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On the Early Diagnosis of Dementia by Nonlinear
Analysis of the EEG in Alzheimer’s Disease
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ABSTRACT

The early diagnosis has an very important role in curing dementia. But there
was not the cffective method to diagnose it until now. In this paper we
analyzed the EEG of Alzheimer's disease patients and normal groups by
nonlinear methods.

In the analysis we calculated the correlation dimensions D; and the largest
Lyapunov exponent Li. We found that patients with Alzheimer’'s disease have
significantly lower D2 and L; than normal groups. It means that brains injured
by Alzheimer’s disease have electrophysiological inactive elements and have
decreased chaotic behaviour. We propose the nonlinear analysis of the EEG as a
useful tool for the early diagnosis of Alzheimer’'s disease.
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MAXHEEDS] AFTAGL2 AYLoA AFHGED] FEAN AFstH d7]7t
W Astel zZol ALY He SR AAMAELE FAFHY oy, of MAAAE
AT e NRAALEA] @F3y, w3riHY HY opAEFAN 2L ANG
Bl Bu7t HojRy ol EFH S8 A7 AT

EEG wave?] ZHd+ o wave (8 -13 Hz), B wave(14-30 Hz), 6 wave(d -
7 Hz), & wave(3 Hz 7tA) Sol Adedl o4 F&Ed w2t #4441 =& Haw

27

Bwave?t A, Z2E3 AElE awave’t Fdlstn, Fo) FoAHA AdEjd A=
awave’t 744 OwaveZt &, o}lF @& FHAME o wavell Ad IEE
vlol 2o},

HAYe AHe dHIAAY EFHAYE T "J’"‘“?l = % Internatlonal
10-20 Electrode Placement ‘ol o8] A =& ¥z
A4 03% =¥ 01R)2 FE3to 7] =3

22 =H3tef Fte A £4

1) A e 2A 7HsA

A3 uAEaHs A2 g HAse o d4L A7 A ¥ E 5
o Ay Hoy udges 3 BNy B2 A9 2% (dynamics)©]
&5 x = ve x3A9 AAEA(deterministic system)A v]F 1 A9 &F
g Ao zhdait dAlgtE 1 Al AdHE 2Hd e 2AYUST -&F YA
o] Al gholl wiel ul$ 2233 EE gl YElE & ALE Aol Ui
FAAE Bole B olzig 5L, Fe(noise)olyt F2 ¥ (random) %7
Zol Ao AFEZ Ax FEAQA &5 HAHoR HF] Ved F e =&
o] viAAANAY e W FEET ofME FHAAME Rolxm HFT
FEFLE YD A 28 EF0] vAEEES LS F WA
A" o, o] Jle2Ae A= F 9192~ (chaos system)ve AR E A ]
A & Al (nonlinear deterministic system)el 3] @ 3c}.[8]

chaotic signal& deterministic nonlinear systemd] ¢]&] THEo] o} ) 1 5
ol #&zlEo] EEGE 2dad & gutin AzHe o]g= EEGHE 2#3 signal
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‘jl"*&’@ﬂﬂ}‘ﬂ chaos ©| &) 98] vuvlg 7hdd Ajxdlolgt siHete Ei4%

N

u]ﬁgg&} /\]_’11%1{2: U}'%:ﬂ}' %El-% /R(—)]Z]% ];]. @ A _’_",Eé}o] tﬂ";’:‘i‘o'] "HTL‘? Signal
(limit cycles)& E38t1 9 oWHA| bursting behaviourg& 7}
¥ Fol Fatgd wel M3

N
X
l‘ﬁ

¢ Ao

A3t A A (amplitude dependent



132 OfS#& - olxf

Fol

frequency behaviour)& 7HAW, F3FEe ZFES  EgFd(frequency

mulitiplication (harmonics)). @ A2 ®lo] A AN £AEZ FAH ).
EEGY: H7F vl & A Ax9] thEHQ NeuronEZ o] Fojx1 ojzj g FH/LE

Neuron&o] A& H43] dZAdx5o] o] pyramidal cells® post-synaptic potentials

2 o] Fojx] gtk Aol vl AP A Al o] wtEAH AzdE AE &

T At

%9 EYsAE 2 power spectrum, state-space reconstruction technique,
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dimension of attractors, Lyapunov exponent & %38] EEG”} chaotic signal®]z}
= A5 g g

712831 Takens’ embedding Theorem[4]S ©]& 3l EEGE state-space®] Al W
2 AFAste] chaotic attractor® 7HAR AFE EUskHT. EF chaotic
attractor 9] correlation dimension®] A% o] Yo+ RS AT F YU
el ghko]l oA @3 F&3 o] Ugud= A2 EEG7} random signal©l
olue} chaotic signald< ¢lujdic)[11]

1 9o X chaotic attractor$l ¢ Z7|Z7o] 2% @A x HAE & ALEE
7FA A HiEd 2348 2438 249 Lyapunov exponentE F3led] R g5 9
& o] EEG7} chaotic signald & & + t}[6]

2) A3zt (Correlation Dimension)

EEG7} deterministic chaotic systemolA THEo]z MF el Al o] ¥ A HA
Hojl 3 mlego] &to] A7 = Ut EEG7F randomd A& Etd dolelEzt
o correlatione] {3 §loerz wddslzyd Fidle] W47t BasiA dd. 19
Y EEG7} deterministic chaotic systemolA] 5ol z AlsztE= AN LS EEGYE 2
702l coupled nonlinear differential equations®. & AT = g AL 9|t
th[12] 4714 Correlation Dimensione ol &34 o] a3k Wyo AFE 9
stoh, e o] Aelh ul"E wiveldd Correlation Dimension?l gte] b= A&
3l Heo et Ayl couplingd] Axrt €& e AE & 4 A wet
A H7 ARE A sAY o JHA 7T ES FITE W 2 A 24Fo HME
F71H 0.2 AEsHL couplings o] M & & A, 242 neuronE 9 o7t
coherency’} X715 & A+std T8¢ 2498 ¢ F Utk

Correlation Dimensiong T3}7] 84+ $X Takens' embedding Theorem
& o] &3l EEGE state-spaceol Al WEE AT A3t chaotic attractorE T 3f ok
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EEGE state-spacedl Al ®E]& FA3l] chaotic attractor® <& ol
Takens®] embedding Theoremg ©]-&3le W ol o] 71x] Wyo] Ut}
Ay o7 vlkgd A9E d4 Ao

o]2%t v L 23] A& EEGY chaotic attractor®] Correlation Dimensiong 7

o



THEBBEE $19% $HB398 199%6F 9A 133

st ¥ chaotic attractor 19 3 & 7I¥o2 AYE 244 wd7MdA L A
Qholl 3 &tr|i= tbE HEQ F7F Holusiz vl &S A4 Correlation Dimension
& 2& 5 Avh olYg W oz Correlation Dimensione AlAbehs o] iz 2(1)
% 22 Dimension®] d¥rAel Aolg o] &3 Zo]7] wirolrt[5]

% Dimension< 2(1)& wE3t7] vzl Correlation functions oz 2(2)¢} %
o] Heojxit}

V=oa’ (V:%3, a: %5, r: Al d: AQ) - (1)

C(r =N%§;ZH(7— lx—;— ?j)l) ,,,,,,,,,,,,,,,,,,,,,,,,,,, (2)
q4714  H(x) = 0 x <0
Hx) =1 x>0

w2tA Correlation Dimensione 2(5)9F #o] YEelfo] Z o),

Clr) = 9% mmmmmmmmm (3)
InC(7) = dlny ————————— = e (4)
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AR ARl o] ofe] 7bz] Aelel tha] Correlation Dimensiong -3+ 2
s <E 2.1>3 2

o] o] o Aef7} vt w mit}d Correlation Dimension Zto] #l# &= AL
Sl Ao AE= chaoticdldhe S & F Utk olAL HuF HRE wWE £
Adst7l faiM = vy Al G E ol gobst, o] g ulAE M Fito] ¢
8] synchronization®] ¥t AL v g},

Correlation Dimension®] &%t A2 coupling 371 A A neurons %t
o coherentd &5 3tA HE 9 v} [7]

Correlation Dimension ©J®  gsystem®] random?% system®! A deterministic

o

chaotic systemIA|& F#3) T F2 7IFo]WA coupled nonlinear differential

equations 2. &  UWEMWO X = Ald 9] W £E YehyE xFxd ¥ ooy
neuroni 7He] collective motiondll W3t R E Wxsla Q= HS5o|7| % ot 6]
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<E 21> A o] o Aejo) A9 Correlation Dimensions

Sampling Delay r Total Maximal Correlation
State of Brain  Lead(channel) i Embedding  Dimension
Rate(Hz) (msec) Time(sec) Dimension
Albano et al.
(1987)
Quite, awake ? 500 10 5.8 19 eyes closed
26%0.2
Quite, awake ? 500 6 58 19 o
eves open
Bablovantz et al.
(1985, 1986)
Quite, awake C4-Al 100 100 40 10 6.1 £0.05
Sleep Stage 2 C4-Al 100 100 40 6 50%0.1
Sleep Stage 4 C4-Al 100 100 40 5 4.1%01
REM Sleep C4-Al 100 100 40 10 8.2%0.04
Petit mal Seizure ? 1200 15.8 5 7 2.05+0.09
Mayer-Kress
Layne (1987)
Quite, awake P3-0t1 100-500 10-40 10-30 20 47135
Quite, awake P3-02 100-500 10-40 10-30 20 47*35
Quite, awake C3-T3 100-500 10-40 10-30 20 7815
Quite, awake C3-T4 100-500 10-40 10-30 20 78+%5
3) gotx = 24 gH(Lyapunov exponent)
HobI i A 2R N T4, 2 ARFVAN AHD AA
o] 4% Holx sl AFES vEd Zl-ri*i 011 E7hsAd AAE FAHe
A w7 ol & AloA 9 YolTi I 2jF o EHE Y YAEIIA T
Ui, 22dq @dﬂ:7hwwﬁlM%QEﬁﬂE%%%ﬂEﬁhwl%%ﬂﬂ
T El°}i‘~“ A g Aol EQA S 2A ste Al RE AAE Ode
HE HECl $IHge ofvlsty]

2 BAEG. 08T & AFE 5oige, 5 9
02 e HFE FE5E

= JHE
18 SEYHA dFg RE golZueT AFEL F4dd, ol ol
g o

ol whAw oby 4HE Fakel Aoz welr] wWEolth 74 AT o
o SRR o) A5} oS 0ol Ge ATEE grds gud. w
A ovel ey 2Eddx oedEr Ho|x sty FolZwE A&7 Fi

& 7hdokg g,
PobTin T A5 Wolf[8]9) Wyoz A®6)d os 2PARE AHgste] AL
T AUt

9,

df;
1 In .
Ll = 7’; A EVOLV-dt- n? (bZtS/ sec) ______________________ (6)
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4714 mE A3,
dte MEY A7
div 143 AA 7A=Y 27 F AHY 4,
di= 978 M F ZH Ateld Ad,

EVOLV &= A7 dF A ZF

A 3 4 JANY D ARRA
31 A3dAY 2 Uy

1) Correlation Dimensions 4]

gt AES 684 ~73M9 dHo R o, B FEE A &gt
UYL AN 9, M2 Y AAHY(YL7IE DSM IM-R) = d) 3z}
(Alzheimer’s disease) 98-S o2 vlud Jz7t A=HE HAAEZR AHS 5
o 19955 9¥ 12d+% ¥ 11€ 7972 4¥E =AUt

0] AHgE Fujel ¥He AdE NIHON KONDEN 3)A19] md EEG-4421K
3719 output BGAZHE HEH EEG analogue signal® KAIST &2 8t3 #14
StAF oA A ZFE A9 Analysis System$ Personal Computer® Interface
Al# digital signal® B}o] datas 3 sQ
L= JIEYUTY A dHAREY gl 48 dod
FA4% B4 33747 EA(KAIST) By A FgaAFdodd BHsHe
W, Aol 88 FHZAES <E31>I T

<HE31> A9l Algd A =27

a9 SRz HA9 ZHFn ] FH4x2
Time Constant : 0.3 sec (0.53 HZ) AMEZ A 2mn/sec (32 sec)
Sensitivity D 7N/ mm Data 1 16384
Hi Freq Filter : 35 Hz F=4 34 0 13(IHA 193)
EEG. channel : 16 channel EEG. montage.: Al / A2 2] Referential
Chart speed : 30 mm/sec (International 10-20 Electrode Placement)
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2) Lyapunov exponents ¥4
3 patients and 3 normal healthy controls were studied. Patients were
diagnosed according to DSM-TIR as probable Alzheimer’'s disease and were free
of psychotropic medication for at least one week before EEG recording.
Additionally, Mini-Mental State Examination(MMSE) were carried out.
The sample characteristics were (mean £ S.D.) :
patients n =3 age = 66.67%t4.11 years,
(Alzheimer's disease) MMSE = 11.3+2.49 (maximum : 28 = non - demented)
age at onset = 61.67*X4.11 years
month of illness = about 60 months
controls i n =3, age = 69.33%+3.09 years,
MMSE =27.3+0.57

AbEE Au| 9 Z=HWH LS Correlation Dimensions 2413 Sdstm Ao A&

¥ EHAxAES <H32>¢ #rh
<HE32> A9 AR E FAxA
Harie] FZx3 R e ] e B
Time Constant : 0.1 sec (1.6 HZ) AZEY A 2 msec (500Hz , 32.678 sec)
Sensitivity D 7N/mm Data 1 16384 (500 x 32.678)
Hi Freq Filter : 35 Hz F&£4 35+ 18FA-A 199)

EEG channels : ( F; T3 Fp; F3 Cs, | EEG montage : Al / A2 9] Referential
P30, Fy T, T Fp, Fy Cy Py Oy) (International 10-20 Electrode Placement)

32 AJEA

31949 A¥ANE BWA chaotic analysisE ©]-&8l4 EEGE ¥A3le nd
Aol o]Ato]l 9y F}AE AB/HoZ <1P31>oA UERLE R o] A
g ol 7bestd. &, Alzheimer’s disease A= A A vl&) @At @t
I oglotxx glo] HASA A dElya Jqoi(E 33, 34, 35 19 3.1, 3.2
33%%x) WA 2 AFFAA2 AudAE 27)d 24E ¥ F Ae Z2E 24U

I g Qo
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<3#3.2> Correlation Dimensions of EEG in Alzheimer’s disease and those in
normal control groups

channel | electrode . Somgl . Al;heimgr’s Qisease .
Correlation Dimension / Variance iCorrelation Dimension / Variance
1 F7 80 / %13 65 / *19
2 T3 84 / *12 71 / *18
3 TS 76 / *14 61 / *£15
4 FP1 78 / %10 62 / *12
5 F3 81 / =*11 61 / *17
6 C3 78 / %1 65 / *T16
7 P3 73 / *12 59 / %15
8 10! 72 / %14 61 / *15
9 F8 79 / *12 67 / *19
10 T4 81 / %12 73 / *20
11 T6 76 / *12 63 / f16
12 FP2 78 / *10 62 / *10
13 F4 77 / *10 61 / *16
14 C4 79 / 09 65 / £16
15 P4 74 / *1.0 6.0 / *15
16 02 71/ *14 58 / 21
9
8
5,
E 6
as i —— Normal
£ 4  —m— Alzheimer's |
£ 3
5 2
i
0

=825 RE

F7
F3
TS5 L

FPI

FP2
F4
c4 |
P4

o2

EEG. Channel

<71¥3.1> Comparison the Correlation Dimensions of EEG in Alzheimer’s
disease with those in normal control groups
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<z1832> Difference of the Correlation Dimensions of EEG in Alzheimer’s

<3#3.3> The largest Lyapunov exponent of EEGs in

disease from those in normal control groups

for all subjests in all

lead positions. (the unit is bits/sec. A: A patient with Alzheimer’s

disease. N: Normal control)

Lea Subjets A, A, A; N, N, Nj
Position
F; 7.23 7.36 7.41 8.64 9.21 8.38
F, 7.32 8.62 7.62 8.16 8.69 8.72
F, 7.42 7.41 7.82 9.12 8.89 9.74
Fy 7.87 8.15 7.62 7.92 8.98 8.12
Fp, 7.96 8.31 8.21 8.37 8.39 8.28
Fp, 7.33 762 7.16 9.32 9.72 9.36
C; 8.10 8.27 7.89 8.78 8.68 9.12
C, 7.12 7.62 7.32 8.63 8.69 854
T, 7.89 7.92 7.93 8.32 8.29 8.69
T, 7.10 7.21 7.96 7.89 8.32 791
T 7.21 7.36 7.82 8.96 7.96 7.98
P 8.02 8.91 8.12 8.10 9.16 878
P, 7.13 8.32 7.23 8.13 8.09 8.10
0, 5.25 7.21 7.24 7.62 8.12 8.72
0, 6.72 6.79 8.12 7.43 8.12 8.03
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The average values of the largest Lyapunov exponent of EEGs for
patients with Alzheimer’s disease and for Normal controls in all
lead positions, with standard deviations. (the unit is bits/sec)

Lead Subjets Alzheimer’s disease Normal controls
Position
F; 7.33+0.08 8.74+0.34
F, 7.85+0.56 852+0.26
Fy 7.55+0.19 9.25+0.36
Fy 7.88+0.22 8.34+0.46
Fp, 8.16 ¥ 0.15 8.35+0.05
Fp, 7.37+0.19 9.47+0.17
C, 809+0.16 8.86+0.19
C, 7.35+0.21 8.62+0.06
T; 7.91+0.02 8.43+0.18
T, 7.42+0.38 8.04+0.20
T 7.46+0.26 8.30+0.46
Py 8.351+0.40 8.68+0.44
P, 7.56+0.54 8.11+0.02
0, 6.90+0.46 8.15+0.45
0, 7.21+0.64 7.86+0.31
10 |
9 i
8 i
s 7
§ 6
: 5 —— Normal ‘
= - —8— Alzhemwr's |
g 1
Z 3 |
2 |
0 i
LI 2 g &g T3 EE B2 2T 35 8

<Z1¥3.3> Comparison the Lyapunov exponent of EEG in Alzheimer’s disease

EEG. Channel

with those in normal control groups
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<Z1¥3.4> Difference of the Lyapunov exponent of EEG in Alzheimer’s
disease from those in normal control groups

33 E &

31 Mo AdgdxnE Bd <ag3l>dA veive A 2ol Alzheimer’s
discase ##= A AFQlol H]8) Correlation Dimension ¥ Lyapunov exponent #ts
ol @AstA WA vehdozsM AARUAH ool e #FAE AuHoz THET
T A ghoh
o malol] 3hzte] Hut B4 A3 Correlation Dimension 2 Lyapunov exponent
grol A e AL dmsloly Fate Ho &40 <l wAEH AH2 &
TE3A Bats Aoz AzEHo Ny 12 Qs dREolr o st A AHA
o] Al v yolxtt & F Uth
g B A AR Alzheimer’s diseased Eo] AAHQAX], © g FH A
gzt HTE EaA AL T darl duga AsE] Y.

A4 4 2
A Auy FEsE A AuFe azt A Brhssid 22w Fee
v stgrolut J1EE 93hAQl N ol s Xuje g AAATIAY of=H ke
A5t 7bssty] giel Ao zr1Ade e Faso

1

N

147k AuATe A% oerty AVETEC] Ao n A AuA
do HREY J4d #BEE BH olTolAA &£ el AT F AnAde
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BDRS(Blessed Dementia Rating Scale), MMSE(Mini Mental Status Examination)
59 X))ol thd AwA @As WIS ol FE Lokrr] AR brain CT,
SPECT, or MRI, EEGHA & &3 ddoAle a4 gede AA o &St
A= A Aol

2 AF= EEGY Correlation Dimensions¥ Lyapunov exponents% Al 2bslir
Nonlinear Analysis& %3 EEGAAMT XvlFE 7|0 #AE 4 Qliz Agi-
7v & v 7HE el a) &

Houphy Oﬂ o3t NHANE B Alzheimer’s disease®] A= A Aol u&)

HA A o2 Correlation Dimensions®] #t# Lyapunov exponents@to]l @A 3HA vt
& Reog Yetwtd IRL Alzheimer’s disease o] M7t Fte A AAo| FH
oy, H7t 55 ALY od HRE AZste=d Qo exv 8% 9Es
st Atk RS 9njgdn, wElr EEGS H|A R Yol Ho] 7143 HAS
ojgfst=u F&strtn & 4 Ad.

Hl 5 2 Ag497 822 349 Ay Datadl 9ls) +&28 2 olyA gt EEG
ol MY A& T EEGHANE Auigate vy A@e 7] dzd Wi
2 fFLeda & 4 ok
o2 #29] Sample DataE A&EHoz 3 EAgozd AHAAJAY X v]dxt
g FEd § 9le Cor‘relation Dimensions @ Lyapunov exponents #o ¥ E
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