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Feature extraction of epileptiform discharges on 
electroencephalography using a wavelet-crosscorrelation analysis  

Kozue Yamaguchi 
  

Electroencephalography (EEG) activity is a nonlinear/nonstationary process, during which 
statistical features change with time. Aiming to quantify the nonlinear/nonstationary changes, 
EEG studies have used various analysis methods and elucidated the pathological mechanisms 
underlying brain disease and various mental disorders. Epilepsy is a disorder that is 
characterized by the appearance of epileptiform discharges in EEG. Although studies on 
epilepsy have been conducted, the mechanism of how epileptiform discharges appear on EEG 
remains unclear. Epileptiform discharges appear not only at the burst, but also interictal. In 
addition, epileptic abnormal waves can appear in a single burst or last for several seconds, with 
a difference in duration. If the duration of the epileptiform discharge becomes long, epileptic 
seizures may occur. If it continues further, it may result in a status epilepticus, causing a 
comatose state. Therefore, by predicting the appearance of epileptiform discharges, it is 
considered helpful for quantitative evaluation of epilepsy diagnosis. 

This doctoral dissertation presents the study that aimed to quantitatively examine EEG 
before, during the epileptiform discharges, and after the epileptiform discharges by using a 
signal processing method, and clarifying the mechanism of the epileptiform discharges. 

Chapter 1 presents the background and objectives of the study and the preceding study. 
Chapter 2 presents the study that examines the features of interregional relationships in the 

brain during the epileptiform discharges in detail in patients with mental disorders. 
Wavelet−crosscorrelation coefficients (WCC) were obtained by a quantitative method called 
wavelet−crosscorrelation analysis. The subjects included nine patients with mental disorders 
that were considered to be caused by epileptiform discharges. The EEG that were analyzered in 
the study included those for a period of four seconds prior to the epileptiform discharges, those 
for a period of two seconds during the epileptiform discharges, and those for a period of four 
seconds after the end of epileptiform discharges. They were divided into five segments, each 
with a two-second period: a period from 4−2 seconds prior to the appearance of epileptiform 
discharges (A), a period from 2−0 seconds prior to the appearance (B), a period of two seconds 
during the appearance (C), a period from 0−2 seconds after the end of the epileptiform 
discharges (D), and a period from 2−4 seconds after the end (E). The EEG were analyzed in four 
frequency bands: theta 1 (4−5 Hz), theta 2 (6−7 Hz), alpha 1 (8−10 Hz), and alpha 2 (11−3 Hz). 
The mean WCC values between all electrodes were compared between segments in all subjects. 
In addition, to obtain the changes over time in each frequency band, WCC values in five regions 
(lateral sagittal, medial sagittal, midsagittal, lateral coronal, and medial coronal directions) were 



 
 

extracted and interregional relationships were plotted on a map. To compare between segments, 
one−way analysis of variance was used, and for multiple comparison, bonferroni corrections 
were employed. A comparison of WCC values between all electrodes in all subjects showed 
high interregional relationships during the appearance of epileptiform discharges (C) in the theta 
1 and 2 bands, which suggest an abnormal intercellular relationship during the appearance of 
epileptiform discharges. In addition, analysis by region showed that in the theta 1 and 2 bands, 
the relationship was already high between the front and occipital regions, as well as between the 
temporal and parietal regions, immediately (a period of 0−2 seconds) prior to the appearance of 
epileptiform discharges. This finding was considered to be related to the fact that epileptiform 
discharges appear following a situation that is similar to epileptiform discharges, which may be 
an indication prior to the appearance of epileptiform discharges. The results suggest that in the 
theta band, the increase in the interregional relationship of WCC that show no abnormalities 
allows one to predict a possible appearance of epileptiform discharges within two seconds. 

Chapter 3 presents a study, where, to extract characteristic patterns in different durations of 
epileptiform discharges, interregional relationships and information propagation in the brain 
were examined by wavelet−crosscorrelation analysis. In addiction, changes in EEGs over time 
during, before, and after the appearance of epileptiform discharges were quantitatively analyzed. 
The subjects included 12 patients with epilepsy, in whom epileptiform discharges were observed 
by visual inspection. Three sections (prior to and during the appearance of epileptiform 
discharges and after the end of epileptiform discharges) were considered to be one epoch, and in 
this study, EEGs were classified into two types, according to the duration of epileptiform 
discharges: short run (2 seconds ≤ duration <3 seconds) and long run (duration ≥3 seconds). 
Each duration was divided into two-second segments, and each two-second segment was 
analyzed. The short runs included 11 segments and a 22-second total period: a period of 10 
seconds prior to the appearance of epileptiform discharges (A, B, C, D, and E), a period of two 
seconds during the epileptiform discharges (F), and a period of 10 seconds after epileptiform 
discharges (G, H, I, J, and K). The long run included 15 segments for a total period of 
30-seconds: a period of 10 seconds prior to the appearance of epileptiform discharges (A’, B’, 
C’, D’, and E’), a period of 10 seconds during the epileptiform discharges (F’, G’, H’, I’, and J’), 
and a period of 10 seconds after epileptiform discharges (K’, L’, M’, N’, and O’). The mean 
values were calculated for 10 frequencies every 1 Hz, ranging from 4−13 Hz. The mean WCC 
values for all 19 electrode combinations and mean time−lag (LAG) values were calculated for 
each band, and the mean WCC values between all electrodes in all subjects were compared 
between segments for each short run and long run. In addition, to obtain characteristic patterns 
of the durations of epileptiform discharges, the mean WCC values and mean LAG values of the 
electrode combinations in the frontal region (F3 or F4), parietal region (P3 or P4), temporal 



 
 

region (T3 or T4), or occipital region (O1 or O2), with all other electrodes were extracted. The 
extracted WCC values were compared between segments, and the mean WCC and LAG values 
were plotted on a map. A comparison of the mean WCC values between all electrodes in all 
subjects showed a higher relationship at the onset of the appearance of epileptiform discharges 
compared to before the epileptiform discharges and after the end of epileptiform discharges in 
both short run and long run groups. This result may indicate that regardless of the difference in 
the duration of epileptiform discharges, an unusual intercellular abnormal relationship is formed 
at the onset of epileptiform discharges. An analysis by electrode position showed that in the 
short run, an abnormal interregional relationship and information propagation were formed after 
a period of 0−2 seconds prior to the appearance of epileptiform discharges in the temporal and 
occipital regions, although the EEG appears normal by visual inspection. This result indicates 
that a phenomenon similar to epileptiform discharges has already occurred immediately before 
the appearance of epileptiform discharges. A similar state was not observed after the end of 
epileptiform discharges. In the long run, during a period of 2−4 seconds after the appearance of 
epileptiform discharges, and 2−4 seconds after the end of epileptiform discharges, an 
interregional relationship and information propagation could be seen similar to those observed 
during the appearance of epileptiform discharges in the temporal region. The state that was 
similar to epileptiform discharges was considered to occur before the appearance of an 
epileptiform discharges as well as after the end of epileptiform discharges. Therefore, in the case 
where the epileptiform discharges did not end within two seconds, the state was considered to 
be in preparation for the potential occurrence of epileptiform discharges. Taken together, 
obtaining the relationships of EEG frequency components and information propagation using 
wavelet−crosscorrelation analysis allowed the extraction and visualization of small changes in 
brain activity that had not been detectable by visual inspection. Furthermore, this technique 
allows the identification of a state that occurs in preparation for the potential occurrence of 
epileptiform discharges.  

Lastly, Chapter 4 presents a summary of this dissertation, in which the major findings that 
were stated in Chapters 2 and 3 are summarized.  

From our series of studies, the features of EEG activity before, during, and after the 
appearance of epileptiform discharges were measured. In particular, the interregional 
relationships that were calculated using wavelet−crosscorrelation analysis and the occurrence of 
epileptiform discharges that were identified demonstrate the value of this dissertation.  
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2.15 1
(F(4, 614)=2.43, p<0.05) 2

(F(4, 611)=3.10, p <0.05) 1
(F(4, 613)=1.23, p=0.30)

2 (F(4, 
613)=1.31, p=0.27)  

Bonferonni 2.15(1)
(C) WCC (A) WCC (p<0.05)  

2.15(2) (C) WCC (A) WCC
(p<0.05)  

2.15(3) (4) 1 2
WCC  
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  2.15  
 

2.3.7.2  
2.16 1

(F(4, 1235)=9.59, p<0.001) 2
(F(4, 1235)=10.93, p<0.001)

1 (F(4, 
1235)=4.58, p<0.01) 2

(F(4, 1235)=2.54, p=0.38)  
Bonferooni 2.16(1) 1

(A) WCC (B) (C)
(E) WCC ( p<0.05, p<0.001, 

p<0.01) (B) WCC (C) WCC
(p<0.05) (C) WCC (D E) WCC

( p<0.01, p<0.05)  
2.16(2) 2 (A) WCC

(B) (C) WCC (
p<0.05, p<0.001) (B) WCC (C) WCC
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(p<0.05) (C) WCC (D E)
WCC ( p<0.01, p<0.001)  

2.16(3) 1 (C) WCC
(A) (E) WCC (
p<0.01, p<0.05)  

2.16(4) 2
 

 

 
 2.16  

 

2.3.7.3  
2.17 1

(F(4, 305)=3.74, p<0.01) 2
(F(4, 05)=1.70, p=0.15) 1

(F(4, 305)=1.05, p =0.38)
2 (F(4, 305)=0.76, 

p =0.55)  



2 2.3  

40 
 

Bonferonni 2.17(1) 1
(C) WCC (A) (D) WCC

( p<0.01, p<0.05)  
2.17(2) (3) (4) 2 1

2  
 

 
 2.17  

 

2.3.7.4  
2.18 1

(F(4, 924)=6.09, p<0.001) 2
(F (4, 924)=3.10, p<0.05) 1

(F(4, 923)=0.46, p=1.00)
2 (F(4, 

923)=0.43, p=0.79)  
Bonferroni 2.18(1) 1

(C) WCC (A B) (D)
WCC ( p<0.001, p<0.05, p<0.05)  
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2.18(2) 2 (C) WCC
(A) WCC (p<0.01)  
2.18(3) 2.18(4) 1 2

 
 

 

 2.18  
 

2.3.7.5  
2.19 1

(F(4, 1234)=10.01, p<0.001) 2
(F(4, 1235)=10.90, p<0.001)

1 (F(4 1235)=0.61, 
p=0.66) 2 (F(4, 
1233)=1.04, p =0.38)  

Bonferonni 2.19(1) 1
(C) WCC (A B) (D E)

WCC ( p<0.001, p<0.01, p<0.001, 
p<0.001) 2.19(2) 2 (C) WCC



2 2.3  

42 
 

(A) (D E) WCC (
p<0.001)  

2.19(3) (4) 1 2
 

 

 

 2.19
 

2.3.8 WCC  

2.20 2.21 2.22 2.23
WCC

WCC 1.0
(1) 1 (4−6 Hz ) (2) 2 (6−8 Hz

) (3) 1 (8−10 Hz ) (4) 2 (10−13 Hz
)

WCC WCC
t

Bonferonni  



2 2.3  

43 
 

2.3.8.1  
2.20 1 2

1 2 WCC
 

 

 
 2.20  

 

2.3.8.2  
2.21 WCC

t
 

1 (F(4, 
615)=5.78, p<0.001) 1

(F(4, 615)=4.53, p<0.001) 2
(F(4, 615)=5.41, p<0.05)

2
(F(4, 615)=6.24, p<0.001) 1
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(F(4, 615)=2.30, p<0.05)
1 (F(4, 615)=3.07, 

p<0.05) 2
(F(4, 615)=1.43, p =0.22) 2

(F(4, 615)=1.29, 
p=0.27)  

Bonferonni 2.21(1) 1
(C) WCC (A B)

(D) WCC ( p<0.01, p<0.05, 
p<0.05) (A) WCC (C) WCC

(p<0.001)  
2.21(2) 2 (C) WCC

(A) (D E) WCC
( p<0.001 p<0.05, p<0.01)

(A) WCC (B) (C) WCC
( p<0.05, p<0.001)  

2.21(3) 1 (C)
WCC (E) WCC (p<0.001)

(A) WCC (C) WCC
(p<0.001)  

2.21(4) 2
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 2.21  

 

2.3.8.3  
2.22 WCC

t
 

1 (F(4 460)=2.77
p<0.05) 1

(F(4, 459)=3.63, p<0.01) 2
(F(4, 459)=1.30, p=0.27)

2
(F(4, 460)=2.24, p=0.06) 1

(F(4, 458)=0.03, p=1.00)
1 (F(4, 

460)=0.09, p=0.99) 2
(F(4, 459)=0.24, p=0.92) 2
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(F(4, 
459)=0.58, p=0.68)  

Bonferonni 2.22(1) 1
(A) WCC

(C) WCC ( p<0.05, p<0.01)  
2.22(2) (3) (4) 2 1

2  
 

 

 2.22  
 

2.3.8.4  
2.23 WCC

t
WCC WCC

(p<0.001)  

1 (F(4, 460)=2.82, 
p<0.05) 1
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(F(4, 460)=7.54, p<0.001) 2
(F(4, 460)=2.46, p<0.05)

2 (F(4, 
460)=7.05, p<0.001) 1

(F(4, 460)=7.54, p<0.001) 1
(F(4, 

460)=1.28, p=0.28) 2
(F(4, 460)=0.24, p=0.92) 2

(F(4, 
460)=0.39, p=0.82)  

Bonferonni 2.23(1) 1
(A) WCC (C)

WCC (p<0.05) (C) WCC
(A) (D, E) WCC

( p<0.001, p<0.01, p<0.001)  
2.23(2) 2

(C) WCC (A)
(D, E) WCC ( p<0.001, 

p<0.01, p<0.001)  
2.23(3) (4) 1 2

 



2 2.3  

48 
 

 
 2.23

 

2.4  

2.4.1  
[3-4]

[52,62]

[29,33]

23 8 7 ( )
1 [29-31]

 
[4]

9 3 1 2
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2

9 7

 
 

2.4.2 WCC  

[7,26]

WCC
1 2 (C)

 

2.4.3 WCC  

1 2
(A) (B)

(C) −
− 2−0

[40] 1 2
2−4

− −

 
2 (A B)

 
2

(C) WCC (A)
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WCC
 

WCC
WCC

―  
 

2.4.4  

2
[41]

 
 

2.5  

2
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3  

 

 
 

3.1  

[3]

[4]

[14]  

 
2

[42]  

 
 

3.2  

3.2.1  

12
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3.2.2  

EEG 9100( ) (10−20 )
19

500 Hz
Infinite Impulse Response(IIR )

50 Hz 0.5 Hz  
3.1
3 1 2

 
2 3 Short Run

3 Long Run 2
 

3.1(1) Short Run 10 (A B C
D E) 2 (F) 10 (G H I J K) 22 11

 
3.1(2) Long Run 10 (A’ B’

C’ D’ E’) 10 (F’ G’ H’ I’ J’) 10 (K’ L’
M’ N’ O’) 30 15  

 

 
 3.1
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3.2.3  

(wavelet−crosscorrelation analysis) 2
2.2.2

2.2.2.5  

19 ( )
(wavelet−crosscorrelation coefficients: WCC) (time−lag: LAG)

WCC LAG Matlab R2016
2 (

) WCC LAG
10% WCC

0.3 2 WCC 0.75
2 LAG 4−13 Hz 1 Hz

10 6.024−6.944 Hz 12
6 Hz 8.065−8.929 Hz 7

8 Hz 2  
 
3.2.3.1 WCC  
Short Run Long Run 19 WCC

WCC
6 Hz 8 Hz WCC WCC

171
(one−way ANOVA) Bonferroni

FDR Benjamini and Hochberg (BH
) [51]  

 

3.2.3.2 WCC LAG  

6 Hz 8 Hz WCC LAG F3 F4 2
P3 P4 2 T3 T4 2 O1

O2 2 3.2
 

F3 F4 2 P3 P4 2
T3 T4 2 O1 O2 2

WCC (one−way 
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ANOVA) Bonferroni
FDR Benjamini and Hochberg (BH )

[51]  
 

   
 3.2 2  

 

3.3  

3.3.1  

12 3 9 26−78 48.1±14.97
12 3 3

3 2 1

12 8
12 4
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MRI(magnetic resonance imaging) MRA(magnetic resonance angiography)

(paroxysmal rhythmic activity)
 

 

3.3.2  

31 Short Run Long Run
2 3 Short Run 12 11

21 3 Long Run
12 6 10

 
3.3 Long Run

4−7 Hz
 

 

 
 3.3 Long Run 1  
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3.3.3  

3.4 Short Run (
) 1 3.5 Long Run

[Hz] [ ]
4 Hz 15.152 Hz 93

(1) (F3 F4) (2) (P3 P4) (3)
(T3 T4) (4) (O1 O2)  

 

3.3.3.1 Short Run 
3.4(1) Short Run F3 F4 7−11 Hz

6−8 4−8 Hz
7−9 Hz 2−4

 
3.4(2) P3 8−12 Hz 6−8

4−8 Hz
P4 8−12 Hz 6−8 2−4

2 2−4
2 5−7 Hz  

3.4(3) T3 T4 4−7 Hz
 

3.4(4) O1 O2 7.5−12 Hz 6−8
2 8−10  
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 3.4 Short Run 1
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3.3.3.2 Long Run 
3.5(1) Long Run F3 F4 5−10 Hz

0−2 4−6 8−11 Hz
6−8  

3.5(2) Long Run P3 6−11 Hz 0−2
8−10 P4

8−10  
3.5(3) Long Run T3 6−8 Hz 0−4

T4 4−8 Hz
0−2  

3.5(4) Long Run O1 O2 5−12 Hz
0−2 7−11 Hz 6−10

 
3.3.3.1 Short Run 3.3.3.2 Long Run

6 Hz
8 Hz  
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 3.5 Long Run
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3.3.4 WCC  

3.3.4.1 Bonferroni  
3.6 (N=171) WCC

Bonferroni
WCC 1.0

(
) ( )

(1) Short Run A B C D E
F G H I J K

(2) Long Run A’ B’ C’ D’ E’
F’ G’ H’ I’ J’ K’ L’ M’

N’ O’  
6 Hz Short Run

(F(10, 1870)=7.54, p<0.001) 6 Hz Long Run
(F(14, 2550)=7.91, p<0.001) 8 Hz Short 

Run (F(10, 1870)=4.50, 
p<0.001) 8 Hz Long Run

(F(14, 2550)=4.91, p<0.001)  
Bonferroni 3.6(1)

6 Hz Short Run (F) WCC (A B C D
E) (G H I J K) WCC (

E p<0.01, E p<0.001) Long Run (A’) WCC
(D’) (F’ G’ H’ J’) (L’) WCC

( J p<0.01, J p<0.001) (B’)
WCC (F’ G’ H’) (L’) WCC

( p<0.01, p<0.001, p<0.05, p<0.01) (C’)
WCC (F’ G’ H’) (L’) WCC

( p<0.01, p<0.001, p<0.05, p<0.01) (D’)
WCC (E’) WCC (p<0.05)

(E’) WCC (F’ G’ H’ J’) (L’)
WCC ( J’ p<0.01, J’ p<0.001)
(F’) WCC (K’) WCC (p<0.05)

(G’) WCC (D’) (I’) (K’
M’ N’ O’) ( p<0.001, p<0.001, p<0.01, 
p<0.05, p<0.001)  
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3.6(2) 8 Hz Short Run (A)
WCC (E) (F) WCC

( p<0.05) (C) (K) WCC
(E) (F) WCC (

p<0.001) Long Run (A’) WCC (L’
N’) WCC ( p<0.01, p<0.05) (C’
D’) WCC (L’) WCC (

p<0.05, p<0.01) (E’) WCC (F’ G’
J’) (K’ L’ N’ O’) WCC (
p<0.05, p<0.05, p<0.05, p<0.01, p<0.001, p<0.001, p<0.05)  

 

 
 3.6 WCC  
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3.3.4.2 Benjamini and Hochberg  
FDR BH

6 Hz 8Hz Short Run Long Run
WCC BH q

p t q 5% ()
q  

6 Hz WCC 3.1
3.2 SG t

BH
() q  

3.1 Short Run (A B) WCC
(E) (F) WCC (q<0.05, 
q<0.001) (C D) WCC (F) WCC

( q<0.001) (E) WCC
(F) (I) WCC

(q<0.001, q<0.05) (F) WCC (G H I J K) WCC
(q<0.001)  

3.2 Long Run (A’) WCC (D
E) (F G H I J) (L M N O) WCC

( I’ M’ O’ q<0.05, D’ N’
q<0.01, q<0.001) (B’ C’) WCC

(D’) (F’ G’ H’ J’) (L’ N’) WCC
( D’ N’ q<0.05, H’ J’ q<0.01, 

q<0.001) (D’) WCC (E’)
(G’) (K’) WCC

(q<0.01, q<0.01, q<0.05) (E’) WCC (F’ G’ H’
I’ J’) (L’ M’ N’ O’) WCC

( I’ M’ O’ q<0.05, N’ q<0.01, 
q<0.001) (F’) WCC (G’ I’) (K’
M’ O’) WCC ( K’ q<0.01, 

q<0.05) (G’) WCC (H’ I’ J’)
(K’ L’ M’ N’ O’) WCC

( H’ L’ q<0.05, J’ q<0.01, q<0.001)
(H’) WCC (K’) WCC

(q<0.01) (I’) WCC (L’) WCC
(q<0.05) (J’) WCC
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(K’) WCC (q<0.05)
(K’) WCC (L’) WCC

(q<0.01) (L’) WCC (M’) WCC
(q<0.05) (L’) WCC

(O’) WCC (q<0.05)  
 

 3.1 6Hz Short Run WCC (BH ) 

SG A-B A-C A-D A-E A-F A-G A-H A-I A-J A-K 

t  0.968  0.927  0.110  0.011  1.0 103 0.528  0.414  0.992  0.075  0.314  

q  0.986  0.986  0.264  0.050  1.0 103 0.671  0.629  0.992  0.242  0.604  

SG B-C B-D B-E B-F B-G B-H B-I B-J B-K C-D 

t  0.896  0.100  0.009  1.0 103 0.501  0.391  0.960  0.068  0.293  0.145  

q  0.985  0.264  0.047  1.0 103 0.671  0.629  0.986  0.234  0.597  0.320  

SG C-E C-F C-G C-H C-I C-J C-K D-E D-F D-G 

t  0.017  1.0 103 0.601  0.482  0.935  0.102  0.379  0.339  1.0 103 0.352  

q  0.068  1.0 103 0.734  0.663  0.986  0.264  0.629  0.604  1.0 103 0.604  

SG D-H D-I D-J D-K E-F E-G E-H E-I E-J E-K 

t  0.457  0.115  0.828  0.527  1.0 103 0.062  0.094  0.012  0.473  0.107  

q  0.662  0.264  0.969  0.671  1.0 103 0.228  0.264  0.050  0.663  0.264  

SG F-G F-H F-I F-J F-K G-H G-I G-J G-K H-I 

t  1.0 103 1.0 103 1.0 103 1.0 103 1.0 103 0.855  0.537  0.261  0.736  0.423  

q  1.0 103 1.0 103 1.0 103 1.0 103 1.0 103 0.980  0.671  0.552  0.881  0.629  

SG H-J H-K I-J I-K J-K SG  

 t  0.885  0.079  0.323  0.401  0.885  

q  0.985  0.242  0.604  0.629  0.985  
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 3.2 6Hz Long Run WCC (BH ) 

SG A’-B’ A’-C’ A’-D’ A’-E’ A’-F’ A’-G’ A’-H’ A’-I’ A’-J’ A’-K’ 

t  0.309  0.401  1.0 103 0.881  1.0 103 1.0 103 1.0 103 0.012  1.0 103 0.144  

q  0.390  0.476  0.001  0.898  1.0 103 1.0 103 1.0 103 0.028  1.0 103 0.207  

SG A’-L’ A’-M’ A’-N’ A’-O’ B’-C’ B’-D’ B’-E’ B’-F’ B’-G’ B’-H’ 

t  1.0 103 0.009  0.001  0.015  0.880  0.006  0.258  1.0 103 1.0 103 1.0 103 

q  1.0 103 0.022  0.003  0.031  0.898  0.018  0.343  1.0 103 1.0 103 0.001  

SG B’-I’ B’-J’ B’-K’ B’-L’ B’-M’ B’-N’ B’-O’ C’-D’ C’-E’ C’-F’ 

t  0.113  0.001  0.643  1.0 103 0.093  0.018  0.137  0.005  0.338  1.0 103 

q  0.177  0.004  0.703  1.0 103 0.153  0.036  0.200  0.016  0.417  1.0 103 

SG C’-G’ C’-H’ C’-I’ C’-J’ C’-K’ C’-L’ C’-M’ C’-N’ C’-O’ D’-E’ 

t  1.0 103 1.0 103 0.093  0.001  0.549  1.0 103 0.076  0.015  0.113  1.0 103 

q  1.0 103 0.001  0.153  0.004  0.620  1.0 103 0.131  0.031  0.177  0.001  

SG D’-F’ D’-G’ D’-H’ D’-I’ D’-J’ D’-K’ D’-L’ D’-M’ D’-N’ D’-O’ 

t  0.132  1.0 103 0.337  0.295  0.603  0.024  0.202  0.305  0.709  0.232  

q  0.196  0.001  0.417  0.387  0.674  0.045  0.283  0.390  0.760  0.316  

SG E’-F’ E’-G’ E’-H’ E’-I’ E’-J’ E’-K’ E’-L’ E’-M’ E’-N’ E’-O’ 

t  1.0 103 1.0 103 1.0 103 0.010  1.0 103 0.120  1.0 103 0.007  0.001  0.013  

q  1.0 103 1.0 103 1.0 103 0.026  1.0 103 0.185  1.0 103 0.020  0.003  0.029  

SG F’-G’ F’-H’ F’-I’ F’-J’ F’-K’ F’-L’ F’-M’ F’-N’ F’-O’ G’-H’ 

t  0.020  0.617  0.012  0.341  1.0 103 0.812  0.011  0.059  0.007  0.007  

q  0.040  0.682  0.028  0.417  0.001  0.852  0.027  0.103  0.019  0.018  

SG G’-I’ G’-J’ G’-K’ G’-L’ G’-M’ G’-N’ G’-O’ H’-I’ H’-J’ H’-K’ 

t  1.0 103 0.002  1.0 103 0.010  1.0 103 1.0 103 1.0 103 0.051  0.663  0.001  

q  1.0 103 0.005  1.0 103 0.026  1.0 103 1.0 103 1.0 103 0.092  0.718  0.005  

SG H’-L’ H’-M’ H’-N’ H’-O’ I’-J’ I’-K’ I’-L’ I’-M’ I’-N’ I’-O’ 

t  0.786  0.050  0.183  0.034  0.125  0.257  0.022  0.961  0.488  0.901  

q  0.833  0.092  0.260  0.064  0.190  0.343  0.043  0.961  0.564  0.910  

SG J’-K’ J’-L’ J’-M’ J’-N’ J’-O’ K’-L’ K’-M’ K’-N’ K’-O’ L’-M’ 

t  0.006  0.468  0.127  0.374  0.091  1.0 103 0.224  0.058  0.305  0.021  

q  0.018  0.546  0.190  0.451  0.153  0.001  0.310  0.103  0.390  0.042  

SG L’-N’ L’-O’ M’-N’ M’-O’ N’-O’ SG  

 t  0.096  0.014  0.508  0.859  0.404  

q  0.156  0.030  0.580  0.894  0.476  
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8 Hz Short Run WCC
3.3 3.4  

3.3 Short Run (A) WCC (E)
(F) WCC (

q<0.01) (B) WCC (E) (F) WCC
(q<0.05, q<0.01,) (C) WCC

(E) (F) (H) WCC
(q<0.01, q<0.01, q<0.05) (D) WCC

(E) (F) WCC
( q<0.05) (E) WCC (G J K) WCC

(q<0.05, q<0.05, q<0.01) (F)
WCC (G I J K) WCC

(q<0.05, q<0.05, q<0.01, q<0.01) (H) WCC
(K) WCC (q<0.05)  

3.4 Long Run (A’) WCC (F’)
(K’ N’ L’) WCC

(q<0.05, q<0.05, q<0.001, q<0.01) (B’) WCC (E’)
WCC (q<0.01) (C’) WCC

(L’ N’) WCC (q<0.01, 
q<0.05) (D’) WCC (K’ L’ N’) WCC

(q<0.05, q<0.01, q<0.01) (E’) WCC
(F’ G’ H’ J’) (K’ L’ M’ N’ O’) WCC

( H’ M’ q<0.05, F’
G’ J’ O’ q<0.01, q<0.001) (I’) WCC

(L’ N’) WCC (q<0.01, q<0.05)  
 
 
 
 
 
 
 
 
 
 



3 3.3  

66 
 

 3.3 8Hz Short Run WCC (BH ) 

SG A-B A-C A-D A-E A-F A-G A-H A-I A-J A-K 

t  0.658  0.368  0.441  0.001  1.0 103 0.505  0.045  0.306  0.649  0.588  

q  0.804  0.533  0.622  0.006  0.003  0.695  0.129  0.469  0.804  0.752  

SG B-C B-D B-E B-F B-G B-H B-I B-J B-K C-D 

t  0.178  0.724  0.002  0.001  0.807  0.101  0.538  0.982  0.312  0.102  

q  0.328  0.820  0.012  0.006  0.854  0.248  0.721  0.982  0.469  0.248  

SG C-E C-F C-G C-H C-I C-J C-K D-E D-F D-G 

t  1.0 103 1.0 103 0.124  0.005  0.060  0.179  0.691  0.008  0.004  0.914  

q  0.001  0.001  0.262  0.022  0.166  0.328  0.820  0.028  0.017  0.931  

SG D-H D-I D-J D-K E-F E-G E-H E-I E-J E-K 

t  0.211  0.800  0.746  0.185  0.742  0.006  0.180  0.017  0.003  1.0 103 

q  0.362  0.854  0.820  0.328  0.820  0.022  0.328  0.051  0.013  0.001  

SG F-G F-H F-I F-J F-K G-H G-I G-J G-K H-I 

t  0.002  0.104  0.008  0.001  1.0 103 0.172  0.717  0.828  0.221  0.315  

q  0.013  0.248  0.028  0.008  0.001  0.328  0.820  0.859  0.369  0.469  

SG H-J H-K I-J I-K J-K SG  

 t  0.113  0.010  0.561  0.113  0.311  

q  0.248  0.033  0.734  0.248  0.469  
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 3.4 8Hz Long Run WCC (BH ) 

SG A’-B’ A’-C’ A’-D’ A’-E’ A’-F’ A’-G’ A’-H’ A’-I’ A’-J’ A’-K’ 

t  0.045  0.444  0.869  0.237  0.010  0.014  0.065  0.441  0.013  0.002  

q  0.134  0.622  0.931  0.374  0.048  0.056  0.162  0.622  0.056  0.010  

SG A’-L’ A’-M’ A’-N’ A’-O’ B’-C’ B’-D’ B’-E’ B’-F’ B’-G’ B’-H’ 

t  1.0 103 0.054  1.0 103 0.018  0.225  0.061  0.001  0.469  0.540  0.998  

q  1.0 103 0.146  0.002  0.065  0.374  0.155  0.007  0.649  0.656  0.998  

SG B’-I’ B’-J’ B’-K’ B’-L’ B’-M’ B’-N’ B’-O’ C’-D’ C’-E’ C’-F’ 

t  0.275  0.503  0.193  0.011  0.987  0.046  0.671  0.540  0.048  0.067  

q  0.413  0.656  0.344  0.053  0.998  0.134  0.757  0.656  0.136  0.162  

SG C’-G’ C’-H’ C’-I’ C’-J’ C’-K’ C’-L’ C’-M’ C’-N’ C’-O’ D’-E’ 

t  0.086  0.266  0.964  0.079  0.016  1.0 103 0.248  0.002  0.112  0.169  

q  0.184  0.405  0.998  0.176  0.064  0.003  0.383  0.013  0.218  0.305  

SG D’-F’ D’-G’ D’-H’ D’-I’ D’-J’ D’-K’ D’-L’ D’-M’ D’-N’ D’-O’ 

t  0.013  0.019  0.086  0.532  0.017  0.002  1.0 103 0.073  1.0 103 0.025  

q  0.056  0.067  0.184  0.656  0.065  0.013  0.001  0.170  0.002  0.082  

SG E’-F’ E’-G’ E’-H’ E’-I’ E’-J’ E’-K’ E’-L’ E’-M’ E’-N’ E’-O’ 

t  1.0 103 1.0 103 0.002  0.056  1.0 103  1.0 103 1.0 103 0.001  1.0 103 1.0 103 

q  0.002  0.002  0.013  0.146  0.002  1.0 103 1.0 103 0.010  1.0 103 0.002  

SG F’-G’ F’-H’ F’-I’ F’-J’ F’-K’ F’-L’ F’-M’ F’-N’ F’-O’ G’-H’ 

t  0.925  0.507  0.092  0.973  0.597  0.088  0.476  0.239  0.759  0.572  

q  0.982  0.656  0.185  0.998  0.688  0.184  0.649  0.374  0.839  0.675  

SG G’-I’ G’-J’ G’-K’ G’-L’ G’-M’ G’-N’ G’-O’ H’-I’ H’-J’ H’-K’ 

t  0.115  0.953  0.538  0.076  0.544  0.209  0.837  0.313  0.537  0.235  

q  0.219  0.998  0.656  0.173  0.656  0.360  0.906  0.457  0.656  0.374  

SG H’-L’ H’-M’ H’-N’ H’-O’ I’-J’ I’-K’ I’-L’ I’-M’ I’-N’ I’-O’ 

t  0.021  0.990  0.070  0.697  0.105  0.027  0.001  0.297  0.005  0.148  

q  0.070  0.998  0.166  0.779  0.209  0.086  0.007  0.440  0.025  0.272  

SG J’-K’ J’-L’ J’-M’ J’-N’ J’-O’ K’-L’ K’-M’ K’-N’ K’-O’ L’-M’ 

t  0.582  0.090  0.508  0.237  0.791  0.226  0.205  0.509  0.388  0.014  

q  0.679  0.184  0.656  0.374  0.865  0.374  0.359  0.656  0.559  0.056  

SG L’-N’ L’-O’ M’-N’ M’-O’ N’-O’ SG  

t  0.570  0.037  0.053  0.671  0.124  

q  0.675  0.115  0.146  0.757  0.232  
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3.3.5 2 WCC LAG  

 

3.7 3.8 3.9 3.10 WCC
LAG WCC

WCC
LAG

LAG (1)
Short Run A B C D E

F G H I J K (2) Long 
Run A’ B’ C’ D’ E’
F’ G’ H’ I’ J’ K’ L’ M’ N’ O’

 
 

3.3.5.1  
3.7 6 Hz F3 F4 2

(35 ) WCC LAG
 

3.7(1) Short Run (F)
(A B C D E) (G H

I J K)  
3.7(2) Long Run (F’ G’ H’ I’ J’)

(G’) (L’)
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 3.7 6 Hz WCC LAG  
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3.3.5.2  
3.8 8 Hz P3 P4 2

(35 ) WCC LAG
 

3.8(1) Short Run (E) (F)
(G)

 
3.8(2) Long Run

(F’ G’ H’ I’ J’)
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 3.8  8 Hz WCC LAG  
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3.3.5.3  
3.9 6 Hz T3 T4 2

(35 ) WCC LAG
 

3.9(1) Short Run (F)
(E)

(A B C D)
(G H I J K)  

3.9(2) Long Run (F’ G’ H’ J’)

(G’) (D’) (L’)
(E’) (K’)  
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 3.9 6 Hz WCC LAG  
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3.3.5.4  
3.10 8 Hz O1 O2

(35 ) WCC LAG
 

3.10(1) Short Run
(E) (F)

 
3.10(2) Long Run

(E’) (F’ G’ H’ I’ J’)
(O’)
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 3.10 8 Hz WCC LAG
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3.3.6 WCC  

3.11 3.12 3.13 3.14 6 Hz 8Hz Short Run Long Run
WCC

Bonferroni WCC
1.0

( )
( )

(1) (F3 F4) (2) (P3 P4) (3)
(T3 T4) (4) (O1 O2) Short Run A B C

D E F G H I J K
Long Run A’ B’ C’ D’ E’

F’ G’ H’ I’ J’ K’ L’ M’
N’ O’  

 

3.3.6.1 6 Hz Short Run 
3.11 F3 F4 2 P3 P4 2 T3

T4 2 O1 O2 2 (35
) WCC
Bonferroni 6 Hz Short Run  

F3 F4 2 WCC
(F(10, 374)=1.83, p<0.05) P3 P4 2

WCC (F(10, 
374)=3.31, p<0.001) T3 T4 2 WCC

(F (10, 374)=2.50, p<0.01)
O1 O2 2 WCC

(F (10, 374)=2.34, p<0.05)  
Bonferonni 3.11(1)

(F3 F4) WCC (F) WCC
(B C) WCC (p<0.05)  

3.11(2) (P3 P4) WCC
(F) WCC (B C D E)

(H I J K) WCC ( p<0.01, p<0.01, p<0.01, 
p<0.05, p<0.01, p<0.001, p<0.05, p<0.01)  
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3.11(3) (T3 T4) WCC
(F) WCC (A B) WCC

( p<0.01, p<0.05)  
3.11(4) (O1 O2) WCC

(F) WCC (A B C) (H
I K) WCC ( B C p<0.01 p<0.05)  

 

 
 3.11 6 Hz  
2 Short Run WCC  

 

3.3.6.2 8 Hz Short Run 
3.12 F3 F4 2 P3 P4 2 T3

T4 2 O1 O2 (35 )
WCC

Bonferroni 8 Hz Short Run  
F3 F4 2 WCC

(F (10, 374)=1.08, p 0.38) P3 P4 2
WCC

(F(10, 374)=2.66, p<0.001) T3 T4 2 WCC
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(F(10, 374)=2.62, p<0.01)
O1 O2 2 WCC

(F(10, 374)=1.52, p<0.05)  
Bonferonni 3.12(1)

(F3 F4) WCC
 
3.12(2) (P3 P4) WCC

(F) WCC (C D) (K) WCC
( p<0.01, p<0.05, p<0.05)  

3.12(3) (T3 T4) WCC
(A) WCC (E) (F) WCC

( p<0.05)  
3.12(4) (O1 O2) WCC

(C) WCC (F) WCC
(p<0.05)  

 

 
 3.5 8 Hz  
2 Short Run WCC  
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3.3.6.3 6 Hz Long Run 
3.13 F3 F4 2 P3 P4 2 T3

T4 2 O1 O2 2 (35
) WCC
Bonferroni 6 Hz Long Run  

F3 F4 2 WCC
(F(14, 510)=1.48, p 0.11) P3 P4 2

WCC (F(14, 
510)=1.73, p=0.06) T3 T4 2 WCC

(F(14, 510)=4.16, p<0.001) O1
O2 2 WCC

(F(14, 510)=1.34, p =0.65)  
Bonferonni 3.13(1)

(F3 F4) WCC
 
3.13(2) (P3 P4) WCC

 
3.13(3) (T3 T4) WCC

(A’) WCC (G’ J’) WCC
( p<0.001, p<0.01) (B’ C’ E’) WCC

(G’) WCC ( p<0.05, 
p<0.05, p<0.001) (G’) WCC (K’ O’) WCC

( p<0.01, p<0.001) (J’) WCC
(K’) WCC (p<0.05)  

3.13(4) (O1 O2) WCC
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 3.13 6 Hz  

2 Long Run WCC  
 

3.3.6.4 8 Hz Long Run 
3.14 F3 F4 2 P3 P4 2 T3

T4 2 O1 O2 2 (35
) WCC
Bonferroni 8 Hz Long Run  

F3 F4 2 WCC
(F(14, 510)=1.36, p 0.17) P3 P4 2

WCC (F(14, 
510)=2.43, p<0.05) T3 T4 2 WCC

(F(14, 510)=1.77, p<0.05) O1
O2 2 WCC

(F(14, 510)=0.87, p =0.08)  
Bonferonni 3.14(1)

(F3 F4) WCC
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3.14(2) (P3 P4) WCC
(I’) WCC (K’) WCC

(p<0.05)  
3.14(3) (T3 T4) WCC

(E’) WCC (L’) WCC
(p<0.05)  

3.14(4) (O1 O2) WCC
 

 

 
 3.14 8 Hz  

2 Long Run WCC  
 

3.4  

3.4.1  

[4,33,62]
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[24,31,63]

[64]

[8,62]  

 
 

3.4.2  

[15]

1 47
[65]

[3-4]  

4
MRI MRA

CT MRI
[14,40]
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3.4.3  
[4]

[66]

[3,67-68]

[43]

[3-4,38]

[3-4,67]  
Short Run Long Run

 
Short Run

0−2

Long Run

2−4
2−4

[12,15,62]
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Short Run 2
Short Run

Long Run 2−4
0−2
0−2

Long Run 2−4

 
 

3.5  

 
0−2

2−4
6 Hz
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