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Aojzl dFA4% (Blood Oxygenation Level Dependent, BOLD)
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oA

B
ri

A 7oz Ry 3k 9 ¢ ozt
© 2 ¥A&8 4 (non-linear) =23} o] FA el (two-state) X&'

35 2 A (stochastic)® =28 ¥ o7 skalg| o)t}

=

M= 7

0
o@

r

H

u:E

A

AC)
111

hemodynamic
model

modulatory integration
input u,(t) H

driving = Neural state equation X =(A+ zujB(f))x+ Cu
input u,(f)

B(]') -

du; ox
c=2
ou

1% 2. Schematic diagram of dynamic causal modeling®
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WA (Ampere’s law), o7t W24 ¥ Al (Maxwell's equation) 0.5
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1% 4. Neuronavigator (Brainsight2) guides the motor region. Activation map
obtained from a simple motor task was overlaid on top of the individual’s own
structural image
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(2) wlo]x¢t el X el (Bayesian Model selection)
7€ s& AFAM 53 FxH dAAH FHop F9EH Ay

g4 olgd £F ATNN AgE RdEL 7]

rE
o
fru
_o|L
£

LA

EE 2% WA YN ARAFHOE el we A

27 ARLD) 79 mae MYRAHIY 6(). &
% A

g = 1A g3 (fixed effect) AR

P
T o =
Fgste] 7Y fFomd 2ds AdAsiglem(ad 6() 1 A

—
[8)]
Rl
—

O
~

Bayesian Hodel Selection

vvvvvv

-

Log-evidence (relative)
g
T

g

-3

0

1 2 3 4 5 6 7 8
Hodels

Bauesian Model Selection

rrrrrr

O o in s indieiidutaashuasnnvesid

A ST o Mt
1 2 3 4 5 868 7 8
Hodels

Z1% 6. DCM for intrinsic model is model 8. Bayesian Model Selection for

modulatory models. The best model of modulation is model 2.
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gdsd 28 73 ZrH(X0.001, uncorrected). *E77+

Ed ZEE
eEElee SAold FFYUL St A3 MIGY, 5%
e

Z1% 7. fMRI BOLD signal during right hand finger voluntary movements.
Self-paced voluntary movements enhanced BOLD activity in left-lateralized
sensorimotor network with highest activity in M1, SMA and PMC (N=9, P<

0.001, uncorrected on the voxel level)



@ A A el 99 pt pAE,

3t 1. Individual local fMRI maxima used as VOIs for DCM(MNI coordinate
X,¥,Z)

M1_L MILR PMCL PMCR SMAL SMAR

Subject 1 | -38,-22,64 34,-18,66 -52,-4,44 42,-458 -6,-2,62 6,058
Subject 2 | -36,-30,70 46,-30,58 -46,-6,56  40,-2,58 -6,-2,58  4,0,58
Subject 3 | -44,-20,62 26,-28,64 -60,-6,44 58,-2,46 -10,-4,64 2,2,60
Subject 4 | -30,-28,60 40,-18,68 -60,-6,40 58,-6,44 -2,-458  6,2,56
Subject 5 | -42,-18,64 50,-30,62 -58,-16,48 46,-2,48 -2,0,64 4,0,62
Subject 6 | -42,-20,62 42,-22,66 -56,-8,40 58,-12,42 -8,-6,64 4,464
Subject 7 | -42,-18,68 44,-16,68 -56,0,42 60,-4,46  -2,0,66 4,4,66
Subject 8 | -40,-20,64 32,-16,68 -58,2,38 54,650 -2,-462 4,462
Subject 9 | -36,-28,68 30,-20,64 -54,2,38 54,036  -2,-2,62 4,-2,60

Mean -39,-23,65 38,-22,65 -55,-543 52,-348 -4,-362 42061

SD 45,3 8,6,3 4,6,6 8,5,7 3,2,3 1,2,3
A28 B 5ot Qa muy B4 sle) wolet wa Hee

(D WA 2HR4d A

TMS /%9 A244 @S SEE t-A A (paired t-test) g+ Az}
A= olF- M1, SMA, PMC 99 Atele] 2134 1ol dutAom
dojx= Zow yetgtoern o dAZdAdel AAHE AS
oul e (14 8(a)).
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(2) 214 AL B

YAA Agdz oz 2 TMS A/3e] 44 e geui
t—-7A d(paired t-test) ° AI}, A= o|F FFH SMA FHlA
/= M1 d9o=mo] AZAo] "ojxa, FHF PMC FFolA

SMA, M1l 9oz = AZAH A "ojxE AHAo=
Uelsthi (™ 8(b)).

Z1% 8. A& B matrices of Dynamic causal modeling selected by Bayesian
Model Selection. Red arrow means negative neural coupling, which can be
interpreted as a inhibitory correlation. Blue arrow is positive neural coupling
which represent facilitatory influence. (a) Establishing model for intrinsic
connectivity. Intrinsic connectivity of TMS>Base (p<0.05) (b) Models for right
hand finger voluntary movement modulation connectivity selected by Bayesian
Model selection. Voluntary movement dependent modulation of effective
connectivity TMS>Base.
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BASE

T™MS

REST>TMS
(b)

Z19 9. (a) Schematic Diagram of complex network analysis on the brain.
Each dot means nodes and its radius means node degree. Line means edge and
its color means strength between nodes. (b) Edges between cerebellum and
putamen, and cerebellum and pre-central gyrus were more strongly connected
before the rTMS on left M1 compared to those of fMRI data after sham
stimulation as well as baseline fMRI data. And efficiency of motor area brain
network node degrees of SMA.
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T8 924 dae= 719 AN GEDTDE F3 dofA=
TEA dZAoY, desl d9d s FASeE Ve
A= gy AAATH pEE Tvtew g9 dd RdS
FHaoF shal, 9 3t AFHQ AEAAES A & ¢ dus
ol 7l 24 daeke e Ade Awsta, HE©
A7Al A AR wj@A A ey s THE SAlel
g,

3£ 2. Functional & Effective connectivity

Functional Connectivity

Effective Connectivity

Model Model-Free Model-Based
Statistical dependencies Causal influence that one
Measure among activation of neuronal systems exerts over
different anatomic areas. another.
F(T)-statistics(Granger
Connection Correlation Coefficient, Causality Test, Structural
Strength Mutual Information Equation Modeling),

Neural Coupling Rate(DCM)

Difference of

Implication

These correlations do not
reflect teleologically

meaningful interactions

It attempts to disambiguate
correlations of a spurious sort
from those mediated by direct

or indirect neuronal

interactions

w7 falA ALgEE dEA e
LS



FrE 2T H S
o v ) 7
~ J.ﬁ T o ok K H_ o W T -
e el ol T m - - = o] o+ o Koo of W onr =
L = s L = 9 o % Vo T K B B T
o o _ 5 = X =~ cal olo = 7o X X Tl T o
= R = Py = T oT o 2 = FON D ~ A
=R - B SR - Togo o) o X F ¥
o- o ~ " = o o e A Ho o do
P oo =2 x 20z B o = ® T o o
o %mizﬂAqaﬁﬁu%ﬂoﬂ B L =~
R T T om0 T X T T Y
ey 2 0 ol L~ T = D - o oo W 5 o T
O ) 5 oW oy B N o xo Yog o ARV r =
T o o Mg RS Jo go =3 ° F oo ¥ T J)
J| ar mo O Wl mw wmN TN R T o < 3 = X
e X X L g 5 = iod T
3 B We | N Jo = U ol = = = MW o| i o o ML
T RC % < < I oo ﬂ%%lz °
- m oF oo < — s = )
N X ] 3w o ® Z GﬂolRm{ ? LY
:; 4 Jo =5 T ] oy 21 1)) . 5 M m 0 s = m ol ;oo N
LS 1Q%EAH%1ﬂ o B9 %o L o
ol S o 8T =R R o - oo ™ o Gy oy
AN 2 oo B % W om B oo o YT LRI S
"R e mﬂﬂ@o%a‘ﬂjﬂ#m%;’ﬂﬁﬂﬂo R
%i@mmw%ﬂ@ﬂ%ﬂﬂmﬁﬁ %ﬁﬂﬂﬂ% @Wﬂm
B a AT T i 2
w O g ik w.% P wom T X mm iy % o 3 2T B = g MM
-~ B X ) B < o B o R~ o g P H T do S
T oy R g = @ X r X g e
A L o T 0 T o s A W
o 3= 0| = M 2y & S o "W ~  ° o X o
. WO B o 2N T o o BT < = o e
Mo R =0 3 8 h]o A to o B = ~ N @H 53 = ) oy = ~
=0 . —_—
me Mﬁ oy = wﬂo N oo o W oD X vm. oo ] m -~
) i o' “_unO ~ ~ —_— I
@W%%%ﬂf@mﬁ%ngm%%wim LEZ T
) — —_ o ze) 1o 0 )
aﬁMﬁ M@%MTA@%%%%&@%%
A A
N A_I o \mﬂ — X
4o

20



] Fol s, wald A AeE T g TMSAFolA 7]

o]

s}

Brainsight?2

w7}

23}

i3

BE

Aol A

]_q_64,65~

5]

AN Fg

;OE
8-

_L
B
file)

iAol d & AHE-

B

o
o

Tor

)

B

uul

ol 7}

AdollA 1 o7k Qltt.

@A Aol

o]_ll/]_

oA 9)%AFol

ol

)

3t

=44

M1, SMA, PMC <& <o]

=
=

bich o Aw 3

S

Jan

)

file)

O
T

el

= SMA,

)

S
o}

)
=4

Al

=1

RCE

A3

X
iz
"o
g
B/

e}

AAFHE

ZiHko 7 A A

o]%

ol
T

m
w
G
&

BL
ar
fie)

T
+

el

ok

T

ksl
Rl

A3 A4 A4 @EE pell ol

7ol A

B/

s
™

s

Ho
o

Nlo

ey

o
il

SRR

O] q_32,44,65,66'

X

™

T

—_—
o

21



N

puze]

B

)
——
fie)
700

o} 1 A3, SMA oA M1 Jgo=

dlo] wo]x]¢t dl A el (Bayesian model selection)

H ®

(¢}

il

1?1_

U

—_
fite)

F Al A

st M1

!

78l A

AR A7) 2ol

4] u

.zrl

)

SMA

4%

1
s

91014

1, <14 2l

S

FAelM =/

E - A (paired

M1

SMA,

Z_l

Ho=

Yol A &

&HA

frofu]

A3 (X0.05, uncorrected)

t—test)

)
—~

ol

mK

°

—

ol

;OL

A3, 5o o

"ol ks

o]

a7 PMC 994 SMA M1

al

73}
A%

-
s

o]

1o mebd A

ksl
pul

s ofof

7]Hko]

Z

7]

-
a

Aol A

22



2
—r
-3
—r
-
(03
o
i)
S,
o
-
A

HH
o
2

gulAlol M el Brainsight2sh £ A%(ER  £3)S
gt 1 AF EIF 9AE AAINAAE FAIZkA
ool ArE aHw, AR AFe Ao wIE AFH

A Ao Q@I Ak ow G AJTLT B B A
2w o A4 ASHE Aow Rt ogd AelA TMS
B W5 dae B FAE Faeted oA 1 S
& 5 adE @A i oed  @AE  mFwe

AT mE, iAoz AR s EsE E4 Ee (MRIS] 71E 4
FAR s AHAN AAAYTH whes Hede oA HAVE
Aed FF AFolAE o] SAE FHIV] A ARt =T
T Y3 B HAEE ALES AFS Zo] Fdsor & otk
H HGE7IHe] HER s HIGqt A48 F A A9
s 270l iFEHUA TMSS 7lsAEWddEMRD ¥ EEGE
A 283 FA AF(nterleaved TMS/IMRI H3E  combined

TMS/EEG)7F d7A=oAl F5& waude. 728y MRAAY

54 vAGg3 Ve dAd e tHH R BHe Edd Bt

A
ol = 212317 <18l A EA
W] A F N A7) A - 7] 5 21 7] 3-8 3 4 (Concurrent TMS-fMRD=

g% ATt BRI 1 olfE 1 Wl AT ggut Fu
G5 7he] A AT oln g ey wolth ®a,

A g SRS ol A AFoR A% PF Wl wa
23

HE



(virtual

—_—

X

N

el
;00

ase)

E

O

ojg 7

ol
ol
o

A TMS-fMRI ¢34+ MRIZE TMS

o] MRI 2=7lY 5 A7 %ol A

a\

~

,._mu_,O

b

B
fi%e)
]
il

7=}

TMS-fMRI

—_
o

oj

e

B

&

TMS-fMRI-EEG 7]&<

A

ol )

Ho

o]
Mo

T

uy

24



(c)

Bz/Bx - £ # F A AN S A O ‘4 £ A v/ # / 1 7

4000 -
3000
2000 |-
1000 -

Time [usec]

Applied Current Impulse [Amphere]

1% 10. (a) MR-compatible holder setup for the MR phantom and healthy
subject tasks. (b) Distribution of magnetic field induced by figure-eight coil and
depending on distance from the coil at z=20 mm. First and second column show
the strength of magnetic field by color on x-y plane. The third column presents
the magnetic field induced by every coil inside of the figure-eight coil Red spot
is the most focused area. (c) The distribution of magnetic field induced by TMS
coil (red curve) and summation of MR magnetic field (arrows in the yellow
box). TMS coil is -30 degrees rotation.
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ABSTRACT

Evaluation of effective motor connectivity using functional MRI
Jae-Chang Kim

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Jong Doo Lee)

Purpose: The purpose of this study is to evaluate of effective motor
connectivity, especially dynamic causal modeling method (DCM), using
functional MRI data.

Materials and Methods: To perform the sequential voluntary movement task,
nine healthy right-handed adult males were recruited and appliedg to
transcranial magnetic stimulation (TMS) before task. We found statistically
significant effective connectivity differences between non-TMS and repetitive
TMS.

Results: The effective connectivity of motor networks, evaluated by DCM, was
lower after low frequency repetitive TMS than before for functional
neuroimaging data. TMS was just applied to left primary motor area (M1),
however, it affected whole motor connectivity. Furthermore, especially when
voluntary movement was performed, effective connectivities from left
supplementary motor area (SMA) to left/right M1 and left premotor
cortex(PMC) to left SMA/M1 were dropped after repetitive TMS.

Conclusion: After inhibition of left M1 using by TMS, we evaluated DCM

analysis to fMRI data. We found effective connectivity is decreased not only
inhibition area but also related motor area.

Key Words : Transcranial Magnetic Stimulation, Motor connectivity, Effective
Connectivity
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