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Causality Analysis
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Phase-slope index
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Phase slope: aphase(goj,k) ~ T.
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Source image with
left hand grasping

Negative PSI image

Seed a reference
point at ipsilateral
M1.

Source image with
right hand grasping

Contra-lateral M1
IS detected by
negative PSI.




Source image with
left hand movement

Source image with
right hand movement

*These results indicate that the contra-M1 is first
activated and the ipsi-M1 is activated later.

Information flows from the contra-M1 to ipsi-M1.

«Such results agree with our physiological
knowledge, and demonstrate the effectiveness of
the use of PSI.
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MVAR-modeling-based methods

Granger-causality measure & €D$R58



Granger causality
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Multivariate Granger causality--#c =
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Spectral Granger Causality
(Geweke Measure)
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Spectral Granger Causalityz&<
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Directed transfer function (DTF)&Partial directed coherence (PDC)
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Directed transfer function (DTF)

H(H) =AY Af)=1- z A(p)e 2 LR BENFH(NERNS.
bivariateDIZE @ H),(f) = Tﬁ%‘)

TH3DT, Alf)ZANBDERUHERICIRS.

— ‘M%l(f )‘ AN D, BRICHT BT F—
AP

A - A4
Af)
Hy ,(NE2> 1DIBERDFENIELS TE, DFED, 4,=0TH

OISR,

multivariate¥%35 1 H, ,(f)

trivariateDizE 1 H,,(f)




Directed transfer function (DTF): a trivariate case
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Directed transfer function (DTF)
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Partial Directed Coherence (PDC)
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Partial coherence
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Computer simulation:
Source space causality analysis--bivariate case
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first source

second source

Computer simulation:
Source space causality analysis--trivariate case
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SMHE (Statistical thresholding)

Surrogate-data bootstrapping

s(t) > o(f)exp[-27ic] > s (t)

FT IFT

MDFNE Tsurrogate dataZZFEL, DT —4%ZHLVTAR coefficientZHEXE U causality
measurezZ5TE. surrogate datalC KD TESMNnull distributionZ LN CTEEMHZIRTE.

Permutation test ( control datadD{F{E = HiiEE 9D )

task data=control data* E L EMN, fEDtrial & U CEHRIESN TS £ T 3.
ZNEeNMS5TE UTZAR coefficientz

~

AW A m =1 N

7.k ! 7.k ) YT e

EFB. SUHLITRARNe 2B A & A s (AY) #EEL, on
Z FHU\Ccausality measure’a‘:ﬁr%@“% LUTE%': * X Ccausality measure®
null distributionZz3k&, CNZHAWTCTEREYZIRTE.

(% < DiF&control datazx823DH DI HhLLY)



Computer simulation--trivariate case
Statistical thresholding

second source
first source

Interacting source scenario

Y

Y—RBA LA—RA(CTETORTAFERL)

third source

- | s()| |08 0 o04fs(t-1)| [-05 0 0 | s(t-2)
jj | s,()|=] 0 09 0 |s(t-1)|+| 0 -08 0 |s(t-2)|+e()
| / AN 5,(t) 0 05 05||s,(t-1) 0 0 -02{s,(t-2)

('] sensor array
Non-interacting source scenario

o ! - — s,(1): IEXR /1 X7%=[0,0.3]DEHDLow-pass filterz &
I s,(1): IERR /1 X%[0,0.2] DD Low-pass filter &

o]

: ss(1): IEXR_J - X% [0,0.15]DHHDLow-pass filterZzEA
° 31 1->3
§o5 ﬁ
. 3wz || 23 55(3:, ZD9D tj(grd:1%@Causal|ty%éEb5:
go I N ] EZHD TULVE.
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sH7=PDC



Statistical thresholding using surrogate-data bootstrapping
95%o-significance level

| E%/J\Eﬁiﬁ(zd:éARl coefficient}tiE 1Sparse Bayes(:d:éARl coefficientitiE
SIR=2 T ISIRzl_ /L
—a:;_w = ﬂ =1 =
SIR=0.5 SIR=0.25 SIR=0.5 SIR=0.25

« Sparse Bayes(CKBAR coefficientitTE (I&/N_FE(C LR robust T 3.
« surrogate-data bootstrapping(C &k 3&threshold(fSparse BayesiE(C*xF LT
(FEKTEB.

IRU\EHR © statistical threshold, BV \ESR : causality measuredfE




Statistical thresholding using permutation test
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Transfer Entropy— AR modeling/A~2 dDcausality measure
2 DDEAINRT ML x(t) & y(t) (EXUT, BEDIEZ DIRTIZELTDARD ML

[ x(t—=1) | L y(t-1) |

(1) = X(t;_Q) (1) = Y(t:—2)

_x(t — P)_ y(t — P)

ZFAUL\T, 2FEDconditional entropyZ E#E 9 D.
IRTEDME y DIBEDE Y #H >l L TOREES.

H(y|9)=—[[p(y,¥)logp(y| §)dyd§y
IREDE y DBEDE X &Y ZH> e L TOREES.

H(y | %, ¥)=~=[[p(y,X ¥)log p(y | X, )dydXdy
95&, BUFZTransfer Entropy &ME3N.

. - . X, Y Y
H_, = H(y| )~ H(y| %,9) = -l p(y, % P9og 2L XV gyazay
p(y|Y)
1)
X DIBEDEZFND C ECKD, y DAETE DR



Transfer EntropyldGranger Causality: ZE{fi% 2 THLH_EHFTED

ERMEDIRFEDE ET, Transfer Entropy(SL TFDLS (CERES.

~ ~ = 1 Zyy B 23/1721]_371 25;7
H ., =H(y|y)-H(y[X¥)=—log —
2 ‘Eyy B 22/5255 Eyé
ferEu, 2=[%,9'] TH3.
—73, Granger Causality(d,
P
y(¢) = 21 Alp)y(t —p) +e(t) = AY(t) +e
-
P P
y(¢) = z Alp)y(t —p)+ z B(p)X(t — p) + &= AJ(t) + BX(¢) + e = CZ(t) +
b= b=

9N, (ccT, C=[AB];A=[A(),...
C.3.3fm=MmLD,

S =2 X 2
_ 7 y|] _ ‘ yy ]
GX_)y log[fe / Zg} log T 3 g7

yy yZ 7%, yz

ZRtED. DFED, Transfer Entropy & Granger Causality(EEEUSZFRVNTZEFELL).




xEH
e causality analysislC DU\ :
(1) BEEidDcausal/RmE(C DWVWTORENIER (CDRW(([FDE D E > THLY).
(2) BERNYICEREATHS.
EVWSDONIRIRTH D (BERICHICAULSNDD(EHIRDFEDEN) .

o UMM T, HEl(dconnectivity analysisOBRERIGH(CAEEL, REROBEEEFD
EWVWDSHFHTLWERD (FLADEARRER) .

F5miY IR IR

« Causality measureDETEICEEL T, BEUEETD /) — RMRISNTWND &
WDIRENMBENE DS MNIDED ULIRLY. AR coefficientiTdZ2ED
measure(DTFY°PDC) (FHACDIRENMEEZZ B, €DIHE, missing
nodeDREENTFE.

« C®M, missing nodeDRIRE(CXT I BrobustnessERm CTEZXDE, (BE
5<) Granger causalityZvoxel pairwise Cst& 9 355N besth .



Introduction to MEG Cross-Frequency Analysis

C DA T REBEDER7Y (FElectromagnetic Brain ImagingDsE9& %
R UIEBDTHD.

1212 U, technicalid/R-1 > b DS
sEAl(L, U II—ftAROEMzx (Bt - Z)I) (CTLT
U TCESDIDNE.
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cross-frequency coupling (CFC): /33 Bl E 13Dk aEIdDcoupling

same-frequency coupling (SFC): [a U Bl EX /13D AKmBIdDcoupling

phase-amplitude coupling (PAC):

RUVEIREXDRAES (LF signal)DAAE & & U\ELIEEDRNES (HF signal) DIRIE(C D
DAHEEREMR. BIROAVEZEARG Z AR DD HIL IRGE Z (X /=T .

amplitude-amplitude coupling (AAC):

2 DDEIEAMA{E S D& (C R 5N S HE BER.
phase-phase coupling (AAC):

2 DDEL B ERE (Cd 2 BN ES DOAERE (C R 51 S5 HE B 4%.
SRIENS, PACHELEETNRTHSD. PACIISSICUTFICNESND.

Local PAC (IPAC):LF signal &HF signalh‘[E UEIN SEHAlIaNBIHS.
Cross-location PAC (XPAC):LF signal EHF signal"ER3EINSEHRlSNDI5E.



LFE= EHF{ES S DFEMPACHR L : PAC measure
LF signal: =, (¢), HFsignal: =, (%)
Analytic signal\NZHa L T :
Az, ()] = A,(H, Ale, (1) = A, (B

L

Amlitude-phase diagram

LFHESDOAMBICH UC, HHMESDIRIENEDK D (CREIEL TWLWDIhZER
9E. F¥9I, HEAE[0,2n]Z ¢ DEITD.

{HAZMEE 4,4,,...,4 ([CHEITS. ZZ‘C‘,A:[?ﬂ;l,Zﬂl]_C‘EEZo.
q J q q

6,() h A [CEEAESBEED A, (1) DFEEEL, ¥ T3,

DED, ¥, =(4, (t)>9L(t)€Aj TH3.

¥ &2 TO phase bin A4 (X3 L Ckebiz PR
amplitude-phase diagram & IS\,




Amplitude-phase diagram

phase bin A ..., A ([CHLTRDZ ¥ ..., ¥ 70w b
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Modulation Index (MI)
Amplitude-phase diagramzE=21t UI2ED.

EU, LFMES EHHMESICEENE(TL, Amplitude-phase diagram(dx T S w IR
B39,

U7=h'> T, Amplitude-phase diagram® [TJS5wv b&] WNSDITNHLFEHFES D
BhEDREZRI (L9

J5v hEHSDOINIFZLATDEDICKL-distancezFHWWTCE=Z{L TS

v, =% f&”z_ (normalized version) u, = 1/q (uniform distribution)
1=1

Modulation Index(MI): M, = K[y ||u |= y v, logﬁ

J=1 U.
J

LA CMIZEEIL, BREET S U TMIDIEZLL M (t),..., M (t,)
% ROINE TN S [FPACOBREIZL £ RIS B EDICRS.



Modulation Index (MI): BlE#E R
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FEftgs Az 7z STHI .
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0‘2_3 4 10 1 4 (i ]
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Phase-informed time-frequency map:
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