‘Ju_e‘? CS,LCMJG‘ c;La: lJ).‘> 9 o..\_.:uu é_..al.u& ‘_gl.b‘;.\_wv&} "\_""9)&5"
(e o v sl eal e o adse slaSi s g5l doe 1o 2V CBy g aiS Eod ae i lise
A oo gre plulid )3 VL (S g el Gkt St slats,

&, g, -V :
U s e et s il a5 sl g, L alie s e ts oW pluy JLuge

oy £9,0 bl 1] ghemen sy ook

elias_mazrooei@yahoo.com :Susg S| Cows

|



VFF s 05G o,las qud lez 0,90

=

g—_‘:&-.'hs_}J=; a‘—"—m

d—ain 0SS a 00 58 jobay e sbas i
o =090 ] O F) Wigls 55 0 S e o
aloz Job o ooi Jd (slo oo 0550 10 (gie))l
Sl e (BC) 550 bl ) |l oS o oal 3
oS 4 Sl S e ], ales JLET e Lo
Lo ol oyl 33 ST 5 |, ey ol o 2nS
oSl 2]l U el s a3dl (V8) 4 lo (6,550
GLDUDLM: 0‘9_'&54' ul_a)o O )é u)Lo_'> OJJB_M})‘)SJ
bl | ) pie it mobw 8 Slo g |, s
(500 )& § slas i Ls S B k5'>|9_3 O—e ‘_A_au
ﬁj—e‘ﬁ-" (\V‘ \A) als )‘)J ) 0)9_;! a&‘OJJMu.u
WSt i a5 g i3l Uy Sragill Jail (1) 2,5
i lie 1o 45 0l o)l e (i yono 5| S
Vg0, Slas Jlasl (V) S o Jmaio 50080 4 1) 330
S slaclle oy Slo) Siarat i 45
G55 o Sl S e (sl (sl Sy
a0 Sl el s ol snumslid CJ‘ﬁ
.bl_..')| le_tb)l...v.n )‘ ‘;))_‘ oj)j (\%a Y‘) Sl (5)_v.‘o
)_79)5 ] 00 J_>).u 9 o)_..v...a 9o LSLQJ..JT)S 6‘)_|
90 2 (V)) ol ar 5385 asle , Slog 5 0 czely
ol Ly aslae ol ap i gl b ls g
e 5o Jloail Jdod a4t 5o olsl,8 ol alllas
2 J=los 4o e Lo gy o lel oo o o o
Aiload dgasme uailS B - lay L usilS 3 Ly 559>
c\_d; OJ—’JL’ L.S)—M w.._..........n G‘Q_‘>)...C du;fjj
k:LHoL..n) 6&@% (5)9_54 sJ_'LQ.A B (Y\N) Gl 00
Sl e (gl aiad 198 (63, Sug; 00z g (S e
2l B otz 9 Lugy pimn S plgteds 5o L3,

' Temporal Lobe Epilepsy
2 Tonic

3 Clonic

4 Epileptogenic Zone

° Epileptologists

¢ Electroencephalography

doddo

Sigleye OIS (1 Sk 5 (il 5l (S e
o i3 S 5 o3 ag £y dy Ly A5 o
Crax oo Fe LoV sgu > 9090 o0 i
obesl—s (5,15 Gk (V) 3jlwos =50 ) s
O ol 53 7 ok 00 5l Gl el Sl
3,la 3l oo 0 A D 5w Mo Pl ol ay
S go oanl e baugio 5 by ael o Ly (sloys a5 o
(TLE) ' oal8nS w5 g0 g2 glsl ol 55 ()
a2 o JoSii 1) SelS slag o 5l aoe £ sgu >
Ol am g0 el o Fpslie 5 (nFmld 5l (S s
sloadss @is Job )0 (V) 09300 e (29,1
& Loons 3l 295 0 ploied 9 (b e (S 2SI
(Ol 0 dal e Dle a jonie wilgl po 45 W Bs o
Hla—e Lo plal (Sig L3 Mas 2o
355 (5, Lism (ol s g (Sisls” 5L8) osle
porlsl 1l e, 3b ol len (Sas; bt
Slo_ie 4 JT.IBJGA i pll23g) Gy
A8 S8 U1 (Sas; cdnS 05 5 e @ dsets
99 Py (plwlid itd (Jnbey 5l Ban ()
OBl b el (ol oD 59 5l ey (8 0 Do
aS ghlow j0 00d ol B Jlen an Josa U alslos
O e 5l (S wmo ool B Ely (295l Ol 4
Te—e 0 ey (Sl Gl slan S
Sojls (o o Mo 3890 (b (FA) S
gre o Ol Ly mits el e 8o (olnlis
Smeal Al ol 388 (g3l oo 9,03l o]
S35l Baa () el Jlo )55 5 2V ol
Jee o)l 3= Sledlbl (13, Seal 8 g o (5955
Gl ? ol yo gl e o slacudld o i S 4
bt o (= gt o Gl S eeal LS
i_gl)fyliz_@ls);&ll OV ) ogs i a9yl (o)
Obes® =5 5 padeis (ol sla il 5l So (BEG)
L2l EEG .(\Y) el g a oMo ol Las
Loy 28 slogyy vy eadadss S sl
S (aibihee S a9 Y )l Sbsj 2929
s il el ko o L JUiSioms oyl (O F) 0 oo
B dm e 09l Jome e g S £9 saaib
Gk 3l e adiie (2o aSul a4z Ly oy o

7 Ictal

8 Effective Connectivity
 Anatomical/Structural Connectivity
10 Functional Connectivity



Vo F e 050 o)locs (o3 o> 0)90

0" S
M
A Sl (G Baee 30 4 S EEG sl LX)
'4—35‘5" p_b‘)s uﬂ_ulf)s §0)g—> O Jﬁ‘d_';.a LSL‘”J-'-L"’
Sz alS o Latedy o IS lsy abaie 5l oslizul
9 EEG le_ﬁbJLj...m J_..l.’x.; 6)L~Je\bl.m a )_7L..a
! 00 L.S)—M oYl 6)_‘44&5@ 8o w_a‘jﬁl
S S ode sl S A
EEG Lallls yle , 55 olbli)l g5l oS
B g i edin Sl glas,al, ol b
)'lJ slas ((§A—m19d )lJ slas ‘u..._ﬂfjé 09> J,aL..u
9 ‘:L.»L..w dd_b ‘_D so)lLv‘}' &laﬁ.a J_..l:m 9 émd_m
g abox> 3 lacdl jo e Sewlus slasSla s

L sig) 9 dlgo

ohlow BEG slaJiSen 5l etane ol (sl—
ooliiul g)lo 4 polie oS gt &0 4 Mo
oS BEG oo gV¥sb Sy il (b oS 0
EEG sl o Jlfw s o5 0 asog cauo S
Gongd Sb slib sla g, 5l eoliwl Ly soilsl
ol o baleds w0 b g5l gama s g
PSR W ‘_;‘>‘9_u ‘5>l_,.uL....q 9 ‘_;L..al...».b uS.A_.m
a0 )8 Jloael gamgs L3 sload 100, K Slgy alad
sbazs> sl 25 cde (as bt om0 o
S dlme jpShe Lsoje 5l S o 5l ol
sl 99— s (Pl Gl S50 SlLbls LS
slots; gl mwliel jolaeay 3,5 3
e S 0y el sl

‘) om @L.aﬁﬁsbL‘o) 6L£n)l.._'>l_..u J_uly‘so c\ju\_ossn

).]o‘Leﬁ.l ‘F@JOMWL&ALQQ
g_i_l 6Lmo|o Jl_..a 6‘)—' ‘U‘ ‘-35)_7 U‘Ml_m‘u@ )L))_.v
=l g 1 8l ot gl las e s e o
9 b" \) kslm\‘v ) UL@(\J L_L».AL».’J asS ol OJ)J
o=l 50 (V8) 0e—is zlydeul oo slaosls 5l assliib
5 STl yan w33l Ao ) slms Ty
Ailoads 428,85 a piw odii o L s mla
e (Y/\) Qloa g_é)—’u’ w.._m.»...u @LA—A.AAJ‘)-»-C
Pl Slojed o il cali fjsxed onlio
558 b o 55 wlbls )| koo o Jls ol L (YA
) S 2 7S g5t "%154‘94 &"’Lﬁﬁ R
sl b o e e (s %—fe.s) S 4l
Oyg—ots y20 8 e (aPlb g o) Sl alate LS
Soliss Bl s L5 wilod s 4585 IS4y oS 5
Q)Hd_l.oau_.:-u_n}d_uA_Lo}J_ﬁu_]b)‘)_m
Sl i wszlr Gl j0 05 S8 e
slsi s jg‘u G0 sl 5l ool Ly EEG
)l J_..')L..c u*‘—‘bﬁ)" u_>| L.S‘A—‘JS le.ausjl_m.n M‘om&;
5 o 58 slodd gl S ey (e

S 8)S Gl B el il Sye ez pe ) Ole—eh e Sl sla Shs gl i sl oma
$a5Tas> e 31 el 3ty
o1 oy1o o3l oy il
l o g9 U gl
& besid T dio 0,157 g1 abid
. uilf 0300

! Takens’ Theorem

2 Correlation Dimension

* Entropy

# Lyapunov Exponent

’ Phase Synchronization

¢ Poincaré Sections

7 Granger Causality Index

oleing iy, SIS Sk S5 Y loges



VFF s 05G o,las qud lez 0,90

=

g—_‘:&-.'hs_}J=; a‘—"—m

5 055y o iy il ay by o ol Wl
s 7 oS> SYolse 45 EEG uile (65,5
5 o Slanliie 5l glacgame Lgas s wlazsl sl
J—los b Sl e S8, S ol s
FF) e oo iy lSel 55 gldd o Laesls sl
Sz Sy S S S 5SS 695 el -
Siedng eles il o L cim i S )
S3bil dz fn Sy eles b i
el (gdx 5L glad oilwil sl lo L a S ouls
il a Sl by s a) s dalys LSy WS e
bl s il oo sols (gl Sl 6w 51
(YO) Wigds oo oSz (V) atayly &g ay 5L8 Sl

X(@) = [x(@),x(( +7),x(( 4+ 27), e, x(+ (M =1D7)] i=12,...N=(m-1T ()

Sboy b de e (sl (6l (A5 sl g,
A Kirensgs @i oS gl ol gy 530510 0529
)_._’>L1 6‘)—’ u_..ul.a.a u‘)—*-" 019_&4.; ‘) Gl 00 )_a..o
o239 ali A wlre 10 0S8 e Ay Sl
calizee Sllasd o JLSw aals baad 4 Sl o a4
EEG JUiSw lpm g oanlion cmss bl oy (a5
(FF) s (wlio g,y el (Ja s e SIS (gljls 4 S

RXXZZHXDE M
Q",_».A" 0D Ql_..,.._a"" J_'La...a e )_.S;/L..,o
)l a_lags ;S_u 0)1_3)0 Lf’ﬁL‘“" J_>13 oleMb|

_ Pjj (1)
M(T) B _Zi,j Pl] lnTpl

pll 8w jo Sl (5w 4o lade S 8l Jlas
alold o oamline S aS el S e Jlaisl ol
J_...:L‘ <° ‘a‘ UILQ )o =T uLA) ).b LSJ_L) OML&A 9 (:‘1
8l o Bl a5 ¢ w2l Jlade o S
Ol f9=5 s s Jolie Sledlbl (SSheo (g 50
g oo dmlie 3 oSyl sl Sen g,
shls as ol Sellawily sSI JUSws (sl g, =l 13
Sledbl e She (b9 5 G Gl 5o (TV) 995 o0
ol 00 08 3 000 Sl )_..>La Al gl Jolaie

<)

'8 Phase Space Reconstruction
1 Auto-Correlation

40 8250 CHB-MIT (gools o8 Sb 5| i 2g3 oyl jo
Ol glwosls Jol i a S i oolax .l PhysioNet
@ Ol pylbe oBoxS ot gm0 4 M
S5 G Q5095 il 53 Ol (] ]
(YY) ol 3 1,3 EEG oo gV¥sb S j9iils
6‘0)9l_.i.o Sy g—ody oalo oli_»l.u u_;\ O (Tl ‘_gl_bo)ﬁo
b iloal Gl b plaakic b g
2SSl g oo g5 bl gl o o0
ahad ol lan miias slagls ( 2la ls s 0,5
303, 0 0) Lan ¥Fas by s lacsly .cwl oo S
Godga—mo ;0 35 V4 5 JLw YY Lo ¥V o 8o oo
YOF (5,10 mdiges &0 Lo g 009 (JLw VA L5 VD
el ailoass (5 pslaemr o VPSS e s 5 5 e
Sl (B 5o 5 diiowd EEG JUIST VY Jold Lacs
VeV e e pmann Lo 3llae JUSS Y2 LYY
15 LS EEG o Y+ ggame o ool a i, Sy
Lo 6,05 kb aisfmn a8 cul sg2 g0 oS0k ()
YY) cl sois plal Lol (g5, o adgl 5098 i >

e iz (e 5o ;550 SLLLS ) ol e Laieay
=S o d Lo 550 BEG Lo JUS I (ol
Ol 28,5 Cle (a3l Ol L5 wia s olsal
gy ol Baw a5 Ll sl i sl L]
JUIS el L JUIS e o odholss ooy s
Lo as asd S ) b o oo JLSI olssea, PS-O2
5 N ot ol 4 Coid (Hled plw Slbls )
5 P8-02 g o JUIS oy yi50 Lbls | e slllas oy
T7-FT9 4 T8-P8 F8-T8 T7-P7 F7-T7 sl o L5
55 e Baa Uy L JUIS oyl sl ol 005 paso
= sleoslss o)l s elenS il lac Jls
85 el il o Lail slagSl o (el 5 )

S—elus s gl Laylnl et 5l S—
4S5 S el i sla JUSm o5mgd (Sl Slas
2 Gl i (3l lapi s L8, OLS5L
Gla s s Ol o9,y ol ol VLS gL
(Soog pdd « Sy i 51 Lsesls (6,28,
25 DS (o ol B 35 WS os Bl Ly Sqog el



Vo F e 050 o)locs (o3 o> 0)90

00‘ S
&
Salos lagi s Sozn ) gic—wle
H‘)S o)lS_uTy &Iaﬁ ‘}@‘ RS (\c‘) b)ﬁT S Ay
o)lS_J}' A0 )I R ud_’> ).._ma ‘sal_..ul.....u ulLA‘
gm0 Ay i (ol Slins aS )l ol ol ) S
oS g amio Ly (5,955 5 atad blas .l cwon
;i_..al...;o 0)3_;7 )\b ‘J_AU 9 (_A_.o‘ uLC)UO‘ ‘_5‘)‘0 l_..»).cu
)o J_>L|‘59 w—bls A= 4 o)lS_a]}v &145 .la_..u}l G-
G g0 )IJ 6l_.aﬁ 6‘)_> o)lS_J}a &'4:3 u“—bﬁf' U_‘l
o)lS_ﬂ% &145 G g0 )lJ le_.ﬂ B ! 00 oolaz_uwl
oo a bl loa S el 5 S &g way
sl ol gols 18 o latses (pnd gl 098 o
ol e i s 5l oe g i ()
aib e e L8 slad gl a s g0 Ol aite (¢
J_'Lo.' )= U] )l o)lS_J}v &Iaﬁ a4 .Ios_u.n L a9
oola__wl G 90 )u le_aﬁ )‘J)_: 9o UL..A )l_......o...'
waS bla e hs ol v 5l e el oas
30 Gleeds (gl e 3o 8 >g (a0 L8 A =aw
5l =S Gladoltas bl gogiieands L
ol as amles Gl s sl el e s
sl asly Jemd OB ol slas pdas 5laol blss
3 J—ol Sl o o e 3 j5—0 y0 le—0 LS
oolaiwlog20 ¥ jgai j0 .0, 5 Jol> liall alad
ol oai ools iled el adad g icay L

x(t+1)
A

99 0 58 sLdd ilwil 48 agh Sam ey b
o5 sl Sl el (a5 gomgs o>
Oys—ods g 0d L By o (5Ll A S eeS
ol awslas zola v g ey ¥ g Vool sl ¢ o )20
6wl 0 EEG JLuSiw ;o (gl cd o8 j0 .aiad
o=l 1SS e o a0 8 ol e glas o aslSlas
Sl Sl slpjlo & jg—oas Laosls das il
e ST el glad o JLiS Sewalys U wios
sba)lsp e ulsl o 28 8 Sde (asld
(gomgd (3lil 5o 0m0)S Ao sabigilujl
il o 5 5 Blite JUS i o ol o S L
s 955] s Lo JUIS gl oS 5 (6l (sumaw
G A 5 S 99 3Ll 9,05 99 oS Fin
Sy e ;5o SLbLS I dule AL ly—ea
U RSP NS RPN | B URTT I g U N FC S
sl Lajlop ol (YA 092 ol o 5 asls
Jol o (ol (S5g 90 ghls 28 5 a3t e
00g— )u ‘_gl_":é )l J_.cl} 4SS A G- «5L°<5)—“’
5 S JLSw (5,8, (Swlus oledbl gl jls o
o o Sl 50 9) 90 JUU o sl 4 Sl g
(V) el )l_..c>| 50 Sl LS‘)—.’ 83 (6w (4w

L)Ol_> 0)15_9 ) l_Qu] Oo9— oola__ul J_tb 9 NLHOLAJQ
sty St ml @8, @l g oo s ) o5—g
Spolyseelanl 3b s a S, Saslll, iwaa

» X(t)

sz Alold g, b slaend adad Sl eolanal i, loges =Y 1008

20 Poincare



VFF s 05G o,las qud lez 0,90

= &

g—_‘:&-.'hs_}J=; ﬁ‘_—‘LAﬁ

\J)J oolar__wl —) d_la.»‘) )‘ J_:lJ ‘J_».J u_v)..o UQ)B‘

gyt @® -0 . @)-
SxSy

09_...."50 oolaz_wl )4) c\.]a;‘) )‘ u_‘)..o uo)sl Cewd & L.S‘)—’

Ty &

B= Ty ™)
Lbasl

G5, a4 S o0 o s Gimghy ol sleaidl
J=los g 25 ede Gl aile (sl sla g,
Semelino Sl s SLwlid jo (6,950 i 5L slas
859> Judowi j0 0518 g0 e lize J =l 0 EEG JUSw
T e Sl s 28 5 el olie (WS 3
V gz assls s (glo mme Dgldy il > g
JBE 2 sl |y i 5 et ls Sl (S0l
oy T8-P8 JULS Lol oyls jo a5 Apd o ol
clad ol jo (izmen Cowl A blo |y &l s
B ASAd el i ng_dlb PR 9 CHS l_> é_..nLub

IR “—"‘)‘ ‘) SS& ¢‘)~\J Ry g <l S u—*—i-‘/L'-"

o wg—bioe ool ygal j0 45 sy bples
ol LU (sangs 513 L33 55 JiSm (g5
Lad ol j0 0,8 o )38 clatn gaie S o
ks o ALl 5 0t s,y (ol 1) Sl s
Lo jllanl galold as bli.ogd oo dlxe ol
Olsmedy il O oaijasine gailiowl 3l S Sl
L bli a5 Jb o wigi oo olsil ;1 ae dcgomxe
J—dody csein bla w8 o Bis 5l i dlold
S Dygmots VL (Selis gl g ke L8,
dwlo glm g a3 |8 solai wl 0,50 asas go0e
WNad ad 8 ISas gamgs L8 glad o ;S sl

Cle 05T sy (gl 29, S T i S a3l
@Lnﬂs)_wjlejluw&\ﬂ)_@;@

F (M) 4p)

w1tz TN par ey (D11 (00, (0)

o9y Sl e bl e Slbls )l cavogs (sl

g ee By iy Dygo 4T S5 e ool (g S
y(®) = x(@)BE) +u(t) )

Bap gy, slo i gidy o Yoa lal) o

fT r , 3
1
Yo- i &<
ro: ) ;
———
3 va- 1
3
b ¥
& \[}g 1
Yol : 4
a_ -1 i J
ol 1 1 |
o> Ju3 = yo dlo>

oS B oje g sie (0 Ao g ales> LB Sl PA-TA JUK 26,5 a5 ls slass loges =Y 410903



Vo F e 050 o)locs (o3 o> 0)90

(ol B oje p (e 285 (aSls (o yo ales g alex 5 S Ol (2Sike - Joua

YINA £Y /YA

YA =AY

YIAY EYNY | VEI00 ) - /P VA/VE

YEYAY | AVYYA T UTA
Y/AY £V/0F | V4PN £1Y/0) \$/- Y
YIEO £VAY | VEA £ /T VV/FY

e o g ale 8 Sl gamgs 5B slad e S el Ol nSile Y Jgue

YIYS £Y/59

A\Y/AAY £4/-A

Y= O N e Yof o7 =[P 0 YY/AD
YAy =N VE/OO =A/BY VYIEA
Yil < =X Lt = e 2 YZIAD
YN-=EY1D VENE =9/00 ARTARA

ez e g dlex L5 lacdl o gaman B glad e 1285 et ld Olnss (oSl - Y Jou

Y1 VRN

RFATAR== VAR

YI¥ BV AF YRVA 99 . A\YAF
Y/AY £Y/IYA YR8 R0 LR g
YN EVIEY YRy £ Ry Yofek
NIVY £YirF VE/IAY =N\ - /AP RNy




N\ QL_....a) o5 0)les (o) lg 2> 0)90

= & -
&5;22595i2====£ 44&:5&2

(G 3L load jo o, lgy atad g, 5l eola il
Ao yomie (wl 00 00 lS gai A Y log s 0 dS
Sl 5 L JUiSrm Saalins o ooy AalS
Jo—bas cwl oo Swlos ol s olwlis o 3o
e Gl £ a8 amo o0 LA P Jgaz ol
00wy Ao, A/ ) A gamdw L8 glas o o0 F

O e Sl 7 LS Y slpygai o F Jgu o
p e il b gatos 5l 8 el g0
olis mols s o olis (i lide o, Sy, Lga
Gmdw 5 90 L8 slad o, S el b a S ol

a u.._m.' ce)lS_':l% & 13 )l oola S| l_> O red g

.o)lo (5)_..6,) Ls)_m.:&&.m 9 PR Vw—‘lsﬁ 0)5_7-

0,505, oz o dles 5l L3 g ales > 90 S5 0 T 5051 P jolie -F Joua

Yo- T

Yoo

=¥en |
-y 1

L 1 |
YA =Yoo &+ Yo =B

x(t)

Be  Yee VB Yer YO

o Ao 1> BEG LS o 90 slad (ioled loges —F Hlog05

1
>

= o Ao

cgn 39 5 slad p e oy dhom 5 alos 18 cdle PASTA JUS o5 asls lass loges 0 yloged



Vo F e 050 o)locs (o3 o> 0)90

]

o ala>

o s B ol s e oo alas g LB cle PATA U 15,8 (s ls lar Jlogei —F yloges

Sl Ol s (6,550 jobay ailgs oo 0,8 lgy xlad
‘)&WW@W)"JJCAJBJ‘)A_?)QL;}_Q
OS o 9ST Laasl o IS jgboay (FY) 0S oLt
6lad 5o JUKw (g5lwsl ohist o s ue sla g, 45

u_..u‘ I 0)9.41 (_gLao)S..b ul—».A )O )L.\_DA u_»).;Yl; as

S 35 Al 9 S
Slesla wla S el o1 51 SUs aalllas oyl ol
J=dos 5508 sLad g5l v sle (a3 e sl b,

F/0 X
™ . &
f L ]
Yo . . L
[ ] - 0.
’ . y
= Y8 * e o o 33 o
e L] ® *® ® °
= Y e o s o
= L] . ]
Vo bt
o e o
) o & ®
- ® L ]
L ]
* l. o
I o3 .
* /& \ Vo Yo ¥ Y/ ¥ Fio
x(t)

o) SSTgs w39, 5 sles bl oolicial o9 Jlsgas =V Hlog0d

0Kl @il (e 285 AL (o po ales g ales (L Sl Sl (0S0Le =0 Jgu

VAY £ /A | #IZAEYV/FY

= S T =TT MY
VIOV EVYY | /0% £Y/YY Vi
VIV £VEY | YY/YAEV/AY Yofo¥
VIOK EVAA | §/+V YV VITY




VFF s 05G o,las qud lez 0,90

Yo— T T
—
VAL &s
£+ | _
143 1
%, 1 45 1
0
2
8 AL , |
;_ . .
¥r : 1
oz Jo3 P

o) SSly by e o6y dhom g alos LB Cl PASTA JUS 15,5 (Lt sl sl Jfogei —A loges

e pe ey ales 1 U8 Lo Sl 8 et (il g5 -F Jgar

(2 30) ]38l & 59

el e ol 50 (YY) o ST 1) o

9)
oils 9 059>

o g0 j1 glas
GO daw 38 glad

0)&3'3{_ 6&3

Kt & o bl B 0 (g iie Sl Jdow gl

e DLbLS | gy 5o b 6)l5ml Olgmeay ,20,5
Iy Ol s o it T8-P8 LIS a S olo i (63—
U—" ] oo)_f d_:).>u = Oy 6l_(bJL!L§ Oy
S 5 Tl g e g o lere moli Ly a sl
05— Glemear Iy o>l ol i a S o ls ctillas
Jm e 0 (B A) ailos ST 515 F i as Lacl
J=Ses u*’)“’)—iu“ﬁ. 49 ms;‘%—e“w Er Lnwos
lad csamgo L8 lad ( uiilS )8 050> e dunlin
Sboby) 6y 0SSl adad by 9 gama—w L2
S sl il S—wlos J—dow o], Jaspe
A0S et e g—og ¥ LS ) slo Joax ols ol
Healr oledil sl s o (saman L8 glab oS

22 Van der Heyden
3 Sun

bt s ot 5 Sl Sl L g, o
9 ot 0 @Y Jilly g aed e 4l ey s
Slalas L aslie yo .)._j)lo as‘)—“’ Mo dA—J)JJ-A
Fe) asles,s uu)l)_fé__m Jsb ;o (g3—e 5o Jl_.asl
Iy g o=l 5o YL S8 ol (Jlo ol L (Y5
B slad il 5l Gloespa ooliiwl 51 (LB Gl o0
uu_)Lou a4 S csls a)LLS‘% &.’49 J_,.lyu 9 (i
Pt Gl 5 T s e (Slalllae o
BRIPRVGEIV LS SOV SV L gt BN WY v SN BOU - S
sLab il sl s mSore b ol pirgh o5 Lo
ol g 5,88 Ol Cilgy gama s L3



Vo F e 050 o)locs (o3 o> 0)90

“o e d
e~
Sl e dlpens b bl 2 U e plw as )
Alg 0 S gz giix slmosls leslaiwl pae pgo
ay Gl Lyl s oo | oalgiing Lo by, 9,Slas
A aS Laooly ;005250 lopg ey 2 ]l
ol S LS| JalS s B Sl
el S gl il 4 3l3S b e cB
5 =g o3l (SLaolly 5l 09— oo sleiiy «ingh
Gl i 6 mdoprens LS 09 coliul (e gz
Oy sboosls 59, = ol sboats; 2las)l s b
Lo ,Sag, ol 51 oolicnsl (8ol L5 0, & jyo ol
TS P e 9D (o (SlS sl )5 0
L o )98 5 o 5,50k sloue Ly Lo bs,
St ) (Fr—e Do S S w g
gl glo sl L SU dow (gl 1 egdle otz
3 Silbwpslie (LaSiSS anng g Loty o, Sles
S;)5 el )0 sy o0 B A (65,0 g il
aiile s WS B Slulis s La sy, ool
P e (Sl Sl ois a8 (aiS L Ly el
oz slosarce; 3y oo )l oS i L]
laail wwole )0 (FYF0) uS pal b fagh ol
(oSt sLa gy 48 A S o 0l imghy
5 s 52 sld o JLaKw s5lil o5—sn
S35 oo Lo )lnl e 4t o, Slyy o bd Jolos
Jos il asl i (gm0 Sl Sp0 sl
2P E=8 G g At gllpla pa
il o0 gl ol ol S ) (b slsais
S0y SemdsS il g o pleyd g S e St
S oS gl leanie i alS g ol

PRCUTS SC WL S X G- Y SN BN S| S VOWP YV
3 e g di il &S L i Laools 6)315,—“‘?'
ools oli_:l.: 4_‘»‘)‘ 6‘)_’ OF—w gl UISOQJ UL»_.»)LM
FSEEC NSRS RPN I W% S U PUDNCIILIE YR -
a\ﬂ oB—zils 5 (&) Lo, plool L Ladlepn o —ils
sy o=l e slaialem (sl i (oL
&l 555 a8, slier ey jo o)l 5l
oS o S g SSN 00 S (6 el 5 Mol a ST

i gy Sl oy 5L e Seaaliys L3, 5
o3 AV il 2,5 oo |y o8 el LS
SLSi 10 0, Sag) ool GV Uil sazmo s Ly
w._mlf Ls‘)—’ u..._:o”.‘ u_:‘ o as so)lLuly &Lﬁ ws)
2,5 e |y dz s olwlis Sl Cidge
e 5 sLb Ly oSl ala S 5 4 sl s
ULC)'UQ‘ a‘_¢L~aL..n) 6[.:&@.;_“....» A D 6)L~400Lw
D9l se pplyd g o Lail slagslo o1y o,5 8
‘5[3)‘.) 6LQQLA)Q ‘57‘)_|¢ 9 6)La.u J_L_‘)bo P‘).c )b
oFas oS oS diadigr (omas S o Ly
ool ol ity imgly ool slmazily (g8, S
sl oy bt sla by 5 28,5 el )
30 G Sl sy 0,5 JLds g Lagyle,s oi o il
oolaz__wl Sy4—no ‘_g‘)_’> l_| (515)‘.5 le_ﬁul.‘o)o u_..Qﬁyo
5 OLle 9 Tt gl L gg-dge (il 0SS S
(FY) 0285 00 (£ 2 Ol Sl ol (2L

S29i Ol moll Gl Dol Jle Jdog o Latea
38 slas samdw g3l ool ) oz 0, S
o &S Lools 5l 5088 JolS Bi> pac pgo .l
Swelus glabaxd ol v a5 Lol e slwosls o
oleas bl ol a sl ccwlools Ol g 1) el
S el Cgogase az )b iegh Gl aS oS
2SS am g 050 ab gl pend g i
el ools 8L SOl eolaiwl 550 slaosls s
o]y a—ls cul S a5 wiloa s 2l Bl



VFF s 05G o,las qud lez 0,90

[

= & -
g—_‘:&-.'hs_}J=; a‘—"—m

1. Cai Z, Huang P, Zhou R, Xu C, Wang

C. Psychosis of epilepsy: an update on

clinical  classification = and  pathophysiological

mechanisms.  Biomolecules.  2025; 15(1): 56.

2. Hope OA, Harris KM. Management of
epilepsy during pregnancy and lactation. British
(BMJ). 2023; 382: e073335.

medical journal

3.ReissY,Bauer S, David B, Devraj K, Fidan E, Hattingen
E, et al. The neurovasculature as a target in temporal
lobe epilepsy. Brain Pathology. 2023; 33(2): e13147.

4. Rabinovitch A, Avolio JJ, Cook MJ, et al.
Ephaptic conduction in tonic—clonic  seizures.
Frontiers in Neurology. 2024; 15: 1477174.

5.GiovagnoliAR, Avanzini G. Quality of lifeand memory
performance in patients with temporal lobe epilepsy.
Acta Neurologica Scandinavica. 2000; 101(5): 295-300.

6. Memarian N, Kim S, Dewar S, Engel J Jr, Staba
RJ. Multimodal data and machine
surgery outcome prediction in complicated cases
lobe
and medicine.

learning for

of mesial temporal epilepsy. Computers

in biology 2015; 64: 67-78.

7. Hejazi M, Motie Nasrabadi A. Prediction of epilepsy

seizure from multi-channel electroencephalogram
by effective connectivity analysis using Granger
causality and directed transfer function methods.
13(5):  461-73.

Cognitive  neurodynamics.2019;

8. Sun L, Chen F, En Z, Zhang H, Zhu J, Li Y, et al.
High-performance prediction of epilepsy surgical
outcomes based on the genetic neural networks and
hybrid iEEG marker. Scientific Reports. 2024; 14: 6198.

Ghaderi
spectral,

9.  Mohammadkhani
F. Epileptic

Ghiasvand N,
prediction from
of EEG
using deep learning algorithms. The Neuroscience
Journal of Shefaye Khatam. 2020; 9(1): 110-9.

seizure

temporal, and spatial features signals

10. Mohammadpoor M, Alizadeh A. Using support
vector machines as an intelligent algorithm for
detecting seizures from EEG signals. The Neuroscience

Journal of Shefaye Khatam. 2021; 9(2): 1-9.

I1. Rezvani M. Ol5: Lateralizing and localizing
The Neuroscience
15-15.

findings in focal epilepsies.
Journal of Shefaye Khatam. 2018; 6(S2):

12. Dutta AK, Raparthi M, Alsaadi M, Bhatt MW, Dodda

&L

SB, Sandhu M, et al. Deep learning-based multi-head
self-attention model for human epilepsy identification
from EEG signal for biomedical traits. Multimedia
Tools and Applications. 2024; 82(27): 42021-51.
13. Samifar F, Samifar S. Decrypting epilepsy: the
decipheringroleofelectroencephalography. Neuroscience
Journal of Shefaye Khatam. 2024; 12(S1): 9-9.

14. Fang C, Li X, Na M, Jiang W, He Y, Wei

A, et al. Epilepsy lesion localization method
based on brain function network. Frontiers
in Human Neuroscience. 2024; 18: 1431153.

15. Lashkari S, Azarnoosh M. Optimal feature space
selection in detecting epileptic seizure based on recurrent
quantification analysis and genetic algorithm. Smart
methods in the electrical industry. 2016; 7(26): 35-44.

16. Kobayashi K, Li LM, Cervenka MC, Pexman
JHW, et al. Effective connectivity relates seizure
outcome to electrode network propagation patterns.
2024;  6(1): fcad087.

Brain  communications.

17. Lashkari S, Sheikhani A, Golpayegani SMR,
Moghimi A, Kobravi HR. Topological feature extraction
of nonlinear signals and trajectories and its application in
EEG signal classification. Turkish Journal of Electrical
Engineeringand ComputerSciences.2018;26(3):1329-40.

18. Khaleghi N, Hashemi S, Peivandi M, Ardabili SZ,
Behjati M, Sheykhivand S, et al. EEG-based functional
connectivityanalysisofbrainabnormalities: areviewstudy.
Informatics in Medicine Unlocked. 2024; 45: 101476.

19. Konvalinka I,
approach: how

Roepstorff A. The two-brain
can mutually interacting brains
social interaction?

2012; 6: 215.

teach us something about

Frontiers in human neuroscience.

20. Varsehi H, Firoozabadi SMP. An EEG channel
selection method for motor imagery-based brain—
computer interface and neurofeedback using Granger
causality. Neural Networks. 2021; 133: 193-206.
21. Ding M, Chen Y, Bressler SL. Granger causality:
basic theory and application to neuroscience.
Handbook of Time Series Analysis. 2006: 437-60.

22. Bastos tutorial

review of

AM, Schoffelen
functional

M. A

connectivity  analysis

methods including Granger causality. Frontiers

in systems neuroscience. 2016; 9:  175.



Vo F e 050 o)locs (o3 o> 0)90

00‘ S
M
23. Handa P, Gupta E, Muskan S, Goel N. A
review on software and hardware developments

using EEG
40(9): el3374.

in automatic epilepsy diagnosis

datasets. Expert Systems. 2023;

24. Zhou X, Ling BW-K, Zhou Y, Law NF.
Phase
based Fisher discriminant analysis and minimum

space reconstruction, geometric filtering-

distance to the Riemannian means algorithm
for  epileptic  seizure  classification.  Expert
Systems and application. 2023; 219: 119613.

25. Nazarimehr F, Jafari S, Hashemi Golpayegani
SMR, Sprott JC. Can
predict critical transitions in biological systems?
2017; 88(2): 1493-500.

Lyapunov  exponent

Nonlinear  Dynamics.

26. Behbahani S, Jafarnia Dabanloo N, Nasrabadi AM,
DouradoA. Epileptic seizure prediction based on features
extracted from lagged Poincaré plots. International

Journal of Neuroscience. 2024; 134(4): 381-97.

27.vanderHeydenMJ, Velis DN, HoekstraBP, PijnJP,van
Emde Boas W, van Veelen CW, et al. Non-linear analysis
of intracranial human EEG in temporal lobe epilepsy.

Clinical neurophysiology. 1999; 110(10): 1726-40.
28. Aghtar M, Cheraghzadeh M, Doroudi
A, Nasrabadi AM. A Lyapunov spectrum-

based hybrid
contingency ranking. IET Generation, Transmission
& Distribution. 2023; 17(16): 3706-17.

static and dynamic approach for

29. Pereda E, Quiroga RQ, Bhattacharya J. Nonlinear
multivariate analysis of neurophysiological signals.
77(1-2):  1-37.

Progress in neurobiology. 2005;

30. Lashkari S,
Golpayegani

Khalilzadeh MA, Hashemi
SMR. Determination of the degree
of three-dimensional Poincaré section in epileptic
detection by EEG.
Biomedical

Iranian Journal of
2015;  9(1):  59-69.

seizure
Engineering.

31. Goldberger AL, Amaral LA, Glass L, Hausdorff
JM, Ivanov PC, Mark RG, PhysioBank,
PhysioToolkit, and PhysioNet: components of a
new research resource for complex physiologic
2000; 101(23): ¢e215-20.

et al.

signals.  Circulation.

32. Goldberger AL, Amaral LA, Glass L, Hausdorff
JM, Ivanov PC, Mark RG, PhysioBank,
PhysioToolkit, and PhysioNet: components of a
new research resource for complex physiologic
2000; 101(23): e215-20.

et al.

signals.  Circulation.

33. Lashkari S, Moghimi A, Kobravi H, Younesi M.
A novel spike-wave discharges detection framework
based on the morphological characteristics of brain
electrical activity phase space in WAG/Rij. International
Clinical Neuroscience Journal. 2021; 8(3): 127-35.

34. Lashkari
Hashemi

S, Khalilzadeh M, Zendehbad A,
MR, Gorji
features-based evaluation of EEG signal for epileptic

Gogpayegani A. Nonlinear

seizures detection in human temporal lobe epilepsy.
Future Research on AI and IoT. 2025; 1(1): 28-36.

35. Lashkari S, Hashemi Golpayegani SM,
Khalilzadeh MA. Determination of the degree of

three-dimensional Poincaré section in epileptic
seizure detection by EEG. Iranian Journal of
Biomedical  Engineering.  2015;  9(1):  59-69.

36. Al Fahoum A. Early detection of neurological

abnormalities using a combined phase space
reconstruction and  deep learning  approach.
Intelligence-Based Medicine. 2023; 8: 100123.

37. Xu X, Drougard N, Roy RN. Topological
data analysis as a new tool for EEG processing.
2021; 15: 761703.

Frontiers in Neuroscience.

38.Ahmadl, Wang X, ZhuM, Wang C, PiY,KhanJA, ectal.
EEG-based epileptic seizure detection via machine/deep
learning approaches: a systematic review. Computational
Intelligence and Neuroscience. 2022; 2022: 6486570.

39. Gao Y, Wang X, Potter T, Zhang J, Zhang

Y. Single-trial EEG emotion recognition using
Granger causality/transfer entropy analysis. Journal
of Neuroscience Methods. 2020; 346: 108904.

40. Zabihi M, Kiranyaz S, Rad AB, Katsaggelos AK,
Gabbouj M, Ince T. Analysis of high-dimensional
phase space via Poincaré section for patient-specific
seizure detection. IEEE Transactions on Neural Systems
and Rehabilitation Engineering. 2015; 24(3): 386-98.

41. Siggiridou E, Kugiumtzis D. Evaluation of

Granger causality measures for  constructing
directed  networks from  multivariate  time
series. Entropy (Basel). 2019; 21(11): 1080.
42. Asadolzadeh Shamakhal F, Moghimi A,
Kabiri HR, Salehi Fadardi J. Effect of tDCS
stimulation on lincar and nonlinear features
of EEG signal in patients with contamination

obsessive-compulsive  disorder. The
Journal of Shefaye Khatam). 2023; 12(1): 22-33.

Neuroscience  pmmmmm

\f



VFF s 05G o,las qud lez 0,90

[

= & -
v_a.u.hsj_; Q_JL_Q.Q

43. Shin Y, Hwang S, Lee SB, Son H, Chu K, Jung
KY, et al. Using spectral and temporal filters with
EEG signal to predict the temporal lobe epilepsy
outcome after antiseizure medication via machine

learning. Scientific Reports. 2023; 13(1): 22532.

44, Mazrooei Rad E, Pazhoumand H, Salmani
Bajestani S. Separation of healthy individuals and
patients with Alzheimer’s disease using the effective
communication of brain signals. The Neuroscience

Journal of Shefaye Khatam. 2022; 11(1): 1-12.

45. Mazrooei E, Azarnoosh M, Ghoshuni M, Khalilzadeh
M. Comparison of the function of the Elman neural
network and the deep neural network for the diagnosis

Neuroscience
10(1): 1-11.

of mild Alzheimer’s disease. The
Journal of Shefaye Khatam. 2021;



