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Abstract

Recently, the organization of functional network promotes the understanding of the human brain.
To further explore the functional reorganization affected by a short-time cognitive performance in
human brain, we used the method of Granger causality analysis (GCA) to compare two resting fMRI
data before and after a problem solving task. Distinguished from the view of the brain network as a
whole in previous studies, GCA focused on the internal organization within a brain network. The re-
sults showed that taking the ACT-R network as an example, the effective connectivity within the
ACT-R network significantly changed after the brief cognitive task. In the post-resting state, proce-
dural module (Cad) acted as a main information receiver received influence from other modules.
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1. 518

AR, MM A ERA MR ZE 2N AETE 2 NI T REN 4, IX L6 1)) 5 X 45 4 A i
SR AR R SR [ AR AN P ) A Rl ORISR A T Al (Rubinov & Sporns, 2010). 11 % T AZRIAEIHE
i JE S T B8 I 25 (RO RIF S04 B 0 RE 0T 98 B A st o BRI () IS S T R P 28 B 9 B, T X 4% (1) g i T
DL LGS AU b R 52 20\ i D) RE A SR M AR 4k, #ian, Zhang 55 N ERA T — AN E B ZRR0 G B 2 A
WRE% AR Y, IR 48 PN 350 1R D BE B I 5 (Zhang, 2014). Wang 25 A U7 58 /N I 1) RO R B,
RUAEE R B B LA B A AT S 2 5, NI S A D Re W 2% B e et 2 R AR B fk(Wang et al., 2012).
SR, IXSURIE 7 3 N X 28 AR BEREAT B 58, I LS 3 W 2% PN 1R Dl e 4L 2R A2 4k

ACT-R (Adaptive Control of Thought-Rational) 45 A2 i 3 [0 2 %2 58 Anderson - 1976 4E4& H
1), HFERGRRTEN A EATE B0 L&, X T3 A A sd #2464 3 2= L (Anderson,
1996) . H 3= B RAF 7NV RERIA R 7 TR B ENFIVE R ) 220 A2 B R s e . 18
SAEL, HEe B WHeH S ARG A - WENLAE H (Lebiere & Anderson, 2008). ACT-R AU K]
PRt —MHEZENE NSV B AT R AIAEAU, JF H 5 NSRS sh 2 FERtgE 17456, K ACT-R 1%
By 32 B 0 D) BASTH 5 NI PR R i i DX R AT R E, AT T B ACT-R il 4% (Qin et al., 2007). AHF 5t
W 0] EEIAFIAT S5 R 5 # R AT ACT-R R 25 K25 8RN A5 SN LA AR o RSS2 2 S ik DU 7
AR, AT S5 AL . O EERAE . CIZ PR H bR M A & NN S0 5 T (Anderson &
Matessa, 1998). PIULIRATHIAR & FIAFTES )5, 2R EE T ACT-R M4 NI DI Re EAH, X
A T DAL 3 T 4 i X 248 5o N ) 9 1k 1) % 82

FHEA T WA NS DhRe R 552, RIEE S TR AL IR B P HE 5 2 MM R R, £
B PR TR DIREE BRI ROER (0 HAES:, 2013). THRSEREIIA [ JZ M4 M4 575 M 2 I ge it 1
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HHRR, R—MLmERE. B2, GR0EER—AEMRES, —BE Ch— M EfotiEd Bi%
B 7 O HAth R G T BR R AR IS, A R0OZE 42 R 0% LU ) B3 42 B 07 B 194 e Wi [X. 2 1] (14 A ELAE
PLR A BAERG X R A3 . A RUER VAT, BT AR R RS 25 R A 32 B AT 4 S 5
B, AR Z AT ESAEROERS, PTUUAT I 3 EER A AR #8 =8 37 #r(Granger
Causality Analysis, GCA)H Granger MZ 55451851 Hi (Granger, 1969), Friston 3 3 51 F B4 £ R} 2 450,
FH T fh7  Kiid [X 22 1) G 280%E 42 (Friston, 1994) . (R, A 708 LIOA U 45 10 )5 B0 B S50 A 3 ml,
FIF M 22 A RS AT R feids, IR ACT-R W28 SRR 78 KI5 BN L A A0 i ez

2. M5
2.1, #i

19 LAERAF A S S A SN 1 I IGRES, 08 23 2| 26 & ((TFIFRE 24.33 £ 091 ). #IKE N
FRTF, BSOS T 5N, WECE R IE T IER, e SE5n P R BOE =R . $13
SRR e A E R B R E BT, A #RTE LI AT AR T SR A E M A T . ER SR,
PR TSRO PR P RAR S R R = s 3k 30

2.2. ST

KRBT K =ABrB (K 1): ATE BB RS H B Rt R B SN RIARIES, ERE
ISR DY T BB . 4 x 4 7 FErR A 5 AN IME Bttt 7y, #olTRERE C A 5 MR
AR T NIRRT, B PTERIAT FEE 2 x 2 /N TR AT 1~4 L HACH L
e ZARSS BB R REAIANE R 5 S HRAE . IR BEE A NS S, AN I
o 0 T SR B RO ERIEA IR, AR EECIRE . AT, ZORBUR R L3

2.3. fMRI #IBRYId R

LIy RE FAGAE FH 2 i i FE R AR AR, K 0T L 457K T A 14 (B O L D) BEURR ¥ B IR UK TR 98 ~F T i
(SS-EP)FH1 . BiH] 12 3l TE AR L 48, A L TR BRI R ] 2 S AR5 1k 3. DhRe RS Han -

TR/TE = 2000/31 ms, thickness/gap = 3.2/0 mm, matrix = 64 x 64, axial slices number = 32

FOV =200 x 200 mm?, Voxel size = 3.2 x 3.125 x 3.125 mm®

2.4. fMRI #IB S

WHCEEET . JE SRR, AP BT A B K H SPMB (Statistical Parametric Mapping,
http://www.fil.ion.ucl.ac.uk/spm/) T. E AL T AL FE . FALEERY By, 1 5E2E47 I (&L 1E(Slice timing) it BT &
PR SR I T SE IR AL AL, SR ) BEAT BET HES (Realign) b Sk sl b AT KL IE, e BEAT 45 Al Fr #E 4L (Normalise)
1 i 47 B9 4% £E Montreal Neurological Institute (MNI) EP1 B4R _E B SRFE N 3 x 3 x 3mm* {4 % . Eik5Eplia,
XA EAT 0.01~0.08 Hz (M. BTG, 4G ACT-R 1 6 ML IX /£ REST
(http://restfmri.net/forum/index.php?q=rest) 4 {4 T H AL 474% 22 A5 R SR 43 BT (GCA) J7 VA BOEE /3 HT -

2.5. ACT-R iNHI#E R

ACT-R VA 10 [ 26 (14 225 46 G0, 4% H et SR i A H (B H ARARER), FEFPPEAREER, BRI MR (B2
FEER), CIRASFEMEER, TR S EEL (4 2) (Anderson et al., 2000, 2008). H Fx7r 98 A0 W Ak e 3
BT H AR AR FERID) s R PP PR 3 B 4 SR 3 M R R R TR B (R 3 1 e 2 R R AT 45 (1 AT B
BRI, QR — VDN T 3H7E B E s R U B e R, MR UL “ i )s BRid
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Figure 1. The flow chart
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Figure 2. ACT-R model network
[ 2. ACT-R s 4&

R 2 07 5T AT AZ T BB SR 2 e VR (I e e R e oI S ) . sz A AE B RIE, ki 2
CRAFAT ) ARE RIS T E A TR ) R R AL R PR KA T ah A 3 B P & Y
SONL; AW B AR T S A B A SR AU R
2.6. ETFR=RERSH(GCAMBRIERE

AR RO R EEERE T —MERTE, BT Z eI ik, BRER
— AN ] 7 1) 75 AT DA TE AR T 55— AN 1] 7 1) (Deshpande et al., 2009) . B i3] GCA $d 23 4 5 T
o] AR TR Ky 2 (Geweke, 1982). AszibH, S ROl-wise FE T 2 %) GCA B S FAH R IEASD A F

B, SRIEHEENN Z 558 $lAS BRI Z 25 BT . T2 oam3ET /5010 ROI-wise 11
GCA, Bk n AN X AE NS E e 548 &, signed-path %1%t GCA &l F(Zang et al., 2012):

P i p i
Y, =ZAl'lYl(t—i)+-~+ZA;nYn (t-i)+CZ +¢
i=1 i=1
1 @
P i p .
Y, =ZA;1Y1(t—i)+”'+ZA'mYn (t—i)+C,Z, +&
i=1 i=1

Yic (€1,2,n) AR EFH, & NIRED, ZoAWARE, GIasksl, REE X amEFps, p ik
P ROEHAT 55T
HT ML EAS 21 AR B R
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Ajj 72 signed-path Z%(ijEn), BFRKTE/NT 0, #hol ASRNIX i BMKIX j =4 177 W%
3. /R
3.1. AIEREAST GCA BHEE

FERT RS ASHT (1 3), AN GCAH HEERELE 4 7347 T p < 0.05 {1 FDR AL IEAR I8 AR IEKE 5 .
METEEA TR, 7TLLE S FDR /LIE T 4 Bl T B, K RIA SOERER R R m . EXFT
KR IERIARBOERLE R, BROTTUESR, i EE T, K2 A R E W (Fusiform) 252 7 1445
He(Cad) LA bz INFE 7 P 45 B (Cad) 1) T Sh AR B ) (Motor) 45 244 4%
3.2. [5EREAT GCA BHUERE

TE )5 i DA E (] 4), AR GCA A B t45 R 5T T p < 0.05 [ FDR A AL 1E A 560 AIAR IE AT 56
MWEE RS TR, WTUERI R IEN FDR 45 B IE PR 4 T H 2 A SOEBE R . (A5s
PiFhEE BoRE, AR LB BIFE 5 MR (Cad) o — A 8 Bl s, 83201 E A il R W ) s e
(dACC). iz ZhE(Motor) FLRA R A H(PPC) IR A2 . e Ak, H brda il A i B H (dACC) Fl ik
PERLH (LIPFC)tH 2 X IR A FRIA B (PPC) = AE [R 52
4, Fig
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Figure 3. The effective connectivity with FDR uncorrected p < 0.05 (left) and FDR corrected
p < 0.05 (right)
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Figure 4. The effective connectivity with FDR uncorrected p < 0.05 (left) and FDR corrected
p < 0.05 (right)
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FEE IR PP YT (Cad), 27 MR (Cad) VA% il HRAT X IGEAT 5 B T (a2 “anfafi” ), FRE
BACHL S 45 R AL AT (Motor),  PLMR 58 AT 45 IS BIBAT o X P ROE B IMIAF 1 2
WK S B s A R R I [ R oK. #EAS TF WLEE BR IXF N Bl 5t I BE M, S A
BV B g[8 40 S IR AL T A 2 Al

MWEFBAMERKE, ERE AT, AT LUE ] ACT-R Wi 4 A 3A JoE K A T HREK
SR B, AT B TSI, 5t BANA S0ER R, KR, RIMEEEETS
Jei s R 2 B AT ARAE AT AR ) TR B 20, RN A IR R nr vt . ik, P PR (Cad)
VER—AEEAE BB, B2k E B b FLIE ML (dACC) . 12 3 B (Motor) FILR & R 1A 1 (PPC)
ZA X R R . FR 7 AL (Cad) (E (5 B BT filEmsiE, BEM 31E B T, X435
P BIAT, A ACR-T ki k¥ £% i) 55 BB B (Stewart & West, 2007). fEARSSHATIERE S, HFriE A
MIBLHL(JACC) f1 57 HARKI4ERE, FEAGAT S5 A2 TR &P B AR 7= AR RO SL L 75 SR AR 1k 45 45 1 AT AR 7
BLHL(Cad); [FIWS, ARARIEFL(PPC)H 5t In) 85 R AL R EDRAS FIA7d . A FT AR 55 162 00
TS, TR BN WO R PR A AT BRI A, AN I AR . SERATESS s AR S RTER RS
ANIR], 2 ol e (AR 25 A 1558 Sh R (Motor) [ 2 /5 AR B (Cad) iE 4T J 5 (Anderson et al., 2004), [A ik,
TEWNEMTESS G, R MR (Cad) B2 2 AN X A R SRR mA o B, E bndss iR I B E (dACC) Rl R ik 14
FEER (LIPFC) t X 4R A 6 ik b (PPC) 7 A= (A SR B o I b 42 81 R W A Bk (AACC) #E H A U8 A0 4545 1) ok
FE v 5 EA7 i P (B A2 (Sohn et al., 2000), 55 A fE AR A H(Cad) it P AT TR 5 T AR ot P A e
(LIPFC) 75 2 M AC 2 H $2 X 3R A5 A R i v o (AR AS B H AR B I R, Frbh, BRI R (LIPFC) 22
IR R IEMH(PPC) = AL K JR 5

5. &

I RH] GCA HIT7i%, X EUHT o S HIA OB, AT B U 52 3 20 58 A AT
55 )5, ACT-RBNIMIZE AR AC2E TR ERAR, TR AR, S 1 AT 55 ity SR K A0 9 £ A AR AR 14

hheEAL
B

TEUL, BTN A S TARS F 3R BRI RAT e HOR b 500 R 5 A R 5 1 B A
22 SHOPNI3
EETH

AW 5% B R E AR KRR R % B (2014CB744600) . [H 5 H bR Rl $ A& AF L 0% B
(2013DFA32180). [H 5% [ 4R Bl 24 4k 4 % Bh il H (61420106005, 61272345). Jbatii F AR R 243 410 H
(4132023); JbRi A E TR S BEHAR RGN AE B 250 5T 5 5 SE 6 = % Bh A A5 58 R &5 A i [
b AR Hh 2T B
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